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ABSTRACT 9 

Transcriptional dysregulation has been described in spinocerebellar ataxia type 3/Machado-10 

Joseph disease (SCA3/MJD), an autosomal dominant ataxia caused by a polyglutamine 11 

expansion in the ataxin-3 protein. As ataxin-3 is ubiquitously expressed, transcriptional 12 

alterations in blood may reflect early changes that start before clinical onset and might serve 13 

as peripheral biomarkers in clinical and research settings. Our goal was to describe enriched 14 

pathways and report dysregulated genes which can track disease onset, severity, or progression 15 

in carriers of the ATXN3 mutation (pre-ataxic subjects and patients). 16 

Global dysregulation patterns were identified by RNA sequencing of blood samples from 40 17 

carriers of ATXN3 mutation and 20 controls and further compared with transcriptomic data 18 

from post-mortem cerebellum samples of MJD patients and controls. Ten genes - ABCA1, 19 

CEP72, PTGDS, SAFB2, SFSWAP, CCDC88C, SH2B1, LTBP4, MEG3 and TSPOAP1 - whose 20 

expression in blood was altered in the pre-ataxic stage and simultaneously, correlated with 21 

ataxia severity in the overt disease stage, were analysed by quantitative real-time PCR in blood 22 

samples from an independent set of 170 SCA3/MJD subjects and 57 controls.  23 

Pathway enrichment analysis indicated the Gαi signalling and the oestrogen receptor signalling 24 

to be similarly affected in blood and cerebellum. SAFB2, SFSWAP and LTBP4 were 25 

consistently dysregulated in pre-ataxic subjects compared to controls, displaying a combined 26 

discriminatory ability of 79%. In patients, ataxia severity was associated with higher levels of 27 

MEG3 and TSPOAP1.  28 
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We propose expression levels of SAFB2, SFSWAP and LTBP4 as well as MEG3 and TSPOAP1 1 

as stratification markers of SCA3/MJD progression, deserving further validation in 2 

longitudinal studies and in independent cohorts. 3 
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containing 88C; CEP72 = centrosomal protein 72; DD = disease duration; DE = differentially 17 

expressed; ESMI = European spinocerebellar ataxia type 3/MJD Initiative; R = false discovery 18 

rate; GPCRs = G protein-coupled receptors; HD = Huntington disease; HSPB1 = heat shock 19 

protein family B (small) member 1; lncRNA = long non-coding RNA; LTBP4 = latent 20 

transforming growth factor beta binding protein 4; MAPT = microtubule associated protein 21 

tau; MEG3 = maternally expressed 3; NfL = Neurofilament light chain; PA = pre-ataxic 22 

subject; PTGDS = prostaglandin D2 synthase; qPCR = quantitative real-time PCR; RNA-seq 23 

= RNA sequencing; SARA = Scale for the assessment and rating of ataxia; SCA = 24 

spinocerebellar ataxia; SCA3/MJD = spinocerebellar ataxia type 3/Machado-Joseph disease; 25 

SAFB2 = scaffold attachment factor B2; SFSWAP = splicing factor SWAP; SH2B1 = SH2B 26 

adaptor protein 1; TGFβ = transforming growth factor beta 1; TSPOAP1 = TSPO associated 27 

protein 1; TP53 = tumor protein p53 28 

 29 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/advance-article/doi/10.1093/brain/aw

ad128/7127719 by U
niversity C

ollege London user on 03 M
ay 2023



4 

INTRODUCTION 1 

Spinocerebellar ataxia type 3 (SCA3)/Machado-Joseph disease (MJD) is an autosomal 2 

dominant neurodegenerative disorder characterized by selective dysfunction and degeneration 3 

of the cerebellum and brainstem1,2. Disease onset, occurring on average at midlife (~40 years), 4 

inversely correlates with the elongation of an exonic CAG motif at the ATXN3 gene3,4. The 5 

presence of an expanded allele, harbouring consensually above 60 repeats5, leads to a mutated 6 

form of the deubiquitinating enzyme ataxin-36. Misfolding of mutant ataxin-3 and its 7 

subsequent aggregation, predominantly in the nucleus of affected cells, are the pathognomonic 8 

hallmarks of SCA3/MJD and are associated with the disruption of key cellular pathways7,8, 9 

including transcriptional regulation7–9. Progressive gait and limb ataxia are the clinical 10 

hallmark of SCA3/MJD10,11, whose severity is almost universally graded using the Scale for 11 

the Assessment and Rating of Ataxia (SARA;12). 12 

Genetic diagnosis through predictive testing allows the identification of asymptomatic or pre-13 

ataxic individuals13 offering an unique opportunity to prevent or slow neuronal damage before 14 

clinical onset. However, interventional trials are currently hampered by the lack of sensitive 15 

markers for monitoring the disease in its early stages, and even more evident in its 16 

asymptomatic phase. To date, several biomarkers of SCA3/MJD have been investigated14–17. 17 

Among these, the mutated ataxin-3 and the neurofilament light chain (NfL) are highlighted, 18 

due to the explicit association to SCA3/MJD pathogenesis or the inherent neurodegenerative 19 

process, respectively15,16,18,19. Although the value of such biomarkers is acknowledged, the 20 

specific stratification of the pre-ataxic stage using molecular data is not yet guaranteed. Of 21 

note, it is unlikely that a single biomarker will be enough to monitor disease progression; more 22 

likely, a combination of biomarkers will be necessary, which is currently undiscovered. 23 

Mutant ataxin-3 is known to be ubiquitously expressed across tissues20 and increasing evidence 24 

suggests it exerts its effects also in easily available tissues, such as blood14, a fact that provides 25 

the opportunity to find consistent peripheral alterations that correlate with clinical data. Upon 26 

identification, such peripheral biomarkers should be particularly suitable in the context of 27 

therapeutic strategies using compounds that can be taken systemically and delivered across the 28 

blood-brain barrier (such as small molecules, amongst others). Biomarkers may also serve to 29 

select patients for first therapeutic studies considering that it is unlikely that treatments will 30 

reverse progressed neurodegeneration in late-stage patients.  31 
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Cross-sectional, whole transcriptome microarray analyses have shown that there is global 1 

dysregulation in blood samples from SCA3/MJD subjects9. The extent to which such gene 2 

expression alterations reflect clinically meaningful dynamics (i.e., correlate with aspects of 3 

disease onset, progression and/or severity), however, remains elusive. 4 

Profiting from a large and well-established cohort of European SCA3/MJD subjects, enrolled 5 

through the multicentric European Spinocerebellar Ataxia Type 3/Machado-Joseph Disease 6 

