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Derived from Spinocerebellar Ataxia Type 6
Patient-Induced Pluripotent Stem Cells

Carlo Bavassano, Andreas Eigentler! Ruslan Stanika® Gerald J. Obermair?
Sylvia Boesch® Georg Dechant, " and Roxana Nat'"

Spinocerebellar ataxia type 6 (SCA6) is an autosomal-dominant neurodegenerative disorder that is caused by a
CAG trinucleotide repeat expansion in the CACNAIA gene. As one of the few bicistronic genes discovered in
the human genome, CACNAIA encodes not only the a1 A subunit of the P/Q type voltage-gated Ca** channel
Cay2.1 but also the al ACT protein, a 75 kDa transcription factor sharing the sequence of the cytoplasmic C-
terminal tail of the o1 A subunit. Isoforms of both proteins contain the polyglutamine (polyQ) domain that is
expanded in SCAG6 patients. Although certain SCA6 phenotypes appear to be specific for Purkinje neurons,
other pathogenic effects of the SCA6 polyQ mutation can affect a broad spectrum of central nervous system
(CNS) neuronal subtypes. We investigated the expression and function of CACNAIA gene products in human
neurons derived from induced pluripotent stem cells from two SCA6 patients. Expression levels of CACNAIA
encoding a1 A subunit were similar between SCA6 and control neurons, and no differences were found in the
subcellular distribution of Cay2.1 channel protein. The 1 ACT immunoreactivity was detected in the majority
of cell nuclei of SCA6 and control neurons. Although no SCA6 genotype-dependent differences in Cay?2.1
channel function were observed, they were found in the expression levels of the a1 ACT target gene Granulin
(GRN) and in glutamate-induced cell vulnerability.

Keywords: iPSC-derived neurons, SCA6, polyQ, Cay2.1, al ACT, glutamate-induced stress

Introduction

S PINOCEREBELLAR ATAXIA TYPE 6 (SCAG6) is a rare auto-
somal dominant neurodegenerative disorder with a prev-
alence of 50/100,000, and it is characterized by late-onset,
progressive ataxia, dysarthria, nystagmus, and double vision
[1,2]. Neuropathological analyses showed a predominant loss
of Purkinje neurons in the cerebellum, although neurodegen-
eration was also observed in other brain regions, including
frontal cortex, basal ganglia, thalamus, and inferior olive [1,3].

SCAG is caused by an abnormal CAG repeat expansion
(19-33 CAG repeats in SCA6 patients vs. 4-18 repeats in
normal individuals) located within exon 47 of the bicistronic
gene CACNAIA, which encodes the transmembrane olA
subunit of the P/Q type voltage-gated Ca** channel (VGCC)
Cay2.1 (a1A) [4], and a1 ACT, a soluble 75 kDa protein that

shares the primary sequence with the cytoplasmic C-terminal
domain of the a1A protein (Fig. 1A) [5]. a1 ACT protein is
translated via an internal ribosome entry site (IRES) located
within the coding region of the CACNAIA mRNA [5]. As a
result, the polyglutamine (polyQ) tract, encoded by the CAG
repeats, is present in two independently translated proteins:
within the cytoplasmic C-terminal domain of the long splice
variants of the ol A channel subunit, or within the a1 ACT
protein (Fig. 1A).

Apart from SCA6, two other diseases are caused by mu-
tations in the CACNAIA gene: familial hemiplagic migraine
type 1 (FHM1) and episodic ataxia type 2 (EA2) [4,6,7]. For
FHM1 and EA2, the molecular mechanisms are well defined
as loss or gain of Cay2.1 channel function, whereas SCA6
seems to have a more complex pathogenesis that is not fully
elucidated and no treatment is available [6,8,9].
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Studies hypothesizing an altered Cay2.1 channel function
as the main component for SCA6 pathogenesis yielded con-
flicting findings. SCA6 transgenic mouse models of Cay?2.1
channels with hyper-expanded polyQ repeats (84 or 118Q)
were developed [10-12]. Although no deficits were reported
in the gating properties of the P/Q type VGCC Cay2.1
channel with pathological polyQ expansion [11,13-16], re-
cent findings suggest a link between the SCA6 mutation and
abnormal electrophysiological properties of Purkinje neurons
[10,17].

Previous studies in both cellular and animal models show
that the a1 ACT protein acts as a transcription factor that can
translocate into the nucleus and activates the expression of
several genes that are proposed to play a role in neuronal
survival, including Granulin (GRN), TATA-box binding
protein associated factor 1 (TAFI), and B cell translocation
protein 1 (BTGI1) [5]. Interestingly, an o1 ACT mutant car-
rying the SCA6 polyQ expansion was unable to activate the
expression of these genes [5].

Although the length of the polyQ repeat expansion in SCA6
is shorter than in other polyQ diseases [18], the observation
that insoluble protein aggregates containing a1 ACT are pres-
ent in Purkinje neurons and in SCA6 patients indicates that
mutated a1 ACT might act as a toxic polyQ protein [19].

Although the available animal models recapitulate several
features of SCA6 and have set the basis for remarkable
progress in the understanding of SCA6 pathology, they re-
quire either polyQ hyper-expansion or olACT over-
expression to reveal phenotypic abnormalities.

