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Abstract 21 

Spinocerebellar ataxia type 7 (SCA7) is an inherited neurodegenerative disease that is characterised by 22 
ataxia and visual loss.  It results from a degeneration of cerebellar Purkinje neurons and retinal 23 
photoreceptors caused by a polyglutamine repeat expansion in the ATXN7 gene, a component of the 24 
STAGA transcription co-activator complex.  As with many neurodegenerative diseases, studies of 25 
pathogenesis have been hindered by a lack of disease-relevant models. To this end, we have generated 26 
the first induced pluripotent stem cells (iPSCs) from South African SCA7 patients, where the disease 27 
occurs at an unusually high frequency as a result of a founder effect. These iPSCs were capable of 28 
differentiation into neural and retinal cells, and showed evidence of a transcriptional phenotype 29 
affecting components of STAGA (ATXN7 and KAT2A) and the heat shock protein pathway (DNAJA1 30 
and HSP70).  Functionally, SCA7 iPSC-derived neurons exhibited more negative resting membrane 31 
potentials and increased input resistance compared to controls, suggesting reduced excitability in 32 
response to synaptic input. These results provide the first evidence of a disease phenotype in SCA7 33 
iPSC-derived cells, establishing a valuable model for the study of neurodegenerative diseases and the 34 
development of population-specific therapies. 35 
 36 
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1. Introduction 37 

Spinocerebellar ataxia type 7 (SCA7) is an inherited neurodegenerative disease caused by a CAG 38 
repeat expansion in the ATXN7 gene.  Since the translation of this CAG repeat leads to an expanded 39 
polyglutamine (polyQ) tract within the resultant protein, SCA7 is classified as a polyQ repeat disorder.  40 
Other diseases with a similar pathophysiology include five different SCAs (SCA 1, 2, 3, 6 and 17), as 41 
well as Huntington disease, dentatorubral-pallidoluysian atrophy and spinal bulbar muscular atrophy 42 
(Orr and Zoghbi, 2007).  43 

Clinically, SCA7 patients present with ataxia, dysarthria and visual loss.  This is caused by a  selective 44 
degeneration of cerebellar Purkinje neurons and retinal photoreceptors (Gouw et al., 1994). Symptoms 45 
progressively worsen over a period of 10 to 30 years, leading ultimately to brainstem dysfunction, 46 
blindness, physical disability and death.  47 

The mechanism by which a polyQ expansion within the ubiquitously expressed ATXN7 protein leads 48 
to the selective degeneration of Purkinje neurons and photoreceptors remains to be fully elucidated.  49 
ATXN7 is known to be a component of the mammalian transcription co-activator complex, STAGA 50 
(SPT3-TAF9-ADA-GCN5 acetyltransferase) (Garden and La Spada, 2008), and has been shown to 51 
facilitate interaction between STAGA and the cone-rod homeobox (CRX) transactivator of 52 
photoreceptor genes, linking the function of ATXN7 with the retinal phenotype observed in SCA7 53 
patients (Palhan et al., 2005).  In neuronal cells, several studies have highlighted the role of 54 
transcriptional aberrations in the dysfunction that precedes the onset of disease symptoms (Palhan et 55 
al., 2005, Ström et al., 2005, Abou-Sleymane et al., 2006, Garden and La Spada, 2008, Chou et al., 56 
2010,). These gene expression changes may arise either directly from alterations in transcriptional 57 
regulation by mutant ATXN7, or indirectly, as a consequence of a generalised cellular response to the 58 
presence of mutant ATXN7. 59 

As with many neurodegenerative conditions, research into the molecular pathogenesis of SCA7 has 60 
been hindered by a lack of suitable models of human disease progression. This is particularly relevant 61 
in cases where the genomic context of the mutation may have an impact on gene function and might 62 
prove useful for therapeutic development.  SCA7 occurs at an unusually high frequency in the South 63 
African population as a result of a founder effect in patients of Black African ethnic origin (Smith et 64 
al., 2012, Smith et al., 2016).  South African SCA7 patients also display a unique phenomenon – a 65 
single nucleotide polymorphism (SNP) within ATXN7 (rs3774729), which is linked to the mutation in 66 
all patients studied to date (Greenberg et al., 2006). Approximately 43% of these individuals are 67 
heterozygous for the polymorphism, allowing for allelic discrimination, and providing an ideal target 68 
for developing an allele-specific silencing therapy. Recently, this haplotype has been shown to extend 69 
into other Southern African populations, suggesting that such a therapy may be more widely 70 
****applicable than was first thought (Smith et al., 2015).  We have previously demonstrated the 71 
efficacy of an allele-specific RNAi treatment in an over-expression cell model of SCA7 (Scholefield 72 
et al., 2009), as well as in SCA7 patient fibroblasts (Scholefield et al., 2014). Disease-relevant cell 73 
lines generated from these patients are thus of vital importance in the understanding of disease 74 
pathogenesis and the development of therapies, as they carry the patient’s full genomic sequence, 75 
including SNPs which may be used as targets for gene silencing. 76 

In this study, we have generated and characterised multiple induced pluripotent stem cell (iPSC) lines 77 
from two South African SCA7 patients and an unaffected, related control. The generation of iPSCs 78 
involves reprogramming somatic cells to a pluripotent state by means of viral transduction with the 79 
pluripotency genes OCT4, SOX2, KLF4 and c-MYC (Takahashi and Yamanaka, 2006, Takahashi et al., 80 
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2007). Importantly, iPSCs can then be differentiated into any tissue of the body through treatment with 81 
specific growth factors, making them a useful starting point for the generation of disease-relevant cell 82 
models, particularly in neurodegenerative diseases, where primary CNS cultures may only be obtained 83 
using invasive methods. We have successfully differentiated SCA7 patient and control iPSCs into cells 84 
expressing markers associated with retinal photoreceptors, neural progenitors and neurons.  85 
Furthermore, we have obtained preliminary evidence for a disease phenotype in these cells, in the form 86 
of pathogenically relevant gene expression changes and alterations in intrinsic neuronal properties. 87 
These cells may thus provide a highly relevant model in which to screen potential therapeutic 88 
modalities, by monitoring the effect of such therapies on disease manifestations in vitro. 89 

2. Methods 90 

Ethics approval and patient recruitment  91 

Ethics approval for the study was granted by the University of Cape Town (UCT) Faculty of Health 92 
Sciences Human Research Ethics Committee (HREC REF. 380/2009 and 434/2011), and was renewed 93 
annually, incorporating amendments to the project protocol where necessary. All methods were carried 94 
out in accordance with the guidelines approved by the Ethics Committee.  Participants were recruited 95 
from the Neurogenetics clinic at Groote Schuur Hospital in Cape Town. Informed consent was obtained 96 
from all participants prior to their enrolment in the study.  97 

Establishment of primary fibroblast cultures  98 

Primary fibroblast cultures were established from punch skin biopsies taken from the inner forearm of 99 
two unrelated SCA7 patients (P1 and P2) and an unaffected control individual (C1, sibling of P2) who 100 
had consented to participate in the study, as previously described (Freshney, 2000). CAG genotypes 101 
and ages at diagnosis and biopsy are reflected in Table S-1.1.  102 