Initiative (ESMI), we performed next-generation sequencing-based transcriptome analysis in 7 

blood of SCA3/MJD mutation carriers (pre-ataxic subjects and patients). We describe the 8 

global dysregulation patterns found in blood and report transcriptional alterations than can 9 

track disease severity/progression, starting at the pre-ataxic stage. Moreover, we explore 10 

whether transcriptional changes seen in blood (both at the level of individual genes or enriched 11 

pathways) paralleled those from a previous RNA-sequencing (RNA-seq) study using post-12 

mortem cerebellum samples from SCA3/MJD patients. 13 

 14 

SUBJECTS AND METHODS 15 

Cohort and sample collection 16 

A total of 210 SCA3/MJD subjects and 77 controls, recruited between 2016 and 2019, were 17 

included in the present work. The ESMI (European Spinocerebellar Ataxia Type 3/Machado-18 

Joseph Disease Initiative) cohort comprised subjects with confirmed SCA3/MJD and non-19 

expanded ATXN3 carriers without neurological disease (controls). The determination of the 20 

ATXN3 genotype for all samples was performed centrally (University of Tubingen). 21 

Clinical assessments and blood collection were performed at visit 1 for all sites, using a 22 

harmonized common protocol implemented in ESMI. For a subset of subjects (n=74), clinical 23 

data and blood samples were also available from a second annual visit, performed within 2 24 

months around the specific timepoint (visit 2). SARA scores12 were available for all 25 

SCA3/MJD subjects and were used to classify mutation carriers as either patients (SARA score 26 

≥3, n=165) or pre-ataxic subjects (PA; SARA score <3, n=45)13. 27 

Age at visit was calculated as the difference between the year of birth and the year of the clinical 28 

evaluation/blood collection. Age at onset (AO) was defined as the age of the first gait 29 

disturbances, reported by the patient or a close relative/caregiver. Disease duration (DD) was 30 

calculated as the number of years elapsed between age at onset and age at visit. For pre-ataxic 31 
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carriers, time to onset was defined as the difference between age and predicted AO, which was 1 

determined according to Tezenas du Montcel and colleagues21. 2 

A total of 361 blood samples, collected in PAXGene Blood RNA tubes (Cat ID: 762165, BD) 3 

according to the manufacturer’s instructions, were used to perform:  4 

(i) RNA-seq analysis: Samples from 10 pre-ataxic carriers, 30 patients, and 20 controls were 5 

used. Patients were selected according to their SARA score to represent a wide range of the 6 

disease severity: 10 mild (score ≥3 and <10), 10 moderate (score ≥15 and <25), and 10 severe 7 

(score ≥25). Controls were matched by age (similar range) and sex (similar proportion) to 8 

ATXN3 carriers. 9 

(ii) qPCR analysis: Samples from 35 pre-ataxic carriers, 135 patients, and 57 controls (visit 1) 10 

were used. For a subset of SCA3/MJD subjects (12 pre-ataxic carriers and 62 patients), samples 11 

from visit 2 (1-year interval) were also analysed. 12 

The study was approved by local ethics committees and all subjects provided written informed 13 

consent. 14 

Post –mortem brain tissues of six SCA3/MJD patients and six control individuals (average age 15 

at death of 67 years for patients and 64 years for controls) were available from a previous 16 

study22. 17 

The workflow of the study is shown at Figure 1; briefly, data from a RNA-seq experiment 18 

using whole blood from SCA3/MJD carriers and controls was used: (A) to identify common 19 

enriched pathways in blood and cerebellum (cross-sectional design) by overlapping our data 20 

with RNA-seq datasets from post-mortem cerebellum samples; and (B) to select expression 21 

alterations that correlate with disease onset (biomarker study), severity, or progression 22 

(including the pre-ataxic stage). 23 

Total RNA isolation and cDNA synthetization 24 

For RNA-seq or qPCR analysis, total RNA was isolated from blood cells using the 25 

Qiasymphony PAXGene Blood RNA kit (Cat ID 762635, Qiagen), following the automated 26 

protocol V5 or the MagMAX™ for Stabilized Blood Tubes RNA Isolation Kit, compatible 27 

with PAXgene™ Blood RNA Tubes (Cat ID: 4451894, Invitrogen), respectively. The RNA 28 

concentration, RNA purity and RNA Integrity Number were evaluated using the Qubit RNA 29 

BR Assay Kit (ThermoFisher Scientific), the NanoDrop ND-1000 Spectrophotometer 30 

(PEQLAB), and the Bioanalyzer 2100 (RNA 6000 Nano Kit, Agilent), respectively. For library 31 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/advance-article/doi/10.1093/brain/aw

ad128/7127719 by U
niversity C

ollege London user on 03 M
ay 2023



7 

preparation, total RNA libraries were prepared using the TruSeq Stranded Total RNA with 1 

Ribo-Zero Globin (Illumina), according to the manufacturer’s instructions. The libraries were 2 

denaturated, diluted to 270 pM and sequenced as paired end 100bp reads on an Illumina 3 

NovaSeq6000 (Illumina) with a sequencing depth of approximately 60 million clusters, in 4 

average, per sample. 5 

For qPCR analysis, 500 nanograms of total RNA was used to synthesize complementary DNA 6 

(cDNA), using the High-Capacity cDNA Reverse Transcription Kit with RNase inhibitor (Cat 7 

