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Spinocerebellar ataxia type 3 (SCA3) is caused by an expanded
polyglutamine stretch in ataxin-3. While wild-type ataxin-3 has
important functions, e.g., as a deubiquitinase, downregulation
of mutant ataxin-3 is likely to slow down the course of this fatal
disease. We established a screening platform with human neu-
rons of patients and controls derived from induced pluripotent
stem cells to test antisense oligonucleotides (ASOs) for their ef-
fects on ataxin-3 expression. We identified an ASO that sup-
pressed mutant and wild-type ataxin-3 levels by >90% after a
singular treatment. Next, we screened pairs of ASOs designed
to selectively target the mutant or the wild-type allele by taking
advantage of a SNP (c.987G > C) in ATXN3 that is present in
most SCA3 patients. We found ASOmut4 to reduce levels of
mutant ataxin-3 by 80% after 10 days while leaving expression
of wild-type ataxin-3 largely unaffected. In a long-term study
we proved this effect to last for about 4 weeks after a single
treatment without signs of neurotoxicity. This study provides
proof of principle that allele-specific lowering of poly(Q)-
expanded ataxin-3 by selective ASOs is feasible and long last-
ing, with sparing of wild-type ataxin-3 expression in a human
cell culture model that is genetically identical to SCA3 patients.
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INTRODUCTION
Spinocerebellar ataxia type 3 (SCA3), also known as Machado-Joseph
disease (MJD), is an autosomal dominantly inherited neurodegenerative
disease caused by a cytosine-adenine-guanine (CAG) trinucleotide
repeat expansion in the ataxin-3 (ATXN3) gene.1 The CAG repeat is
translated into a prolonged polyglutamine stretch (poly(Q)) that is sup-
posed to drive the pathogenic process via an abnormal gain of function
(reviewed in Matos et al.2). Although the genetic cause of the disease is
well characterized, the underlying pathomechanism leading to a selective
neurodegeneration is still not fully clarified. Pathogenic mechanisms
include the widespread formation of putative toxic ataxin-3 species
(fragments, aggregates, neuronal nuclear inclusions [NNIs]), including
brain stem, cerebellum, basal ganglia, and cortical regions,3–7 as well as
impairment of several cellular mechanisms like the ubiquitin-protea-
some system,8,9 autophagy,10,11 calciumsignaling,12 transcriptional regu-
Molecular T
This is an open access article under the CC BY-NC
lation,13,14 and mitochondrial function.15,16 Despite this extensive
knowledge on the (dys)function of poly(Q)-expanded ataxin-3, no caus-
ative treatment to slow or stop the progression of the disease has been
established.

Due to the multiple involved disease mechanisms, an ideal therapeu-
tic strategy should focus on the silencing of the expanded CAG repeat,
thereby positively influencing all downstream pathomechanisms.
Therefore, several in vitro as well as in vivo studies aiming to reduce
mutant ATXN3 levels have been performed, including treatment with
small interfering RNAs (siRNAs), short hairpin RNAs (shRNAs), mi-
croRNAs, and antisense oligonucleotides (ASOs) in cell models and
transgenic rodents.17–29 Results of these studies clearly demonstrated
a functional benefit in lowering the expression of the pathogenic
poly(Q)-expanded ataxin-3. As ataxin-3 has several important phys-
iological functions and is involved in the proteasomal degradation
pathway as a deubiquitinase, it appears desirable to develop a gene-
silencing approach that selectively reduces poly(Q)-expanded
ataxin-3 while preserving the wild-type protein as much as possible.
This could be achieved by developing sequences targeting allele-spe-
cific intragenic single-nucleotide polymorphisms (SNPs). In SCA3,
the SNP c.987G > C (rs12895357) at the 30 end of the CAG repeat
of ATXN3, which has been identified at a high frequency in SCA3 pa-
tients and is associated with the CAG-expanded ATXN3 allele, might
be a suitable target to achieve allele specificity.30,31

With the discovery of induced pluripotent stem cells (iPSCs), which
can be generated from the somatic cells of patients, a promising
in vitro model system to generate disease-relevant patient cells
became available.32 This model system enables us to study the effects
of mutant ataxin-3 in human neuronal cell types with the patient’s ge-
netic background and an endogenous expression of ATXN3.33–37
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Figure 1. Establishment of an iPSC-based in vitro

model to screen ASOs for SCA3

(A) Schematic representation of the experimental pro-

cedure to reprogram fibroblasts to iPSCs and differentiate

them to iPSC-derived neurons for ASO treatments. (B)

