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ABSTRACT: Background: Spinocerebellar ataxia type
1 (SCA1) is a neurodegenerative disease caused by a poly-
glutamine expansion in the ataxin-1 protein resulting in neu-
ropathology including mutant ataxin-1 protein aggregation,
aberrant neurodevelopment, and mitochondrial dysfunction.
Objectives: Identify SCA1-relevant phenotypes in patient-
specific fibroblasts and SCA1 induced pluripotent stem
cells (iPSCs) neuronal cultures.

Methods: SCA1 iPSCs were generated and differenti-
ated into neuronal cultures. Protein aggregation and neu-
ronal morphology were evaluated using fluorescent
microscopy. Mitochondrial respiration was measured
using the Seahorse Analyzer. The multi-electrode array
(MEA) was used to identify network activity. Finally, gene
expression changes were studied using RNA-seq to
identify disease-specific mechanisms.

Results: Bioenergetics deficits in patient-derived fibro-
blasts and SCA1 neuronal cultures showed altered oxy-
gen consumption rate, suggesting involvement of
mitochondrial dysfunction in SCA1. In SCA1 hiPSC-
derived neuronal cells, nuclear and cytoplasmic
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aggregates were identified similar in localization as
aggregates in SCA1 postmortem brain tissue. SCA1
hiPSC-derived neuronal cells showed reduced dendrite
length and number of branching points while MEA
recordings identified delayed development in network
activity in SCA1 hiPSC-derived neuronal cells. Trans-
criptome analysis identified 1050 differentially expressed
genes in SCA1 hiPSC-derived neuronal cells associated
with synapse organization and neuron projection guid-
ance, where a subgroup of 151 genes was highly associ-
ated with SCA1 phenotypes and linked to SCA1 relevant
signaling pathways.

Conclusions: Patient-derived cells recapitulate key patho-
logical features of SCA1 pathogenesis providing a valuable
tool for the identification of novel disease-specific pro-
cesses. This model can be used for high throughput
screenings to identify compounds, which may prevent or
rescue neurodegeneration in this devastating disease. ©
2023 The Authors. Movement Disorders published by
Wiley Periodicals LLC on behalf of International
Parkinson and Movement Disorder Society.
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Introduction

Spinocerebellar ataxia type 1 (SCA1) is a neurod-
egenerative disorder characterized by progressive
degeneration that is most severe in the cerebellum and
brainstem." The prevalence of SCA1 worldwide is 1 to
2 per 100,000 individuals®® with the main symptom
being progressive cerebellar ataxia characterized by
coordination and balance problems.* Other signs
include swallowing difficulties, oral musculature weak-
ness, muscle stiffness, and extraocular muscles weaken-
ing leading to rapid, involuntary eye movements.*
Disease onset and duration are variable, but the disease
typically manifests itself in the third or fourth decade of
life and the average period from symptom onset to
death varies from 10 to 30 years.’

SCAT1 is an autosomal dominant disorder caused by a
cytosine-adenine-guanine (CAG)-repeat expansion in
exon 8 of the ATXNI gene.® In healthy individuals,
ATXN1 alleles contain 6 to 35 CAG-repeats, whereas
disease-causing alleles contain over 39 CAG-repeats.”®
These CAG-repeats are translated into a polyglutamine
(polyQ) tract in the ataxin-1 protein. There are eight
other autosomal dominant neurodegenerative polyQ dis-
orders, consisting of five other polyQ SCAs, Huntington’s
disease (HD), dentatorubral-pallidoluysian atrophy, and
spinal and bulbar muscular atrophy.”'' Ataxin-1 is
involved in several cellular processes including transcrip-
tional regulation and RNA processing.'">'* SCA1 is cau-
sed by a proteotoxic-gain-of-function mechanism and
polyQ expanded ataxin-1 forms aggregates in brain tissue
of SCA1 patients.'> These aggregates are reported as
small (~1 to 2 pm), intranuclear aggregates and are pre-
sent throughout the brain, both in affected and less
affected brain areas.'>'® Aggregates are considered a
pathological hallmark of polyQ disorders and correlate
with disease progression in SCA1 animal models.'*"’
Other main neuropathological findings are a marked loss
of Purkinje neurons in the cerebellum and neurons of the
dentate, basal pontine, and olivary nuclei, but as the dis-
ease progresses, other brain regions are also affected.'>

Mutant ataxin-1 is involved in dysregulation of
plasticity and synaptic function during cerebellar devel-
opment.'®!? It changes the neural circuitry of the devel-
oping cerebellum in a SCA1-knockin mouse model and
inhibits the formation and functionality of synaptic
contacts of Purkinje neurons. This aberrant syn-
aptogenesis leads to an excitatory/inhibitory imbal-
ance causing cell damage and making SCA1 neurons
more vulnerable later in life.'® In addition, conditional

SCA1 mice showed greatly diminished cerebellar
pathology and motor phenotypes when mutant
ataxin-1 expression is silenced until cerebellar develop-
ment is completed,'” suggesting a neurodevelopmental
role for ataxin-1.