Generation and characterisation of patient-derived iPSCs 103 

Reprogramming of dermal fibroblasts into iPSCs was achieved through the introduction of Sendai virus 104 
vectors (SeVdp) containing OCT4, SOX2, KLF4 and c-MYC as previously described (Nishimura et al., 105 
2011, Nakanishi and Otsu, 2012).  The expression of pluripotency markers OCT4 and TRA-1-60, as 106 
well as silencing of the reprogramming Sendai virus, were confirmed by immunocytochemistry 107 
(antibodies listed in Table S-1.2). The expression of selected pluripotency genes (OCT4, SOX2, 108 
NANOG) was determined by quantitative PCR (see below).  Genomic integrity was assessed by means 109 
of karyotype analysis (G-banding).  To confirm the iPSC lines’ capacity to differentiate into the three 110 
embryonic germ layers, in vitro differentiation via embryoid body formation was performed as 111 
previously described (Martl et al., 2013).  112 

Neural differentiation and characterisation 113 

Differentiation of iPSCs into neural precursors was performed by treatment of iPSCs with 3µM 114 
glycogen synthase kinase 3 (GSK3) inhibitor (CHIR99021) and 2µM TGFβ inhibitor (SB431542) as 115 
previously described (Li et al., 2011). For neuronal differentiation, neural precursors were seeded at a 116 
density of 150 000 cells/well onto a Matrigel-coated six-well plate in neural induction medium (Li et 117 
al., 2011).  After two days, medium was changed to neuronal differentiation medium supplemented 118 
with N2, B27, 300ng/ml cyclic AMP (Sigma), 0.2mM ascorbic acid (Sigma), 10ng/ml BDNF 119 
(Peprotech) and 10ng/ml GDNF (Peprotech) and cells were maintained in culture for 14 to 21 days. 120 
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Characterisation was performed by immunocytochemistry and qPCR (for antibodies and primers, see 121 
Tables S-1.2 and S-1.3). 122 

Electrophysiology 123 

Neurons maintained on glass cover slips were removed from the incubator and rapidly transported to 124 
the recording chamber of a Zeiss Axioskop Upright Microscope (Zeiss). Electrophysiological 125 
recordings were made in neuronal differentiation medium at room temperature and were restricted to 126 
the first 5 hours following cell removal from the incubator environment. Patch pipettes of 13-20 MOhm 127 
tip resistance were pulled from filamental borosilicate glass capillaries (2.00 mm outer diameter, 1.58 128 
mm inner diameter, Hilgenberg), using a horizontal puller (Model P-1000, Sutter).  The pipettes were 129 
filled with an internal solution containing (in mM): K-gluconate (126); KCl (4); Na 2 ATP (4); NaGTP 130 
(0.3); Na 2 -phosphocreatinine (10) and HEPES (10). Osmolarity was adjusted to between 290 and 300 131 
mOsM and the pH was adjusted to between 7.38 and 7.42 with KOH. Cells were visualised using a 132 
40x water-immersion objective (Zeiss). Digital images were obtained using a CCD camera (VX55, 133 
TILL Photonics). Individual cells were selected for recordings based on a small round or ovoid cell 134 
body (diameters, 5–10 µm) and typically two or more extended processes. Recordings were made in 135 
current clamp and voltage clamp mode using an Axopatch 200B amplifier (Molecular Devices). Data 136 
acquisition was performed through an ITC-1600 board (Instrutech) connected to a PC running a 137 
custom-written routine (PulseQ) under IGOR Pro (Wavemetrics). Analysis was performed using 138 
custom-written scripts in MATLAB (Mathworks). 139 

Retinal differentiation and characterisation 140 

Differentiation into retinal photoreceptors was performed as previously described (Boucherie et al., 141 
2013), using iPSCs cultured in feeder-free conditions on Matrigel in mTESRTM medium.  The cells 142 
were dissociated enzymatically and plated onto Matrigel-covered dishes in neural differentiation 143 
medium containing N2 and B27 supplements (Life Technologies). After settling for an hour, adhered 144 
cells were covered in a 2% Matrigel solution. The following day the medium was replaced with neural 145 
differentiation medium without Matrigel, and cells were fed with fresh medium every second day. 146 
From day 10 the medium was supplemented with 3nM recombinant SHH (R&D Systems), 50ng/µl 147 
acidic fibroblast growth factor (aFGF) (R&D Systems), 10ng/µl basic fibroblast growth factor (bFGF) 148 
(Miltenyi), 1mM taurine and 500nM retinoic acid (both Sigma Aldrich).  Characterisation was 149 
performed by immunocytochemistry and qPCR (for antibodies and primers, see Tables S-1.2 and S-150 
1.3).  151 

DNA and RNA isolation, cDNA synthesis  152 

DNA extraction from cultured cells was performed using the QIAGEN DNeasy Blood and Tissue Kit. 153 
RNA was isolated from cultured cells using the QIAGEN RNeasy Plus Mini Kit. Synthesis of cDNA 154 
was performed using the Applied Biosystems High Capacity cDNA Reverse Transcription Kit (Life 155 
Technologies) using 500ng-1µg template RNA.   156 

Real-time quantitative PCR  157 

Real-time quantitative PCR (qPCR) was performed on the BioRad CFX96 Real-Time PCR System, 158 
using the Power SYBR Green PCR Master Mix (Applied Biosystems), according to manufacturer’s 159 
instructions.  Primers (Table S-1.2) were obtained from PrimerDesign Ltd, Integrated DNA 160 
Technologies (IDT), or Sigma-Aldrich. 161 
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Relative quantities of target mRNA were determined using the relative standard curve method 162 
(Larionov et al., 2005). Standard curves were prepared for each primer pair, from serial dilutions of 163 
pooled sample cDNA.  Universal cycling conditions were used (95°C for 10min, followed by 40 cycles 164 
of 95°C for 15 seconds and 60°C for 1min).  PCRs were performed in technical triplicate, on at least 165 
two biological replicates, and results were analysed using the BioRad CFX Manager software (v3.1). 166 
Gene of interest expression was normalised to beta actin (ACTB) expression in each case. The design 167 
and reporting of qPCR experiments aimed to comply with the Minimum Information for publication 168 
of Quantitative real-time PCR Experiments guidelines (Taylor et al., 2006, Bustin et al., 2009) 169 
wherever possible. Statistical analysis was performed using the Students’ t-test (two-tailed, assuming 170 
unequal variances). Significance was defined as p<0.05.  171 

CAG repeat length determination   172 

The length of the disease-causing CAG repeat in ATXN7 was determined from DNA by means of 173 
polymerase chain reaction (PCR) and automated fluorescent genotyping.  The PCR reaction mix 174 
consisted of 0.4µM each, forward and reverse primer (Table S-1.1), 0.6units of GoTaq DNA 175 
polymerase (Promega), 100ng of DNA, and Failsafe buffer J (Epicentre Biotechnologies) at a final 176 
concentration of 1X, made up to a final reaction volume of 10µl.  Cycling conditions were as follows: 177 
95°C for 5min; followed by 30 cycles of 95°C for 30 seconds, 53°C for 6 seconds and 72°C for 40 178 
seconds; and a final elongation step at 72°C for 7min. Automated fluorescent genotyping was 179 
performed using the ABI 3130xl Genetic Analyzer (Applied Biosystems).  180 

