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Summary for Social Media If Published, and provide the information below: 

 

1. If you and/or a co-author has a Twitter handle that you would like to be tagged, please 
enter it here. (format: @AUTHORSHANDLE). No co-author has a Twitter. 

 

2. What is the current knowledge on the topic? While a few serum/plasma and blood 

transcriptional biomarkers are known for Machado-Joseph disease (MJD), additional blood 

transcriptional changes that can trace MJD clinical stages with high accuracy remain to be 

unveiled. 

 

3. What question did this study address? This study aimed to identify transcriptional changes 

in blood samples from individuals with MJD as biomarkers of specific disease stages.  

 

4. What does this study add to our knowledge? This study identifies the high potential of using 

DDIT4 and TRIM13 transcript levels as blood-based biomarkers of MJD. Importantly, combined 

blood abundance of DDIT4 and TRIM13 transcripts distinguishes MJD subjects in preclinical and 

early symptomatic stages from healthy individuals with 90% or higher accuracy. Interestingly, 

levels of TRIM13 protein are altered in the cerebral cortex of MJD brains. 

 

5. How might this potentially impact on the practice of neurology? Non-invasive assessment of 

blood abundance of DDIT4 and TRIM13 transcripts may be used alone or in combination with 

other biomarkers to distinguish MJD subjects from healthy individuals enrolled in clinical trials. 
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Abstract 

Objective: Abundance of select transcripts and proteins has been found to be dysregulated in 

blood samples of Machado-Joseph disease (MJD) carriers. Here, we aimed to: 1) identify blood 

transcriptional changes as potential biomarkers of MJD; 2) correlate levels of differentially 

expressed blood transcripts with MJD carriers features; and 3) evaluate whether the identified 

differential abundance of blood transcripts in MJD subjects is preserved in MJD brains. 

Methods: We used unbiased RNA microarray and quantitative PCR to assess transcript levels in 

blood and brain samples, and Western blot analysis to evaluate the abundance of specific 

proteins in brain samples.  

Results: We observed consistent dysregulation of DDIT4, TRIM13 and P2RY13 transcriptional 

levels in blood of MJD subjects from preclinical to symptomatic stages in Azorean and Brazilian 

cohorts. Combined blood DDIT4 and TRIM13 transcriptional levels displays a very high accuracy 

to discriminate MJD carriers from matched controls (AUC≥0.90). Levels of P2RY13 transcripts 

correlate with age at onset, and abundance of DDIT4 and TRIM13 transcripts correlate with the 

expanded CAG repeat size in combined Azorean and Brazilian patients; and levels of TRIM13 

transcripts correlate with age at onset of early-stage Azorean patients. Moreover, the 

abundance of TRIM13 protein is increased in the cerebral cortex of MJD patients. 

Interpretation: Overall, blood DDIT4 and TRIM13 transcript levels are potential biomarkers of 

MJD. Cellular processes involving DDIT4, TRIM13 and P2RY13 appear to be commonly 

dysregulated in blood and brain of MJD subjects indicating the involvement of these genes in 

MJD pathogenesis. 

 

Keywords: polyglutamine disease; spinocerebellar ataxia type 3; ATXN3; transcriptional 

dysregulation; molecular biomarkers; neurodegeneration 
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Introduction 

Machado-Joseph disease, also known as Spinocerebellar Ataxia Type 3, is a slowly progressive 

dominant ataxia of late onset 1 predominantly affecting the cerebellar, pyramidal, 

extrapyramidal, motor neuron and oculomotor systems 2,3. The MJD-causative ATXN3 gene 

contains a polyglutamine (polyQ)-encoding CAG tract that in non-mutated chromosomes ranges 

from 12 to 44 repeats, and consensually surpasses 60 repeats in mutated chromosomes 4. The 

overt disease is preceded by a preclinical phase in which MJD mutation carriers show brain 

structural changes 5,6 and may manifest nystagmus 7,8. ATXN3 encodes ataxin-3 (ATXN3), a 

deubiquitinating enzyme that is ubiquitously expressed in various cell types in the central 

nervous system and in peripheral tissues 9. Evidence shows that mutated ATXN3 triggers a 

cascade of pathogenic events leading to several cellular alterations including transcriptional 

