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The neurodegenerative disease spinocerebellar ataxia type 3 (SCA3) is caused by a CAG-repeat expansion in the
ATXN3 gene. In this study, induced pluripotent stem cell (iPSC) lines were established from two SCA3 patients.
Dermal fibroblasts were reprogrammed using an integration-free method and the resulting SCA3 iPSCs were dif-
ferentiated into neurons. These neuronal lines harbored the disease causing mutation, expressed comparable
levels of several neuronal markers and responded to the neurotransmitters, glutamate/glycine, GABA and acetyl-
choline. Additionally, all neuronal cultures formed networks displaying synchronized spontaneous calcium oscil-
lations within 28 days of maturation, and expressed the mature neuronal markers NeuN and Synapsin 1 implying
a relatively advanced state of maturity, although not comparable to that of the adult human brain. Interestingly,
we were not able to recapitulate the glutamate-induced ataxin-3 aggregation shown in a previously published
iPSC-derived SCA3 model. In conclusion, we have generated a panel of SCA3 patient iPSCs and a robust protocol
to derive neurons of relatively advanced maturity, which could potentially be valuable for the study of SCA3 dis-
ease mechanisms.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Spinocerebellar ataxia type 3 (SCA3) is a rare autosomal dominantly
inherited neurodegenerative disease caused by a CAG-repeat expansion
mutation in the ATXN3 gene, coding for a polyglutamine (polyQ) stretch
in the protein ataxin-3. In healthy individuals, the CAG-repeat length
spans from 10 to 51, whereas the repeat length in SCA3 patients ranges
from 45 to 87, thus 45 to 51 repeats can result in either healthy or dis-
ease phenotypes (Matos et al., 2011). Although expanded (exp)-
ataxin-3 is expressed throughout the human body (Paulson et al.,
1997), only certain brain areas are affected in SCA3. Magnetic resonance
imaging and macroscopic investigations of SCA3 brains have revealed
severe atrophy of the hindbrain (cerebellum and brain stem) (Rüb et
al., 2006; Scherzed et al., 2012). Histological studies have confirmed
neuronal loss in these areas and several other brain areas (reviewed
by Rüb et al., 2008). This degeneration results in a variety of symptoms
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of which the most common is progressive ataxia (Matos et al., 2011). Ul-
timately, SCA3 patients encounter approximately 15 years reduction in
life expectancy (Kieling et al., 2007).

Although the CAG-expansion in ATXN3 is known to cause SCA3, the
underlying cellular mechanisms leading to neurodegeneration are not
fully elucidated. It has been proposed that the polyQ expansion alters nor-
mal ataxin-3 functions in for example endoplasmic reticulum associated
degradation (ERAD) and transcriptional regulation (Matos et al., 2011).
The polyQ repeat expansion also leads to the formation of SDS-insoluble
exp.-ataxin-3 aggregated oligomers and large neuronal intranuclear in-
clusions (NIIs) (Ellisdon et al., 2006), of which especially the oligomers
are thought to be toxic (Pellistri et al., 2013). Aggregates can sequester
proteins from diverse cellular processes (Chai et al., 2002; Matos et al.,
2011; Mori et al., 2012) and may also disturb the cellular quality control
systems, such as the ubiquitin proteasome system and autophagy by
overloading (Matos et al., 2011). A prevailing hypothesis is that cleavage
of exp.-ataxin-3 is important for its aggregation, as C-terminal polyQ con-
taining fragments of exp.-ataxin-3 seed ataxin-3 aggregation and induce
cell death to a higher extend than full length exp.-ataxin-3 (Goti, 2004).
Additionally, fragments of ataxin-3 have been detected in affected brain
areas of SCA3 patients but not in unaffected areas or in brains of healthy
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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controls (Goti, 2004). In particular the role of calpain-mediated ataxin-3
cleavage in SCA3 pathogenesis is supported by convincing evidence
(Hübener et al., 2013; Koch et al., 2011).