The length of the CAG repeat [(CAG)n] was approximated using the following equation, adapted from 181 
(Dorschner et al., 2002): n = (0.3063 x Length of major PCR product in base pairs) – 76.475bp.  The 182 
major PCR product was defined as the product generating the highest fluorescent peak, as detected 183 
using the ABI 3130xl Genetic Analyzer.   184 

3. Results 185 

Generation and characterisation of iPSCs 186 

Following Sendai virus-mediated reprogramming, iPSC colonies with the correct morphology (flat, 187 
with distinct borders, containing tightly packed cells with a high nucleus-to-cytoplasm ratio) appeared 188 
within three to four weeks (Figure 1a).  These colonies were manually picked and clonally expanded 189 
in separate dishes on a feeder layer of inactivated mouse embryonic fibroblasts. Three SCA7 patient 190 
iPSC lines and two control lines (representing two affected individuals and a single related, unaffected 191 
control) were successfully generated and characterised (Table S-1.1). 192 
Immunocytochemical analysis of SCA7 patient and control iPSC lines revealed iPSC colonies with 193 
distinct nuclear staining for the pluripotency transcription factor, OCT4, compared to the surrounding 194 
mouse embryonic feeder fibroblasts (Figure 1b).  The iPSC colonies also stained positive for the 195 
embryonic stem cell surface marker TRA-1-60 (Figure 1b).  196 
The expression of pluripotency markers was further confirmed by qPCR.  All five iPSC lines expressed 197 
high levels of OCT4, SOX2 and NANOG, standard markers of pluripotency (Figure 1c), compared to 198 
donor fibroblasts or cells that had been subjected to retinal or neuronal differentiation.  The expression 199 
levels of SOX2 and NANOG were similar across the five iPSC lines, but lines P2b and C1b showed 200 
lower levels of OCT4 expression compared to the remaining three lines (although still significantly 201 
higher than differentiated fibroblasts and retinal cells).   202 
Co-staining of all iPSC lines with primary antibodies against OCT4 and the nucleocapsid protein of 203 
the virus (anti-NP) showed little or no evidence of NP staining in the OCT4-positive pluripotent cells 204 
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(Figure 1d, bottom panel), compared to intense cytoplasmic staining in newly infected fibroblasts 205 
(Figure 1d, top panel). This indicated that the Sendai virus had been effectively silenced, and that the 206 
iPSCs had achieved self-regulating pluripotency. All lines were assessed after passage 8.   207 
 208 
In vitro embryoid body-mediated differentiation confirmed the ability of all five lines to differentiate 209 
into the three embryonic germ layers, staining positive for forkhead box A2 (FOXA2) or alpha-210 
fetoprotein (AFP) (endoderm); sarcomeric alpha actinin (ASA) or smooth muscle actin (SMA) 211 
(mesoderm); and glial fibrillary acidic protein (GFAP) or βIII-tubulin (ectoderm) (Figure 1e). 212 
 213 
Karyotyping using standard G-banding analysis revealed no gross structural abnormalities, when iPSC 214 
lines were compared to the fibroblasts from which they had been derived (Figure S-1.1).   215 

Neural differentiation of iPSCs 216 

SCA7 patient and control iPSCs generated neural precursor cells (NPCs) at comparable efficiencies, 217 
when cultured in neural induction medium supplemented with SB431542 (TGFβ inhibitor) and 218 
CHIR99021 (GSK3 inhibitor), with 100% of the cells expressing the early neural marker Nestin, after 219 
five passages (Figure 2a). The cells also stained positive for the disease-causing protein, ATXN7 220 
(Figure 2b), and demonstrated repression of the pluripotency gene OCT4, and upregulation of the early 221 
neural gene PAX6 (Figure 2c).  222 

After culture for 14 days in neuronal differentiation medium containing N2/B27 supplement, cAMP 223 
ascorbic acid, BDNF and GDNF (Li et al., 2011), both SCA7 patient and control NPCs stained positive 224 
for the neuronal marker βIII-Tubulin, and showed robust, diffuse nuclear localisation of the disease-225 
causing protein, ATXN7 (Figure 2d). A subset of cells (approximately 1.8%) stained positive for 226 
gamma-aminobutyric acid (GABA), although the proportion of GABAergic neurons did not appear to 227 
vary between SCA7 patients and controls (Figure 2d). No obvious differences in morphology were 228 
observed when comparing neurons derived from SCA7 patient iPSCs with those derived from controls. 229 

Cells were assayed for physiological properties between 14 and 23 days post induction of neuronal 230 
differentiation. Cells were targeted for whole-cell recordings based on their morphological properties. 231 
This included a small round or ovoid cell body with diameters between 5–10 µm and typically two or 232 
more extended processes (see Figure 3a). Following the attainment of a whole-cell patch, current 233 
pulses of between 0 and 10 pA were applied. Individual cells displayed four general types of spiking 234 
responses: a purely passive (Figure 3a), abortive spike (Figure 3b), single spike (Figure 3c) and 235 
recurrent spiking response (Figure 3d). These spiking properties are similar to those observed in acute 236 
human fetal brain slices (Moore et al., 2009), hESC-derived neurons (Perrier et al., 2004; Vazin et al., 237 
2009; Belinsky et al., 2011) and iPSC-derived neurons (Belinsky et al., 2014). A postmitotic neuron 238 
matures by inserting voltage-gated channels into its plasma membrane (Moody and Bosma, 2005). 239 
Therefore the spiking response of a cell to current injection can be used to determine the maturation 240 
stage of a differentiating neuron: passive (least mature) → abortive spike → single spike → recurrent 241 
spikes (most mature). 242 

Spiking responses were collected in current-clamp mode from cells derived from four separate iPSC 243 
lines: two control lines C1a (n = 42) and C1b (n = 69), and two patient lines P1a (n = 44) and P2b (n = 244 
72). Although the fraction of cells which fell into each spiking response category was significantly 245 
dependent on the iPSC line from which the cells were derived (p<0.0001, Chi-squared test), no trend 246 
could be discerned between control and patient lines (see Figure 3e). For example, the control line 247 
C1b had the most mature phenotype with the highest fraction of cells in the single spike and recurrent 248 
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spiking categories whilst P2b demonstrated a relatively immature phenotype, with the majority of cells 249 
displaying spiking responses falling into the passive category. However, this difference was not 250 
corroborated by the other lines where the control line C1a displayed a less mature phenotype than 251 
patient line P1a. The maximum number of spikes that could be elicited following current injection was 252 
again significantly dependent on the cell line concerned. Mean values +/- SEM for each line were: C1a 253 
0.5 +/- 0.1, C1b 1.3 +/- 0.2, P1a 1.0 +/- 0.3 and P2b 0.4 +/- 0.1 spikes, see Figure 3f, p<0.0001, 254 
ANOVA. However, no consistent trend could be observed between cells derived from control versus 255 
patient iPSC lines.  256 