Mitochondrial dysfunction and oxidative stress are
implicated in SCA1 and other polyQ disorders.'®**
SCA1 mouse models demonstrate alterations in mito-
chondrial proteins, impairment of the electron transport
chain (ETC) complexes, decrease in adenosine triphos-
phate (ATP) activity, and deficits in mitochondrial oxi-
dative phosphorylation.”*** These are important
disease-modifying processes as both motor behavior
deficits and disease pathology can be ameliorated in
SCA1 mouse models by the mitochondria-targeting
antioxidant MitoQ or the ETC complex II electron
donor, succinic acid.>>**”

Despite advances in SCA1 research, there is no cure
for SCA1.” For the development of novel treatments,
there is a need to establish patient-derived disease
models that mimic main aspects of the disease. Human
induced pluripotent stem cells (hiPSCs) derived from
patients can be used for in vitro disease modeling.*
These cell models have been used to study pathogenic
processes, including protein aggregation, Purkinje cell
(PC) development, and altered composition of gluta-
matergic receptors and test intervention strategies for
polyQ diseases.”**’! We previously generated and
characterized three hiPSC clones of a SCA1 patient, but
so far, SCA1 hiPSC-based disease modeling has not
been described.>?

Here, we describe additional skin fibroblasts totaling
four SCA1 patients and four control individuals dem-
onstrating defects in basal respiration and intracellular
ATP levels in SCA1 cells. Next, we generated and char-
acterized hiPSCs clones and observed ataxin-1 aggre-
gates, defects in neuron process length and branching,
altered neuronal network activity and mitochondrial
dysfunction and in SCA1 hiPSC-derived neurons.
Ataxin-1 positive aggregates were present in both the
nucleus and cytoplasm of patient-derived neurons as
was observed also in SCA1 post-mortem brain tissue.
Last, we identified 1050 differentially expressed genes
participating in processes related to neurodegeneration,
regulating cellular metabolism, and signaling pathways
in SCA1 hiPSC-derived neurons.

Collectively, SCA1 hiPSC-derived neuronal cultures
recapitulate key pathological features of the disease
providing a valuable tool for the investigation of patho-
genic disease mechanisms and the identification of
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compounds, which may prevent or rescue neu-
rodegeneration in this devastating disease.

Methods

Standard Protocol Approval and Patient
Consent

This study was approved by the Leiden University
Medical Center (LUMC) medical ethics committee
(NL45478.058.13/P13.080) and written informed con-
sent was obtained from all participants. The age at
onset was defined as the onset of motor impairment.
Disease severity was assessed according to the scale for
the assessment and rating of ataxia (SARA), the Stroop
color and word test and the Mini-Mental State
Examination.®”

Post-Mortem Brain Tissue

Post-mortem brain tissue was obtained from a male
SCA1 patient, 52 years of age. Brain tissue was forma-
lin fixed for about 3 months and embedded in paraffin.
Samples were cut on a microtome (4 pm) and evaluated
using hematoxylin and eosin staining. Additional
immunohistochemistry for ubiquitin (Table 1) was per-
formed according to standard protocols and evaluated
by a neuropathologist.

Generation and Characterization of hiPSCs

Generation and characterization of hiPSCs was per-
formed as previously described.’> HiPSCs from SCA1
patients and non-affected matched controls were gener-
ated using non-integrating Sendai viruses (SeV). These
hiPSCs were checked for pluripotency markers, karyo-
type, CAG repeat length, and three germ layer differen-
tiation. All hiPSC clones were registered at the Human
Pluripotent Stem Cell Registry.

Patient-Derived Neural Progenitor Cells and
Neuronal Cultures

For neuronal differentiation, hiPSCs were dissociated
using accutase and resuspended in STEMdiff neural induc-
tion medium (NIM), including SMADi and Y-27632. The
hiPSCs were replated in an AggreWell800 plate (all
STEMCELL Technologies, Vancouver, Canada) and NIM
was refreshed daily. After 7 days, embryoid bodies were
transferred to a poly-D-lysine (PDL)/laminin-coated
6-well plate. Neural rosettes were selected using
STEMJiff neural rosette selection reagent (STEMCELL
Technologies) and replated in PDL/laminin-coated 6-well
plates. After 7 days, Neural progenitor cells (NPCs) were
passaged as single cells and expanded in STEMdiff neural
progenitor medium (STEMCELL Technologies). Differen-
tiation into neuronal cultures was done by plating
5 x 10° NPCs in a PDL/laminin-coated 6-well plate in

STEMUJiff neuron differentiation medium. After 1 week,
5 x 10° cells were replated in PDL/laminin-coated 6-well
plates in STEMJiff neuron differentiation medium,
followed by half medium changes using BrainPhys
medium every 2 to 3 days.

DNA lIsolation and CAG Repeat Size
Determination

DNA isolation and CAG repeat size determination
were performed as reported before.?'**

Mitochondrial Function

Using the Seahorse XF Extracellular Flux Analyzer
XF96 (Agilent Technologies, Santa Clara, United
States), oxygen consumption rate (OCR) was deter-
mined as a measure of mitochondrial respiration in

fibroblasts and hiPSCs as described before.?!

Immunohistochemistry

Cells were fixed with 4% paraformaldehyde (PFA)
for 10 min at room temperature. Cells were pre-
incubated for 1h at room temperature in immuno-
buffer (100 pL Triton X-100, 1 mL normal goat serum,
0.04 thimerosal in 100 mL Dulbecco’s phosphate-
buffered saline). Primary antibodies were diluted in
immunobuffer and samples were incubated in a humidi-
fied chamber overnight at 4°C. Secondary antibodies
were diluted in immunobuffer and samples were incu-
bated for 2 hours at room temperature. Finally, samples
were covered with Everbrite hardset containing 4,
6-diamidino-2-phenylindole (DAPI) (Biotum, USA).
Antibody details can be found in Table 1.