ID: 4374966, Applied Biosystems). 8 

RNA sequencing analysis 9 

Read quality of RNA-seq data (fastq files) was assessed using ngs-bits (v.2019_04), to identify 10 

sequencing cycles with low average quality, adaptor contamination, or repetitive sequences 11 

from PCR amplification. Reads were aligned to the GRCh37 using STAR v2.7.0f23 and 12 

alignment quality was analysed using ngs-bits. Normalized read counts for all genes were 13 

obtained using Subread (v1.6.4) and edgeR (v.3.26.4). Raw expression values were available 14 

for 60,790 genes in the 60 samples. Raw gene expression data was filtered by demanding a 15 

minimum expression value of 1 cpm (counts per million) in at least 8 samples. Filtered data 16 

contains expression values for 16,888 genes. 17 

Global differential expression (DE) analysis in blood samples 18 

To identify the blood-based global transcriptional profile of SCA3/MJD, differential 19 

expression (DE) analysis between SCA3/MJD carriers (pre-ataxic subjects and patients) 20 

compared to controls were performed using expression data from 16,888 genes, by fitting a 21 

negative binomial distribution using a generalized linear model (GzLM) conducted at edgeR 22 

version 3.18.1. For each gene, expression fold change values (log2 fold change) were 23 

calculated, and statistical significance was given as nominal p-value and/or q-value (FDR, 24 

obtained by Benjamini-Hochberg procedure). 25 

Global differential expression analysis in cerebellum samples 26 

To assess the global transcriptional profile of SCA3/MJD in the cerebellum, DE analysis using 27 

expression values from six post-mortem cerebellum samples of SCA3/MJD patients, and six 28 

controls were performed according to Haas and colleagues22; expression data was available for 29 

17,543 genes.  30 

  31 
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Pathway enrichment analysis 1 

Pathway analyses were performed with the Ingenuity Pathway Analysis software24, using as 2 

input data the dysregulated genes at p-value<0.05 from global DE analysis using blood; for 3 

cerebellum samples a q-value<0.05 was used. Pathways with a -log (Benjamini-Hochberg p-4 

value)>1.3 were considered significantly enriched. A z-score, which is a measure of the 5 

predicted direction of the pathway activity, was calculated; pathways with a z-score > 2.0 or < 6 

-2.0 were significantly activated or inhibited, respectively. Enriched pathways from blood were 7 

intersected (Venn diagram, http://bioinformatics.psb.ugent.be/webtools/Venn/) with those 8 

from cerebellum analysis to uncover pathways common to both tissues. 9 

Selection of candidate biomarkers 10 

To select expression alterations correlatable with disease onset, severity, or progression 11 

(including the pre-ataxic stage), RNA-seq data was analysed to: (i) compare gene expression 12 

levels between PA subjects and controls (analysis of covariance with age as covariate and log2 13 

transforming all variables prior to the test); and (ii) correlate gene expression levels and SARA 14 

score in patients (partial Spearman rank correlation). The potential effects of age, number of 15 

CAG repeats in the expanded allele and disease duration were statistically removed in the 16 

partial Spearman rank correlations. Statistical analyses were run at R version 3.6.2 and a 17 

significance level of 5% were considered. To further identify alterations which could 18 

simultaneously, distinguish PA from controls and correlate with SARA scores in patients, DE 19 

genes from (i) were intersected with DE genes from (ii) (Suppl. Table 1), which resulted in a 20 

set of 62 common genes. 21 

Quantitative real-time PCR analysis 22 

cDNA amplification by qPCR was performed using TaqMan Gene Expression Assays (IDs are 23 

described in Supp. Table 1) and TaqMan Fast Advanced Master Mix (Applied Biosystems), 24 

according to the supplier’s instructions. qPCR experiments were performed in the Bio-Rad 25 

CFX384 system (Bio-Rad). For each gene, samples were run in triplicate alongside the 26 

reference gene – TRAP125. Furthermore, to minimize possible batch effects, each plate always 27 

contained samples from one control, one pre-ataxic subject (visit 1 and visit 2) and one patient 28 

(visit 1 and visit 2) from each research center. Relative expression values were calculated by 29 

the 2-ΔCt method26 through the CFX Maestro 1.1 Software, version 4.1.2433.1219 (Bio-Rad). 30 

Amplification curves from 29 pre-ataxic carriers, 129 patients, and 51 controls were 31 

successfully obtained and further used in statistical analysis. 32 
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Statistical procedure 1 

The ROUT method (Q=1%) was used to exclude outliers from qPCR data previously to 2 

statistical analyses. A chi-square test of independence was used to compare the proportion of 3 

subjects by sex and biological groups (PA subjects, patients, and controls). Differences 4 

between biological groups on age, number of CAG repeats in the expanded ATXN3 allele, AO, 5 

DD, and SARA score were determined by Mann-Whitney U or Kruskal-Wallis tests. Using the 6 

controls dataset, the relationship between gene expression levels and age, total RNA 7 

concentration, and RNA Purity was assessed by Spearman rank order correlation. Differences 8 

between groups of categorical variables (sex, research center, country of origin, time of blood 9 

collection, fasting and blood storage time) on gene expression levels were tested by Mann-10 

Whitney U or Kruskal-Wallis tests. Expression data for the 10 candidate biomarkers was used 11 

to perform comparisons between biological groups and to establish associations with clinical 12 

and genetic data. To account for age as a potential cofounder, two sub-sets of controls were 13 

formed: controls matched to pre-ataxic carriers (CTRL-PA, n=24) and controls matched to 14 

patients (CTRL-P, n=27). Differences in expression levels between biological groups were 15 

determined by the Kruskal-Wallis test. To analyse the ability of expression levels of the 10 16 

genes in discriminating PA from matched controls ROC analysis was performed. To explore 17 

the direction and strength of the relationship between expression levels of the ten genes and 18 

demographic (age), clinic (time to predicted onset, AO, DD, SARA score) and genetic data 19 

(number of CAG repeats in the expanded ATXN3 allele), Spearman correlation coefficients 20 

(rho) were calculated; to account for the influence (i) of the number of CAG repeats in 21 

expanded allele on AO and (ii) of age, the number of CAG repeats in expanded allele and 22 

disease duration on expression levels, partial Spearman correlation coefficients (rho*) were 23 

also computed. For follow-up analyses, differences on expression levels between the two 24 

timepoints (visit 1 and visit 2) were compared using the Wilcoxon signed rank test. 25 