Scheme of the ATXN3 gene structure and target sites of

five non-selective ASOs (ASO�/�1 to ASO�/�5). (C)

Transcript levels of ATXN3 over 7 days of ASO�/�1 to

ASO�/�5 treatment. Levels are normalized to untreated

day 0. Data are presented as RQ ± RQmin/max, n = 3. (D)

ATXN3 protein expression of untreated and ASO�/�3-

treated iPSC-derived neurons of patient AX3 analyzed by

western blotting. Bands were quantified densitometrically

and normalized to vinculin and untreated WT ataxin-3

levels. One representative blot is shown. Data are the

mean ± SEM, n = 3, unpaired multiple t test (untreated to

ASO treated), ****p < 0.0001.
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In the present study we used iPSC-derived neurons generated from
healthy controls and SCA3 patients to identify an optimal ASO that
selectively and specifically reduces mutant ataxin-3 in a disease-rele-
vant cell type. We established a neuronal cell model that is suitable as
a screening tool and allows us to prove the efficacy and allele speci-
ficity of ASOs within 4 days of treatment. We were able to identify
several ASOs that either specifically reduce mutant or wild-type
ataxin-3 by targeting the SNP c.987G > C or lead to a stable and
robust knockdown of total ataxin-3 without any obvious signs of
neurotoxicity. Our study highlights disease-specific iPSC-derived
neurons as an in vitro tool that endogenously expresses both
ATXN3 alleles to screen (allele-specific) ASOs to decrease the expres-
sion of mutant protein as a potential treatment for neurodegenerative
diseases.
RESULTS
Establishing an iPSC-based platform to analyze the efficiency of

ASOs at reducing ataxin-3

As SCA3 exclusively affects the peripheral and central nervous sys-
tem, we established iPSC-derived neurons as an in vitro screening
tool to analyze ASOs for their efficiency at reducing ataxin-3 levels.
For this, we generated iPSCs from three SCA3 patients (AX1, AX2,
and AX3) and three healthy controls (CO1, CO2, and CO3). All lines
were intensively genomically and functionally characterized (for de-
tails see Hayer et al.33). In the next step, iPSCs were differentiated
into iPSC-derived cortical neurons according to our previously pub-
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lished protocol.38,39 After 36 days of differenti-
ation, iPSC-derived neurons were then treated
with ASOs targeting ATXN3 (Figure 1A).

To establish optimum conditions for a potential
ASO screening platform in iPSC-derived
neurons, five different ASOs targeting both al-
leles of ATXN3 (ASO�/�1 to ASO�/�5; Anti-
sense LNA GapmeRs, Qiagen) were designed
(Figure 1B). The potential of these ASOs to downregulate the expres-
sion of ATXN3 was investigated via qRT-PCR. For this, iPSC-derived
neurons were treated with the various ASOs (5 mM) for up to 7 days.
RNA was isolated daily between 1 and 7 days. Treatment with the five
ASOs showed a high variability in knockdown efficiency of ATXN3
on mRNA level (Figure 1C). While treatment with ASO�/�2 did
not result in a reduction of ATXN3 expression, treatment with
ASO�/�1 and ASO�/�5 led to a moderate knockdown and
ASO�/�3 and ASO�/�4 to a strong and progressive reduction of
ATXN3 over time (>90% reduction after 7 days of treatment). Based
on these results, ASO�/�3 was selected for further analysis of ataxin-
3 protein level. For this, the SCA3 patient iPSC line (AX3) was differ-
entiated into iPSC-derived neurons and treated with ASO�/�3 for 4,
7, or 10 days. Western blot analysis of untreated iPSC-derived neu-
rons showed a stable expression of wild-type ataxin-3 (WT ataxin-
3) and mutant poly(Q)-expanded ataxin-3 (mut-ataxin-3) over
time. Treatment of neurons with ASO�/�3 resulted in a massive
reduction of both WT and mut-ataxin-3 already after 4 days of treat-
ment (�60% reduction), with an even more drastic effect after 7
(>80%) and 10 days of treatment (>90%) (Figure 1D). Efficient reduc-
tion of ataxin-3 by ASO�/�3 was dose dependent as demonstrated
by treatment of control neurons with either 1 or 5 mM ASO�/�3
(Figure S1).