Protein Aggregate Analysis

Images were obtained using a LeicaDMS5500. To
avoid selection bias during image capturing, cells were
selected by DAPI only. A total of 10 images per clone
were obtained. Nuclear and cytoplasmic ataxin-1
aggregates were counted using the function “Cell coun-
ter” in Image]. The analysis was performed double

blind.

Neuronal Morphology Analysis

Neurons were visualized using green fluorescent pro-
tein (GFP) transfection. For this, 2 pL of Lipofectamine
2000 and 50 pL Opti-MEM (Gibco) were incubated for
5 minutes at room temperature. Simultaneously, 1 pg of
pAcGFP1 plasmid and 50 pL of Opti-MEM were incu-
bated for 5 minutes at room temperature. Lipofectamine
and DNA solutions were mixed and incubated for
20 minutes. This mixture was then added drop-wise
onto the cells. After 4 hours, BrainPhys medium (Stemcell
Technologies) was replaced. Cells were covered with
EverbriteTM Hardset Mounting Medium containing
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TABLE 1 Antibodies

Antibody Species Dilution Company, catalog no., and RRID

2F5 ataxin-1 Mouse 1:250 Abbiotec, 253104, AB_11158080

MAP2 Mouse 1:500 Millipore, MAB364, AB_94948

B3-tubulin Mouse 1:200 Abcam, ab78078, AB_2256751

GFAP Rabbit 1:500 Agilent, Z0334, AB_10013382

FOXG1 Rabbit 1:200 Abcam, ab196868, AB_2892604

VGIuT1 Rabbit 1:200 Abcam, ab77822, AB_2187677

Synaptophysin Rabbit 1:200 Abcam, ab52636, AB_882786

Ubiquitin Rabbit 1:800 Agilent, Z0458, AB_2315524

Anti-mouse Alexa 488 Goat 1:500 Thermo Fisher Scientific, A-11001, AB_2534069

Anti-rabbit Alexa 594 Goat 1:500 Thermo Fisher Scientific, A-11012, AB_2534079

Abbreviation: MAP2, microtubule-associated protein; GFAP, glial fibrillary acidic protein; FOXG1, forkhead box protein G1; VGIuT1, vesicular glutamate transporter 1.

DAPI (Biotum). Neurons were visualized using fluores-
cence microscopy (Leica, Germany). Using the Image]
plugin Neuron], the length of processes emerging from
the soma and the number of branches per cell soma
were quantified. Analysis was performed double blind.

RNA Isolation and Real-Time Quantitative
Reverse Transcription Polymerase Chain
Reaction

RNA isolation and real-time quantitative reverse
transcription polymerase chain reaction (RT-qPCR)

was performed as described before.>* Primer details can
be found in Table 2.

Multi-Electrode Array Recordings and Data
Analysis
Data was analyzed using the multi-electrode array
(MEA)-ToolBox to extract electrophysiological net-

work parameters (Supplementary Methods and Hu
et al.).>

TABLE 2 RT-qPCR primers

Target gene Primer name

Sequencing and Data Processing

Sequencing, differential gene expression analysis,
gene enrichment analysis, and protein-protein interac-
tion (PPI) network construction were performed using
standard analysis pipelines (Supplementary Data S1
Methods).

Statistics

Statistical analysis was performed in GraphPad Prism
8 (GraphPad Software). Each data point within the
analysis represents one well. The data was not normally
distributed, as confirmed with a Shapiro-Wilk test. There-
fore, the Mann—Whitney U test was used to test for signif-
icance. All data is represented as mean + standard error
of mean (SEM). Only P values <0.05 were considered
significant.

Data Sharing

Data is publicly available in the European Genome-
Phenome Archive.

Sequence (5'-3")

ATXN1 QPCR ATXNT1 exon 3-4 F
QPCR ATXN1 exon 3-4 R
GFAP hGFAP_Fwl
hGFAP_Revl
MAP2 hMAP2_Ex12_Fwl

hMAP2_Ex13_Revl

ACTACAGGGAAGTGCATCAC
TGTTTCAAGACCATCCGTGC

ACCAGGACCTGCTCAATGTC
ATCTCCACGGTCTTCACCAC

TCCAAAATCGGATCAACAGA
TGGATGTCACATGGCTTAGG

Abbreviation: RT-qPCR, real-time quantitative reverse transcription polymerase chain reaction.
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TABLE 3  Clinical information of the SCA1 patients and non-affected control individuals

Age at onset

Average age at

Average CAG repeat Average SARA

Individuals Cell line Gender (range) biopsy (range) expanded allele (range) score (range)

4 Control 3 xF 50 (44-54) 0.1 (0.0-0.5)
1 xM

4 SCAI1 3xF 38 (26-45) 42 (27-51) 46 (43-48) 10.3 (5.0-24.5)
1 xM

Note: Table showing the gender, age at biopsy and when applicable, age at onset, self-reported CAG repeat length, and SARA score of patients and non-aftected controls.
Abbreviations: SCAI, spinocerebellar ataxia type 1; CAG, cytosine-adenine-guanine; F, female; M, male; SARA, scale for the assessment and rating of ataxia.

Results
SCA1 and Control Fibroblasts

SCA1 patients and non-affected family members were
subjected to clinical evaluation. Three SCA1 patients
had an age at onset in the fourth decade of life, whereas
one patient had an age at onset already before age 30.
All patients presented classic signs of SCA1. Patient
4 was in a more advanced state of the disease reflected
by a high SARA score. The number of CAG repeats of
the patients varied between 43 and 48. All clinical
information is summarized in Table 3. Fibroblasts were
cultured from skin biopsies. The CAG repeat length of
all nine polyQ genes was determined and no disease-

causing repeat expansions were found (Supplementary
Table S1).

