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ABSTRACT  1 

Untranslated regions are involved in the regulation of transcriptional and post-transcriptional 2 

processes. Characterization of these regions remains poorly explored for ATXN3, the causative 3 

gene of Machado-Joseph disease (MJD). Although a few genetic modifiers have been identified 4 

for MJD age at onset (AO), they only explain a small fraction of the AO variance. Our aim was 5 

to analyse variation at the 3’UTR of ATXN3 in MJD patients, analyse its impact on AO and 6 

attempt to build haplotypes that might discriminate between normal and expanded alleles. 7 

After assessing ATXN3 3’UTR variants in molecularly confirmed MJD patients, in silico analysis 8 

were conducted to predict their functional impact (e.g. their effect on miRNAs binding sites). 9 

Alleles in cis with the expanded (CAG)n were inferred from family data and haplotypes were 10 

built. The effect of the alternative alleles on the AO, and on SARA and NESSCA ataxia scales 11 

was tested. 12 

Nine variants, all previously described, were found. For eight variants, in silico analyses 13 

predicted: a) deleterious effects (rs10151135; rs55966267); b) changes on miRNAs binding 14 

sites (rs11628764; rs55966267; rs709930) and c) alterations of RNA binding proteins (RBPs) 15 

binding sites (rs1055996; rs910369; rs709930; rs10151135; rs3092822; rs7158733). Patients 16 

harbouring the alternative allele at rs10151135 had significantly higher SARA Axial subscores (p 17 

= 0.023), comparatively with those homozygous for the reference allele. Ten different 18 

haplotypes were obtained, one of which was exclusively found in cis with the expanded and 19 

four with the normal allele. These findings, which are relevant for the design of allele-specific 20 

therapies, warrant further investigation in independent MJD cohorts. 21 

 22 
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INTRODUCTION 1 

Upstream and downstream untranslated regions of genes (5’UTRs and 3’UTRs, respectively), 2 

along with cis-acting elements (including gene promoters), are crucial in the regulation of gene 3 

expression [1-2]. 5’UTRs contain numerous binding sites for transcription factors responsible 4 

for regulating transcription initiation and stability [2-3]. 3’UTRs contain (1) targets for 5 

microRNAs (miRNAs), which act by physically blocking translation or by inducing transcripts 6 

degradation; (2) recognition motifs for RNA binding proteins (RBP), involved in the regulation 7 

of protein expression levels; and (3) alternative polyadenylation (APA) signals, which can alter 8 

the length of 3’UTRs and affect the binding of regulatory elements [4]. Genetic variation in 5’ 9 

and 3’UTRs of disease-causing genes can have a significant impact on the regulation of their 10 

expression in an allele-specific manner, potentially modulating the disease phenotype. 11 

Furthermore, because therapeutic modulation of mRNA expression holds great promise for 12 

the treatment of many hereditary diseases [5], a comprehensive understanding of genetic 13 

variation in these regions is crucial.  14 

The ATXN3 gene (14q32.12), encoding for ataxin-3, is the causative gene of Machado-Joseph 15 

disease (MJD)/spinocerebellar ataxia type 3 (SCA3). MJD is a currently untreatable late onset 16 

disease; MJD belong to the group of autosomal dominant polyglutamine (polyQ) 17 

neurodegenerative disorders. The ATXN3 gene contains 13 exons [6-7], spanning a genomic 18 

region of around 48 kilobases (kb) and presenting a 3’UTR of variable length, reflecting the 19 

alternative use of exons 10 and 11. Exon 10 contains the (CAG)n repeat tract, which is 20 

abnormally expanded in MJD mutation carriers/patients. Normal ATXN3 alleles contain 12 to 21 