Functional studies investigating molecular mechanisms of neurode-
generative diseases are generally limited by the lack of reliable in vitro
models of human neurons. Induced pluripotent stem cell (iPSC)-derived
neurons are a potential solution to this problem and several disease
models have already been generated and published (Reviewed by Corti
et al., 2015). The first iPSC lines derived from SCA3 patients were reported
by Koch et al. (Koch et al., 2011). In that study, SDS-insoluble exp.-ataxin-
3 aggregates could be induced by stimulation with glutamate. This aggre-
gation could be prevented by calpain inhibition, supporting the hypothe-
sis that glutamate induced calcium influx activates calpains, which
subsequently mediates the cleavage and aggregation of exp-ataxin-3. In
the present study, we aimed at creating iPSCs from SCA3 patient fibro-
blasts by a non-integrating method, as integration of reprogramming vec-
tors might lead to insertional mutagenesis and has been shown to
decrease the differentiation capacity of iPSCs (Sommer et al., 2010). We
strived to obtain a model system with increased resemblance to the af-
fected regions of SCA3 brains by applying a differentiation method,
which favored the development of hindbrain neurons. Furthermore, we
sought to obtain mature neurons to approximate the situation in SCA3 pa-
tients where pathology develops in late childhood at earliest (Kieling et
al., 2007). Finally, we investigated whether glutamate-induced SDS-insol-
uble exp-ataxin-3 aggregates similar to those detected by Koch et al.
could be observed in our neurons.

2. Materials and methods

2.1. Reprogramming of �broblasts to iPSCs

The study was approved by the Ethics Committee of the Capital Region
of Denmark (H-4-2011-157), and written informed consent was obtained
from all patients before enrollment. iPSC lines were created from two
SCA3 patients (patient characteristics are summarized in Table S1).
SCA3 patient dermal fibroblasts were obtained from forearm skin biopsies
and reprogrammed as previously described (Hansen et al., 2016a, 2016b).
Briefly, fibroblasts were electroporated with the episomal plasmids
pCXLE-hUL (L-MYC, LIN28, Adgene #27080), pCXLE-hSK (SOX2, KLF4,
Adgene #27078) and pCXLE-hOCT4-shp53-F (OCT4, shP53, Adgene
#27077) (Okita et al., 2011). iPSCs were cultured in mTeSR1 (Stem Cell
Technologies, 05850) with 0.1 % penicillin-streptomycin (ThermoFisher
Scientific, 15140-122) on hESC-qualified matrigel (BD Biosciences,
354277). Three well-characterized control iPSC lines [K1_shP53 (K1),
K2_shP53 (K2) and K3_shP53 (K3), deposited in the European Bank of in-
duced Pluripotent Stem Cells (EBiSC) as BIONi010-A, BIONi010-B and
BIONi010-C, respectively] derived from normal human dermal fibroblasts
(Lonza, CC-2511) applying the same reprogramming protocol
(Rasmussen et al., 2014) were also investigated in this study.