Mitochondrial Dysfunction in Patient-Derived
Fibroblasts

The ATXNI1 levels were examined in fibroblast sam-
ples and no difference was found between control and
SCAL1 fibroblasts (Fig. 1A). Because mitochondrial defi-
cits were detected in several SCA1 models, we studied
mitochondrial function (Fig. 1B). The SCA1 fibroblasts
had significantly lower basal respiration and intracellular
ATP levels compared to controls. However, these differ-
ences were mainly observed in fibroblasts obtained from

Mitochondrial respiration
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FIG. 1. Spinocerebellar ataxia type 1 (SCA1) patient-derived fibroblasts show a subtle decrease in mitochondrial respiration. (A) ATXN1 is expressed in
similar levels in control and patient-derived fibroblasts. (B) Representation of the mitochondrial stress test performed in control and SCA1 fibroblasts.
(C) Basal respiration, (D) Adenosine triphosphate (ATP) production, (E) maximal respiration, and (F) non-mitochondrial oxygen consumption are derived
from the mitochondrial stress test. A significant decrease is found in basal respiration (P = 0.034) and ATP production (P = 0.0037). No difference was
found in maximal respiration and non-mitochondrial oxygen consumption. Average of two independent experiments, 4-6 replicates per control and
SCAT1 fibroblast line. Matching pairs are indicated with the same color. [Color figure can be viewed at wileyonlinelibrary.com]
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TABLE 4 hiPSC clones derived from SCA1 patients and matched
control individuals

hiPSC clones (human pluripotent

Cell line stem cell registry)
SCA1 1 LUMCI032-A and B
Control 1 LUMCI033-A, B and C
SCA1 2 LUMCI002-A, B and C
Control 2 LUMCIi003-A and B
SCA1 3 LUMCIi034-A, B and C
Control 3 LUMCIi035-A, B and C
SCA1 4 LUMCI022-A, B and C
Control 4 LUMCIi023-A

Note: Human pluripotent stem cell registry number of SCA1 patient and matched
control hiPSC lines.

Abbreviations: SCAI, spinocerebellar ataxia type 1; hiPSC, human induced plu-
ripotent stem cells.

the SCA1 patient with the earliest age at onset (blue pair,
Fig. 1C,D). Maximal respiration and non-mitochondrial
oxygen consumption were not different between SCA1
and control fibroblasts (Fig. 1E,F).

Generation, Characterization, and
Differentiation of Patient-Derived hiPSCs

Previously, we published the generation of a SCA1
and a matched control hiPSC cell line.*? Here, we
report the generation of three additional SCA1 patient-
derived and matched control hiPSCs using non-
integrating Sendai viruses, as described before
(Table 4,).3*3%>7 In brief, all hiPSCs showed expression
of pluripotency markers Oct3/4, Nanog, and SSEA-4
and were able to spontaneously differentiate into the
three germ layers as shown by immunofluorescent
staining for endodermal marker a-fetoprotein, mesoder-
mal marker PECAM-1, and ectodermal marker
B3-tubulin. No chromosomal aberrations were found
and all hiPSCs clones were Sendai virus and myco-
plasma free.

NPCs were generated using a standard protocol
(Fig. 2A). Differentiation of NPCs resulted in stable
neuronal cultures containing both neurons and astro-
cytes. Cultures were stained with neuronal marker
microtubule-associated protein 2 (MAP2) and astrocyte
marker glial fibrillary acidic protein (GFAP). No differ-
ences in the ratio of neuronal cells and glial cells were
observed between the hiPSC clones (Fig. 2B), as con-
firmed by quantitative reverse transcription PCR (RT-
gPCR) (Fig. 2C,D). The cultures stain positive for
FOXGT1 (cortical lineage), p3tubulin, synaptophysin, and
vGlut. No differences in expression of excitatory and
inhibitory markers were seen between the SCA1 and
control cultures (Supplementary Fig. S1). Moreover, no

CHARACTERISTICS IN

PATIENT-DERIVED CULTURES
differences in ATXNI1 levels were observed, confirming
that the phenotypes in downstream assays were because
of the repeat expansion rather than to altered ATXN1
expression levels (Fig. 2E).

Mitochondrial Dysfunction in SCA1
Patient-Derived Neuronal Cultures

Next, we investigate whether the mitochondrial
phenotype found in fibroblasts was also present in
patient-derived neuronal cultures. SCA1 patient-derived
neuronal cultures had significantly lower basal and
maximal respiration levels and lower intracellular ATP
levels compared to controls. Non-mitochondrial oxygen
consumption was comparable between both conditions
(Fig. 3A-E). In contrast to the fibroblast experiments, a
robust difference was observed in all SCA1 patient-
derived neuronal cultures.

Altered Electrophysiology in SCA1
Patient-Derived Neuronal Cultures

A MEA was used to study changes in fire rate, single-
channel burst (SCB) activity and neuronal network
activity (Fig. 3F-H), which is visualized at three time
windows: (1) at DIV1-23 the network activity was simi-
lar between both groups; (2) at DIV23-40 the SCA1
cultures showed a decrease in network bursts compared
to controls; and (3) at DIV40-60 a similar network
activity was observed for both conditions (Fig. 3H). We
analyzed the network bursts at time points DIVS,
DIV33, and DIV60 (Fig. 3I-K). On DIV8 and DIV60,
there was no difference in the amount of network
bursts between groups, whereas on DIV33 a signifi-
cant decrease in both the number and the duration of
network bursts was observed in the SCA1 group
compared to controls. However, these shorter net-
work bursts were more regular compared to controls.
Similar trends could be seen in representative spike
raster plots (Fig. 31-K). Taken together, these data
demonstrate a delay in network development in
SCA1 hiPSC-derived neuronal cultures.