dysregulation 9,10. In fact, global changes in gene expression have been identified in peripheral 

blood samples from MJD carriers 11–15, including preclinical subjects 13,14. Therefore, tracking 

significant transcriptional alterations in blood samples of MJD subjects should: i) provide new 

insights about the peripheral molecular dysfunction in MJD, and ii) allow the identification of 

novel minimally invasive molecular biomarkers of MJD, particularly in preclinical stages where 

clinical scales are devoid of utility. Indeed, several studies identified changes in levels of 

transcripts and proteins in peripheral blood samples of MJD carriers, such as increase of the pro-

inflammatory factor eotaxin 16, decrease of antioxidant capability and excessive production of 

reactive oxygen species 17, accumulation of a common mitochondrial DNA deletion 

(m.8482_13460del4977) 18, reduced BCL2 transcript levels 15, and reduced BCL2/BAX transcript 

ratio 18. 

Because clinical trials enrolling MJD subjects at preclinical and early disease stages are expected 

to demonstrate the maximal efficacy of disease-modifying therapeutic agents 19, identification 

of biomarkers of these early disease stages that can be assessed across clinical trials are an 

upmost need 20. Increased blood levels of the general biomarker of neurodegeneration - 
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neurofilament light chain (NfL) - and of mutant ATXN3 are currently the most promising blood 

biomarkers for MJD. However, further studies are still needed to establish their value as 

progression, proximity‐to‐onset, and putative treatment‐response markers and thus 

identification of blood MJD biomarkers is still an unmet need. 

Hence, in this study, we sought to identify transcriptional changes in peripheral blood of MJD 

subjects that could be molecular biomarkers of MJD from preclinical to symptomatic phases and, 

ideally, of disease progression. To investigate the behavior of blood-based transcriptional 

changes in the primarily affected tissue in MJD, we further assessed the expression of promising 

candidates at the transcript and protein levels in post-mortem brain samples of MJD patients 

and controls. 

 

Subjects and methods 

 

Blood samples and clinical data 

Approval by local Ethics Committees - all participants provided written informed consent. This 

study included a total of 83 blood samples from MJD patients - 59 patients representing several 

stages of the disease (39 from the Azorean cohort and 20 from the Brazilian cohort) and 24 

additional Azorean patients in an early symptomatic stage of disease (EP) (five or less years of 

disease duration). Overall, the cohort of Azorean EP patients included 12 patients from the 

mixed disease stages group and an additional 24 EP patients (n=36). The five year cut-off used 

to define EP status was based on MJD natural history data that showed very slow disease 

progression (gait impairment) during the first five years of disease 21. All patients in each cohort 

underwent a neurological evaluation by a single experienced neurologist in MJD (LBJ in Brazil 

and JV in Azores). In a subset of patients the score of the Neurological Examination Score for 

Spinocerebellar Ataxia 22 was also assessed. Age at onset was defined as the age of appearance 

of the first symptoms (gait ataxia and/or diplopia) reported by the patient or a close relative. 
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Disease duration was defined as the time elapsed between age at onset and age at neurological 

evaluation during which blood was collected. After being molecularly confirmed as carriers of 

the ATXN3 mutation (Azorean Genetic Counseling and Predictive Test Program, Regional Health 

System, Azores), 19 Azorean preclinical subjects (PC) were also enrolled in the study. For 

preclinical subjects, the number of years between the age at neurological evaluation/blood 

collection and the predicted age at disease onset (years to onset) was calculated as previously 

described 23. Sizing of the ATXN3 CAG repeat was performed as previously reported 24. 

Additionally, blood samples from 98 healthy controls, molecularly excluded for the ATXN3 

mutation 24, from the two populational origins (Azores (n=78), Brazil (n=20)) were included in 

this study. Demographic, genetic and clinical information of all individuals used in this study is 

shown in Supplementary Table 1. 