Screening for allele-specific ASOs targeting the SNP c.987G > C

Based on these results, we selected a treatment duration of 4 days and
a concentration of 5 mM for the following experiments to identify an



Figure 2. Screening of potentially allele-specific

ASO pairs targeting the SNP c.987G > C

(A) Scheme and sequence of SNP c.987G > C targeted by

allele-specific ASOs ASOmut/wt1 to ASOmut/wt5. (B–E)

Ataxin-3 protein expression of untreated, ASO�/�3-

treated, and ASOmut/wt1- to ASOmut/wt5-treated iPSC-

derived neurons of control lines CO1 (B) and CO3 (C), as

well as patient lines AX1 (D) and AX2 (E), analyzed by

western blotting. Bands were quantified densitometrically

and normalized to vinculin and untreated WT ataxin-3

levels.
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ASO that may be able to selectively reduce mutant ataxin-3 in SCA3
iPSC-derived neurons.

We chose SNP c.987G > C as a potential target to achieve allele spec-
ificity due to its vicinity to the CAG repeat stretch and its favorable
distribution in many European populations. This SNP is frequent
in SCA3 alleles and rare in WT alleles, with varying SNP frequencies
between European populations. SNP c.987G > C is present in 100% of
our Tübingen SCA3 cohort (N = 24) and also present in our three es-
tablished SCA3 iPSC lines (AX1, AX2, AX3) (Figure S2). We there-
fore designed five different ASO pairs (ASOmut/wt, Antisense LNA
GapmeRs, Qiagen) with different phosphorothioate (PS) backbone
modifications and optimized confidential locked nucleic acid (LNA)
spike in patterns (Figure 2A). Each pair (ASOmut and ASOwt)
Molecular Th
differed only at the position of the SNP c.987G
> C, while ASOwt was complementary to the
WT sequence (G) and ASOmut to the mutant
sequence (C) at the desired position.

To analyze the potential of these ASOs to reduce
ataxin-3 levels in an allele-specific manner,
iPSC-derived neurons of two controls (CO1,
CO3) and two patient lines (AX1, AX2) were
treated with these 10 different ASOs for
4 days. The already-established allele-unspecific
ASO�/�3 was used as a positive control for all
experiments. All tested ASOs were able to
reduce ataxin-3 protein but with varying effi-
ciencies, as detailed in Figure 2B. Especially,
treatment with ASO pair 4 (ASOwt4/ASOmut4)
led to a strong reduction in ataxin-3 with an
efficiency close to the effect of ASO�/�3.
Furthermore, an allele-specific suppression of
ataxin-3 could be demonstrated. In control
lines, treatment of ASOwt4 led to a stronger
reduction of ataxin-3 protein levels compared
with treatment with ASOmut4 (Figures 2B and
2C). This effect became even more clearly visible
when treating SCA3 iPSC-derived neurons.
Since WT and mut-ataxin-3 can easily be
discriminated by size in patient cells, an allele-
specific effect of ASOs can be visualized by western blot analysis.
Treatment of SCA3 neurons with ASOwt4 led to a stronger reduction
of WT ataxin-3 compared with mut-ataxin-3, while treatment with
ASOmut4 dominantly reduced mut-ataxin-3 compared with WT
ataxin-3 levels (Figures 2D and 2E).

Evaluation of ASOmut4 for selective suppression of poly(Q)-

expanded ataxin-3

Based on our screening experiments, we selected ASO pair mut4/wt4
for further studies on kinetics and tolerability of the allele-specific
treatment approach.

To further investigate the potential allele-specific effect and the
knockdown efficiency of these ASOs, SCA3 iPSC-derived neurons
erapy: Nucleic Acids Vol. 27 March 2022 101
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Figure 3. Time course over 10 days of treatmentwith

allele-specific ASO pair 4

(A) Ataxin-3 protein expression of untreated, ASOwt4-

treated, and ASOmut4-treated iPSC-derived neurons of

AX1 (left) and AX2 (right) analyzed by western blotting.

One representative blot is shown. (B and C) Bands were

quantified densitometrically and normalized to vinculin

and untreated WT ataxin-3 levels. Data are the mean ±

SEM, n = 3. For statistics of different treatment conditions

(ASOwt4 to ASOmut4) at day 10, one-way ANOVA was

performed, ***p < 0.001, ****p < 0.0001. For comparison

of mut- with WT ataxin-3 levels, unpaired multiple t test

was performed, *p < 0.05, **p < 0.01, ****p < 0.0001.
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(AX1, AX2) were treated for 4, 7, or 10 days with either ASOwt4 or
ASOmut4. Ataxin-3 protein expression was analyzed via western
blotting (Figure 3). Statistical analysis revealed again a stable and
equal expression of WT and mut-ataxin-3 in untreated samples
over time. Treatment of iPSC-derived neurons with ASOwt4 led to
a time-dependent reduction in WTATXN3 in both tested SCA3 lines
from �60% at day 4 to �80% at day 10. An initial reduction in mut-
ataxin-3 levels of about�40% at day 4 returned to baseline levels after
10 days of treatment (Figures 3B and 3C). Comparable effects in the
opposite direction could be achieved by treatment with ASOmut4.
Protein levels of mut-ataxin-3 decreased by �50% at day 4 to
�75% at day 10, while an initial reduction in WT ataxin-3 (�30%
at day 4) was rescued after 10 days of treatment.