To overcome these limitations, neurons derived from
patient induced pluripotent stem cells (iPSCs) can be em-
ployed to explore the pathophysiology of neurological dis-
eases in human neurons. For SCAG6, Ishida et al. published
the first study describing the generation of SCA6 iPSC-
derived Purkinje neurons in a self-organizing 3D culture
system that revealed cell type-specific SCA6 phenotypes,
including a1 ACT-related neurotoxicity [20]. We have now
generated iPSCs and neurons in a 2D culture system from
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two heterozygous SCAG6 patients, and we analyzed the ex-
pression of the a1 A subunit of the P/Q type VGCC Cay2.1
channel protein as well as the expression the a1l ACT pro-
tein. We then tested calcium channel function, expression of
al ACT target genes, as well as cell vulnerability to induced
neurotoxic stress in culture.

Materials and Methods
Patient consent

This study (No. UN50501) was approved by the Ethics
Committee of the Medical University of Innsbruck (Ap-
proval No. 324/4.11). All methods were performed in ac-
cordance with the relevant guidelines and regulations of the
Medical University of Innsbruck. The isolation and use of
human somatic cells was performed after the patients and
controls had provided written informed consent.

Cell culture

The main steps of the cell culture work-flow are depicted in
Fig. 1B. All cell culture reagents were purchased from Thermo
Fischer Scientific, if not stated otherwise. Cells were incubated
at 37°C, 5% CO,, except iPSCs that were cultured at 37°C, 5%
CO,, and 5% O, (Biospherix Incubator).

iPSC generation and culture. 1PSCs were generated as
previously described, with minor modifications [21]. Skin
biopsies were obtained from two SCA6 patients (Table 1),
and primary fibroblasts were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM)+Glutamax supplemented
with 10% fetal calf serum. Fibroblast cultures were trans-
duced by using a polycistronic lentiviral vector containing
the cDNAs coding for OCT4, SOX2, ¢c-MYC, and KLF4
(SCR510; Millipore), following the manufacturer’s proto-
col. iPSCs were cultured on vitronectin-coated tissue cul-
ture dishes in Essential 8 Flex medium, with the medium
changed every second day. Cultures were passaged manu-
ally at a 1:2—-1:4 split ratio every 4-7 days. For spontaneous

A

FIG. 1.

>

CACANAIA bicistronic gene expression in SCA6 iPSC-derived neurons. (A) Schematic representation of the

human CACNAIA gene encoding the alA subunit of the Cay2.1 channel (¢1A) and the alACT transcription factor.
Translation of ol ACT depends on an IRES. The inclusion of the polyQ-encoding CAG repeat in the alA protein is
determined by the alternative splicing of exon 46 encoding a stop codon. 1*-3* mark the binding sites for three sets of
primers designed to amplify: all «/A mRNA isoforms (primer pair 1%¥), the long splice variants (including the CAG repeats)
of the «/A mRNAs, and the a/ACT (primer pairs 2* and 3*). 1#-3# mark the epitopes for the antibodies designed to detect:
the alA protein (1#), the polyQ-containing a1 ACT and long a1A protein isoforms (2#), and the all-known CACNAIA-
encoded proteins (3#) (see Material and Methods section). (B) Phase-contrast microscopy images of SCA6 patient-derived
cells used in this study: iPSCs, NPCs, immature neurons after 2 weeks of neuronal differentiation (2w neurons), and mature
neurons after 5 weeks of neuronal differentiation (5w neurons). Scale bars 75 um. (C) PCR of genomic DNA from control
iPSCs yields a single amplicon containing the normal CAG repeat whereas from heterozygous SCA6-1 and SCA6-2 iPSCs
two bands are amplified, with the higher band containing the expanded CAG repeats. (D) CACNAIA gene transcripts are
amplified with primer set 1*, which detects all mRNA isoforms of CACNAIA encoding the alA protein. CACNAIA is
already detected in NPCs, and expression levels are highly upregulated during neuronal differentiation. No differences were
detected between the expression levels of alA encoding CACNAIA in SCA6 and control cells at any stage of neuronal
differentiation. PolyQ-encoding splice variants for «a/A and for «/ACT are detected in SCA6 and control neuronal cultures
(primer set 2%). No difference was observed between the expression level of polyQ-encoding CACNAIA in SCA6 and
control 2w neurons (immature neurons); however, a significant difference was detected between SCA6-2 and control Sw
neurons. One-way ANOVA test followed by Tukey’s multiple-comparisons test were applied, *P <0.05. (E) Transcripts of
the CACNAIA polyQ-encoding splice variants determined by RT-PCR in mature (5w) neurons (using primer set 3¥). A
single band is detected in control cells, whereas two amplicons are obtained from SCA6 neurons. The higher bands contain
the expanded CAG repeat. ANOVA, analysis of variance; iPSC, induced pluripotent stem cell; IRES, internal ribosome
entry site; NPCs, neural progenitor cells; NTC, no template control; RT-PCR, real-time-polymerase chain reaction; Rt-,
reverse transcription negative control; SCA6, spinocerebellar ataxia type 6.
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TABLE 1. DEMOGRAPHIC, CLINICAL, AND GENETIC INFORMATION OF Two SCA6 PATIENTS AND THE

Six 1IPSC CLoNAL LINES GENERATED FROM THEIR FIBROBLASTS

SCA6-2

SCAG6-1

Code

F

Sex
Age

49

45

41

Age at onset

14/23
Vertigo, gait difficulty, downbeat nystagmus, horizontal nystagmus

13/23
Blurred vision, gait difficulty, downbeat nystagmus

Mutation (CAG repeats)