2.2. Neuronal differentiation

Differentiation of iPSCs to neural stem cells (NSCs) was performed
using pluripotent stem cell (PSC) neural induction medium
(ThermoFisher Scientific, A1647801). iPSCs were treated with neural in-
duction medium (NIM) containing 98% neurobasal medium
(ThermoFisher Scientific, 21103-049), 2% PSC neural induction supple-
ment (ThermoFisher Scientific, A1647801) and 0.1% penicillin-strepto-
mycin for 7 days. Day 7, non-neural cells were manually removed and
the cells were split with accutase (ThermoFisher Scientific, A1110501)
and seeded on 100 �g/ml poly-L-ornithine (PLO) (Sigma-Aldrich,
P3655) and 10 �g/ml laminin (LAM) (Sigma-Aldrich, L2020) in neural ex-
pansion medium (NEM) supplemented with 10 �M Rock inhibitor
(Sigma-Aldrich, Y0503). NEM consisted of 49% neurobasal medium
(ThermoFisher Scientific, 21,103–049), 50% Advanced DMEM⁄F-12
(ThermoFisher Scientific, 12,634), 1% PSC neural induction supplement
(ThermoFisher Scientific, A1647801) and 0.1% penicillin-streptomycin.
Day 13, the cells were split with accutase and seeded at a density of
1.56 × 105 cells/cm2 for expansion in NEM with Rock inhibitor. Between
day 16–19 NSCs (p2) were frozen in NEM supplemented with 10%
DMSO and 10 �M Rock inhibitor (Sigma-Aldrich, Y0503). NSCs were
thawed (p3), plated at a density of 1.56 × 105 cells/cm2 expanded and fro-
zen in larger stocks for experiments (p4). For maturation, NSCs (p6) were
seeded at a density of 1.56 × 105 cells/cm2 in NEM supplemented with
10 �M Rock inhibitor on PLO/LAM (day 0). From day 1–28 of maturation,
medium was changed to neuronal maturation medium (NMM)
consisting of 50% DMEM/F12 (ThermoFisher Scientific, 31,331) and 50%
neurobasal medium, supplemented with 0.5× N2 (ThermoFisher Scien-
tific, 17,502–048), 0.5× B-27 with vitamin A (ThermoFisher Scientific,
17504-044), 1.48 mM glutamax-I (ThermoFisher Scientific, 35,050–
061), 0.5× non-essential amino acids (ThermoFisher Scientific, 11140-
050), 50 �M 2-mercaptoethanol (ThermoFisher Scientific, 21985-023),
2.5 �g/ml insulin (Sigma-Aldrich, 19,278), 0.1% penicillin-streptomycin,
20 ng/ml brain-derived neurotrophic factor (BDNF) (RnD Systems, 248-
BD), 10 ng/ml glial cell derived neurotrophic factor (GDNF) (RnD Sys-
tems, 212-GD) and 200 �M ascorbic acid (AA) (Sigma-Aldrich, A5960).
500 �M dibutyryl cyclic adenosine monophosphate (db-cAMP) (Sigma-
Aldrich, D0627) was added to the medium from day 1 to day 21–28. Me-
dium was changed every 2 days. Day 7 the cells were split with accutase,
seeded at a density of 1.56 × 105 cells/cm2 on PLO/LAM in NEM with Rock
inhibitor and cultured until evaluation in NEM.

2.3. Characterization of iPSCs

The SCA3 iPSC lines were investigated for karyotype, plasmid inte-
gration, expression of pluripotency marker mRNA and protein, in vitro
differentiation and CAG-repeat length as previously described
(Hansen et al., 2016a, 2016b).

2.4. Quantitative real time polymerase chain reaction (qRT-PCR)

For characterization of the neuronal differentiation, cells were har-
vested and reverse transcribed into cDNA with Fast SYBR Green Cells-
to-CT Kit (Ambion, 4402957) according to manufacturer's instructions.
RNA from adult whole brain (6516–1) and fetal whole brain week 22–
30 (636,118) was purchased from Clontech. Fetal hindbrain week 8,5–
9 was kindly provided by Agnete Kirkeby (Lund University). Control
RNA was reverse transcribed with TaqMan reverse transcription re-
agents. qRT-PCR was run with 2× diluted SsoFast EvaGreen Supermix
(Bio\\Rad, 172–5204). CT-values were normalized to the geometric
mean of the housekeeping genes Hsp90AB1, GUSB and RPL13A using
the ��CT-method. Primers were either conventional primers purchased
from Eurofins (Table S2) or Taqman primers purchased from Applied
Biosystems (Table S3). The specificity of the conventional primers was
validated by standard curves, melting curves and gel electrophoresis.

2.5. Fluorescent immunocytochemistry

For characterization of NSCs and neurons, cells were fixed in 4%
paraformaldehyde for 10 min. The cells were blocked in KPBS (0.01 M
phosphate buffer with 150 mM NaCl and 3.4 mM KCl) with 0.5% BSA,
0.1% Triton X-100 and 5% normal swine serum (Jackson
ImmunoResearch, 014–000-121) for 1 h, incubated with primary anti-
bodies (Table S4) in blocking buffer ON at 4 °C and incubated with sec-
ondary antibody and 0.7 �g Hoechst diluted in KPBS for 1 h at RT. The
secondary antibodies were used in 1:800 dilution: Alexa 488 donkey-
anti-mouse (A21202), Alexa 568 donkey-anti-rabbit (A10042), Alexa
488 donkey-anti-goat (A11055), Alexa 594 donkey-anti-rat (A21209)
and Alexa 568 goat-anti-mouse (A11031) purchased from
ThermoFisher Scientific. The cells were mounted in fluorescent mount-
ing medium (Dako, S3023) and images were captured on a Nikon E1000
microscope and processed with ImagePro Plus v7.0.
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Positive and negative cellular controls were used to test the specific-
ity for the majority of the primary antibodies (Table S4). All secondary
antibodies were tested for unspecific effects by primary antibody
exclusion.