Nuclear and Cytoplasmic Aggregates in SCA1
Patient-Derived Neuronal Cultures

Protein aggregation is one of the main pathophysio-
logical hallmarks of SCA1. We examined the presence
of aggregates in fibroblasts and hiPSC-derived neurons
after 2, 4, and 6 weeks of neuronal maturation. No aggre-
gates were observed in SCA1 fibroblasts. Instead, after
2 weeks of neuronal maturation, SCA1 neuronal cultures
showed a significantly higher percentage of cells with
intranuclear aggregates and a higher number of
aggregates per cell compared to controls. These num-
bers increased significantly over time in patient-
derived neuronal cultures (Fig. 4A,B). Aggregates
were not only found in the nucleus, but also in the

Movement Disorders, Vol. 38, No. 8, 2023 1433

35UBD 17 SUOWILIOD) BAIIERID 3jqedt|dde sy Aq pausenob afe 3ol YO ‘8sn Jo sajnl 1oy Arelq 1T auluQ 43|\ UO (SUO}IPUOD-puUe-SWLIB)LI0D A8 [IM" Azeaq 1 Bull{Uo//:Sdny) suonIpuoD pue s | Yl 88S *[202/90/2T] uo Akiqiauluo (1M ‘satkeiql] AiseAlun uepe Ag 9v62 'SPW/Z00T OT/I0P/0D A8 | 1M AR Iq 1 BU U0 S JBP.OS IPJUSLUSAOLL//SANY W1} papeo|umoq ‘8 ‘€202 ‘/GZ8TEST



BUIJSEN ET AL w

J

hiPSCs embryoid neural neural neuronal neurons
bodies rosettes progenitor  precursor and
cells cells astrocytes
| | | |
I neural induction |differentiation I start maturation I | I
-4 -3 -2 -1 0 2 4 6 weeks
aggregation aggregation aggregation
morphology morphology morphology
electrophysiology electrophysiology electrophysiology
RNAseq
bioenergetics
—
<
O
[9p]

(D) MAP2 (E) GFAP (F) ATXN1
150 150 125+
c c [
5] 5] o . Au
® 125+ ‘® ATA D owrs
2 D 100 ol 2 100 L rl:‘
= = -39 = Iy
S % ® <% oo A
5 100 e dme 5 5
o o at o
£ 2 50 an 2 754
8 754 ) o
[7) Q [7)
[v4 (4 ("4
50 0 50

1
control SCA1

1
control SCA1

1
control SCA1

FIG. 2. Neuronal differentiation of control and spinocerebellar ataxia type 1 (SCA1) human induced pluripotent stem cells (hiPSCs) is comparable. (A)
Outline of the neuronal differentiation protocol. (B) Representative bright field images of 2-week-old hiPSCs neuronal cultures derived from control and
SCAA1. (C) Neurons are stained with the nuclear marker 4’, 6-diamidino-2-phenylindole (blue), the astrocyte marker glial fibrillary acidic protein (GFAP)
(green) and the neuronal marker MAP2 (red). The scale bar is 100 pm. (D-F) Q-RT-PCR results showing similar levels of the neuronal marker MAP2, the
astrocyte marker GFAP and ATXN1. Per fibroblast line 1-3 independent clones were generated. All clones were analyzed in two independent, biological
replicates. Matching pairs are indicated in the same color. [Color figure can be viewed at wileyonlinelibrary.com]

cytoplasm of SCA1 neuronal cultures. Similarly, both
the percentage of cells containing a cytoplasmic
aggregate and the number of cytoplasmic aggregates
per cell increased significantly over time in patient-
derived neuronal cultures (Fig. 4C,D).

Nuclear and Cytoplasmic Aggregates in SCA1
Post-Mortem Brain Tissue

Studies investigating protein aggregation in SCA1
post-mortem brain tissue mostly report on intranuclear
aggregates. Because the hiPSC-derived neuronal cultures
also showed cytoplasmic aggregates, we determined the
localization of the aggregates in SCA1 post-mortem
brain tissue. Macroscopically we observed typical hall-
marks of SCA1, which is atrophy of the cerebellum,

pontine nucleus, and medulla oblongata. Furthermore,
we observed atrophy of the caudate nucleus. On micro-
scopical examination, neuronal loss and gliosis was
mostly observed in the pontine nucleus, olivary nucleus,
and PC layer of the cerebellum. Nuclear and cytoplasmic
ubiquitin-positive aggregates were found throughout the
brain, but mostly in the pontine nucleus and olivary
nucleus (Fig. 4E,F).

Altered Morphology in SCA1 Patient-Derived
Neuronal Cultures

Ataxin-1 is a transcriptional regulator for genes
involved in neuronal connectivity and differentia-
tion. Proper synaptic contacts with neighboring cells
are essential for the development and complexity of
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[ SCAI1
neuronal cell dendritic trees. Neuronal morphology
can be used as a measure for dendritic tree complex-
ity. Process length and the number of branching
points were analyzed in GFP-transfected neurons
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after 2, 4, and 6 weeks of neuronal maturation
(Fig. 4G).