SCA6 IPSC-DERIVED NEURONS

SCA6-2.B2
Validated
46, XY

SCA6-2.B1

SCA6-2.4

SCA6-1.B2
Validated
46, XX
Validated

SCA6-1.B1

SCA6-1.2

Symptoms at onset
Clones selected
Pluripotency markers

Validated
Kept

Validated
46, XY
Validated

Kept

Validated
46, XY
Validated

Kept

Validated
46, XX
Validated

Kept

Validated
46, XX

Validated
Kept

Karyotype
In vitro differentiation

Mutation in iPSCs

Verified
Validated

Verified
Validated

Verified
Validated

Kept
Verified
Validated

Verified
Validated

Verified
Validated

Transgene silencing

NPCs

All'iPSC lines were tested for uniform expression of pluripotency markers, normal karyotype, capacity of spontaneous in vitro differentiation in derivatives of the three germ layers, capacity
of differentiation in NPCs, silencing of the transgenic viral construct, and presence of the SCA6 mutation. NPCs differentiated from each line were analyzed for the expression of neural markers

iPSCs, induced pluripotent stem cells; NPCs, neural progenitor cells; SCA6, spinocerebellar ataxia type 6.

after induction of neuronal differentiation.
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differentiation assays, iPSCs were cultured for 15 days
in DMEM-F12+Glutamax, 1% nonessential amino acids
(NEAA), 0.1 mM 2-mercaptoethanol, 20% knockout serum
replacement (KSR), 25 U/mL penicillin, and 25 U/mL strep-
tomycin (P/S).

Neural induction and neural progenitor cell culture. Neural
progenitor cells (NPCs) were generated from control and
SCAG6 iPSCs via two different neural induction approaches.
The first approach is based on the protocol published by Falk
et al. [22], with minor modifications. iPSC colonies were
manually reduced to small cell aggregates and plated on
nonadhesive plastic in DMEM-F12+Glutamax, 1% NEAA,
0.1 mM 2-mercaptoethanol, 20% KSR, and 25U/mL P/S.
After 5 days, floating cell aggregates were plated on Geltrex-
coated tissue culture plates in the same medium. Neural
rosette-like structures containing neuroepithelial stem (NES)
cells appeared 1 week after plating. These rosettes were
manually picked under the microscope and cultured in a
nonadhesive plastic culture plate containing DMEM-
F12+Glutamax, 1% NEAA, 25U/mL P/S, and 1% N2 sup-
plement (N2 medium) for 3—-5 days.

In the second approach, NES cells were obtained by
dual inhibition of SMAD signaling [23]. iPSCs were cul-
tured in DMEM-F12+Glutamax, 1% NEAA, 0.1 mM 2-
mercaptoethanol, 20% KSR, and 25 U/mL P/S with the addition
of 100nM LDN-193189 and 10puM SB431542 (both from
Sigma-Aldrich) on days 0-5. Cells were fed daily, and N2
medium was added in 25% increases every second day starting
on day 4. After days 1011, rosette-like clusters were manually
picked and cultured in a nonadhesive plastic culture plate in N2
medium for 3-5 days.

For the generation of NPCs, floating NES cell aggregates were
dissociated with 0.05% trypsin/EDTA for 5-10 min at 37°C to
obtain a single-cell suspension, followed by trypsin inhibitor
addition. The cell suspension was plated on Geltrex-coated tis-
sue culture plates containing N2 medium, with the addition of
10 ng/mL fibroblast growth factor 2 (FGF2), 10 ng/mL epithelial
growth factor (EGF), and 10 pg/mL heparin. Complete medium
was changed daily, and NPCs were passaged at a 1:2—1:3 split
ratio every 3—4 days with accutase. Validated NPC samples
(uniformly expressing the neural markers SOX2, Nestin, and N-
cadherin, see Supplementary Fig. S1; Supplementary Data are
available online at www.liebertpub.com/scd) were frozen in
liquid nitrogen in complete N2 medium with 10% DMSO. NPCs
at passages 10—12 were used for all reported differentiation ex-
periments.

Neuronal differentiation and maturation. Neuronal differen-
tiation was started from NPCs by removing FGF2 and EGF from
the medium (considered neuronal differentiation day 0) and
continued for 5 weeks. For the first 7 days, cells were cultured in a
1:1 mixture of DMEM-F12-glutamax, 1% NEAA, 1% N2 sup-
plement and Neurobasal, 1% Glutamax, and 1:50 B27 supple-
ment (neuronal differentiation medium), with medium change
every second day. On day 7, cells were dissociated with 0.05%
trypsin/EDTA for Smin at 37°C and plated on polyornithine-
laminin-coated culture dishes at a density of 50,000 cells/cm?.
Culture medium was changed to Neurobasal, 1% Glutamax, 1:50
B27 supplement, and 20 ng/mL brain-derived neurotrophic fac-
tor (neuronal maturation medium). Cytosine arabinoside (Ara-C)
2.5 UM was added once at day 15, with medium replaced after
3 days. From day 18 until the end of the experiment (week 5),
only half of the medium volume was replaced weekly.
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Genotyping

Genomic DNA was extracted from iPSCs by using the
DNeasy Blood&Tissue kit (Qiagen). The presence of the
CAG expansion in the SCA6-mutated allele was determined
by polymerase chain reaction (PCR), using 100ng of ge-
nomic DNA, forward primer 5’-CAC GTG TCC TAT TCC
CCT GTG ATC C-3’, and reverse primer 5-TGG GTA CCT
CCG AGG GCC GCT GGT GG-3’, as reported [3], in 40 pL.
of reaction volume.