Statistical analyses were performed in IBM SPSS Statistics for windows version 25.0 (IBM 26 

Corp. Released 2017) and GraphPad Prism 8.0.1. The significance level of all tests was set to 27 

5%. To control for Type I errors, post hoc analyses using the Dunn’s multiple comparisons 28 

tests were performed. Graphic bars are shown as median ± 95% CI (confidence interval). 29 

Data availability 30 

Most data are available in this manuscript and in supplementary material. Raw transcriptomic 31 

data will be made available, upon request, to the corresponding author. 32 
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 1 

RESULTS 2 

Demographic, genetic, and clinical characterization of the study participants is detailed in 3 

Table 1 and Suppl. Table 3. Age, sex, as well as several technical variables related with RNA-4 

seq experiments were shown not to be confounders of gene expression levels (Suppl. Table 4). 5 

 6 

Similar patterns of affectation of Gαi and oestrogen receptor signalling pathways in blood 7 

and cerebellum 8 

Using RNA-seq data, blood expression levels of PA and patients were compared with those of 9 

controls as well as levels of patients were compared with PA subjects (genes at a q-value <0.05 10 

are shown in suppl. Table 5). Furthermore, global DE analyses identified a total of 1467 11 

dysregulated genes (785 downregulated and 682 upregulated) significantly associated with the 12 

SCA3/MJD carrier (PA and patients) status, at a nominal p-value significance (p<0.05). Using 13 

expression levels of these 1469 genes as input data, a total of 51 pathways were found to be 14 

significantly enriched (-log p-value>1.30) (Suppl. Table 6). Noteworthy, the two pathways 15 

with both the highest overlap and -log p-value were the interferon signalling (overlap=22%, -16 

log p-value=3.61) and the inflammasome pathway (overlap=25%, -log p-value=2.67; Suppl. 17 

Table 6), which were both activated (z-score>2). 18 

Global DE analyses using data from a previous study of post-mortem cerebellum samples22 19 

identified a total of 1058 dysregulated genes (732 downregulated and 326 upregulated) in 20 

patients compared to controls (q-value<0.05). Pathway enrichment analysis (using the 1058 21 

DE genes) revealed 52 enriched pathways at a -log B-H p-value>1.30. The pathway with both 22 

the highest overlap and statistical significance was the glutamate receptor signalling 23 

(overlap=20%, -log B-H p-value=3.74; Suppl. Table 7), which was predicted to be inhibited 24 

(z-score< 2). 25 

We further intersected enriched pathways identified from blood with those from cerebellum 26 

analysis. Five pathways were commonly enriched (-log B-H p-value>1.30) in both tissues 27 

(Suppl. Fig.1a): from these, the Gαi signalling, and the oestrogen receptor signalling showed a 28 

consistent predicted direction of activity in both tissues (activated and inhibited, respectively), 29 

although this prediction failed to reach significance (Suppl. Fig.1b, Suppl. Table 6 and 7). 30 

 31 
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Promising RNA-seq based candidate biomarkers of SCA3/MJD 1 

Aiming to identify gene expression alterations that would be detectable already in the pre-2 

ataxic phase of the disease and that, simultaneously, could be correlated with ataxia severity in 3 

the overt disease stage, we intersected genes whose expression levels showed significant 4 

differences between PA subjects and controls (n= 1002; p-value<0.05) with those which, in 5 

patients, correlated with the SARA score (n=962; p value<0.05). Sixty-two genes were 6 

identified (Suppl. Table 1); from these, ABCA1, CEP72, PTGDS, SAFB2, SFSWAP, 7 

CCDC88C, SH2B1, LTBP4, MEG3 and TSPOAP1 were prioritized (prioritization criteria 8 

described in Suppl. Table 2) and were further analysed by qPCR in an independent set of 28 9 

pre-ataxic carriers, 124 patients, and 47 controls.  10 

Analysis of qPCR data revealed several significant disease-related expression patterns for five 11 

out of 10 genes analysed: SAFB2, SFSWAP, LTBP4, MEG3 and TSPOAP1; furthermore, 12 

expression patterns of these five genes were specific for the disease stage: levels of SAFB2, 13 

SFSWAP and LTBP4 were associated with the pre-ataxic stage, whereas levels of MEG3 and 14 

TSPOAP1 were correlated with ataxia severity. None of the 10 genes was able to 15 

simultaneously distinguish PA from matched-controls and correlate with SARA scores in 16 

patients, as previously observed in RNA-seq analysis. 17 

 18 

SAFB2 levels are increased in the pre-ataxic stage and show an increase with disease 19 

progression 20 

Levels of SAFB2, encoding for the scaffold attachment factor B2, a transcriptional regulator, 21 

were confirmed to be significantly increased in pre-ataxic carriers compared to matched 22 

controls (Fig. 2a). Levels of SAFB2 discriminated PA from controls with an accuracy of 0.71 23 

(p-value=0.0059, Fig.2b). The correlation of expression levels of SAFB2 with SARA score, 24 

previously identified in RNA-seq, was not significant in the independent set of patients (Suppl. 25 

Table 8; Suppl. Fig.3). Noteworthy, expression levels of SAFB2 were increased in patients with 26 

an earlier age at onset (rho=-0.271, p=0.004; Fig.2c). Also, in patients, an increase of SAFB2 27 

levels was further observed when analysing follow-up data, with levels from the second visit 28 

being, in average, significantly higher than those from visit 1 (p=0.023, Fig.2d). This trend, 29 

however, was not observed in the pre-ataxic stage (Suppl. Fig.4). 30 

 31 
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SAFB2, SFSWAP and LTBP4 display a high combined ability to classify the pre-1 

ataxic stage 2 

Transcript levels of the splicing factor SWAP gene – SFSWAP - were significantly increased 3 

in pre-ataxic carriers compared to matched controls (Fig. 3a), whereas no significant 4 

correlation was found between expression levels of SFSWAP and SARA score (Suppl. Table 5 

8, Suppl. Fig 3). Transcript levels of the latent transforming growth factor beta binding protein 6 

4 - LTBP4- were significantly lower in pre-ataxic carriers than in matched controls (Fig. 3b). 7 