44 CAG repeats, whereas expanded alleles display between 52 and 86 CAGs [8]. The (CAG)n 22 

number in the expanded allele explains only 45-70% of the variance of age of the first 23 

symptoms (age at onset – AO) [9]; the remaining 30-55% should be explained by other factors, 24 

including genetic modifiers [10-15]. Although few studies have investigated genetic variants at 25 
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ATXN3 3’UTR and its potential impact on AO [16-17], none of these studies has 1 

comprehensively covered the whole extension of the ATXN3 3’UTR. Previous reports on the 2 

interactions of endogenous miRNAs (namely miR-25) with ATXN3 3’UTR, using cell and animal 3 

models, suggested that the overexpression of specific miRNAs contributed to the reduction of 4 

mutant ATXN3 protein levels, and to a decrease in protein aggregates [18-19]. Following up 5 

this evidence, Long and collaborators [17] studied two substitution variants (rs910369 and 6 

rs709930) located upstream and downstream a miR-25 binding site in a Chinese cohort of MJD 7 

patients. They reported an association between rs709930 and the disease AO. Such findings, 8 

however, have not been replicated in independent cohorts. 9 

The aims of this study were to describe genetic variation at the ATXN3 3’UTR, to predict its 10 

functional effects, to investigate the impact of 3’UTR variants on the MJD AO, and to build 11 

(CAG)n allele-specific haplotypes with the variants identified. 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

6 
 

PATIENTS AND METHODS 1 

Patients 2 

One hundred DNA samples (50 males: 50 females; total cohort), extracted from peripheral 3 

blood of molecularly confirmed Azorean MJD patients, were used in this study. Data from an 4 

extended whole-exome sequencing was available for a sub-group of nineteen molecularly 5 

confirmed Azorean MJD patients (discovery sample). Sizing of the CAG tract at ATXN3 was 6 

performed according to Bettencourt and collaborators [20]. AO was defined as the self-7 

reported age of the first symptoms of the disease. In the total cohort, the average AO was 8 

37.37 ± 11.24 (mean ± standard deviation) and the average size of the CAG tract was 21.42 ± 9 

4.59 for the normal allele, and 70.56 ± 3.63 for the expanded allele. For a subset of patients, 10 

from the total cohort, scores for Scale for the Assessment and Rating of Ataxia (SARA) (N=34), 11 

and Neurological Examination Score for Spinocerebellar Ataxia (NESSCA) (N=65) were 12 

available. For those patients the average SARA score was 14.56 ± 8.00 and the average NESSCA 13 

score was 12.25 ± 5.11. For total cohort the mean disease duration was 21.99 ± 9.76 years. 14 

This study was approved by the Ethics Committee of the University of the Azores (Parecer 15 

2/2016 and Parecer 5/2018); written informed consent was obtained from all participants. 16 

 17 

Genetic variation at ATXN3 3’UTR  18 

An extended whole-exome sequencing (WES) covering the UTRs was performed for nineteen 19 

MJD patients (discovery sample), using the Agilent SureSelect XT V5 + UTR 75Mb capture kit 20 

and run in the Illumina HiSeq4000 platform with a 100 bp paired end reads. Sequence 21 

alignment and variant calling were performed against the Reference Consortium Human Build 22 

37 (GRCh37) using the Burrows-Wheeler Aligner (bwa-mem 0.7.17) [21], and the Genome 23 

Analysis Toolkit (GATK 3.7) [22]. A mean target coverage of 54.40X was obtained for ATXN3 24 
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3’UTR and all substitution variants (from now on designated as variants) were covered at least 1 

10X. 2 

Variants at the ATXN3 3’UTR identified from WES data were validated by Sanger sequencing, 3 

and genotyped, after the alignment of the sequences with the sequence NM 004993.4, in 81 4 

additional samples (total of 100 samples – total cohort) also by Sanger sequencing. Further 5 

details, including primers sequences and conditions, are available upon request.  6 

Allelic and genotypic frequencies, Hardy-Weinberg equilibrium tests with Bonferroni 7 

correction, and linkage disequilibrium test between the identified variants were determined 8 

using Arlequin software v.3.5 [23]. The polymorphism information content (PIC), a quantitative 9 

measure of the degree of polymorphism [24], was calculated for all variants using a 10 

codominant model in Gene-Calc tool (https://gene-calc.pl/pic). PIC values for co-dominant 11 

systems range from 0 (monomorphic) to 1 (very highly informative, with several alleles of 12 

equal frequency).  13 

Population differentiation tests using genotypic frequencies were performed to compare the 14 

total cohort of Azorean patients with healthy populations from Europe (HapMap-CEU and 15 