Next, we compared the resting membrane potential (Vm) of cells derived from each cell line. This 257 
parameter was significantly dependent on the iPSC line from which the cells were derived (see Figure 258 
3g, p = 0.0004, ANOVA). The mean resting membrane potential +/- SEM for the C1a, C1b, P1a and 259 
P2b cell lines were -54.7 +/- 3.1, -57.0 +/- 1.7, -67.4 +/- 2.8 and -67.3 +/- 2.7 mV respectively.  The 260 
control lines had significantly more depolarised resting membrane potentials as compared to patient 261 
derived cell lines (p < 0.0001, t-test).  262 

We then determined the input resistance of each cell. A lower input resistance is associated with neurite 263 
outgrowth and increased numbers of ion channels inserted into the plasma membrane during the 264 
process of neuronal maturation. Once again, a cell’s input resistance was significantly dependent on 265 
the cell line to which it belonged (see Figure 3h, p = 0.0012, ANOVA). Input resistance +/- SEM was 266 
4987 +/- 421, 5484 +/- 243, 5979 +/- 513 and 7094 +/- 455 mΩ for the C1a, C1b, P1a and P2b cell 267 
lines respectively. Cells derived from patient lines had a significantly higher mean input resistance than 268 
cells from the control lines (p = 0.0005, t-test). 269 

Following our assessment of the active and passive properties of cells described above, we then directly 270 
measured voltage-gated sodium and potassium currents in voltage-clamp mode (Figure 4a,b and c). 271 
As one would predict, the spiking properties of neurons are directly correlated with the size of their 272 
currents. Indeed we found a significant correlation between the maximum number of spikes that could 273 
be elicited in a cell and the size of its subsequently measured voltage-gated sodium and potassium 274 
currents (data not shown, r = -0.62 and 0.36 for voltage-gated sodium and potassium currents 275 
respectively, p < 0.0001 for both, Pearson correlation).  276 

The maximum size of voltage-gated sodium currents and potassium currents measured in each cell 277 
(Max. INA and Max. IK) was significantly dependent on the particular iPSC line concerned (see Figure 278 
4d and e, p < 0.0001 in both cases, ANOVA). The mean Max. INA +/- SEM was -166.5 +/- 18.6, -277.1 279 
+/- 23.0, -268.0 +/- 30.5 and -108.0 +/- 14.2 pA for the C1a, C1b, P1a and P2b cell lines. The mean 280 
Max. IK +/- SEM was 180.1 +/- 16.5, 176 +/- 10.8, 222.5 +/- 19.3 and 105.7 +/- 8.0 pA for the C1a, 281 
C1b, P1a and P2b cell lines respectively. Similar to what was observed for the spiking responses, there 282 
was no consistent trend in the size of voltage-gated currents between cells derived from control as 283 
compared to iPSC lines. 284 

Retinal differentiation of iPSCs 285 

For the retinal differentiation of iPSCs, the Matrigel "sandwich" system facilitated a rapid self-286 
organisation and differentiation of the pluripotent stem cells into structures containing cells 287 
morphologically indicative of columnar neuroepithelia (Figure 5a, first image).  These structures lost 288 
their integrity from day 4-5, and cells spread into an adherent monolayer (Figure 5a, middle image).  289 
The gradual emergence of cells with a neuronal morphology was observed from day 10 to day 30, 290 
particularly in areas of low confluence (Figure 5a, last image).  Following differentiation of patient 291 
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and control cells into retinal cells, immunocytochemical analyses were performed on cells at the end 292 
of the differentiation period (day 30), to determine whether the cells expressed retinal cell markers.  293 
The cells were stained for either the disease-causing protein ATXN7, or the retinal cell markers CRX 294 
and RCVRN (Figure 5b). No obvious differences in morphology were observed between SCA7 patient 295 
and control-derived cells.  The differentiated cells displayed varying expression levels of the retinal 296 
genes CRX, PAX6, RCVRN and OTX2 (Figure 5a and c). 297 

CAG repeat length 298 

In order to confirm the size of the ATXN7 CAG repeat alleles in mRNA from patient- and control-299 
derived fibroblasts, iPSCs, NPCs and retinal cells, an RT-PCR-based assay was performed.  The results 300 
were visualised on an agarose gel (Figure S-1.2a and b), and confirmed by automated fluorescent 301 
genotyping (data not shown).  The length of the CAG repeat did not appear to fluctuate during 302 
reprogramming or differentiation, corresponding to previous reports in similar cell lines (Camnasio et 303 
al., 2012, Koch et al., 2011). This assay also confirmed that both the mutant and wild-type ATXN7 304 
alleles were expressed by all cell types, and that there were no obvious differences in allele expression 305 
in affected or unaffected cells. 306 

Transcriptional dysregulation 307 

To determine whether any transcriptional differences could be detected between SCA7 patient- and 308 
unaffected control-derived cell types, a panel of candidate genes was selected, which had previously 309 
been shown to be dysregulated in the retinal and cerebellar tissue of SCA7 mouse models and patient 310 
lymphoblasts (Yoo et al., 2003, Tsai et al., 2005, Abou-Sleymane et al., 2006, Chou et al., 2010).  The 311 
panel included the following genes:  ATXN7, brain expressed, X-linked 1 (BEX1), DnaJ (Hsp40) 312 
homolog, subfamily A, member 1 (DNAJA1), glutamate receptor, ionotropic, AMPA 2 (GRIA2), heat 313 
shock protein 27 (HSP27), heat shock protein 70 (HSP70), heat shock protein 105 (HSP105), 314 
oligodendrocyte transcription factor 1 (OLIG1), Phospholipase C, Beta 3 (PLCB3) and ubiquitin 315 
carboxyl-terminal esterase L1 (UCHL1).  The expression of these genes was determined in fibroblasts, 316 
iPSCs, NPCs and retinal cells by means of qPCR.  The expression of an additional panel of retinal 317 
genes was evaluated in the iPSC-derived retinal cells, including arrestin 3 (ARR3), cone-rod homeobox 318 
(CRX), guanine nucleotide binding protein (G protein), alpha transducing activity polypeptide 1 319 
(GNAT1), Microphthalmia-associated transcription factor (MITF), neural retina leucine zipper (NRL), 320 
orthodenticle homeobox 2 (OTX2), paired box 6 (PAX6), recoverin (RCVRN), rhodopsin (RHO) and 321 
retinal pigment epithelium-specific protein 65kDa (RPE65). 322 
No consistent, significant alterations in gene expression were observed between SCA7 patient and 323 
control fibroblasts or undifferentiated iPSCs (Figure S-1.3), highlighting the need to investigate 324 
neurodegenerative phenotypes in disease-relevant differentiated cell types. 325 
In contrast to the fibroblasts and undifferentiated iPSCs, several genes were found to be significantly 326 
differentially expressed between SCA7 patient iPSC-derived retinal cells and NPCs, when compared 327 
to the equivalent cell type derived from unaffected control lines. Two genes were consistently 328 
downregulated in both retinal cells and NPCs. These included the disease-causing gene ATXN7 (p = 329 
0.018, NPCs, p = 0.04, retinal photoreceptors); and the K (lysine) acetyltransferase 2A (KAT2A), 330 
encoding GCN5, the histone acetyltransferase (HAT) component of the STAGA transcription 331 
coactivator complex (p = 0.003, NPCs, p = 0.02, retinal photoreceptors) (Figure 6). 332 
Six genes were differentially expressed in either SCA7 patient photoreceptors or NPCs, but not both. 333 
Those specific to SCA7 photoreceptors included GRIA2, encoding the glutamate receptor, ionotropic, 334 
AMPA2 (GluR2) (downregulated, p = 0.04); and three retinal-specific genes, OTX2 (upregulated, p = 335 
0.002), RCVRN (downregulated, p = 0.01) and RPE65 (upregulated, p = 0.001), which were not 336 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 25, 2018. ; https://doi.org/10.1101/288480doi: bioRxiv preprint 