Again, the correlation between LTBP4 levels and SARA score observed in RNA-seq 8 

experiments was lost in the independent set of SCA3/MJD patients. Similar levels of SFSWAP 9 

and LTBP4 between visit 1 and visit 2 were observed in pre-ataxic carriers and patients (Suppl. 10 

Fig 4).  11 

Since the levels of SAFB2, SFSWAP and LTBP4 were significantly dysregulated in pre-ataxic 12 

subjects, we analysed the joint discriminative ability of the three genes. Combined expression 13 

levels of these three genes are expected to be able to distinguish PA from controls, with a 79% 14 

chance (p=0.002, Fig. 3c). 15 

Levels of MEG3 and TSPOAP1 are increased in more severe cases of the SCA3/MJD 16 

For the MEG3 (maternally expressed 3 gene), a long non-coding RNA gene, as well as for the 17 

TSPO associated protein 1 gene (TSPOAP1), differences in expression between PA and 18 

controls were not replicated in the larger cohort. Noteworthy, for these two genes in the 19 

patient’s group, the correlation between expression levels and SARA score was maintained. 20 

Thus, patients showing higher SARA scores consistently presented higher levels of MEG3 21 

(rho*=0.346, p-value=0.003, Fig.4a) and TSPOAP1 (rho*=0.222, p-value=0.030, Fig.4b) after 22 

the adjustment of confounders (age, number of CAG in the expanded allele, and disease 23 

duration; Suppl. Table 8). 24 

In our large independent set of SCA3/MJD subjects, expression levels of ABCA1, CCDC88C, 25 

CEP72, PTGDS, and SH2B1 failed to distinguish PA carriers from controls and/or to correlate 26 

with the respective SARA score in patients (Suppl. Fig. 2, Suppl. Table 8). 27 

Using expression data from the present study and from a previous study with post-mortem 28 

cerebellum samples22, we analysed the consistency of gene dysregulation patterns of SAFB2, 29 

SFSWAP, LTBP4, MEG3 and TSPOAP1 in blood and cerebellum (Suppl. Fig. 5). In blood 30 

samples, patients, in comparison with controls, presented similar levels of the five genes 31 

(p>0.05), whereas in cerebellum samples, levels of SAFB2, SFSWAP, LTBP4, and TSPOAP1 32 
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were significantly dysregulated (p<0.05); SAFB2, SFSWAP and TSPOAP1 were increased in 1 

patients whereas levels of LTBP4 were decreased (Suppl. Fig. 5). It appears that dysregulation 2 

patterns of SAFB2, SFSWAP, and LTBP4 levels in cerebellum samples are more similar to the 3 

dysregulation observed in blood samples from pre-ataxic carriers than to what is observed in 4 

patients. 5 

 6 

DISCUSSION 7 

In this study we confirmed the presence of peripheral transcriptional dysregulation in 8 

SCA3/MJD through performing next-generation sequencing-based transcriptome analysis of 9 

whole blood samples from SCA3/MJD mutation carriers (pre-ataxic and patients) and controls. 10 

To assess the transcriptional signature of SCA3/MJD in a highly affected tissue, the 11 

cerebellum, we also analysed data from a previous RNA-seq study using post-mortem samples 12 

from SCA3/MJD patients and controls22. Although brain samples can be biased towards the 13 

end-stage of the disease, comparison with blood datasets allowed insights on the 14 

similarity/differences between the periphery and a highly affected region. 15 

In post-mortem cerebellum, downregulated genes represented 69% of all total dysregulated 16 

genes, a finding according to the recruitment of transcription factors into aggregates by mutated 17 

ataxin-327. This pattern was not seen in blood, where the proportion of downregulated (54%) 18 

versus upregulated genes did not evidence a trend towards a decrease in transcription, similarly 19 

to what has been observed in previous microarray-based transcriptomic studies9. Although 20 

transcription dysregulation in blood of SCA3/MJD subjects was confirmed, the magnitude of 21 

the differential expression was limited, with all differences involving nominal p-values. The 22 

limited magnitude of the differences found between expression levels of controls and 23 

SCA3/MJD subjects in the present study contrasts with the high number of dysregulated genes 24 

identified after controlling for multiple comparisons (FDR) in two previous microarray-based 25 

expression studies9 (Ana F. Ferreira, personal communication). As the frequency of false-26 

positive signals in microarray analyses is known to be much higher than in RNA-seq, especially 27 

in transcripts with low expression levels28, we can postulate that dysregulation levels provided 28 

from array data are overestimated. 29 

Intersection of blood and cerebellum RNA-seq datasets allowed the identification of two 30 

commonly enriched pathways, the Gαi signalling and the oestrogen receptor signalling, with 31 

an expected direction of activity which is consistent in both tissues. The identification of 32 
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enriched pathways common to both SCA3/MJD blood and brain supports the use of blood cells 1 

to investigate features of disease biology, highlighting new pathogenic signatures to be 2 

explored in further studies. The Gαi signalling is predicted to be activated in blood as well as 3 

in cerebellum of SCA3/MJD subjects. Heterotrimeric guanine nucleotide-binding (G) proteins 4 

are transducers of G protein-coupled receptors (GPCRs), which translate signals from 5 

extracellular ligands into intracellular responses29. Gαi is one of the four types of Gα subunits 6 

which undergo a conformational change when coupled with GPCRs (previously activated by a 7 

ligand). Several receptors (e.g., dopamine, serotonin and glutamate) are amongst the Gαi-8 

coupled GPCRs highly abundant in brain, whose activity is generally related to the inhibition 9 

of the adenylate cyclase enzyme, leading ultimately to reduced neuronal excitability29. 10 

Remarkably, evidence of impaired neurotransmission in SCA3/MJD by defects in 11 

acetylcholine, glutamatergic, dopaminergic and serotonergic signalling has been previously 12 

described7. Pathway analysis further indicated that the oestrogen receptor signalling pathway 13 

is predicted to be inhibited in blood and in cerebellum of SCA3/MJD subjects. Oestrogens are 14 

cholesterol-derived sex hormones playing an essential role in sex but also in non-sex specific 15 

physiological processes, including neuroprotective actions under basal and pathologic 16 

conditions30. Two previous studies pointed to the existence of sex differences in SCA3/MJD 17 

but its effect on disease onset and progression was not elucidated31,32; more recently, and using 18 

also data from the ESMI cohort, mean deterioration rate in SARA total score or appendicular 19 

sub-score was two and five-fold increased, respectively, in men compared to women33. 20 