AFD_EUR_PANEL; frequencies assessed on November 17th, 2020 in dbSNP - 16 

https://www.ncbi.nlm.nih.gov/snp/) – European controls. Comparisons were only performed 17 

using populations with N>20. For rs910369 and rs709930, Azorean genotypic frequencies were 18 

also compared with those previously reported by Long et al. for Chinese MJD patients and 19 

controls [17]. 20 

The allelic phase between each of the nine analysed variants and the normal/expanded ATXN3 21 

allele was inferred, whenever possible, by segregation analysis in the MJD families. In patients 22 

homozygous for all variants, haplotypes in cis with the expanded CAG repeat were directly 23 

assessed. 24 

 25 
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In silico predictions for the functional impact of variants in ATXN3 3’UTR 1 

Functional effects of variants found in the ATXN3 3’UTR were predicted using Functional 2 

Analysis Through Hidden Markov Models (FATHMM) (http://fathmm.biocompute.org.uk/) 3 

[25], Genome Wide Annotation of Variants (GWAVA) 4 

(https://www.sanger.ac.uk/sanger/StatGen_Gwava) [26], and Variant Effect Predictor – VEP 5 

(http://www.ensembl.org/Tools/VEP). For FATHMM and GWAVA, a cut-off of 0.5 was 6 

considered, with variants showing scores higher than 0.5 being predicted to have a deleterious 7 

effect. Predicted ATXN3 miRNA binding sites were identified using miRmap [27] and Target 8 

Scan v.7.1 tools [28]. Variants upstream and downstream (~200 bp) of miRNA binding sites, 9 

which could have a potential impact on miRNA binding, were searched using MirSNP 10 

(http://bioinfo.bjmu.edu.cn/mirsnp/search/) [29]. For this analysis only predicted miRNAs 11 

binding sites with a score > 150 and an energy score < -7 were considered [26]. To explore the 12 

results obtained by these tools further, the miRNAs previously identified were compared to 13 

those found, using the software Ingenuity Pathways Analysis (QIAGEN, IPA), to bind or were 14 

predicted bind to ATXN3 gene. RBPs motifs were explored using the tool RBP-Var2 15 

(http://www.rbp-var.biols.ac.cn/) [30] with default settings. The search for alternative 16 

polyadenylation (polyA) motifs generated or abolished by the ATXN3 3’ UTR variants was 17 

performed by using PolyASite 2.0 [31], with default settings.  18 

 19 

Impact of ATXN3 3’UTR variants in phenotype of MJD 20 

An analysis of covariance (ANCOVA), using the number of CAGs in the expanded ATXN3 allele 21 

as covariate, was conducted to evaluate the effect of presence/absence of the identified 3’UTR 22 

variants on MJD AO. For all cases, patients carrying the alternative allele were compared to the 23 

patients homozygous for the reference allele. Using the number of CAGs in the expanded 24 

ATXN3 allele as covariate, an ANCOVA was also performed in the subset of samples with 25 
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known allelic phase, to evaluate the effect of the presence of the alternative allele in cis with 1 

the expanded CAG repeat. Using disease duration as covariate, an ANCOVA was performed in 2 

the subset of samples with NESSCA and SARA scores and subscores, to further evaluate the 3 

effect of the presence of the alternative allele; NESSCA subscores included the following items: 4 

1) gait ataxia; 2) limb ataxia; 3) dysphagia; 4) dysarthria; 5) fasciculation and 6) distal 5 

amyotrophies. For SARA, two different subscores were considered: a) axial score, constituted 6 

by the items sitting, stance and gait; and b) the appendicular score, constituted by the items 7 

finger chase, nose finger and fast alternative movement. Statistical analysis was performed 8 

using IBM SPSS Statistics v.25.0; p values lower than 0.05 were considered statistically 9 

significant  10 
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RESULTS 1 

Genetic variation at the ATXN3 3’UTR and their predicted functional impact 2 

In the discovery sample (N=19), analysed by extended whole exome sequencing, a total of nine 3 

variants - rs1055996, rs11628764, rs55966267, rs910369, rs709930, rs10151135, rs7158238, 4 

rs3092822 and rs7158733 (Figure 1) were found in the ATXN3 3’UTR. All variants were 5 

previously described in dbSNP and were subsequently validated in a cohort of 100 MJD 6 

patients. Allelic and genotypic frequencies for the 3’UTR variants along with the functional 7 

predictions from the in-silico analyses are shown in Table 1. The frequency of alternative 8 

alleles was >5% for all variants, with rs55966267 showing the lowest minor allele frequency 9 