2.6. Western blot

All western blots were performed with standard methods as previ-
ously described (Hansen et al., 2016a, 2016b).

2.7. Measurement of intracellular calcium kinetics

Neurons grown in 96-well plates were incubated for 1 h with the
fluorescent calcium indicator FLIPR Calcium 5 (Molecular Devices,
R8186) diluted in Hanks balanced salt solution (HBSS) (ThermoFisher
Scientific, 14175) with 20 mM Hepes (Sigma-Aldrich, H3375) and
1.26 mM CaCl2 (Sigma-Aldrich, C5080). In the experiments investigat-
ing neurotransmitter response Calcium 5 was diluted 2× and the cells
were incubated and recorded at RT. Response to 300 �M glutamate
(Sigma-Aldrich, G100)/10 �M glycine (Sigma-Aldrich, 410,225),
100 �M 5-hydroxy-tryptamine (Sigma-Aldrich, H9523), 25 mM KCl,
100 �M �-aminobutyric acid (Sigma-Aldrich, A2129), 300 �M acetyl-
choline (Sigma-Aldrich, A6628) and 100 �M dopamine (Sigma-Aldrich,
H60255) was investigated. Three compounds were added in series to
each well, one every 10 min. When investigating spontaneous calcium
oscillations, cells were incubated at 37 °C in 3× diluted Calcium 5 and
HBSS was added after 10 and 20 min, and subsequently 1 �M tetrodo-
toxin (TTX) (Trocis, 1078) after 30 min. Recordings were performed
with an FDSS 7000 Fluorescence Kinetics Plate Reader (Hamamatzu
Photonics) (excitation: 480 nm, emission: 540 nm, sampling frequency:
1 Hz).

2.8. Ataxin-3 aggregation and cleavage

2.8.1. Intracellular calcium
The effects of treatments used for cleavage and aggregation experi-

ments on intracellular calcium levels were measured using the protocol
described in Section 2.7; however, the incubations were performed at
37 °C with 2× diluted Calcium 5 in BSS and the recordings were per-
formed over a period of 30 min after addition of treatment. Max ratios
of quantified traces were calculated as peak responses relative to the
baseline before treatment.

2.8.2. Ataxin-3 cleavage
Neurons were treated for 30 min at 37 °C with BSS containing either

100 �M glutamate/10 �M glycine, 100 �M ATP (Sigma-Aldrich, A6419),
1 mM dibucaine (Sigma-Aldrich, D0638) or 0.08–20 �M ionomycin
(Sigma-Aldrich, I0634). For calpain inhibition, cells were pre-treated
with 200 �M calpeptin for 30 min before adding 100 �M glutamate/
10 �M glycine and calpeptin for 30 min. After washing 3× in BSS the
cells were harvested in accordance with the Koch protocol (Koch et
al., 2011), with the exception that debri and DNA was removed from
Fig. 1. Generation and characterization of SCA3 iPSC lines. A: Timeline of iPSC generation. B: SC
S1A). C: SCA3 iPSC lines (A8 and B1) and parental fibroblasts (H241, H249) were harvested in
values were normalized to the geometric mean of Hsp90AB1, GUSB and RPL13A and fold chan
fibroblasts, SCA3 iPSCs and the reference iPSCs lines K2 and K3 were harvested in triplicat
normalized to the geometric mean of Hsp90AB1, GUSB and RPL13A and gene expression wa
showing expression of pluripotency markers (B1 shown, A8 in Fig. S1B). Scalebars: 100 �m.
(SMA) in plated in vitro differentiated embryoid bodies (B1 shown, A8 in Fig. S1C). Scalebars:
B1). GAPDH was used to control for equal loading. Two independent experiments were perfo
samples of SCA3 fibroblasts (H241 and H249), SCA3 iPSCs (A8, A11, B1 and B11), control
determined by fragment length analysis.
the lysates by centrifugation at 15,000 g for 10 min to prevent DNA-
SDS complexes.