Although we could hypothesize that neuroprotection mediated by oestrogens might be 21 

impaired in SCA3/MJD, which such neuroprotection would be more evident in men, further 22 

studies, specifically designed to address this issue, need to be conducted. 23 

Given the existence of transcriptional dysregulation in SCA3/MJD blood cells, expression 24 

levels of specific genes could constitute suitable peripheral biomarkers. In fact, previous 25 

attempts to identify transcriptional biomarkers were based only on the establishment of 26 

differences relative to controls, whereas the link between abnormal expression levels and 27 

clinical rating measures was missing9. Attempting to solve this major drawback, we have 28 

selected candidate transcriptional biomarkers grounded on the rationale of ideally detecting 29 

alterations which are already present in the pre-ataxic stage and, additionally, when evaluated 30 

in patients, show a correlation with ataxia worsening, as measured by the SARA score. Using 31 

this strategy, we identified a set of 62 genes and prioritized ABCA1, CEP72, PTGDS, SAFB2, 32 

SFSWAP, CCDC88C, SH2B1, LTBP4, MEG3, and TSPOAP1 to be tested by qPCR in a large 33 
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and independent set of SCA3/MJD subjects and controls. As clinical biomarkers are devoid of 1 

utility in the pre-ataxic stage of the disease, the identification of molecular biomarkers for this 2 

specific phase is urgent. We were able to identify three genes - SAFB2, SFSWAP, and LTBP4 3 

- that show a distinct expression behaviour in the pre-ataxic stage of SCA3/MJD. The 4 

discriminatory ability of the combined expression levels of the three genes to distinguish pre-5 

ataxic carriers from controls was 79%, which is similar to levels of mutant ataxin-3 (78%) and 6 

NfL (84%)15,34. Levels of SAFB2, which were found to be increased in pre-ataxic subjects 7 

(compared to controls), further increased in most patients with a one-year follow up visit; thus, 8 

SAFB2 is a promising candidate biomarker for disease progression, whose behaviour deserves 9 

further investigation in a longitudinal setup. SAFB2 is part of the SAFB family, formed by 10 

DNA–RNA-binding proteins which are involved in regulation of transcription and mRNA 11 

processing, DNA repair and cellular response to stress35. Although SAFB proteins are widely 12 

expressed, SAFB1 and SAFB2 show high expression levels in the central nervous and immune 13 

systems36. Interestingly, repressor activity of SAFBs on oestrogen receptor signalling has been 14 

described36; we could thus hypothesize that upregulation of SAFB2 in blood and post-mortem 15 

cerebellum samples of SCA3/MJD subjects can, at least in part, be associated with inhibition 16 

of the oestrogen receptor signalling pathway, predicted for both tissues. Moreover, SAFBs are 17 

also regulators of the promoter activity of HSPB1 (also known as HSP27)37, a heat-shock 18 

protein whose downregulation was observed in lymphoblastoid cells from SCA3/MJD patients 19 

and in two cell models of SCA3/MJD38–40. An association between SAFB1 expression and 20 

spinocerebellar ataxia (SCA) as well as with Huntington disease (HD) has been recently 21 

reported41; SAFB1 cytoplasmic immunopositivity was more frequent in cerebellar Purkinje 22 

cells from SCA patients than in controls (p<0.05), whereas in cerebellar dentate nucleus 23 

neurons SAFB1 expression was increased in the nucleus and cytoplasm41. Using a cell model 24 

of SCA1, Buckner and colleagues also have shown that SAFB1 bound significantly more to 25 

the pathogenic (ATXN85Q) mRNA41. Of note, SAFB1 and SAFB2 are homologous proteins, 26 

presenting high similarity and highly conserved functional domains and although they can 27 

show unique properties, they might function in a similar manner36. Evidence of increased 28 

expression of SAFB1 protein in Purkinje cells and dentate nucleus neurons of SCA patients is 29 

in accordance with our results for SAFB2 mRNA levels (higher expression in patient’s 30 

cerebellum as well as in blood of PA subjects compared to controls). A genome-wide study 31 

revealed a link between variants in DNA repair genes and earlier age at onset in a large cohort 32 

of polyglutamine disease patients’, including SCA3/MJD42; authors suggested that DNA repair 33 

is compromised (by genetic variation) which can cause somatic expansions and therefore 34 
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modify age at onset42. Exploring the role of SAFB family as potential modifiers of DNA repair, 1 

we hypothesized that the upregulation pattern of SAFB2 observed in MJD (higher levels in pre-2 

ataxic carriers, higher levels in patients with earlier onset and higher levels in one year follow-3 

up) could be associated with an inhibition of DNA repair, implying an increase of somatic 4 

expansion in blood cells (and probably also in cerebellum). The investigation of somatic 5 

mosaicism in blood and other tissues measured over time in SCA3/MJD will elucidate this 6 

hypothesis. Nevertheless, has been recently described that somatic instability in blood 7 

increased with age in blood samples of Huntington disease carriers43, and the same observation 8 

can be expectable in SCA3/MJD. 9 

Altered levels of SFSWAP and LTBP4 were also observed in the pre-ataxic stage of 10 

SCA3/MJD, although their individual discriminative power is below clinical usefulness and no 11 

evidence of associations with disease measures in the symptomatic stage were found. SFSWAP 12 

is an RS-domain containing (SR-Like) protein, belonging to a family of proteins which 13 

participates in the regulation of RNA processing, including splicing and transcript elongation44. 14 

SFSWAP regulates splicing of itself and several other genes44, including the MAPT gene 15 

(which encodes the Tau protein45). LTBP4, whose transcript levels were downregulated in pre-16 

ataxic carriers, is a latent TGFβ binding protein (LTBP; LTBPs are extracellular matrix 17 

proteins, which bind and sequester TGFβ in the extracellular matrix to modulate its availability 18 

to the TGFβ receptor46. TGFβ1, amongst other processes, contributes to maintain neuronal 19 

survival and integrity of the central nervous system and is involved in immune functions47. 20 