Quantitative real-time PCR

mRNA was isolated by using Dynabeads Oligo (dT)25
(Invitrogen) by following the manufacturer’s protocol. For
the cDNA synthesis, we used the High-Capacity cDNA
Reverse Transcription Kit and proceeded as recommended
by the manufacturer (Applied Biosystems). For the PCR,
200ng of cDNA was used as a template in 20 uL reaction
volume. Gene expression was analyzed by quantitative real-
time PCR (qRT-PCR) by using the TagMan Master Mix and
Gene Expression Assays (see Supplementary Table S1),
following the manufacturer’s protocol [20].

Silencing of the viral transgenes used for reprogramming
was determined by qRT-PCR by using the Ampliflou Viral
OCT-4 Primer Set kit (Millipore), according to the manu-
facturer’s instructions.

For the quantification of the CACNAIA gene encoding
the olA subunit, including all known splice variants
(NM_000068.3, NM_(23035.2, NM_001127221.1, NM_001127222.1,
NM_001174080.1), we used the Tagman gene expression assay
Hs01579431_m1 CACNAIA (set of primers 1* in Fig. 1A). For
the quantification of the polyQ-encoding CACNAIA mRNA, we
used a customized Tagman gene expression assay spanning the
exon 46-intron 46-exon 47 border region: Tagman probe
(TAMRA) 5-CAC CGG CAG GGC AGT AGT TCC G-3,
forward primer: 5-GAG GGC CGA GAG CAC ATG-3’, and
reverse primer 5-GGA GTG CTG GTA CCA GAT GTT G-3’
(set of primers 2* in Fig. 1A), leading to the selective amplifi-
cation of «/A long splice variants 2 and 4 (mRNAs
NM_023035.2 and NM_001127222.1) and of «/ACT mRNAs.

Ct values from three to six experiments for every con-
dition, each experiment performed with three technical
replicates, were normalized to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and B-Actin gene expression, and
they were expressed as ACt values. Relative expression
ratios were calculated by using the AACt method.

RT-PCR for polyQ-encoding
CAG expansion detection

A set of primers spanning the exon 46-intron 46-exon 47
region and including the polyQ-encoding CAG repeat of the
CACNAIA gene was designed to selectively amplify the
expanded CAG repeat: forward primer 5-CAC CGG CAG
GGC AGT AGT T-3/, reverse primer 5-TCC GAG GGC
CGC TGG TG-3’ (set of primers 3* in Fig. 1A).

Antibodies for the detection of Ca,2.1
channel « 1A subunit and «1ACT protein

For the detection of the olA subunit of the Cay?2.1
channel protein, we used the antibody Cay2.1 from Synaptic
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Systems (Cat. No. 152 103), which binds to an epitope
within the intracellular loop between the second and third
transmembrane domain of the olA subunit (Fig. 1A, 1#).
Hence, this antibody recognizes all isoforms of the alA
subunit of the Cay?2.1 channel.

For detection of the ol ACT protein, we generated a poly-
clonal antibody as described in Ishiguro et al. [19] The anti-
body, referred to as al ACT#2 (Fig. 1A, 2#), was produced by
Biogenes (Berlin, Germany), using the MERRVPGPARSE-
SPRAC peptide for rabbit immunization and for subsequent
affinity purification of the IgG fraction. The validation of the
detection of alACT by the antibody 2# is shown in the
Supplementary Fig. S2. An additional antibody, referred to
here as 3#, was purchased from Synaptic Systems (Cat. No.
152 203), recognizing an epitope located within the C-
terminal intracellular domain of the alA channel subunit
encoded by exon 47 (information by manufacturer, the exact
epitope sequence is undisclosed). The same epitope is con-
tained as well in a1 ACT (Fig. 1A, 3#).

Immunocytochemistry

Cells cultured on glass coverslips were fixed with ice-cold
4% paraformaldehyde in phosphate-buffered saline (PBS)
for 10 min at room temperature (RT) and washed twice with
PBS. After 30 min incubation with blocking solution (2%
BSA, 0.1% Triton X-100 in PBS), cells were incubated
overnight at 4°C in blocking solution containing the ap-
propriate primary antibodies (see Supplementary Table S2).
Cells were then washed three times for 5min with PBS
before secondary antibody incubation (anti-mouse-488 or
ant-rabbit-555 AlexaFluor conjugated) for 1h at RT. After
three washes with PBS, cells were counter-stained with ei-
ther 4’,6-diamidino-2-phenylindole (DAPI) or RedDot2
(Biotium) and mounted on microscopy slides by using Roti
Mount Fluo Care (Roth) medium. Microscopy images were
taken with a 510 Meta Axiovert 200M confocal microscope
(Zeiss). To quantify fluorescence intensities, confocal Z-
stacks were acquired and images were analyzed by using
Image] software. Z-stacks were processed to generate av-
erage intensities and converted into 8-bit images before
background subtraction and fluorescence intensity mea-
surement. MAP2 and RedDot2 fluorescence was used to
create a mask to define extranuclear and nuclear regions of
interest for analyses.

Electrophysiology

Action potentials were recorded in current clamp con-
figuration of whole-cell mode. Patch pipettes were filled
with the following (in mM): 130 K-Gluconate, 1 MgCl,, 10
HEPES, 5 EGTA, 4 Mg-ATP, and 0.3 a-GTP (pH 7.2 with
KOH). The bath solution contained the following (in mM):
137 NaCl, 3 KCl, 10 HEPES, 2 MgCl,, 1.8 CaCl,, and 10
Glucose (pH 7.4 with NaOH).