In summary, these results show that a treatment with ASOmut4 in
SCA3 iPSC-derived neurons enables an allele-specific targeting of
mutATXN3 with an allele-specific knockdown efficiency of �75%.

Long-termefficacy and safety of a single ASO treatment in iPSC-

derived neurons

To examine the long-term effect of a single ASO treatment on ataxin-
3 levels, iPSC-derived neurons of AX2 were treated for up to 8 weeks
(56 days) with ASO�/�3, ASOwt4, or ASOmut4 (Figure 4).
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Untreated iPSC-derived neurons showed a sta-
ble and uniform ataxin-3 expression over time
by western blot (Figure 4A). Treatment with
ASO�/�3 led to a strong and rather stable
reduction in both mutant and WT ataxin-3,
with a largely stable efficiency for at least
4 weeks, with �95% at day 10 and >90% at
day 28. As expected from the previous experi-
ments, treatment with ASOwt4 and ASOmut4
led to diametrical effects on the two alleles (Fig-
ure 4B). ASOwt4 treatment reduced the WT
ataxin-3 level, being expressed more than 5-
fold lower than mut-ataxin-3 at day 10 (ratio
of mut-ataxin-3/WT ataxin-3: 5.6) and day 14
(ratio mut-ataxin-3/WT ataxin-3: 5.8) of treat-
ment. On the other hand, ASOmut4 treatment
reduced mut-ataxin-3 up to �4-fold compared
with the WT ataxin-3 level at day 14 (ratio of mut-ataxin-3/WT
ataxin-3: 0.28) of treatment (Figure 4C). A gradual recovery of
mutant and WT ataxin-3 was observed starting �3 weeks after treat-
ment and reaching almost pre-treatment values after 8 weeks.

Results at the protein level could be validated at the RNA level by per-
forming qRT-PCR analysis (Figure 5A). On day 7 of treatment with
either ASOwt4 or ASOmut4, ATXN3 RNA levels were�50% reduced
(ASOwt4, 0.54; ASOmut4, 0.51), while treatment with ASO�/�3
almost fully erasedATXN3RNA at day 7 (ASO�/�3, 0.08). A contin-
uous recovery of ATXN3 RNA levels could be observed over time,
reaching the baseline level at day 28, when treating with either
ASOwt4 or ASOmut4, while treatment with ASO�/�3 was still effec-
tive at reducing ATXN3 expression at day 28 (ASO�/�3, 0.60). This
observation is in accordance with the previously observed reduction
of ataxin-3 protein levels (Figure 4).

To detect potential toxic effects of the ASO treatment on SCA3 iPSC-
derived neurons, qRT-PCR of important neuronal cytoskeletal
markers (TUJ, MAPT) as well as lactate dehydrogenase (LDH) cyto-
toxicity assays were performed. No obvious differences in expression
of TUJ and MAPT could be detected when comparing treated with
untreated neurons (Figures 5B and 5C). In addition, no increase in



Figure 4. Long-term treatment over 8 weeks with ASO–/–3 and allele-specific ASOmut/wt4 in iPSC-derived neurons

(A) Ataxin-3 protein expression of untreated and ASO�/�3-treated iPSC-derived neurons of AX2 analyzed by western blotting. One representative blot is shown. (B) Ataxin-3

protein expression of ASOwt4- and ASOmut4-treated iPSC-derived neurons of patient AX2 analyzed by western blotting. One representative blot is shown. (C) Bands were

quantified densitometrically, and the ratio ofmut-ataxin-3 toWT ataxin-3 for each day and treatment was determined. Data are themean ±SEM, n = 3, unpairedmultiple t test

(untreated to ASO treated), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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LDH in the supernatant at days 14, 21, and 28 of ASO treatment could
be identified in comparison with untreated neurons (Figure 5D). In
accordance with this, immunocytochemical staining of SCA3 neu-
rons with TUJ demonstrated no obvious morphological changes
upon ASO treatment, with a stable and robust neuronal network pre-
sent after 14 days of treatment (Figure 5E).