In SCA1 neurons, process length were significantly
shorter compared to that in control neurons across all
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time points. Furthermore, process length in SCA1 neu-
rons did not increase over time, whereas process length
in control neurons increased over time (Fig. 4I). As a
further indicator of process complexity, we measured
the number of branching points. There were signifi-
cantly less branching points in SCA1 cultures compared
to controls. No increase in number of branching points
was seen over time in either condition (Fig. 4]). Overall,
these results indicate that dendritic length and complex-
ity are decreased in SCA1 neurons.

Functional Analysis of Dysregulated Genes in
SCA1 Patient-Derived Neuronal Cultures

To confirm known deregulated pathways and dis-
cover novel SCA1 disease pathways, we performed
RNA-seq. After filtering and data normalization, 15,644
genes were included. Data was normally distributed after
log2 CPM transformation and principle component analy-
sis showed no outliers and a clear separation between
SCA1 and control samples (Supplementary Fig. S2A,B).
Independent differential gene expression analysis was per-
formed in each patient and matched control individual
dataset. A total of 1236 differentially expressed genes
(DEGs) overlapped with 1050 DEGs deregulated in the
same direction (Fig. 5A,B). The number of up- and down-
regulated DEGs was similar per dataset (Supplementary
Fig. S2C and Fig. 5C). We sorted the 1050 DEGs on
adjusted P-value or logFC to prioritize genes with the
most extreme changes (Fig. 5D and Supplementary
Fig. S2D,E). For technical validation, we selected genes
from the top 25 DEGs that were expressed at high
enough levels and were previously associated with SCA,
neurodegeneration or neurodevelopment, confirming dis-
ease relevant changes (Supplementary Table S2).

Capicua (CIC) is an evolutionarily conserved tran-
scription factor binding to ataxin-1. The interaction of
mutant ataxin-1 with CIC mediates toxicity in SCA1
models.”® We found significantly increased CIC RNA
levels in SCA1 neurons, as previously shown in an inde-
pendent dataset from a human overexpression model of
ATXN1(082).>” Furthermore, several CIC target
genes, including ETVS, CCNE1, DUSP6, and PER2

were dysregulated in SCA1 cultures (Supplementary
Fig. S2F-L).

We performed gene set enrichment analysis to iden-
tify enriched biological mechanisms by annotating the
DEGs for Kyoto Encyclopedia of Genes and Genomes
pathway analysis, Gene Ontology (GO) biological pro-
cesses (BP) and cellular components (CC). Processes
related to synapse organization, neuron projection
guidance, and axon development were positively regu-
lated, confirming disease relevant changes. In contrast,
regulation of cell cycle, DNA replication, and repair
and organelle fission were negatively regulated, consis-
tent with previous findings in both cells and SCA1
human cerebellum®” (Fig. SE). Functional analysis from
the annotation with GO CC identified genes related to
the synaptic membrane, mitotic spindle, and mitochon-
drial matrix (Supplementary Fig. S2M). Dysregulated
pathways included axon guidance, cell cycle, calcium,
and p53 signaling pathways (Supplementary Fig. S2N).

Protein—Protein Interaction Networks Highlight
Central Aspects of SCA1 Pathology

Next, we generated a protein—protein interaction net-
work consisting of 924 nodes and further subjected this
network to clustering analysis for visualization and
detection of protein communities with similar func-
tional similarities and high connectivity centralities. The
network consisted of four major clusters (Fig. SF and
Supplementary Fig. S3); community cluster 1 (CC1)
was the biggest containing 151 nodes. Based on their
centrality values, RhoA and mitogen-activated protein
kinase 1 (MAPK1) were the central nodes, suggesting
that they are key regulators of the information flow
within CC1 (Fig. 5F). The components of CC1 are
involved in several signaling pathways, including
MAPK, Ras, oxytocin, and Ca®" signaling and pro-
cesses related to neurotransmitter secretion and trans-
port (Fig. S5G). These signaling pathways are
interconnected and their functionality may be regu-
lated by common kinases, such as protein kinase C
(PKC), which is significantly dysregulated in the
SCA1 neuronal cultures (Supplementary Fig. S4).