Calcium channel currents were recorded by using the
whole-cell patch-clamp technique with 10mM Ba®* as a
charge carrier as previously described [24]. Patch pipettes
were pulled from borosilicate glass (Harvard Apparatus),
fire-polished (Microforge MF-830; Narishige), and had re-
sistances of 2.5-4 MQ when filled with the following (in
mM): 120 cesium methanesulfonate, 1 MgCl,, 0.1 CaCl,, 10
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HEPES, 5 EGTA, 4 Mg-ATP, and 0.3 a-GTP (pH 7.2 with
CsOH). The bath solution contained the following (in mM):
10 BaCl,, 110 NaCl, 20 TEA-CI, 5 4-AP, 10 HEPES, 2
MgCl,, 3 KCl, 10 Glucose, and 0.001 TTX (pH 7.4 with
NaOH). Currents were recorded with an EPC 10 amplifier
controlled by PatchMaster software (HEKA Elektronik Dr.
Schulze GmbH, Germany). Linear leak and capacitive cur-
rents were digitally subtracted with a P/4 prepulse protocol.
The current-voltage dependence was fitted according to
Equation (1), where G, is the maximum conductance of
calcium channels, V., is the extrapolated reversal potential
of the calcium current, V), is the potential for half-maximal
conductance, and k is the slope:

I = Guax - (V=Vie)/(Ltexp(— V=V 2)/k) (1)

Neurons were held at =70 mV and were depolarized to
60mV with a 10mV step. Cay2.1 channels were blocked
with 400nM o-Agatoxin IVA (Alomone Labs, Israel).

WST-1 cell viability assay under basal
conditions and glutamate treatment

SCA6 and control neurons were plated after week 4 of
differentiation on polyornithine-laminin-coated 96-well
plates, at the density of 40,000 cells/well in 100 pL of
neuronal maturation medium. The next day, half of the
culture medium was changed. One week after plating, WST-
1 reagent (Roche) was added to each well at 1:10 dilution.
The colorimetric measurement was performed after incu-
bation for 4 h at 37°C by using a Beckman Coulter DTX 880
plate reader at RT at 450 nm wavelength with a reference at
620 nm. For glutamate treatment, L-glutamate (Sigma) at a
final concentration of 100 pM was added to each well 1h
before the WST-1 reaction. Glutamate treatment data are
presented as relative absorbance intensities of the WST-1
reaction in the presence of glutamate normalized to the
WST-1 reaction in the absence of glutamate.

Statistical analysis

Each differentiation experiment was repeated with three
validated iPSC clonal lines for each individual (patients or
control). qRT-PCR and immunostaining experiments were
performed with three technical replicates; WST-1 assay was
performed with four technical replicates. GraphPad software
was used for statistical analysis. One-way analysis of vari-
ance was used to determine significant differences. Where
significant differences were found, Tukey’s multiple-
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comparisons test was applied, and P value <0.05 was con-
sidered significant.

Results

Generation and characterization of iPSCs
from SCAG6 patients

Dermal fibroblasts derived from two SCAG6 patients
(SCAG6-1 and SCAG6-2, clinical information in Table 1) and
one unrelated healthy donor [21] were reprogrammed by
using a polycistronic lentiviral vector to obtain iPSCs. Three
clonal iPSC lines for each SCAG6 patient and control were
validated for the expression of pluripotency marker genes,
lack of early differentiation markers, viral transgene si-
lencing, potential to differentiate into derivatives of all three
germ layers, and normal karyotypes (Table 1, Supplemen-
tary Fig. S3, and Supplementary Table S3). The presence of
the mutated allele carrying the expanded CAG repeat was
confirmed by PCR in all SCA6 iPSC lines (Table 1 and
Fig. 1C).

Generation and characterization of SCA6 neurons

From each validated iPSC line, we generated NPCs and
neurons (see Materials and Methods section and Fig. 1B).
NPCs generated from SCA6 and control iPSC lines showed
no significant differences in the expression of neural
markers PAX6 at passage 1-2 and SOX2, Nestin, and
NCAD at passage 10-12 (Supplementary Fig. S2). On ini-
tiation of neuronal differentiation of NPCs, mature neuronal
markers TAU, SYNAPSIN, and SYNAPTOHPYSIN were
upregulated with similar dynamics and at comparable levels
in all lines (Fig. 2A). More than 75% MAP2-positive cells
were detected at 5 weeks after growth factor removal. SCA6
and control neurons expressed glutamatergic or GABA-
ergic markers (vVGLUT1, vGLUT2, and GAD67) with no
significant difference between genotypes (Fig. 2B, C), in-
dicating that the SCA6 and control neuronal populations
were composed of similar neuronal subtypes.