In summary, these results show that a single ASO treatment in SCA3
iPSC-derived neurons is efficient at reducing (mutant) ataxin-3 for
several weeks without any obvious sign of neurotoxicity.

DISCUSSION
The results of our study provide proof of principle that allele-specific
lowering of poly(Q)-expanded ataxin-3 by selective ASOs is feasible
and long lasting, with sparing of WT ataxin-3 expression, in a human
cell culture model that is genetically identical to SCA3 patients.

The generated iPSC-derived neurons provide a platform to screen for
therapeutic nucleic acid interventions aiming to lower ataxin-3 expres-
sion in SCA3. We believe that human neurons are superior to other
in vitro models for the analysis of interventions targeting gene expres-
sion, as they reflect best the situation in the target organ and are genet-
ically identical to the patient. An efficient knockdown of ataxin-3 could
be achieved as early as 4 days of ASO treatment. This makes it possible
to screen ASOs within a short period of time. In addition, these ASOs
can simply be added to the supernatant and do not need transfection
procedures, which highly reduces the complexity of application and
leads to a low variability in results between the different cell lines. As
small changes in the ASO sequence can have a huge impact on knock-
down efficiency, this cellular model can be used to test hundreds of
ASOs in a disease-relevant cell type within days. In addition, it allows
one to perform toxicity screens bymeasuring LDH release in the super-
natant, as well as pharmacokinetic and dosage studies. We could show
that this system has a rather low line-to-line variability and that
repeated treatments of single cell lines resulted in very similar effects
with minor variability (Figures 2, 3, and 4), proving good reproduc-
ibility. In addition, this approach is also feasible for long-term treat-
ments, and analysis over several months is in principle possible.
Molecular Therapy: Nucleic Acids Vol. 27 March 2022 103
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Figure 5. Gene expression profiling, LDH assay, and

immunocytochemical analysis of ASO-treated

iPSC-derived neurons of patient AX2

(A–C) Transcript analysis of ATXN3 (A), TUJ (B), and

MAP2 (C) performed by qRT-PCR at days 7, 14, 21, and

28 of treatment with ASO�/�3, ASOwt4, and ASOmut4.

Values are normalized to untreated day 7 and the

housekeeping genes GAPDH and TBP. Data are pre-

sented as RQ ± RQmin/max, n = 3. (D) LDH release assay at

days 14, 21, and 28 of treatment with ASO�/�3,

ASOwt4, and ASOmut4. Data are the mean ± SD, n = 3

(E) Immunocytochemical staining of untreated and ASO-

treated iPSC-derived neurons for TUJ (green) and DAPI

(blue) after 7 days of treatment. Scale bars: 50 mm.
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Within this study we prove the efficacy of an ASO approach in SCA3
iPSC-derived neurons leading to a general and stable knockdown of
ataxin-3 by ASOs targeting both alleles with an efficiency of >90%.
As the ASO approach targets the pre-mRNA of ATXN3, all isoforms
are targeted. This should prevent different isoforms in different cell
types across the brain from influencing the effectiveness of the ASO
treatment. ASOs have already previously been shown to reduce
ataxin-3 expression and prevent aggregate formation in SCA3 cellular
models and mouse models.17,18,21 However, these approaches led to a
non-selective reduction in both poly(Q)-expanded and WT ataxin-3.
As ataxin-3 has several important physiological functions, and as a
deubiquitinase is, for example, involved in the proteasomal degrada-
tion pathway, it appears desirable to preserve theWT protein as much
as possible.

In this study we could show that allele-specific suppression of ataxin-3
is feasible by taking advantage of a SNP in the vicinity of the CAG
repeat (SNP c.987G > C). This SNP is present in 100% of our Tübingen
SCA3 patient cohort and, in general, in >70% of SCA3 patients.31 As
14/24 (58.3%) patients of the Tübingen SCA3 cohort are heterozygous
for the SNP c.987 with a G on the WT allele, a selective suppression of
the mutant allele can be achieved in principle in the majority of SCA3
patients by our approach (Figure S2). Additional SNPs in the ATXN3
gene may be used to apply allele-specific targeting of ASOs for SCA3
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patients who are not heterozygous for the SNP
c.987. Treatment with an allele-selective ASO de-
signed to target specifically the allele with the
expanded CAG stretch (ASOmut4) led to almost
80% reduction in mutant ataxin-3, while theWT
level of ataxin-3 remained unchanged after
10 days of treatment. This ASO treatment
showed no signs of neurotoxicity as demon-
strated by unchanged LDH release up to 4 weeks,
no negative effect on TUJ and MAP2 expression
up to 4 weeks, and no obvious morphological
changes or impaired neuronal networks as
analyzed by immunocytochemical staining of
TUJ after 14 days of treatment.
A similar approach taking advantage of the SNP c.987 has already been
performed in Cos7, HeLa, and 293T cells transfected with expanded
and non-expanded ataxin-3 transgenes using siRNAs and shRNAs.22,40