https://doi.org/10.1101/288480


 9 

assessed in NPCs. NPC-specific alterations in expression were identified in the heat shock protein 337 
genes DNAJA1 (p = 0.04) and HSP70 (p = 0.04), both of which were found to be downregulated in 338 
SCA7-patient derived cells. 339 
Finally, BEX1, an interactor of the p75 neurotrophin receptor, which regulates neurotrophin signalling 340 
and neuronal differentiation, was found to be upregulated in SCA7 photoreceptors (p=0.0006), and 341 
downregulated in SCA7 NPCs (p = 0.03), indicative of a possible differential response by the different 342 
cell types to the presence of mutant ATXN7. 343 
As expected, a considerable degree of intra- and inter-individual variability was observed, with some 344 
genes showing significant changes in gene expression in one SCA7 patient line, but not another. Given 345 
the small number of lines used, however, emphasis was placed on those genes showing robust 346 
alterations in expression across all patient lines assessed. 347 
 348 
4. Discussion 349 

This study describes the generation and characterisation of the first iPSCs from the South African 350 
SCA7 patient cohort, through the transduction of patient dermal fibroblasts with Sendai viral vectors 351 
(Nishimura et al., 2011, Nakanishi and Otsu, 2012), as well as the differentiation of these iPSCs into 352 
neurons and retinal photoreceptors. This is the first report to include multiple patients, and to 353 
demonstrate a phenotype in disease-relevant cell types. To our knowledge, it is only the second report 354 
of iPSCs generated from SCA7 patients (Luo et al., 2012). 355 

The SCA7 patient iPSCs generated in this study were shown to be able to differentiate into a 356 
homogeneous population of NPCs, capable of self-renewal for up to 30 passages, and with 357 
morphological similarities to neuroepithelial cells, as has been previously reported (Li et al., 2011). 358 
The generation of sustainable populations of neural precursors from SCA7 patients is significant, as 359 
these cells may act as a starting point for the generation of numerous disease-affected neuronal 360 
subtypes, which can be expanded for large-scale experiments at relatively low cost. 361 

Both patient- and control- derived NPCs appeared capable of differentiating into neurons expressing 362 
βIII-Tubulin and GABA, with comparable efficiencies. This corresponds with results from previous 363 
studies of neurodegenerative conditions, including other polyQ diseases (Soldner et al., 2009, Koch et 364 
al., 2011, Camnasio et al., 2012), which found no difference in differentiation potential between patient 365 
and control iPSCs.  In addition, no obvious difference in the ability to generate GABA-positive 366 
processes could be detected between SCA7 and control iPSC-derived neurons. 367 

Electrophysiological studies were carried out to establish whether there were any functional differences 368 
in the intrinsic properties of patient and control cells. The majority of cells recorded were capable of 369 
generating spiking activity including single and multiple action potentials, an indication of neuronal 370 
maturity (Moody and Bosma, 2005). Despite the presence of significant differences in spiking 371 
responses between the four cell lines, we did not observe a reliable trend between the control and 372 
patient derived neurons. This is consistent with our observations of voltage-gated sodium and 373 
potassium currents, which underlie spiking activity. Significant variability, perhaps due to 374 
unappreciated differences in culturing conditions between cell lines, may have masked our ability to 375 
detect a reliable difference in spiking responses due to mutant ATXN7. Alternatively, it may be that 376 
mutant ATXN7 does not affect the spiking properties of neurons at early stages of development, 377 
suggesting that an extrinsic stressor of some kind might be required to elicit a pathological phenotype. 378 
Indeed, similar functional analysis of neurons derived from patients with SCA3, a related polyQ-repeat 379 
disorder, showed no difference between control and patient cells until neurons were excited via bath 380 
application of glutamate (Koch et al., 2011).  381 
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Importantly, we did observe differences in resting membrane potential and input resistance between 382 
control and SCA7 patient derived neurons. Patient cells had more negative resting membrane potentials 383 
and increased input resistance compared to control cells. Both of these differences would serve to 384 
reduce the excitability of neurons containing mutant ATXN7 in response to synaptic input. Reductions 385 
in Purkinje cell excitability have previously been observed in animal models of SCA1 and SCA2 386 
(Duvick et al., 2010, Hansen et al., 2012) and could represent a common functional endpoint in several 387 
polyQ disorders (Choppra et al., 2014). Future work will involve exploring the underlying mechanisms 388 
which might explain these differences in resting membrane potential and input resistance. Importantly, 389 
it will be necessary to repeat this physiological functional analysis on iPSC derived neurons of the 390 
Purkinje cell lineage in order to fully recapitulate the cerebellar-specific elements of the disease using 391 
the recently published protocols (Muguruma, 2017, Watson et al., 2018).  392 

Retinal differentiation of iPSCs yielded a heterogeneous cell population after 30 days, containing a 393 
large proportion of cells expressing the photoreceptor markers CRX and RCVRN, as well as retinal 394 
cell genes PAX6, OTX2, CRX and NRL in the differentiating cells.  The cells expressed varying levels 395 
of the photoreceptor genes, RCVRN and RHO, confirming that the retinal differentiation protocol was 396 
capable of producing cells expressing markers of "mature" photoreceptors, albeit at relatively low 397 
levels of efficiency.   398 

A PCR-based assay was used to confirm the size of the ATXN7 CAG repeat alleles in cDNA from 399 
patient- and control-derived fibroblasts, iPSCs, neural and retinal cells.  Besides serving as a 400 
"fingerprinting" assay, confirming the identity of the lines, these results offered a semi-quantitative 401 
analysis of the expression levels of mutant and wildtype ATXN7 alleles, confirming that both alleles 402 
were expressed at approximately equal levels in all cell lines. Despite the inherent instability of the 403 
CAG repeat within the ATXN7 gene (Monckton et al., 1999), automated fluorescent genotyping of the 404 
PCR products indicated that no contractions or large-scale expansions had occurred during either 405 
reprogramming or differentiation, consistent with previous reports of other iPSC-derived models of 406 
polyQ disorders, including SCA3 and HD (Koch et al., 2011, Camnasio et al., 2012). 407 