(MAF = 6%). PIC values ranged from 0.13 to 0.46 (Table 1), with only rs11628764, rs55966267 10 

and rs10151135 showing PIC values lower than 0.40, suggesting these three variants would be 11 

less informative when trying to discriminate normal and expanded alleles in MJD patients. 12 

Genotypic frequencies for variants rs1055996, rs11628764, rs910369, rs709930, rs10151135, 13 

rs7158238, rs3092822 and rs7158733 were in conformity with Hardy-Weinberg equilibrium 14 

expectations.  15 

The genotypic frequencies for rs910369 and rs10151135 differed significantly between MJD 16 

patients (total cohort) and Europeans controls (Supplementary table 1). These two variants, 17 

which are not in LD with each other (D’=0.18, r2=0, p=0.80; Supplementary table 2), present 18 

higher heterozygosity in patients than in European controls and consequently higher 19 

frequencies of their corresponding minor alleles. 20 

For variants rs910369 and rs709930, previously studied by Long et al. [17], no differences in 21 

genotypic frequencies between Azorean and Chinese MJD patients were observed. However, 22 

there were significant differences in the genotypic frequencies between the Chinese MJD 23 

cohort and both Chinese and European controls (Supplementary table 1). Similarly, and as 24 
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above mentioned, the rs910369 also differed between the Azorean MJD cohort and control 1 

groups. 2 

For a subset of samples, it was possible to construct haplotypes containing all nine variants 3 

analysed (Supplementary table 3). The 10 different haplotypes obtained and their absolute 4 

frequencies when in cis with the expanded or the normal allele are shown in Figure 2 a) and 2 5 

b), respectively. Six different haplotypes were identified as being in cis with the expanded 6 

ATXN3 allele; noteworthy, haplotype 10 (GTTATGTGT) was only observed in cis with the 7 

expanded allele. Moreover, the frequency of haplotype 2 (ATTCCGCTG) in the expanded allele 8 

is 2-fold higher than in the normal allele. Nine haplotypes were associated with the normal 9 

allele; four of which were only present in the normal alleles: haplotype 4 (GCTCCTCTG), 10 

haplotype 6 (ACTCCTCGG), haplotype 8 (GTTATTTGT), and haplotype 9 (GTTCCGCTG). Overall, 11 

these results indicate that haplotype 10 might be valuable in distinguishing the expanded 12 

ATXN3 allele and haplotypes 2, 4, 6, 8 and 9 might be valuable in distinguishing the normal 13 

ATXN3 allele.  14 

Regarding in silico predictions (Table 1), Variant Effect Prediction tool confirmed that variant 15 

rs7158733 leads to the formation of a premature stop codon as previously reported [32], 16 

whereas a deleterious effect was predicted for rs10151135. None of the variants identified in 17 

the 3’UTR region of ATXN3 is predicted to alter polyadenylation signals. A total of 1137 miRNA 18 

binding sites were identified in the ATXN3 3’UTR. mirSNP predicts that the presence of three 19 

variants (rs11628764, rs55966267 and rs709930) can modify the affinity of miRNAs to a 20 

binding site (Table 1). In the case of rs11628764 and rs709930, one new miRNAs binding sites 21 

per each variant, would be created. Except for hsa-miR-586 we were able to confirm the 22 

predictions obtained for the miRNAs binding sites using the software Ingenuity Pathways 23 

Analysis (QIAGEN, IPA). 24 
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Furthermore, six out of the nine variants were predicted to affect the secondary structure of 1 

mRNA, the binding of RBPs and the expression of the RNA (score = 1e, Table 1). Six variants 2 

map to target sites of RBPs, which are expected to alter the RNA structure. These RBPs include: 3 