In these models, different types of short RNA application have been
shown to be able to reach allele-selective suppression of the transgenes.
Findings in these cell models are in good accordance with our results in
SCA3 iPSC-derived neurons, but in an artificial transgene background
expressing only themutant allele and in non-neuronal cells. Alternative
approaches aimed at removing the poly(Q) repeat from ataxin-3 by
ASO-induced skipping of exon 10.19 Although this approach helped
to reduce aggregates in a SCA3 mouse model, it resulted in a truncated
protein with potentially impaired function.

To our knowledge, no SCA3 mouse models are available that fully
resemble the human situation with a human WT allele carrying a
CAG repeat of normal length and a mutant allele with an expanded
CAG repeat. In a rat model that expresses either expanded or WT
ataxin-3 after striatal injection of a lentiviral transgene, an allele-specific
suppression of the transgene could be reached by lentiviral transfer of
shRNAsmatching the SNPc.987with either aCor aG at this position.22

Whereas this approach proved that the SNP is sufficient to reach some
allele-dependent selectivity in vivo, it could not explore effects under
physiological conditions with simultaneous expression of both alleles.
Nevertheless, in vivo approaches, e.g., with YAC84Q mice, having a



Line Gender Age at biopsy ATXN3 CAG repeat length ATXN3 c.987

AX1 female 61 years 23/70 C/G

AX2 male 26 years 26/77 C/G

AX3 male 41 years 24/73 C/G

CO1 female 46 years 14/23 C/C

CO2 female 37 years 23/27 C/C

CO3 male 47 years 21/23 C/G
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full-length MJD1 including the SNP c.987G > C,17 will be the next step
to analyze efficiency, tolerability, and safety of the ASOs with favorable
performance in human SCA3 neurons, by including functional and
pathological readouts. In addition, potential off-target effects of the
identified lead ASO need to be validated preferentially in vivo. Mouse
studies will not be helpful to assess off-target effects, because of the dif-
ferences betweenmouse and human genome sequences. Therefore, this
analysis needs to be performed in either non-human primates or an
advanced human in vitro system, like iPSC-derived brain organoids
consisting of, ideally, all neural cell types that might be targeted by an
intrathecal application prior to an in vivo application.

In summary, we conclude that the in vitro platform of SCA3 iPSC-
derived neurons established in this study is an ideal tool to screen
ASOs for efficiency at reducing ataxin-3. We were able to identify a
set of ASOs that either exclusively target ATXN3 in an allele-specific
manner or lead to a stable and robust knockdown of ataxin-3 by target-
ing both alleles. In addition to future functional studies in SCA3mouse
models, these ASOs can be used as in vitro tool to investigate the influ-
ence of specific knockdown of either WT or poly(Q)-expanded ataxin-
3 to further elucidate the pathogenic mechanisms leading to SCA3.

MATERIALS AND METHODS
CAG repeat determination

One hundred fifty nanograms of genomic DNA was amplified by a
standard PCR followed by capillary electrophoresis using the
Beckman Coulter Fragment Analysis Software (Beckman Coulter)
and the following primers:

ATXN3_forward, 50-Cy5-CCAGTGACTACTTTGATTCG-30;

ATXN3_reverse, 50-TGGCCTTTCACATGGATGTGAA-30.

Determination of SNP c.987G > C

The polymorphism SNP c.987G > C (rs12895357) was determined in
an allele-specific manner using two different reverse primers that
differ in the base position of SNP c.987 and were each labeled with
a different fluorophore, WT sequence G with IRD700 dye and SNP
sequence C with Cy5 fluorophore.