Neuronal activity was recorded in human SCA6 and
control neurons by whole-cell patch-clamping. Two weeks
after growth factor withdrawal, only a minority of cells
(18% £ 10%) were able to fire short trains of action poten-
tials with quickly decreasing amplitudes on current injec-
tion, in both SCAG6 and control neuronal cultures, suggesting
a still immature neuronal phenotype. However, after 5
weeks of neuronal differentiation, the majority of neurons
(65% £ 2%) exhibited sustained spontaneous action potential

A

»
FIG. 2. Neuronal phenotypes in SCA6 neuronal cultures. (A) mRNA expression levels of TAU, Synaptophysin (SYP), and
Synapsin (SYN) in SCA6 and control neuronal cultures at 2 weeks (2w) and 5 weeks (2w) after starting NPC differentiation.
Values are normalized to control NPCs. Each bar represents the mean £ s.e.m. from three independent experiments. One-
way ANOVA test did not reveal any differences depending on genotype. (B) Immunostainings of SCA6 and control 5w
neurons demonstrate expression of the pan-neuronal marker MAP2. The cultures contain a mixture of glutamatergic and
GABAergic neurons expressing the neurotransmitter phenotype markers vesicular glutamate transporter 1 or 2 (vGLUT1/2)
or glutamate decarboxylase 67 (GAD67). Scale bar 50 pum. (C) Quantification of neuronal marker expression in SCA6 and
control Sw neuronal cultures. Bars represent the percentages of DAPI-positive cells expressing MAP2 in the upper panel,
and the percentages of MAP2 neurons co-expressing GAD67, vGLUT1, and vGLUT?2 in the lower panels. Each bar
represents mean  s.e.m. from three independent experiments. One-way ANOVA test was performed and failed to reveal
genotype-dependent differences. (D) Typical action potentials recorded from 2w to 5w neuronal cultures. DAPI, 4°,6-
diamidino-2-phenylindole; s.e.m, standard error of the mean.
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firing, in both SCA6 and control cultures, with increased
amplitude and frequency (Fig. 2D).

Bicistronic CACNA1A gene expression
in SCA6 neurons

We next analyzed the expression and distribution of
CACNAIA gene products, the transmembrane o1A subunit
of the Cay2.1 VGCC channel and the soluble alACT
transcription factor (Fig. 1A), in SCA6 and control iPSC-
differentiated cultures.

CACNAIA gene expression levels were determined by
using two different sets of primers: the first designed to detect
all five CACNAIA splice variants (primer set 1* in Fig. 1A),
and the second designed to selectively detect transcripts
containing the polyQ-encoding CAG repeats (primer set 2* in
Fig. 1A). As shown in Fig. 1D, expression levels of the ol A-
encoding CACNAIA mRNAs increased during neural dif-
ferentiation and neuronal differentiation, with no significant
difference between genotypes. Expression levels of the
polyQ-encoding CACNAIA mRNAs were not different be-
tween SCA6 and control neurons after 2 weeks of neuronal
differentiation, whereas the neurons from SCA6-2 showed a
small but significant reduction in the amount of polyQ-
encoding transcripts after 5 weeks compared with the control.
We confirmed by RT-PCR the expression of the expanded
CAG repeat in SCA6 neurons (Fig. 1E, primer set 3* in
Fig. 1A). Control neurons expressed exclusively CACNAIA
mRNA with the normal CAG repeat length whereas SCA6
neurons, consistent with their heterozygous genotype, ex-
pressed in addition the expanded allele.

Next, we analyzed the expression of the Cay2.1 channel
ol A subunit protein. After 5 weeks of neuronal differenti-
ation, Cay2.1 ol A immunoreactivity was detected in >75%
of the neurons, in both SCA6 and control cultures (Fig. 3A,
B, antibody epitope marked with 1# in Fig. 1A). Glutama-
tergic as well as GABAergic neurons were Cay?2.1 positive,
as shown in Fig. 3C. No a1 A protein immunoreactivity was
detected in cell nuclei (Fig. 3D).

The subcellular distribution of Cay2.1 a1A protein was de-
termined by confocal microscopy analysis. Immunoreactivity
was detected in both soma and neurites, and the distribution of
Cay2.1 alA protein between both cellular compartments was
not different between SCA6 and control neurons (Fig. 3E, F).

Taken together, these results indicate that the o1 A subunit
of the Cay2.1 channel is expressed in neuronal cultures in
GABA-ergic as well as glutamatergic neuronal subtypes and
its expression levels and subcellular distribution are not
affected by the SCA6 mutation.
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Subsequently, we analyzed the expression of the sec-
ondary gene product of the CACNAIA gene, the alACT
protein, by using the antibody 2# (Fig. 1A). This antibody is
predicted to also recognize the long isoforms of alA. Im-
munoreactivity was detected in the majority of the differ-
entiated neurons (80%), in both patients and control
(Fig. 4A, B). Immunostaining experiments revealed a sub-
cellular distribution pattern consistent with staining of the
alACT transcription factor rather than the o«lA subunit of
the Cay2.1 channel protein. The channel subunit was de-
tected by antibody 1# in the soma and the dendrites outside
of the cell nucleus, whereas staining with antibody 2#
showed a predominant nuclear staining pattern (Fig. 4C).
However, almost all control neurons also presented limited
extra-nuclear punctate immunoreactivity (#2), which was
absent in SCA6 neurons (Fig. 4C). Quantification by con-
focal microscopy analysis showed no difference between
genotypes in nuclear immunofluorescence intensities after
a1 ACT transcription factor staining (Fig. 4D). The presence
of nuclear o1ACT in neurons was confirmed by results
obtained with a second independent antibody directed at the
C-terminal epitope that was predicted to be present in all
proteins encoded in CACNAIA (3# in Fig. 1A), which also
revealed a prominent nuclear staining pattern in differenti-
ated neurons, in combination with staining outside of the
nucleus. From the combined results of our immunocyto-
chemical analyses with antibodies 1#-3#, we conclude that
SCAG6 and control neurons express nuclear o1 ACT along
with extranuclear o1 A, which appears to be mostly the short
isoform.