WDR33 (rs1055996 and rs910369); RBM47, FUS, ZC3H7B, ELAVL1, AGO2 and PTBP1 4 

(rs910369); PTBP1 (rs3092822 and rs7158733); eIF4AIII (rs709930 and rs10151135); and AGO2 5 

and ELAVL1 (rs709930).  6 

 7 

Impact of the ATXN3 3’UTR variants in phenotype of MJD 8 

For all nine variants, after adjusting for the size of expanded (CAG)n allele, no significant 9 

differences were observed on AO between patients carrying the alternative allele 10 

(heterozygous or homozygous) and reference allele (Supplementary table 3). Taking into 11 

consideration that in heterozygous patients it is difficult to dissect allele-specific effects 12 

without knowing the allelic phase relative to the expanded (CAG)n allele, we restricted this 13 

comparison to patients with known allelic phase which was possible to determine individually 14 

for six variants. In this smaller set of patients (N=47 to N=88, depending on which variant), no 15 

significant effects could be observed. These results could be a consequence of the limitation of 16 

the smaller sample size of this subset of samples. 17 

Regarding rs709930, a variant previously described by Long and collaborators [17] as being 18 

associated with AO in Chinese MJD patients, we were not able to replicate the observation of 19 

an earlier AO in patients that carried the alternative allele, as previously described [17]. 20 

The analysis exploring the association between the variants identified and NESSCA and SARA 21 

scores and subscores revealed that for rs10151135 patients carrying the alternative allele 22 

presented a higher SARA Axial subscore than patients homozygous for the reference allele (p = 23 

0.023). 24 
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DISCUSSION 1 

Our work reports nine variants present in the 3’ UTR of MJD causative gene - ATXN3, which 2 

may be involved in the regulation of the expression of this gene and may help to discriminate 3 

between ATXN3 normal and expanded alleles.  4 

In silico predictions revealed several functional impacts for the studied variants: a) two new 5 

miRNA binding sites, which can have implications in modulation of gene expression; b) changes 6 

in the secondary structure of mRNA, the binding of RBPs and expression of the RNA; and c) the 7 

creation of a premature stop codon that may lead to a truncated form of the ATXN3 protein. 8 

These predictions confirm the complexity and potential importance of the 3’UTR regulation of 9 

ATXN3 expression. As previously referred, the presence of a variant could affect the binding of 10 

a miRNA leading to a change in the normal regulation of protein expression [4]. Prior studies in 11 

MJD revealed that the overexpression of several miRNAs (miR-9, miR-25 miR-181a and miR-12 

494) contributed to the reduction of the ATXN3 protein levels and to a decrease in this protein 13 

aggregates [18-19]. In another study, miR-25 as well as miR-29a, miR-34b, miR-125b and miR-14 

7014 were shown to have a potential as biomarkers of disease severity of importance in future 15 

studies about the pathogenesis of the disease as well as in drug development efforts [32-33]. 16 

We were able to confirm the results obtained for the miRNAs binding sites using the software 17 

Ingenuity Pathways Analysis (QIAGEN, IPA), and only one of the miRNAs was not found: hsa-18 

miR-586. As this miRNA binding site is predicted to be created by the tool that was previously 19 

used, two reasons could be pointed out: a) it could be a false result or b) the database of the 20 

software used did not have the information for this miRNA binding site. None of the miRNAs 21 

predicted to target binding sites altered by the presence of the variants identified in the 22 

present study were reported in these previous studies [18-19; 32-33]; although in silico results 23 

are consistent across prediction tools, functional studies concerning the miRNAs aspects 24 

should be performed.  25 
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A significant modulatory effect of the alternative allele at rs10151135 on SARA Axial subscore, 1 

was identified. Noteworthy, this variant is predicted to have a deleterious effect according to 2 

several prediction tools and therefore its functional effect deserves further investigation. 3 

Despite possible functional changes/deleterious effects due to variants in 3’UTR, none of the 4 

identified variants had significant modulatory effects on the disease age at onset. This can be 5 

due to sample size limitations, the low frequency of alleles with predicted deleterious effects 6 