One hundred fifty nanograms of genomic DNA was amplified by a
standard PCR and analyzed by capillary electrophoresis using the
Beckman Coulter Fragment Analysis Software (Beckman Coulter).
For PCR amplification the following primers were used:
Primer Direction Sequence (50-30) Fluorophore
Product
length (bp) SNP

B014 forward
CCAGTGACT
ACTTTGATTCG

– – Both

G654 reverse
ACTCTGTCCT
GATAGGTCCCC

IRD700 181a 987

G655 reverse
ACTCTGTCCT
GATAGGTCCCG

Cy5 181a 987

aProduct length depends on CAG repeats; the listed length corresponds to 10 CAG re-
peats and is the product of the forward and one reverse primer.
Reprogramming of fibroblasts to iPSCs

Patient and control fibroblasts were reprogrammed by electropora-
tion of 1 � 105 fibroblasts with 1 mg of episomal plasmids (pCXLE-
hUL, pCXLE-hSK, and pCXLE-hOCT4) as described by Okita
et al.41

In brief, 1 day after electroporation, fibroblast growth factor 2 (FGF-2,
2 ng/mL; Peprotech) was added to Dulbecco’s modified Eagle’s
medium (DMEM), high glucose (Life Technologies), with 10% fetal
bovine serum (FBS; Life Technologies). The following day, the cells
were cultivated in Essential 8 (E8) medium supplemented with
100 mM sodium butyrate (Sigma-Aldrich) with medium change every
other day. Appearing iPSC colonies weremanually picked 3–4weeks af-
ter electroporation and further expanded onMatrigel-coatedwell plates.
Splitting and replating of iPSCswere achievedbydetachmentusingPBS/
EDTA (0.02% EDTA in PBS). iPSCs were genomically and functionally
analyzed according to Hayer et al.33

The following lines used in this study:
Differentiation of iPSCs to neurons and ASO treatment

iPSCs were differentiated to neurons of cortical layers V and VI
according to published protocols.38,39,42 In brief, iPSCs were plated
in Matrigel-coated plates at a density of 3 � 105 cells/cm2 in E8 me-
dium supplemented with 10 mMY-27632 (Selleckchem). Cultivation
in 3N medium with 10 mM SB431542 (Sigma-Aldrich) and 500 nM
LDN-193189 (Sigma-Aldrich) for 9 days led to neural induction. On
day after induction (DAI) 9, the cells were split in a 1:3 ratio and
further expanded in 3N medium including 20 ng/mL FGF-2 for
2 days. From DAI 11 to DAI 26, the cells were cultivated in 3N me-
dium with medium change every other day. On DAI 26, the cells
were replated at a density of �7 � 105 cells/cm2 (protein and
RNA isolation) or 1 � 105 cells/cm2 (immunocytochemistry). The
following day, 10 mMPD0325901 (Tocris) and 10 mMDAPT (Sigma
Aldrich) were added to 3N medium with an additional medium
change at DAI 29. From DAI 31 onward, 3N medium was changed
every other day until DAI 36. On DAI 36, ASO treatment was initi-
ated by addition of 5 mMASO in 200 mL 3Nmedium to the cells. Two
hundred microliters of 3N medium was added to the cells on days 2,
4, 6, and 8. For long-term treatments a full medium change on day 10
(DAI 46) with 3N medium supplemented with 10 ng/mL NGF,
BDNF, and GDNF (Peprotech) was performed. Afterward, half-
medium changes were conducted three times a week until day 56
(DAI 92).
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ASO design

ASOs used in this study were produced by Qiagen (Antisense LNA
GapmeRs) and include PS backbone modifications and an optimized
confidential LNA spike in patterns. ASOs were diluted in PBS (stock:
500 mM) and used at a final concentration of 1 or 5 mM.

The following ASOs were used for the initial allele-unspecific ASO
screen:
Description Sequence

ASO�/�1 ATCTTCGTCTAACATT

ASO�/�2 CGTAGGGCTTAAAACG

ASO�/�3 TAGTAACTCCTCCTTC

ASO�/�4 AAAACTGATTGGCACA

ASO�/�5 AAACCGCTAAAAGTCT

Primer Forward sequence (50-30) Reverse sequence (50-30)

GAPDH
TCACCAGGGCTG
CTTTTAAC

GACAAGCTTCCCGTTCTCAG

CTTCGGAGAGTTC
The following ASOs were designed and tested for allele-specific
targeting of the SNP c.987G > C.
Description Sequence (ASOmut) Sequence (ASOwt)