FIG. 3. Robust functional differences in mitochondrial respiration and multi-electrode array between control and spinocerebellar ataxia type 1 (SCA1)
human induced pluripotent stem cell (hiPSC)-derived neuronal cultures. (A) Representation of the mitochondrial stress test performed in 2-week-old
control and SCA1 hiPSC-derived neurons. (B) Basal respiration, (C) adenosine triphosphate (ATP) production, (D) maximal respiration, and (E) non-
mitochondrial oxygen consumption are derived from the mitochondrial stress test. Significant differences are found in basal respiration (P < 0.001),
ATP production (P < 0.001), and maximal respiration (P < 0.001). Matching pairs are indicated in the same color. Longitudinal recordings of network
activity of controls and SCA1 neurons for 60 days in vitro (DIVs), (F-H) we observed three time windows in the longitudinal recordings of network activ-
ity and selected one representative day for each of these time windows (DIV 8, DIV 33, and DIV 60). The network activity on DIV 8 and DIV 60 are not
significantly different between control and SCA1 groups, but on DIV 33 the network activity was significantly different between control and SCA1
groups (Supplementary figure XA). Furthermore, when looking at the network burst activity of the SCA1 neurons on DIV 33 these network bursts are
shorter (Supplementary figure XB) and more regular (Supplementary figure XC) when compared to those of the control group. Similar trends can
also be seen in the spike raster plots between the control and SCA groups, with inserts highlighting network burst activity in each raster plot, and spike
histograms showing bursting patterns between control and SCA neuronal cultures. (I-K) The detected network bursts are highlighted in black (control)
or red (SCA1). Beneath the raster plots are spike histograms in which each peak represents a network burst to help identifying network bursting pat-
terns. [Color figure can be viewed at wileyonlinelibrary.com]
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FIG. 4. Protein aggregation and morphological differences between control and (spinocerebellar ataxia type 1) SCA1 human induced pluripotent stem
cells (hiPSC)-derived neuronal cultures. (A) Immunohistochemistry of hiPSC-derived neurons of controls and SCA1 at 2, 4, and 6 weeks. Cells were sta-
ined with 4/, 6-diamidino-2-phenylindole (blue) and ataxin-1 (red). Scale bar is 10 pm. Intranuclear protein aggregates in hiPSC-derived neuronal cul-
tures. (B) Quantification of intranuclear protein aggregates in control and SCA1 neuronal cultures. (C) Cytoplasmic protein aggregates in hiPSC-derived
neuronal cultures. (D) Quantification of cytoplasmic protein aggregates in control and SCA1 neuronal cultures. Number of cell lines per time point:
14 days (control n = 3, SCA1 n = 3), 30 days (control n = 3, SCA1 n = 3), and 45 days (control n =1, SCA n = 1). *P < 0.05, **P < 0.01, **P < 0.001,
***P < 0.0001 by t-test, one-way ANOVA and Sidak’s multiple comparison test (E) intranuclear and (F) cytoplasmic aggregates in SCA1 post mortem
brain tissue (G) quantification of aggregates in post-mortem brain tissue (H) neurons transfected with a green fluorescent protein construct to measure
(I) dendrite length and (J) the number of branch points. [Color figure can be viewed at wileyonlinelibrary.com]
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More importantly, overrepresentation analysis using
the rare disease-dedicated platform Orphanet indi-
cated that CC1 is highly associated with cerebellar
ataxia, confirming its relevance with SCA1 pathology
(Supplementary Fig. S5). The other major community
clusters, CC2, CC3, and CC4 are involved in metabo-
lism, cell cycle, and protein processing, respectively.
Centrality analysis indicated that these clusters con-
tain novel candidate targets, including fumarate
hydratase (FH) and aconitase 2 (ACO2) in CC2,
anillin (ANLN), and thymidylate synthase (TYMS) in
CC3, general vesicular transport factor p115 (USO1)
and transmembrane p24 trafficking protein 10
(TMED10 in CC4. Taken together, these results sug-
gest that these clusters might have a critical impact in
SCA1 pathology.

Discussion

Mitochondrial alterations have been described in SCA1
in terms of morphology and functionality by changes in
electron transport chain complexes and lower ATP pro-
duction.”**>**> Here, we found that energy metabolism
was altered in SCA1 fibroblasts and patient-derived neu-
rons. The differences in SCA1 fibroblasts were minor
compared to those found in SCA1 neuronal cultures and
mainly caused by one fibroblast line. An explanation
might be the severe disease stage of this particular patient,
as indicated by the high SARA score. Mitochondrial dys-
function has been associated with many repeat expansion
neurodegenerative diseases, including polyQ SCAs, HD,
and fragile X-associated tremor/ataxia syndrome
(FXTAS).2!#32>%042 e have previously shown that
energy metabolism in HD fibroblasts was associated with
age at onset independent of the CAG repeat expansion.”!
The fact that we can detect mitochondrial changes in
SCA1 fibroblasts is intriguing and supports the use of
patient-derived fibroblasts in the development of thera-
peutic interventions. Mitochondrial changes were further
confirmed in SCA1 hiPSC-derived neurons. Altered cellu-
lar metabolism is believed to be an important contributor
to pathogenesis of polyQ disorders, including
HD. Decreased ATP levels and maximal respiration were
found in HD, SCA2, and SCA3 hiPSC-derived cells across
differentiation stages and protocols.’”*" These findings
are in line with previous studies, indicating that SCA1 dis-
ease pathogenesis involves mitochondrial deficits.******

SCAL1 is characterized by a widespread neuronal dys-
function; however, the underlying pathogenic mecha-
nisms are still elusive. One of the main hallmarks of the
disease is protein aggregates in post-mortem brain tis-
sue. Accumulation of aggregates is suggested to corre-
late with a gradual decline in proteostasis and is
promoted by aging. Although protein aggregation is a
characteristic feature, it is still questionable whether

CHARACTERISTICS IN

PATIENT-DERIVED CULTURES
protein aggregates directly contribute to disease patho-
genesis or merely represent a cellular strategy to protect
cells from toxic effects of expanded polyQ proteins.
Studies in post mortem human polyQ SCA brain tissue
suggest a lack of correlation between the presence of
aggregates in different brain regions and the severity of
neurodegeneration.'>>®  However, studies using
SCA1 mouse models and overexpression cell models
indicate that SCA1 disease progression is associated
with the gradual accumulation of protein aggregates.
Here, SCA1 patient-derived neuronal cultures show
ataxin-1 positive aggregates, which increased signifi-
cantly in number over time. Most studies in post-
mortem brain tissue report intranuclear, but also
cytoplasmic, protein aggregates in SCA1 overexpression
models.*? In the current study, the presence of cytoplas-
mic protein aggregates was validated in SCA1 brain tis-
sue. In Neuro-2a cells, the interactome of ataxin-1
[85Q)] revealed a significant enrichment of essential
nuclear transporters, suggesting that elevated levels of
ataxin-1 correlate with disruptions in nuclear transport
processes. Electron microscopy studies have shown that
perinuclear aggregates are associated with a typical dis-
tortion of the nuclear surface. However, only few stud-
ies report the state of the nuclear envelope adjacent to
protein aggregates. Disruption of the nuclear envelope
has been implicated in other repeat expansion disor-
ders, including HD and FXTAS. Interestingly, from a
mechanistic perspective, cell toxicity observed in
FXTAS can be rescued on overexpression of the
lamina-associated protein LAP2B.°® The pathological
features, including polyQ aggregation and mitochon-
drial dysfunction, can be recapitulated in disease-
derived hiPSC neurons from SCA2, SCA3, and FXTAS
patients,>%3%%4