Plasma levels of TGFβ1 were significantly reduced in asymptomatic HD subjects, whereas in 21 

patients, at different stages, levels were similar to controls48. Due to the modulatory link 22 

between LTBP4 and TGFβ we speculate that if LTBP4 is lower, the availability of TGFβ will 23 

be also lower, implying that the neuroprotective role of this cytokine is compromised in 24 

SCA3/MJD. 25 

Concerning the overt disease stage, we found a positive correlation between expression levels 26 

of MEG3 and TSPOAP1 with the SARA score, hence with disease severity. MEG3 is a long 27 

noncoding RNA (lncRNA), maternally expressed, with antiproliferative and TP53-stimulating 28 

functions49. Analyses of lncRNAs, using microarray data of caudate nucleus samples from 44 29 

HD patients and 36 controls, revealed that MEG3 was downregulated in HD brain50. However, 30 

this result failed to be confirmed in two different models of the disease51; MEG3 levels were 31 

increased in the cortex region of early (6 weeks) and late (8 weeks) disease stages of R6/2 mice 32 

compared to age-matched wild-type mice. The same up-regulation tendency was observed in 33 
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mouse immortalized striatal cells expressing the full-length huntingtin gene with 111 glutamine 1 

repeats51. Moreover, a significant decrease of mutant huntingtin aggregates and 2 

downregulation of the endogenous TP53 protein levels in two cell lines transfected with HTT-3 

83Q-DsRed and treated with siRNAs against MEG3 were observed51. In turn, TP53 has been 4 

previously identified as a novel substrate of ataxin-3; mutated ataxin-3 abnormally interacts 5 

with TP53, leading to its upregulation and to increased TP53-dependent neuronal cell death52. 6 

Along with the potential role of MEG3 as a biomarker of SCA3/MJD severity, its potential as 7 

a therapeutic target deserves further investigation. 8 

RIMBP1 (Rab3-interacting molecule, RIM–binding protein 1), the protein encoded by 9 

TSPOAP1, whose expression levels we found to be correlated with SARA score, is one of the 10 

main elements of the presynaptic active zone, which in turn is a cytomatrix responsible for 11 

precise neurotransmitter release and synaptic transmission53. Mutations on this gene are 12 

causative of an autosomal recessive form of dystonia54. Motor abnormalities suggestive of 13 

dystonia were further observed in mice whose TSPOAP1 was knocked-out, as well as 14 

alterations in the biochemical composition and morphology of dendritic arbors of Purkinje 15 

cells54. 16 

No transcriptional dysregulation of SAFB2, SFSWAP, LTBP4, and TSPOAP1 in blood of 17 

SCA3/MJD patients was observed, whereas in brain the expression levels of these genes were 18 

different between patients and controls. This observation suggests that dysregulation of SAFB2, 19 

SFSWAP, LTBP4 and TSPOAP1 seems to be tissue-specific in the overt ataxic stage; thus, our 20 

results are consistent with previous studies that showed a weak correlation at transcript level 21 

between blood and brain samples55 (GTEx Portal on 28.01.22). Noteworthy, the dysregulation 22 

of SAFB2, SFSWAP, and LTBP4 levels in blood samples from pre-ataxic carriers’ mirrors in a 23 

better way the dysregulation observed in brain; such observation seems to indicate that blood 24 

of pre-ataxic carriers reflects more accurately transcriptional alterations of brain cells in which 25 

degenerative processes occurs. This behaviour was also described for some markers in HD, 26 

such as the case of TGFβ48. 27 

None of the genes identified in this RNA-seq study has been reported in the two previous 28 

transcriptional studies of blood samples from SCA3/MJD subjects, which were both conducted 29 

using an array-based approach in the discovery stage9. Constraints in replicating results from 30 

transcriptional biomarkers have been widely acknowledged for other polyglutamine diseases, 31 

such as HD56. These difficulties are usually attributed to the insufficient sample size as well as 32 

the lack of standardization in sample collection and storage57; however, both issues were 33 
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accounted for in our study. Cellular heterogeneity of blood, namely fluctuations of cell 1 

counts58,59 as well as specific gene expression profiles of cell subpopulations60 or different 2 

treatment regimens61 could be the primary source to explain the non-replication of 3 

transcriptional biomarkers between different studies. Finally, the pleiotropic nature of 4 

SCA3/MJD, as the disease shows itself through a variety of clinical signs/symptoms and 5 

progression rates, could not be rolled out as well. 6 

To better molecularly assess SCA3/MJD, a battery of different biomarkers should be further 7 

trained and optimized depending on the disease stage. We propose the expression levels of 8 

SAFB2, SFSWAP, LTBP4, MEG3 and TSPOAP1 as stratification markers of pre-ataxic or 9 

symptomatic disease stages, deserving further validation in longitudinal studies and in 10 

independent cohorts. 11 
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FIGURE LEGENDS 1 

Figure 1 Workflow of the study. We performed a cross-sectional RNA-seq experiment using 2 

whole blood from pre-ataxic subjects (PA), patients (P) and controls. To identified common 3 

enriched pathways (A) of both tissues, we overlapped our data with RNA-seq datasets from 4 

post-mortem cerebellum samples of six MJD patients and six controls previously obtained [22]. 5 

To select expression alterations (biomarker study - B) that correlate with disease onset, 6 

severity, or progression (including the pre-ataxic stage), RNA-seq data was used to: (i) compare 7 

gene expression levels between PA subjects and controls (analysis of covariance with age as 8 

covariate and log2 transforming all variables prior to the test); and (ii) correlate gene expression 9 

levels and SARA scores in patients (partial Spearman rank correlation); the potential effects of 10 

age, number of CAG repeats in the expanded allele and disease duration were statistically 11 

removed in the partial Spearman rank correlations (statistical analyses were run at R version 12 

3.6.2 and a significance level of 5% were considered). To further identify alterations which 13 

could simultaneously distinguish PA from controls and correlate with SARA scores in patients, 14 