(e.g. rs55966267 MAF = 0.06), and/or the small magnitude of effects for these variants. Also, 7 

the limited size of the discovery sample could influence the results, as the remaining 81 8 

different samples could have additional variants that could affect the age at onset. For 9 

rs709930, previously associated to the MJD AO [17], we were not able to obtain the result of 10 

an earlier onset in patients whose alternative allele was in cis with expanded CAG. 11 

Noteworthy, in the study by Long and collaborators [17], 67.6% of the patients carried the 12 

alternative allele for rs709930 compared to 29.8% in our study. Such population-specific 13 

differences in allelic frequencies may have facilitated the detection of an effect in the Chinese 14 

MJD cohort as we previously reported for other modifier genes on MJD age at onset [11].  15 

Costa et al. [34] highlight the importance, in the context of the development of allele-specific 16 

therapies, of describing disease-associated haplotypes that could discriminate between normal 17 

and expanded alleles. The design of therapies targeting allele-specific inhibition (affecting the 18 

expanded allele only) is based on the assumption that expanded alleles can be discriminated 19 

from their wild-type counterparts, offering advantages in relation to the non-allele-specific 20 

silencing strategy previously applied in a rat model of MJD [35]; an example could be the 21 

development of small interfering RNAs, which based on the presence of a specific variant, or 22 

haplotype, could discriminate between normal allele and expanded allele and 23 

silence/modulate the expression of mutant ATXN3 [36]. In this work we describe haplotypes 24 

exclusively found in cis with the expanded (N=1) or with the normal allele (N=4), and that 25 

should be of discriminative utility; we further identified a haplotype whose frequency is 26 
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markedly higher in cis with the expanded allele. These findings, which are highly relevant for 1 

the design of allele-specific therapies, warrant further investigation in independent cohorts of 2 

MJD patients.  3 
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CONCLUSION 1 

In summary, some the observed variants are predicted to have functional impact on the 2 

expression of ATXN3. Several factors could justify our inability to find significant associations 3 

between the presence of these variants and age at onset for the disease, namely limitations on 4 

sample size; access to additional cohorts of MJD patients should allow us to confirm this 5 

hypothesis. We were further able to identify disease-associated haplotypes with discriminative 6 

ability for the expanded allele, which could be of relevance for future design of allele-specific 7 

silencing strategies. 8 
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TABLES 1 

Table 1. Characterization of the ATXN3 3’UTR variants identified in the present study.  2 

Variant 
Allelic 

Frequency 

Genotypic 

Frequency 

(PIC) 

Functional effect 

FATHMM/GWAVA 

(Scores)* 

MirSNP - miRNA 

binding 

sites (BS)** 

RBP binding  -  

RBP-Var2 scores*** 

rs1055996 

(N=88) 

(NC_000014.8: 

g.92527399A>G) 

A: 0.71 

G: 0.29 

AA: 0.56 

AG: 0.31 

GG: 0.13 

(PIC = 0.41) 

Benign or neutral 

(0.17/0.33) 

No predicted 

modifications 
1e 

rs11628764 

(N=90) 

(NC_000014.8: 

g.92527977T>C) 

T: 0.87 

C: 0.13 

TT :0.74 

TC :0.26 

CC: 0.00 

(PIC = 0.23) 

Benign or neutral 

(0.17/0.43) 

hsa-miR-374c-5p 

(New BS) 

hsa-miR-3688-3p  

(- binding) 

hsa-miR-4694-3p  

(- binding) 

NA 

rs55966267 

(N=79) 

(NC_000014.8: 

g.92529558T>C) 

T: 0.94 

C: 0.06 

TT: 0.91 

TC: 0.05 

CC: 0.04 

(PIC = 0.13) 

Benign or 

neutral/Deleterious 

(0.18/0.59) 

 

hsa-miR-335-3p  

(+ binding) 
6 

rs910369 

(N=100) 

(NC_000014.8: 

g.92530282C>A) 

C: 0.66 

A: 0.34 

CC: 0.42 

CA: 0.48 

AA: 0.10 

(PIC = 0.45) 

Benign or neutral 

(0.09/0.29) 
NA 1e 

rs709930 

(N=79) 

(NC_000014.8: 

g.92530513C>T) 

C: 0.65 

T: 0.35 

CC: 0.42 

CT: 0.47 

TT: 0.11 

(PIC = 0.45) 