Immunocytochemical analysis of ATXN7 expression in SCA7 patient neural and retinal cells showed 408 
diffuse expression within the nucleus (neurons) or nucleus and cytoplasm (retinal photoreceptors).  No 409 
obvious intranuclear inclusions were observed in either the iPSCs or the differentiated cells.  This 410 
strongly suggests that the differentiated cells represent a population of cells at an early stage of 411 
development, rather than recapitulating the age or disease stage of the patient from which the primary 412 
cells were derived. Previous studies employing similar models for the study of neurodegenerative 413 
disease have raised concerns regarding the relevance of modelling adolescent- and adult-onset diseases 414 
over the short lifespan of cultured neurons, suggesting that pathological hallmarks of disease such as 415 
the formation of aggregates may take decades to manifest, requiring the gradual accumulation of toxic 416 
proteins as a result of age-dependent deficiencies in protein homeostasis (Soldner et al., 2009, Hartl et 417 
al., 2011). Although some studies suggest that aggregates may be detected at earlier stages, the major 418 
determinants of aggregate formation remain the length of the polyQ expansion, and the levels of 419 
expression of the polyQ-containing protein (Miller et al., 2010, Arrasate et al., 2004). Thus, a cell line 420 
derived from an individual expressing endogenous levels of a moderately expanded ATXN7 protein 421 
may be less likely to demonstrate an observable cellular phenotype. Alternatively, the aggregation of 422 
mutant protein may require prolonged periods in culture, or an exogenous trigger, such as exposure to 423 
oxidative stress or neurotoxins, or excitation-induced calcium influx (Koch et al., 2011). 424 

The role of transcriptional dysregulation in the polyQ diseases has been extensively documented, 425 
particularly in cell and animal models of SCA7 (Abou-Sleymane et al., 2006, Chou et al., 2010, Yoo 426 
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et al., 2003, Tsai et al., 2005, Zijlstra et al., 2010, La Spada et al., 2001).  The identification of gene 427 
expression changes, which precede the onset of symptoms, suggests strongly that alterations in 428 
transcription may be among the earliest manifestations of disease (Helmlinger et al., 2006b).  Thus, it 429 
follows that gene expression changes may be used as a tool to identify a disease-associated phenotype 430 
in cells representing early stages of development (Feyeux et al., 2012).   431 

In order to investigate gene expression changes in the SCA7 iPSCs and iPSC-derived neurons 432 
generated here, a panel of candidate transcripts were selected, in which robust changes had been 433 
previously demonstrated (Palhan et al., 2005, Chou et al., 2010, Tsai et al., 2005, Sopher et al., 2011, 434 
Wang et al., 2010, Luthi-Carter et al., 2002).  iPSC-derived neurons and retinal photoreceptors 435 
displayed changes in expression of these key transcripts, suggesting that these cells may serve as useful 436 
models of neurodegenerative disease progression and for the testing of potential therapies (Figure 6).  437 

Of the three genes consistently downregulated across both differentiated cell types, two (ATXN7 and 438 
KAT2A) encode components of the STAGA transcriptional co-activator complex.  Previous studies in 439 
SCA7 patient fibroblasts and mouse models have demonstrated a disease-associated increase in ATXN7 440 
expression, mediated by non-coding RNAs (Tan et al., 2014, Sopher et al., 2011). The contradictory 441 
decrease in ATXN7 expression in SCA7 NPCs and photoreceptors observed here could reflect the early 442 
developmental stage of the cells, but further analysis of the regulatory pathways will be required in 443 
order to elucidate the basis for this apparent decrease in the disease-causing protein in affected cell 444 
types.  KAT2A encodes the histone acetyltransferase GCN5.  Although there are no established links 445 
between ATXN7 and the expression of KAT2A, numerous studies have identified a functional 446 
interaction between the two proteins, which results in changes in STAGA activity in in vitro and in 447 
vivo models of SCA7 (Palhan et al., 2005, Helmlinger et al., 2006a, Chen et al., 2011, Lan et al., 2015, 448 
Paulsen et al., 2017). Loss of GCN5 expression has been shown to result in increased retinal 449 
degeneration in SCA7 mice (Chen et al., 2011).  450 

The interaction between ATXN7 and CRX has been hypothesised to be a key factor behind the 451 
development of retinal degeneration in SCA7 patients (La Spada et al., 2001).  Therefore the expression 452 
of multiple known CRX targets, which were previously shown to be down-regulated in SCA7 mice, 453 
were included in the gene expression experiments.  None of these target genes (including ARR3, 454 
GNAT1 or RHO) showed consistent changes in patient cells.  However, transcriptional changes in the 455 
expression of additional retinal genes, including OTX2 (involved in the determination of photoreceptor 456 
cell fate), RCVRN (expressed in photoreceptors), and RPE65 (expressed in retinal pigment epithelial 457 
cells), were noted in the patient derived cells.  A significant degree of heterogeneity was observed in 458 
the differentiated retinal cells, both in terms of morphology, and gene/protein expression (Figure 5), 459 
therefore additional investigation will be required to determine whether these differences can be 460 
attributed to experimental differences or pathogenic mechanisms.   461 

Downregulation of the HSP genes HSP70 and DNAJA1 was observed in SCA7 patient NPCs. A 462 
decrease in levels of these two HSPs has been previously reported in both SCA7 mice, and human 463 
patient lymphoblasts (Chou et al., 2010, Tsai et al., 2005). Although this decrease in expression was 464 
hypothesised in mice to represent an advanced stage of disease progression, the early developmental 465 
stage recapitulated by our model suggests that decreases in certain HSP genes may instead be an 466 
inherent defect, which could predispose certain populations of cells to degeneration.  467 

The generation of patient-specific, disease-relevant cell types is particularly important in 468 
neurodegenerative diseases; as such cells provide a unique model in which to evaluate disease 469 
pathogenesis without the complications associated with transgene overexpression in cell or animal 470 
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models.  In addition, the use of cells containing the patient’s own genetic background offers the 471 
opportunity to investigate potential modifiers of disease onset and progression (Marsh and Thompson, 472 
2006; Bilen and Bonini, 2007,).  Perhaps most importantly to the South African context, iPSC-derived 473 
neurons provide the first opportunity to evaluate the efficacy of the allele-specific RNAi-based therapy 474 
developed by Scholefield et al. (2009), in disease-affected cells.   475 

One significant caveat of this study remains the small number of patients assessed – a consequence of 476 
the rare nature of the condition, and the challenges associated with patient recruitment in a developing 477 
world setting, in which many of those affected are unable to access tertiary healthcare. Future studies 478 
will focus on recruitment, in order to extend these investigations in a larger patient cohort. To control 479 
for the inherent genetic variability associated with comparisons between unrelated patients, future work 480 
will also focus on the generation of isogenic control lines, by means of CRISPR/Cas9-mediated 481 
genome editing. 482 