2.8.3. Ataxin-3 aggregation
The ataxin-3 aggregation protocol published by Koch et al. was ap-

plied (Koch et al., 2011). One T25 flask 4–10 weeks old neurons was
treated 2 × 30 min or 90 min at 37 °C with 100 �M glutamate/10 �M gly-
cine in BSS. A sonication step (5 s 10%, 5 s 50%, repeated 3 times) was
introduced after the addition of 2% SDS, to dissolve DNA-SDS complexes.

An ultracentrifugation protocol was also applied to detect smaller
SDS-insoluble ataxin-3 aggregates. Neurons were detached with
accutase and lysed for 15 min on ice in 250 �l cellytic M cell lysis reagent
(Sigma-Aldrich, C2978) with 1 complete protease inhibitor cocktail tab-
let/40 ml buffer per T25 flask. Samples were sonicated (5 s 10% + 5 s
50%, repeat 3 times) on ice. 2% SDS (IBI scientific, IB07062) was added
to the cell lysates before the samples were spun at 20,000 g for
30 min. The supernatants were spun at 186,000 g for 30 min. Before
analysis the pellets were thawed and incubated in formic acid (Merck
Millipore, 11670) at 37 °C for 16 h to dissolve SDS-insoluble ataxin-3 ag-
gregates and pH was adjusted with 2 M Tris-base before western blot
analysis.

2.9. MTT assay

Percentage metabolizing cells was measured with a 3-(4, 5-
dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide (MTT) assay.
Neurons were incubated with 0.5 mg/ml MTT (Sigma-Aldrich, M2128)
dissolved in NMM for 1 h at 37 °C. medium was removed and crystals
were dissolved with 95% isopropanol (ThermoFisher Scientific,
10477070)/5% formic acid. Absorbance was measured at 570 nm and
690 nm, and the percentage of metabolizing cells was calculated as absor-
bance (570 nm) minus absorbance (690 nm) expressed as percent of BSS
treated cells.

3. Results

3.1. SCA3 iPSCs show no integration of episomal plasmids, have normal kar-
yotypes and are pluripotent

Skin fibroblasts from SCA3 patients were isolated and
reprogrammed to iPSCs by means of a plasmid-based integration-free
methodology (Fig. 1A). Two iPSC lines generated from each of two
SCA3 patients (A and B) were investigated in this study (iPSC lines
SCA3.A8 (A8), SCA3.A11 (A11), SCA3.B1 (B1) and SCA3.B11 (B11)).
The characterizations of A11 and B11 have recently been published
(Hansen et al., 2016a, 2016b). The remaining iPSC lines, A8 and B1,
displayed similar characteristics (Fig. 1). Both iPSC lines had struc-
turally and numerically normal karyotypes (46, XY) (Fig. 1B and
S1A) and did not contain DNA originating from episomal plasmids
(Fig. 1C). Pluripotency was verified by expression of pluripotency
markers at the mRNA (OCT4, NANOG, SOX2 and LIN28) and protein
level (OCT4, NANOG, TRA-60-1, TRA-81-1, SSEA-3 and SSEA-4)
(Fig. 1D-E, S1B). The gene expression levels were comparable to
A3 iPSCs were karyotyped. At least 10 metaphases were examined (B1 shown, A8 in Fig.
duplicates and tested for integration of episomal plasmids by qPCR on genomic DNA. CT-

ge relative to fibroblasts was calculated using the ��CT –method (mean ± S.D). D: SCA3
es and reverse transcribed to cDNA for qPCR of pluripotency markers. CT-values were
s calculated relative to fibroblasts (mean ± S.D). E: Fluorescent immunocytochemistry
F: Fluorescent immunocytochemistry for �-fetoprotein (AFP) and smooth muscle actin
100 �m. G: Western blot showing ataxin-3 protein in SCA3 fibroblasts and iPSCs (A8 and
rmed and a representative blot is shown. H: Genomic DNA was isolated from duplicate
fibroblasts (NHDF) and control iPSCs (K1, K2 and K3). The CAG-repeat lengths were
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the levels in the well-characterized iPSC lines K2 and K3. In addition,
SCA3 iPSCs could spontaneously differentiate into mesoderm ex-
pressing smooth muscle actin (SMA) and endoderm expressing �-
fetoprotein (AFP) in vitro (Fig. 1F and S1B). Differentiation to
ectoderm was demonstrated by directed neuronal differentiation
(Section 3.3).