Mutant ataxin-1 causes anatomical abnormalities in
the developing cerebellum'” as well as a loss of com-
plexity and branching in the PC dendritic trees of SCA1
animals.'® Although PCs are the most affected cell type
in SCA1, it has been shown that other cells, including
forebrain neurons, are affected in SCA1 animal models.
These forebrain neurons require ataxin-1 for proper
development and connectivity.* Similar to many of the
known affected neurons in SCA1 animal models (eg,
PCs, vestibular, and substantia nigra neurons),***’
forebrain neurons have also been described to have a
pacemaker-like function.’® The mixed cultures used in
this study lack Purkinje neurons and Bergman glia,
which are highly specialized cerebellar cells. A one to
one comparison of the MEA data with Purkinje neuron
pacemaker firing is, therefore, not feasible; however,
the data reveals that neurons carrying ataxin-1 muta-
tion also harbor electrophysiological changes. Our
results suggest there is an intrinsic defect in neuronal
development because both process length and
branching complexity were altered in SCA1 hiPSC-
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derived neurons. Genes related to synapse organization,
neuron projection development, and axon guidance
were enriched in the GO analysis. In the cerebellum,
synapses with parallel fibers as well as climbing fibers
are necessary for the development and maturation of
PCs. In SCA1 mice, early expression of mutant ataxin-1
caused climbing fiber-PC deficiencies early in life, before
symptom onset.’’ This highlights the importance of
impaired connectivity in the early pathophysiology
of SCA1. The loss of synaptic contacts is because of
abnormal synaptic architecture and signaling caused by
the lack of activity of ataxin-1 as a transcriptional regu-
lator. Synaptic protein scaffold loss in SCA1 was
observed before the onset of symptoms.’?

Electrophysiological data showed that SCA1 network
activity is delayed, hinting toward developmental issues
present within the SCA1 neurons electrical firing. The
MEA data from the first 40 days are in line with several
other neurodevelopmental and neurodegenerative disor-
ders showing altered neuronal network dynamics in
hiPSC-derived neuronal cultures.’*

In SCA1 and SCA2 mouse models, it has been shown
that the PCs have reduced cell excitability expressed as
a lower basal pacemaker firing, which precedes any
structural change or motor dysfunction.’”® Interest-
ingly, in transgenic SCA3 mouse model, there is an
increase in cell excitability leading to a depolarization
block. This results in PCs unable to fire, similarly to the
SCA1 and SCA2 mouse models.”” This eventual reduc-
tion in the capability of PCs to fire properly and repeti-
tively, could be a common functional endpoint seen
with polyQ disorders.”®

However, our data show that the reduced network
activity is temporary. One of the early characteristics of
the SCA pathology is neuronal atrophy followed eventu-
ally by neuronal cell death. A potential explanation for
this spontaneous “recovery” could lie in that the neuronal
atrophy, at least in the early stages of the disease, might
actually be a compensatory mechanism, which tries to
maintain normal neuronal function. In SCA1 mice, it has
been shown that the reduced basal pacemaker firing of
PCs causes neuronal atrophy. Subsequently, the neuronal
atrophy then allows the PCs to maintain the appropriate
density of potassium channels to restore the disturbed
pacemaker firing of the PCs.>” This mechanism might
explain the spontaneous recovery observed in the electro-
physiological data of the SCAT1 cell lines.

Previously, a computational approach was used to
identify dysregulated pathways and genes regulated by
CIC, the main driver of pathogenesis in SCA1. The anal-
ysis highlighted the important role of MAPK1 and RhoA
in an in vitro and in vivo SCA1 protein aggregation
model.®® Remarkably, expression of MAPK1 (ERK2)
and RHOA genes was significantly downregulated in
SCA1 hiPSC-derived neurons, whereas their protein
products constitute the major components of the disease-

relevant CC1. CIC acts as a transcriptional repressor of
genes regulated by the MAPK/ERK signaling pathway,®!
whereas phosphorylation and degradation of CIC by
MAPK/ERK induces histone acetylation and prolonged
translational ~ repression.”®>  The  pathological
ATXN1-CIC axis may repress the MAPK/ERK pathway
generating a negative feedback loop.®* This repression
may be also because of the dysregulation of the
upstream calcium and Ras signaling pathways through
common kinases, including PKC, which is involved in
the proper function of Purkinje neurons.®> Furthermore,
the network analysis indicates novel genes, including FH
and ACO2, which regulate the function of CC2 and are
directly involved in mitochondrial energy production.
These results suggest that FH and ACO2 might be
responsible for the robust functional differences in mito-
chondrial respiration of SCA1 patient-derived neurons.
Altogether, SCA1 patient-specific neuronal cultures
recapitulate key pathological features of this disease,
including mitochondrial dysfunction, protein aggregation,
altered neuronal morphology, and an abnormal electro-
physiological profile. The SCA1 neuronal model can be
used for the identification of compounds that may pre-
vent or rescue neurodegeneration in this devastating dis-
ease, including RNA targeting therapies and intervention
strategies based on newly identified pathways. @
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