Functional assessment of the bicistronic
CACNA1A gene products in SCA6 neurons

Cay2.1 channel electrophysiology. The function of the
Cay2.1 channels in SCA6 neurons was analyzed in patch-
clamp recording. First, total calcium channel-current ampli-
tude in SCA6 and control neuronal cultures was determined
after 5 weeks of neuronal differentiation. Neurons from all
genotypes displayed voltage-dependent Ca®* currents with a
maximum inward current at around OmV and a maximum
normalized current density amplitude of around —50 pA/pF,
with no significant differences between SCA6 and control
neurons (Fig. 5A).

We then confirmed that SCA6 neurons express functional
Cay2.1 channels by applying the spider toxin ®m-Agatoxin
IVA to selectively block currents mediated by Cay2.1
channels. The addition of 400 nM ®-Agatoxin IVA reduced
the calcium current amplitude, in both SCA6 and control

AN

FIG. 3.

>

a1 A protein expression in SCA6 neurons. (A) a1A protein is detected in SCA6 as well as in control 5w neurons

by immunostaining with a Cay2.1 antibody that binds to all splice variants of the o«lA channel subunit (the epitope
recognized by this antibody is marked with 1# in Fig. 1A). The same antibody was used in (B-F). (B) Percentages of
Cay2.1-expressing cells in SCA6 and control cultures within the neuronal population. Each bar represents mean+s.e.m.
from three independent experiments. One-way ANOVA test was performed and did not reveal genotype-dependent dif-
ferences. (C) alA subunit of Cay2.1 protein is expressed in GABA-ergic GAD67-positive neurons as well as in gluta-
matergic vGLUT1-positive neurons. Representative confocal Z-stack projection images of neurons co-expressing Cay?2.1
and MAP2 demonstrate that Cay2.1 staining is predominantly localized in dendrites and cell soma. Quantification of Cay2.1
immunofluorescence intensity within the MAP2-positive compartment in soma and dendrites. Each bar represents the
mean *s.e.m. from three independent experiments. One-way ANOVA test was performed and did not reveal differences in
Cay2.1 subcellular localization depending on genotype. (D) Cay2.1 staining does not overlap with the DAPI-positive
nuclear compartment. Scale bars (A, C, D, F) 50 pm.
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neurons, indicating the presence of a P/Q type current
component dependent on Cay2.1 channels (Fig. 5B).

Transcriptional regulation of o0lACT target genes in SCA6
neurons. The polyQ-encoding a1 ACT protein functions as
a transcription factor activating the expression of a set of
genes that are relevant for neuronal survival (BTGI, GRN,
and TAF1) [5]. We tested for differential mRNA expression
of a1 ACT target genes in neurons cultured for 5 weeks and
found that GRN mRNA levels were significantly decreased
in neuronal cultures derived from SCAG6 patients, whereas
no significant differences were observed for TAFI and
BTGI mRNA expression levels in SCA6 neurons compared
with controls (Fig. 5C).

SCAG6 neurons show increased vulnerability to glutamate. NoO
differences in cell viability between SCA6 and control neurons
were detected under standard culture conditions with the WST-
1 colorimetric assay (Fig. 5D). When neuronal cultures were
exposed to cellular stress by treatment with 100 uM glutamate
for 1h, a reduction of cell viability/metabolic activity was
observed in both SCA6 and control neurons compared with
untreated cultures. This reduction was significantly enhanced
in SCA6 neurons compared with the control (Fig. 5D), sug-
gesting that SCA6 mutations increase neuronal vulnerability to
glutamate-induced cellular stress.

Discussion

Since the first description of the CAG repeat expansion
within the CACNAIA gene causing SCA6 [4], several re-
search groups developed cellular and animal models for the
study of the complex pathophysiological polyQ-dependent
mechanisms of the disease [2,8,7].

Remarkable progress was achieved with the discovery of
the bicistronic nature of the human CACNA /A gene (Fig. 1A)
and of the transcription factor function of a1 ACT protein [5].

Investigations of the Ca,2.1 channel in vitro and in vivo
yielded contradictory results [13,14,16], whereas other
studies suggested an independent role for the a1 ACT tran-
scription factor in the pathogenesis of SCA6 [5,25].

The potential pathogenic mechanisms proposed for a1 ACT
addressed dysregulated gene expression [5], cytotoxicity of
the protein containing expanded polyQ stretches [25], and
increased cellular vulnerability to harmful stimuli [26].

The hypothesis of the mutant a1 ACT as a cytotoxic polyQ
protein is supported by pathological analyses of SCA6 patient
brains, where nuclear inclusions were detected in Purkinje
neurons, as well as in other brain areas, resembling the intra-
cellular aggregates that characterize other polyQ disease [3].

In a recent study, Ishida et al. studied cellular pathomechan-
isms of SCAG6 in iPSCs-derived SCA6 Purkinje neurons [20]. In
this remarkable work, the authors described SCA6-related phe-
notypes, including dysregulation of a1ACT target genes ex-
pression and increased cell vulnerability to oxidative stress.
However, in contrast to our study, this previous study did not
address the function of the mutated Cay2.1 channel.