Nevertheless, the SCA7 iPSCs generated here serve as a resource for differentiation into a variety of 483 
disease-associated cell types, providing an ideal model in which to study neurodegenerative diseases. 484 
The results of this study provide the first evidence of a disease phenotype in iPSC-derived cells from 485 
the South African SCA7 patient cohort, paving the way for future analysis of pathogenesis, and the 486 
development of population-specific therapies. 487 

5. Abbreviations 488 

CRX, cone-rod homebox; iPSC, induced pluripotent stem cells; NPC, neuronal progenitor cells; PCR, 489 
polymerase chain reaction; polyQ, polyglutamine; SCA7, spinocerebellar ataxia type 7; SeVdp, Sendai 490 
virus vectors; STAGA; SPT3-TAF9-ADA-GCN5 acetyltransferase.  491 
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Figure S-1.1 shows a representative karyogram of an iPSC line, showing no gross structural 494 
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quantitative PCR.  Figure S-1.3 shows transcriptional changes in SCA7 patient-derived fibroblasts, 496 
compared to unaffected control fibroblasts.  497 
Summary of SCA7 patient and unaffected control cell lines, genotypes and ages is shown in Table S-498 
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 713 
 714 
Figure1: iPSC characterisation. a) Morphology of iPSC colonies.  Colonies could be seen as groups 715 
of tightly packed cells with a high nuclear-to-cytoplasm ratio. b) Representative immunocytochemistry 716 
image showing positive OCT4 staining (red, top panel) and TRA-1-60 staining (green, bottom panel) 717 
in iPSCs. c) Expression of pluripotency markers in iPSC lines, determined by qPCR.  All five iPSC 718 
lines (P1a, P2a, P2b, C1a, C1b) expressed OCT4, SOX2 and NANOG, compared to low expression 719 
levels in the original donor fibroblasts, or cells subjected to the retinal differentiation protocol for 10 720 
days (pooled data from lines P2b and C1b).  All levels shown relative to beta actin (ACTB). d) 721 
Immunocytochemistry in newly infected fibroblasts (top panel) and iPSC colonies (bottom panel) co-722 
stained with primary antibodies against OCT4 (red) and the viral nucleocapsid protein (green) showed 723 
effective silencing of the reprogramming Sendai virus. e) The five iPSC lines (P1a, P2a, P2b, C1a, 724 
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C1b) were subjected to differentiation protocols to produce cells from either the endodermal, 725 
mesodermal or ectodermal lineages.  Endodermal cells stained positive for either Forkhead box A2 726 
(FOXA2, green) or Alpha-fetoprotein (AFP, red).  Mesodermal cells expressed either Sarcomeric alpha 727 
actinin (ASA, green) or Smooth muscle actin (SMA, red). Ectodermal cells expressed Glial fibrillary 728 
acidic protein (GFAP, red) or βIII-tubulin (green). 729 
 730 

 731 
 732 
Figure 2:  Characterisation of iPSC-derived NPCs. a) Representative images of control (left panel) 733 
and SCA7 patient (right panel) NPCs, expressing the early neural marker, Nestin (green). b) High 734 
magnification images showing nuclear expression of ATXN7 (red) in control (left) and patient (right) 735 
NPCs (Green: βIII-Tubulin). c) qPCR results indicating suppression of OCT4 and upregulation of 736 
PAX6 expression in NPCs, compared with the iPSC lines from which they were derived. All levels 737 
shown relative to beta actin (ACTB). d) Control (left) and SCA7 (right) NPC-derived neurons stain 738 
positive for βIII-Tubulin (green) and ATXN7 (red) after 14 days of differentiation (top panel). Both 739 
control (left) and SCA7 patient (right) NPCs produced a small proportion of GABA-positive neurons 740 
(red) after 14 days in culture (bottom panel) (Green: βIII-Tubulin). 741 
 742 
 743 
 744 
 745 
 746 
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 747 
 748 
Figure 3: Patch-clamp analyses of iPSC derived neuronal cultures. Cells could be divided into four 749 
categories based on their spiking responses. a)-d) Differential interference contrast images of cells 750 
targeted for patch-clamp recordings (top). Whole-cell recordings in current clamp mode (middle) 751 
depict spiking patterns following injection of current (bottom). Cells fell into (a) ‘passive’, (b) 752 
‘abortive spike’, (c) ‘single spike’ and (d) ‘recurrent spikes’ categories. e) The fraction of cells which 753 
fell into each category for cells derived from two control and two SCA7 patient iPSC lines. Note that 754 
although the cells derived from various iPSC lines exhibited different distributions of spiking 755 
responses, no trend between control and patient lines was observed. f) Maximum number of spikes 756 
elicited by current injection for each recorded cell according to the iPSC line. g) The resting membrane 757 
potentials of cells derived from SCA7 patients were significantly more negative than controls. h) Cell 758 
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input resistance was also significantly increased in SCA7 patient lines as compared to control lines. 759 
Error bars denote mean +/- SEM, *** p < 0.001. 760 
 761 

 762 
 763 
Figure 4:  Sodium and potassium currents in neurons differentiated from control and patient iPS cell 764 
lines. a) Current-clamp recording demonstrating recurrent spikes elicited from a cell following current 765 
injection. b) Voltage-clamp recording from the same cell in ‘a’. Membrane currents (top) were 766 
recorded following 10 mV voltage steps between -90 and 30 mV (bottom). Dashed gray rectangle 767 
indicates the position of voltage-gated sodium currents (enhanced in ‘c’). Maximum potassium current 768 
is indicated ‘right’. c) Zoom-in of rectangle in ‘b’ with the maximum sodium current highlighted.  769 
Population data from the four iPSC lines for maximum voltage-gated sodium (d) and maximum 770 
potassium (e) currents respectively. No consistent trend between control and patient lines was 771 
observed. Error bars denote mean +/- SEM. 772 
 773 
 774 
 775 
 776 
 777 
 778 
 779 
 780 
 781 
 782 
 783 
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 784 
 785 
Figure 5: Characterisation of iPSC-derived retinal cells. a) Representative bright field images of iPSCs 786 
undergoing retinal differentiation on day 2 (first column, 10x magnification), day 4 (middle column, 787 
25x magnification) and day 25 (last column, 20x magnification). b) Immunocytochemical analysis of 788 
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SCA7 (top panel) and control (bottom panel) retinal cells showed positive staining for ATXN7 789 
(ATXN7, first column, red), cone-rod homeobox (CRX, middle column, green) and recoverin 790 
(RCVRN, last column, red) on day 30 of the differentiation experiment.  Nuclei in blue. c) qPCR results 791 
confirmed the expression of CRX, PAX6, RCVRN and OTX2 in all five lines, compared with the iPSC 792 
lines from which they were derived. All levels shown relative to beta actin (ACTB). 793 
 794 

 795 
 796 
Figure 6:  Transcriptional changes in SCA7 iPSC-derived NPCs and retinal cells. a) Expression of 9 797 
selected genes in SCA7 patient NPCs (n = 2) shown relative to unaffected control NPCs (n = 2). b)  798 
Expression of 23 selected genes in SCA7 patient iPSC-derived retinal cells (n=2) shown relative to 799 
unaffected control cells (n = 1). All levels shown relative to beta actin (ACTB) and unaffected control 800 
cells.  *** p ≤ 0.05.  801 
 802 
 803 
 804 
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 806 
 807 
 808 
 809 
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13. Supplementary Material 810 