DE genes from (i) were intersected with DE genes from (ii) which resulted in a set of 62 15 

common genes (Suppl. Table 1). Ten candidate genes (prioritization criteria are provided in 16 

Suppl. Table 2) were selected to be further tested by qPCR. 17 

 18 

Figure 2 SAFB2 expression levels in SCA3/MJD. (a) SAFB2 levels were significantly 19 

increased in pre-ataxic carriers compared to age-matched controls; (b) levels of SAFB2 allowed 20 

to significantly distinguish pre-ataxic carriers and age-matched controls with an accuracy of 21 

0.71; (c) SCA3/MJD patients with an earlier age at onset presented higher levels of SAFB2; (d) 22 

in patients, levels of SAFB2 from the second visit (median=1.41) were, in average, significantly 23 

higher than those from visit 1 (median=1.06); the difference of expression values (range) 24 

between visits for each pair of patients is also shown.  25 

 26 

Figure 3 SFSWAP and LTBP4 expression levels in SCA3/MJD. (a) SFSWAP levels were 27 

significantly increased in pre-ataxic carriers compared to age-matched controls. (b) Levels of 28 

LTBP4 were significantly decreased in pre-ataxic carriers (PA) compared to age-matched 29 

controls (CTRL-PA). (c) combined levels of SAFB2, SFSWAP and LTBP4 allowed to 30 

significantly distinguish pre-ataxic carriers and age-matched controls with an accuracy of 0.79; 31 
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individual ROC curves of SAFB2 (Fig.1b), SFSWAP (AUC=0.65, 95%CI [0.519-0.782], 1 

p=0.034) and LTBP4 (AUC=0.65, 95%CI [0.504-0.796], p=0.047) are also shown. 2 

 3 

Figure 4 Expression behaviour of MEG3 and TSPOAP1 in SCA3/MJD. SCA3/MJD 4 

patients with higher SARA scores had higher levels of (a) MEG3 and (b) TSPOAP1. 5 

  6 
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 1 

Table 1 Characterization of the participants (controls, pre-ataxic subjects, and patients) used in this study  2 
 Controls Pre-ataxic subjects Patients  

RNA-seq experiments (n = 60) 

Sample size, n 20 10 30  

Gender (Female:Male) 10:10 5:5 15:15 ns 

Age, years 49 [33.3–62.3] 36 [30–40] 51.5 [42.8–61.5] C ≠ PA; PA ≠ P 

CAGn allele 1 14.5 [14–23] 18.5 [14–23] 23 [20–26.3] C ≠ P 

CAGn allele 2 23 [23–27] 69 [64–71] 70.5 [66.5–72.3] nsa 

Age at onset (AO), years na b 38.5 [26.3–46.8]c na 

SARA score 0 [0–0.5] 1 [0–1.1] 17.8 [5.9–28.5] PA ≠ P; C ≠ P 

qPCR analyses (n = 290) 

Sample size, n     

Visit 1 51 (all) 

24 (CTRL-PA)d 

27 (CTRL-P)d 

29 129 na 

Visit 2 na 12 62 na 

Gender (Female:Male)     

Visit 1 29:22 (all) 

14:10 (CTRL-PA) 
15:12 (CTRL-P) 

19:10 65:64 ns 

Visit 2 na 9:3 32:30 na 

Age, years     

Visit 1 42 [33–56] (all) 

32.5 [29–40] (CTRL-PA) 
56 [46–61] (CTRL-P) 

35 [29–39.5] 52 [44–59] ns 

Visit 2 na 33.5 [25–39] 50.5 [44–58] na 

CAGn allele 1     

Visit 1 22 [14-23] 22.5 [20–26.3]c 23 [17.8–24]c ns 

Visit 2 na 21 [17–24] 23 [14–25]c na 

CAGn allele 2     

Visit 1 24 [23–27] 69 [66–71]c 69 [66–71]c ns 

Visit 2 na 69 [67–71] 70 [68–72]c na 

Time to preAO, years     

Visit 1 na −8 [−12 to −6] na na 

Visit 2  −11 [−12 to −7] na na 

Age at onset (AO), years     

Visit 1 na e 38 [33–46]c na 

Visit 2 na e 37 [32.5–44.5]c na 

Disease duration (DD), 
years 

    

Visit 1 na e 11 [7–16]c na 

Visit 2 na e 11 [7–16.5]c na 

SARA score     

Visit 1 n = 44 
0 [0–0.88] 

1 [0.25–2] 
subcohort 1 [0–2] 

12.5 [9–22] 
subcohort 13 [9–22] 

PA ≠ P; C ≠ P 

Visit 2 na 1 [0–2] 15 [10–23]  

  ns ≠  

Continuous variables are shown as median [Interquartile range: 1stQ–3rdQ]. A chi-square test of independence was used to compare the 3 
proportion of subjects by gender and biological groups (pre-ataxic subjects, patients, and controls). Differences between biological groups 4 
on age, the number of CAG repeats in ATXN3, AO, and SARA score, were determined by Mann-Whitney U or Kruskal-Wallis tests. 5 
Differences between visit 1 and visit 2 for SARA score were calculated by Wilcoxon matched pairs signed rank test. Significant differences 6 
were lower than 0.05 (); ns= not statistically significant; na= not applicable. Sub-cohort= the number of subjects whose data and blood 7 
samples were also available at a second annual visit (visit 2).   8 
aDifferences were only assessed between pre-ataxic subjects and patients.  9 
bAge at disease onset was reported by four pre-ataxic carriers.  10 
cThis variable was missing at a proportion between 3–6% of total sample size.  11 
dTo account for age and gender (potential cofounders), two sub-sets of controls were formed: controls matched to pre-ataxic carriers 12 
(CTRL-PA) and controls matched to patients (CTRL-P).  13 
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eAge at disease onset was reported by three pre-ataxic carriers. 1 
 2 

 3 
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Figure 5 7 
159x88 mm ( x  DPI) 8 ACCEPTED M

ANUSCRIP
T

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/advance-article/doi/10.1093/brain/aw

ad128/7127719 by U
niversity C

ollege London user on 03 M
ay 2023