Another difference between our study and the one by
Ishida et al. [20] is that instead of focusing on in vitro
differentiated Purkinje neurons, we employed a more di-
verse population of mainly glutamatergic and GABA-ergic
neurons with non-Purkinje phenotype (Fig. 2 and Supple-
mentary Table S4). Purkinje neurons are the main cell type
being affected early by SCA6 disease progression, whereas
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brain areas outside the cerebellum are also affected by the
disease and CACNAIA gene expression is not limited to
cerebellar Purkinje neurons. On the contrary, CACNAIA
gene products (mMRNA and protein) are abundant in several
other brain regions [3]. Therefore, although certain SCA6
phenotypes might be specific for or more pronounced in
Purkinje neurons, other pathogenic effects of SCA6 polyQ
mutation are predicted to affect a broad spectrum of CNS
neuronal subtypes of which our cultures are a useful model.

Our cellular models allowed us the parallel investigation
of the three main hypotheses for SCA6 pathology: channe-
lopathy, dysregulation of gene expression, and polyQ tox-
icity. In our experiments, iPSCs from all genotypes
generated similar percentages of neurons during 5 weeks of
neuronal differentiation and maturation and no differences
were observed between SCA6 and control neuronal cultures
with respect to the expression of neuronal markers (Fig. 2
and Supplementary Table S4).

To test the hypothesis of alterations in Cay2.1 channel
function, we generated electrophysiologically active human
neurons of both genotypes that exhibited increasing capability
over time to fire sustained action potentials, reflecting a dy-
namic cellular maturation process. The observed time course
of maturation was comparable with previous studies [27],
where passive and active electrophysiological properties of
iPSC-derived human neurons were analyzed in detail. The
measurement of the total voltage-dependent calcium currents
in both control and SCA6 neurons did not reveal significant
differences between genotypes. The amplitude and I-V rela-
tionship of iPSC-derived neurons was comparable with
published studies from adult mouse brain neuronal cultures
[24,28], suggesting that advanced neuronal maturation was
achieved. In addition, by adding a specific Cay2.1 channel
blocker, m-Agatoxin IVA, we were able to show the presence
of functional Cay?2.1 channels in both control and SCA6
neurons. However, our findings do not provide evidence for
alterations of the Cay2.1 channel in human SCA6 iPSC-
derived neurons. Taking into account the late onset of SCA6,
the neurons in our cultures were potentially insufficiently
matured to reveal late cellular phenotypes. In future studies,
paradigms of artificially increased in vitro stress will have to
be applied before testing channel pathophysiology, as was
shown to be necessary for revealing other late-onset disease
phenotypes in iPSC-derived human neurons [29,30].

The polyQ-encoding CACNAIA mRNAs were expressed
at similar levels in SCA6 and control cultures, and the alA
channel subunit was expressed by the majority of differenti-
ated neurons. A staining pattern typical for transmembrane
proteins was observed outside of the cell nucleus, in the soma
and neurites with an antibody directed against an epitope
specific for the al1A channel subunit. With two antibodies
directed against C-terminal epitopes that can detect the
alACT transcription factor, we observed a clear and pre-
dominant nuclear staining pattern, although both antibodies
bind to epitopes that are also present in long isoforms of the
transmembrane olA subunit of the Cay2.1 channel. This
nuclear localization the a1l ACT transcription factor detected
with such antibodies is in accordance with previous studies
[19,20]. Our immunostaining results could be explained by a
model where most of the a1 A channel subunit proteins in our
neuronal cultures are short isoforms and, hence, in contrast to
a1l ACT, are not detected by the antibody 2#.
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The wild-type al ACT transcription factor activates the
expression of BTGI, GRN, and TAF1, whereas the SCA6-
mutated o1 ACT was unable to activate these genes [5].
Differential expression of a1 ACT target genes in our het-
erozygous model was observed for GRN, which showed a
significant decrease in SCA6 neuronal cultures. Hence, our
study does provide further evidence for altered gene ex-
pression in neurons carrying SCA6 mutations, although no
significant differences were observed for BTGI and TAF1I.

Previous research suggests that polyQ-expanded ol ACT
may act as a toxic polyglutamine protein [5,25]. SCA6
neurons in our experiments did not show differences in cell
viability under baseline culture conditions compared with
controls. Hence, we tested whether a cytotoxic effect of
polyQ-expanded a1 ACT could be observed in the presence
of cellular stressors. Glutamate-induced stress has been
hypothesized to play a role in numerous neurodegenerative
diseases, including amyotrophic lateral sclerosis, Alzhei-
mer’s disease, and Huntington’s disease [31]. Using gluta-
mate to produce an acute insult, we found an increased
vulnerability to glutamate treatment in SCA6 neurons as
compared with the control. However, further experiments
have to reveal whether this vulnerability is related to the
polyQ expansion in a1l ACT or in the long splice variants of
the o1A channel subunit.

In conclusion, we have generated a new cellular model
based on patient-derived SCA6 neurons where the disease-
relevant proteins are expressed in a functional form in a
human neuronal environment. Although the SCA6 neurons
did not show differences in the expression levels or sub-
cellular distribution of CACNAIA gene products, they dif-
ferentially expressed an o1 ACT target gene and presented
increased vulnerability to cytotoxic stress induced by acute
glutamate treatment.

Taking advantage of efficient and reproducible neuronal
differentiation protocols to generate SCA6 patient-derived
neurons, we demonstrated that this cellular disease model is
useful for addressing the complex phenotypes associated
with the SCA6 pathophysiology by electrophysiological,
molecular, and cellular studies.
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