ASOmut/wt1 TAGGTCCCGCTGCTG TAGGTCCCCCTGCTG

ASOmut/wt2 TAGGTCCCGCTGCTG TAGGTCCCCCTGCTG

ASOmut/wt3 TAGGTCCCGCTGCTG TAGGTCCCCCTGCTG

ASOmut/wt4 GGTCCCGCTGCTGC GGTCCCCCTGCTGC

ASOmut/wt5 GGTCCCGCTGCTG GGTCCCCCTGCTG

TBP
TGGGATTG

CACGAAGTGCAATGGTCTTTAG

ATXN3
GATCTAGGTGATGCT
ATGAGTG

GTGGACCCTATGCTGTAATC

TUJ GCAACTACGTGGGCGACT GGCCTGAAGAGATGTCCAAA

MAP2
CCCTGGCGGAGGA
AATAAAA

TCTTGGCTTTGGCGTTCTC
Western blotting

Pellets of iPSC-derived neurons were lysed in RIPA buffer (Sigma-Al-
drich) supplemented with 1� cOmplete protease inhibitor cocktail
(PI) (Roche) for 45 min on a rotator at 4�C. Cell debris was pelleted
at 15,800g at 4�C for 30 min, and the supernatant protein content was
analyzed. Protein concentration was determined using the Pierce
BCA Protein Assay Kit (Thermo Fisher Scientific) according to the
manufacturer’s guidelines.

Five micrograms of protein was eluted in 5� Buffer Pink (Thermo
Fisher Scientific) and heated to 95�C. Samples were loaded and sepa-
rated on 10% polyacrylamide gels in 1� NuPAGE MOPS SDS
running buffer (Novex). Proteins were transferred onto a Hybond-
P polyvinylidene difluoride membrane (Merck Millipore) at 4�C
overnight. Blocking was performed in 5% skimmed milk in TBS-T.
Primary antibodies were diluted in Western Blocking Reagent
(Roche) and incubated overnight at 4�C. The following antibodies
were used: anti-vinculin (V9131, mouse, 1:100,000; Merck) and
anti-ataxin-3 (13H9L9, rabbit, 1:5,000; Thermo Fisher Scientific).
After three washes with TBS-T, incubation with HRP-conjugated sec-
ondary antibodies (Jackson ImmunoResearch) for 1 h at room tem-
perature was performed. Proteins were visualized using the Immobi-
lon western chemiluminescent HRP substrate (Merck Millipore) and
the imager ChemiDocMP (Bio-Rad). Bands were quantified with Im-
ageJ and normalized to their respective loading controls.
106 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
qRT-PCR

RNA isolation of iPSC-derived neurons at days 7, 14, 21, and 28 of
ASO treatment was performed using the RNeasy Mini Kit (Qiagen)
according to the manufacturer’s instructions. Two hundred fifty
nanograms of isolated RNA of each sample was reverse transcribed
to cDNA by using the RevertAid First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific) according to the manufacturer’s guide-
lines. Quantitative real-time PCR was performed on a ViiA 7 Real-
Time PCR System (Applied Biosystems) in triplicate per sample by
adding 3 mL cDNA (1.25 ng/mL) to 2 mL primer pairs (2 mM) and
5 mL SYBR Green Select Master Mix (Applied Biosystems). GAPDH
and TBP were used as housekeeping genes and relative quantification
(RQ) values (RQmin/RQmax) were determined.

For amplification the following primers were used:
The following qRT-PCR program was used: 50�C for 2 min; 95�C for
2 min; followed by 40 cycles of 95�C for 1 s, 60�C for 30 s, and 72�C
for 5 s; and subsequently 95�C for 15 s, 60�C for 1 min, and 95�C for
15 s. The specificity of PCR products was confirmed by melting curve
analysis. Analysis was performed with QuantStudio Software v.1.3
(Thermo Fisher Scientific).

LDH assay

For the quantification of LDH in the supernatant of cultivated iPSC-
derived neurons, the LDH-Glo Cytotoxicity Assay (Promega) was
used according to the manufacturer’s instructions. In brief, 10 mL su-
pernatant was collected 14, 21, and 28 days after ASO treatment and
diluted in 190 mL LDH storage buffer. Assay was performed in tripli-
cate per sample according to the manufacturer’s guidelines and
analyzed after 1 h incubation using a Spectramax M2e plate reader
(Molecular Devices).

Immunocytochemistry

iPSC-derived neurons were fixed on DAI 50 (ASO treatment day 14)
with 4% paraformaldehyde (PFA; Merck Millipore) for 15 min and
subsequently washed with PBS. After blocking and permeabilization
using 5% BSA (Sigma Aldrich) and 0.1% Triton X-100 (Carl Roth) in
PBS, iPSC-derived neurons were stained with anti-b-III-tubulin
(TUJ, mouse, 1:1,000, T8660; Sigma Aldrich). After an additional
washing step, Alexa Fluor-conjugated secondary antibody (Thermo
Fisher Scientific) was applied. Nuclei were stained with Hoechst
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33258 (1:10,000, H1398, Thermo Fisher Scientific). Coverslips were
mounted with EverBrite mounting medium (Biotium) and images
acquired using a Zeiss Observer Z1 fluorescence microscope (Carl
Zeiss).
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