 811 
Figure S-1.1: Representative karyogram of an iPSC line, showing no gross structural abnormalities 812 
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 841 
 842 
Figure S-1.2 iPSCs, retinal cells (a) and NPCs (b), by semi-quantitative PCR.  Samples from all three 843 
individuals showed a single band at approximately 355bp, corresponding with a wild-type allele, whilst 844 
patient cell lines P1 and P2 showed an additional larger band corresponding to a mutant allele.  CAG 845 
repeat length in NPCs was evaluated at varying passages (indicated by p13, p15 or p17). 846 
 847 
 848 

 849 
Figure S-1.3:  Transcriptional changes in SCA7 patient-derived fibroblasts (n=2), compared to 850 
unaffected control fibroblasts (n=1). All levels shown relative to β-actin and unaffected control cells. 851 
 852 
 853 
 854 
 855 
 856 

Individual code CAG genotype Age at diagnosis Age at biopsy iPSC codes 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 25, 2018. ; https://doi.org/10.1101/288480doi: bioRxiv preprint 

https://doi.org/10.1101/288480


  Original Research 

 26 

P1 10/47 37 50 P1a 

P2 10/41 44 44 P2a 
P2b 

C1 10/10 n/a 33 C1a 
C1b 

 857 
Table S-1.1:  SCA7 patient and unaffected control cell lines, genotypes and ages 858 
 859 
Primary antibodies 860 

Antibody Full name Species Supplier Dilution 
AFP Alpha-fetoprotein Mouse  Abcam 1:100 
ASA Anti-sarcomeric alpha 

actinin 
Rabbit Abcam 1:100 

ATXN7 Ataxin 7 Rabbit Thermo Scientific 1:400 
CRX Cone-rod homeobox Sheep R&D Systems 1:20 
FOXA2 Forkhead box A2 Rabbit  Abcam 1:1000 
GABA γ-aminobutyric acid Rabbit Sigma-Aldrich 1:500 
GFAP Glial fibrillary acidic 

protein 
Rabbit  Abcam 1:100 

NES Nestin Mouse Abcam 1:1000 
NP Nucleocapsid protein 

of Sendai virus 
Mouse Gift from Mahito 

Nakanishi 
1:1500 

OCT4 POU class 5 
homeobox 1 

Rabbit Abcam 1:200 

RCVRN Recoverin Rabbit Millipore 1:1000 
SMA Smooth muscle actin Mouse  Abcam 1:100 
TRA-1-60 (PODXL) 
Alexa-488 
conjugated 

Podocalyxin like Mouse Millipore 1:200 

βIII-Tubulin  Tubulin, beta 3 class III Mouse  Abcam 1:300 
 861 
Secondary antibodies 862 

Antibody Dye Species Supplier Dilution 
Anti-sheep Alexa-488 Donkey Jackson 

Immunoresearch 
1:500 

Anti-rabbit Cy3 Donkey Jackson 
Immunoresearch 

1:500 

Anti-mouse Alexa-488 Goat Jackson 
Immunoresearch  

1:500 

 863 
Table S-1.2: Antibodies for immunocytochemistry 864 
 865 
 866 
 867 
 868 
 869 
 870 
 871 

Gene Primer Sequence (5' to 3')* 
ATXN7 Atxn7 CAG RNA F HEX-CGAGCTTTCAGAATGCAGC 

Atxn7 CAG RNA F CACTTCAGGACTGGGCAGAG 

B-ACTIN FORWARD Proprietary Primer Design UK 
REVERSE Proprietary Primer Design UK 

NANOG 
FORWARD CAGCCCCGATTCTTCCACCAG 
REVERSE CGGAAGATTCCCAGTCGGGTT 

SOX2 FORWARD GGGAAATGGGAGGGGTGCAAA 
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REVERSE TTGCGTGAGTGTGGATGGGAT 

OCT3/4 
FORWARD GACAGGGGGAGGGGAGGAGC 
REVERSE CTTCCCTCCAACCAGTTGCCC 

MITF FORWARD TTCACGAGCGTCCTGTATGCAGAT 
REVERSE TTGCAAAGCAGGATCCATCAAGCC 

NRL 
FORWARD GGTCCTAGTCCCAGCTCTTC 
REVERSE TCGTCCAATCCACATGAGAATTA 

OTX2 
FORWARD TGCAGGGGTTCTTCTGTGAT 
REVERSE AGGGTCAGAGCAATTGACCA 

PAX6 FORWARD CGGAGTGAATCAGCTCGGTG 
REVERSE CCGCTTATACTGGGCTATTTTGC 

RCVRN 
FORWARD CCAGAGCATCTACGCCAAGT 
REVERSE CACGTCGTAGAGGGAGAAGG 

RHO FORWARD GTCGATTCCACACGAGCACTG 
REVERSE CCTCTCTGAATGGATACTTCGTC 

RPE65 FORWARD GCCCTCCTGCACAAGTTTGACTTT 
REVERSE AGTTGGTCTCTGTGCAAGCGTAGT 

ARR3 
FORWARD TCACTTCCAAGTCATCACGG 
REVERSE GGTGTTGTCCTGGTTGATCC 

GNAT1 FORWARD TAGCTGAGGGGAGTGCAAAT 
REVERSE CCTCAAAGACTGTGGCCTCT 

 873 
ATXN7 FORWARD GCCAGCCGTGAACAATGTC 

REVERSE TTCCTCCCCGTGCTATTTTCA 

BEX1 
FORWARD GGAGGAGACTACAAGGATAGG 
REVERSE TCCTTTTCTTCATTTTCTTGGTT 

DNAJA1 
FORWARD AAAGGAGGAGAACAGGCAATTAA 
REVERSE TAGGGTTACTGAGAGCTGATGT 

GRIA2 FORWARD CTATGGCATCGCAACACCTAA 
REVERSE GTCCTTGGCTCCACATTCAC 

HSP27 
FORWARD ACGAGCTGACGGTCAAGAC 
REVERSE GGGGGCAGCGTGTATTTCC 

HSP70 
FORWARD ATGGAATCTATAAGCAGGATCT 
REVERSE CACATACAGAAACTTGATAAGC 

HSP105 FORWARD CCCGTCAGTCATATCATTTGGA 
REVERSE AATCTTTTGAAGTTAGACACCGTATT 

OLIG1 
FORWARD GTTTGGAGAGCTGTATTTAAGACT 
REVERSE TTCTAAGAAACCCCCAGGATTTA 

UCHL1 FORWARD TGAAGCAGACCATTGGGAAT 
REVERSE TGTTTCAGAACTGATCCATCCT 

PLCB3 FORWARD CCTTGGAAATCTTTGAGCGGTTC 
REVERSE ACTTCGTTGAGTCTCGGGTC 

 874 
Table S-1.3: Primer sequences 875 

 876 
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