Benign or neutral 

(0.15/0.49) 

hsa-miR-586 

(New BS) 

1e 

rs10151135 

(N=78) 

(NC_000014.8: 

g.92530551G>T) 

G: 0.83 

T: 0.17 

GG: 0.67 

GT: 0.30 

TT: 0.03 

(PIC = 0.28) 

Deleterious 

(0.80/0.51) 

No predicted 

modifications 
1e 

rs7158238 

(N=100) 

(NC_000014.8: 

g.92537105C>T) 

C: 0.64 

T: 0.36 

CC: 0.43 

CT: 0.41 

TT: 0.16 

(PIC = 0.46) 

Benign or neutral 

0.07/0.15 

 

No predicted 

modifications 
4 

rs3092822 

(N=100) 

(NC_000014.8: 

g.92537163T>G) 

T: 0.67 

G: 0.33 

TT: 0.43 

TG: 0.45 

GG: 0.12 

(PIC = 0.45) 

Benign or neutral 

(0.15/0.16) 
NA 1e 

rs7158733 

(N=100) 

(NC_000014.8: 

g.92537223G>T) 

G: 0.66 

T: 0.34 

GG: 0.46 

GT: 0.40 

TT: 0.14 

(PIC = 0.45) 

Benign or neutral 

(0.07/0.28) ◊ 
NA 1e 
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For all substitution variants, alleles are provided on the forward (or plus) genomic strand. 1 

*Scores in bold highlight predicted deleterious effects. 2 

**NA – no information available; + binding: enhanced miRNA affinity for the binding site, - binding: decreased 3 

miRNA affinity for the binding site.  4 

***Scores vary from 1 to 6: a score of 1 (a,b,c,d and e) is indicative of a higher impact in the RNA structure and in 5 

the modification of the binding of RBPs; score 6 is the one with a lower impact in the modification of the binding 6 

site of RBPs.  7 

◊ According to Variant Effect Predictor (VEP) this variant was predicted to originate a stop codon.  8 
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Table 2. Age at onset adjusted for the size of expanded (CAG)n alleles observed in MJD patients with 1 

known allelic phase.  2 

 3 

Variants ID 

Patients carrying the 

reference allele in cis with 

the expanded (CAG)n allele 

Patients carrying the 

alternative allele in cis with the 

expanded (CAG)n allele p value 

n Adj. mean AO n Adj. mean AO  

rs1055996 49 36.68 ± 0.83 39 36.25 ± 1.04 0.76 

rs910369 42 35.15 ± 1.05 18 35.31 ± 1.61 0.94 

rs709930 33 35.38 ± 1.21 14 34.76 ± 1.86 0.78 

rs7158238 42 37.26 ± 1.09 19 36.64 ± 1.64 0.76 

rs3092822 45 36.71 ± 1.09 17 37.14 ± 1.79 0.84 

rs7158733 46 35.94 ± 1.09 16 37.85 ± 1.88 0.61 

Adj. mean AO is presented as mean ± standard error. Three variants (rs10151135, rs11628764 and rs55966267) were excluded 4 

from the analysis due to the low frequency of the minor allele. 5 
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FIGURES CAPTIONS 1 

Figure 1. Representation of the ATXN3 gene showing the relative position (distance between the 2 

identified variants in base pairs - bp) of the nine variants identified in the 3’UTR of MJD patients. a) 3 

Exons (in medium gray) of ATXN3 are numbered from 1 to 11. Five prime (5’) and three prime (3’) 4 

untranslated regions (UTRs) are in light gray and in white pattern, respectively; b) Three of the nine 5 

variants (rs7158733, rs3092822 and rs7158238) are in the initial portion of 3’UTR, in exon 10; the 6 

remaining six (rs10151135, rs709930, rs910369, rs55966267, rs11628764 and rs1055996) are in exon 7 

11.  8 

Figure 2. Representation of the comparison of the obtained haplotypes for both alleles: a) Description of 9 

the haplotypes obtained for the subset of samples which the haplotype for normal and expanded allele 10 

was complete; b) Frequency (absolute number) of haplotypes by normal allele (white columns) and 11 

expanded allele (grey columns) (N=36 chromosomes). 12 
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