Fig. 2. Gene expression of neuronal markers during neural differentiation. A: Overview of the differentiation of iPSCs to NSCs using PSC Neural induction medium (NIM). Abbreviations:
neuronal expansion medium (NEM), Neuronal medium (NM). B: Overview of the neuronal maturation protocol. Abbreviations: Brain-derived neurotrophic factor (BDNF), glial cell line-
derived neurotrophic factor (GDNF), ascorbic acid (AA), dibutyryl cyclic adenosine monophosphate (db-cAMP). C: iPSCs, NSCs and neurons were harvested in quadruplicates. cDNA of
adult whole brain (aWB) was run as a positive control. Gene expression of pluripotency, NSC and neuronal markers were investigated by qPCR. CT-values were normalized to the
geometric mean of Hsp90AB1, GUSB and RPL13A and gene expression was calculated in relation to iPSCs (mean ± S.D).
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3.2. SCA3 iPSCs express ataxin-3 with expanded polyQ repeats

The expression of normal and expanded ataxin-3 protein was de-
tected in SCA3 fibroblasts and iPSCs (Fig. 1G). Fragment length analysis
confirmed that the disease alleles were 84 repeats (A8) and 73 repeats
(B1) (Fig. 1H).
3.3. iPSC-derived neurons express neuronal markers, respond to neuro-
transmitters and display coordinated spontaneous calcium oscillations

SCA3 and control iPSCs were differentiated to NSCs and subsequent-
ly to neurons by the protocol illustrated in Fig. 2A and B. All neuronal
lines expressed ataxin-3 protein of expected lengths (Fig. 3C) and it



Fig. 3. Protein expression of NSC and neuronal markers, neurotransmitter response and spontaneous calcium oscillations in neuronal cultures. Neuronal differentiation was performed
according to Fig. 2A-B (wo db-cAMP d21–28). A: Protein expression of NSC- and neuronal markers in NSCs investigated by fluorescent immunocytochemistry (A11 shown, K1, K2, K3,
B1, B11 in Fig. S2). Scalebars: 100 �m. B: Protein expression of NSC-, neuronal- and glial markers, and ataxin-3 detected by fluorescent immunocytochemistry in neurons (A11 shown,
K1, K2, K3, B1, B11 in Fig. S3, S4). Scalebars: 100 �m. C: Western blot showing ataxin-3 expression neurons. GAPDH was used as a loading control. D: Protein expression of neuronal
markers determined by western blot with neurons. GAPDH was run as a loading control. A ladder with 6 Tau isoforms (0N3R, 1N3R, 2N3R, 0N4R, 1N4R and 2N4R) is shown. E:
Intracellular calcium in response to 300 �M glutamate/10 �M glycine (GG), 100 �M 5-hydroxy-tryptamine (5-HT), 25 mM potassium (K+), 100 �M �-aminobutyric acid (GABA),
300 �M acetylcholine (Ach) and 100 �M dopamine (DA) was measured in quadruplicate wells with neurons. All four tracks are shown on the graphs (A11 shown, K1, K2, K3, B1, B11
in Fig. S5, S6). F: Synchronized spontaneous calcium oscillations were measured in quadruplicate wells with neuronal cultures. 1 �M TTX was added after 30 min. One representative
trace is presented for each neuronal line (a11 shown, K1, K2, K3, B1, B11 in Fig. S7).
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was located in both soma and neurites of the neurons as expected (Fig.
3B and S4). Gene expression of the pluripotency marker OCT4 was sub-
stantially decreased in NSCs and neurons compared to iPSCs (Fig. 2C)
and OCT4 protein could not be detected in the neuronal cultures (data
not shown). NSCs and neurons showed similar mRNA upregulation of
the NSC marker NES (Nestin) (Fig. 2C). Most NSCs expressed Nestin
and Vimentin protein (Fig. 3A and S2), while only few Nestin positive
cells were present in the neuronal cultures (Fig. 3B and S4). The
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