 

Human brain samples 

Approvals: IBCA00000265; Parecer 26/2018. Post-mortem frozen brain samples from two brain 

regions severely affected in MJD (dentate cerebellar nucleus (DCN) and pons) 25, and from a 

region minimally affected by the disease (cerebral cortex) 26,27 of deidentified molecularly 

confirmed MJD patients (n=5) and controls (n=9) (University of Michigan Brain Bank) were used 

in this study. The CAG repeat number of post-mortem brain samples was determined at Laragen 

Inc. as previously described 28. Demographic, genetic, and clinical information of individuals from 

whom brain samples were used here is shown in Supplementary Tables 1 and 2. 

 

Experimental design 

The experimental workflow used here is displayed in Figure 1. Briefly, 28 peripheral blood RNA 

samples from the Azorean cohort (group #1) were used to perform a gene expression microarray 

(Figure 1A). To identify dysregulated genes in MJD subjects comparing with controls and to 

detect differences between the preclinical and the symptomatic stages of the disease, gene 
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expression levels were compared pairwise between the three groups (PC vs. controls, patients 

vs. controls, and PC vs. patients). Among the dysregulated genes in blood (Benjamini-Hochberg 

false discovery rate adjusted p-value (q-value) lower than 0.05), 24 genes known to be expressed 

in the human brain 29 and without copy number variation 30 were selected for validation by 

quantitative real-time PCR (qPCR) in the same samples used in the microarray (group #1, Figure 

1B). After technical validation, a set of genes that maintained the same direction of effect (in at 

least two comparisons) as in the microarray was selected if genes displayed significant 

differences (p<0.05) (n=8), or if belonged to a family of genes previously observed to be 

dysregulated in polyQ diseases (n=4) 31–37. Expression levels of the selected genes (n=12) were 

then assessed in independent Azorean blood samples from group #2 (Figure 1C.1). Next, 

transcript levels of five of these 12 genes were evaluated in patients and controls from a Brazilian 

cohort (group #3) (Figure 1C.2). Blood P2RY13 transcript levels, priorly identified by us as a 

potential biomarker of MJD 11, were also analyzed in the Brazilian cohort (Figure 1C.2). 

Expression levels of the three genes showing consistent dysregulation in blood samples of 

Azorean and Brazilian patients compared to controls were further evaluated in RNA from blood 

samples of: i) MJD Azorean subjects at preclinical stages of disease (PC subjects from groups 1 

and 2 (n=19); note that one preclinical subject was replaced by another subject due to the lack 

of RNA sample) and at early stages of disease (including 12 patients from the mixed disease 

stages from groups 1 and 2, plus 24 additional EP patients); ii) age- and sex-matched paired 

controls (group #4) (Figure 1D) . The expression of these three genes was also assessed at the 

transcriptional and protein levels in brain tissue from MJD patients and controls (Figure 1E). 

 

RNA extraction and cDNA synthesis 

Total RNA was extracted from peripheral blood samples of MJD carriers and controls as 

previously described 11. Total blood cDNA was generated from 0.5µg of total RNA using High-

Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Total RNA extracted from three 
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brain regions of MJD patients and controls was extracted using Trizol (Invitrogen) and purified 

using the RNeasy mini kit (Qiagen) following the manufacturer’s instructions. Brain RNA 

concentration and integrity were assessed using the Agilent 2100 Bioanalyzer (Supplementary 

Table 2). Total brain cDNA was generated from 1.25µg of total RNA using the iScript cDNA 

synthesis kit (BIORAD). 

 

Microarray analysis 

Microarray analysis was conducted to identify transcriptional alterations in peripheral blood 

samples across the three biological comparison groups: PC vs. controls, patients vs. controls, PC 

vs. patients (Figure 1A; Supplementary Table 1). RNA was amplified, biotin-labeled and directly 

hybridized to the Illumina HumanHT-12 v4.0 Expression BeadChip (47,231 probes) (Illumina). 

Slides were scanned using the Illumina iScan and the signal was extracted and normalized using 

the GenomeStudio software. All array procedures were conducted at the UCL Genomics facility. 

Microarray probes related to mRNAs encoding unmapped genes, non-coding genes, 

pseudogenes and open-reading frames were excluded from further analysis. Mayday 2.9 

software 38 was used to compare the gene expression levels between the three comparison 

groups (q<0.05). Microarray data for the 24 genes selected for qPCR validations are shown in 

Supplementary Table 3. 

 

Quantitative PCR 

qPCR experiments (Figure 1B-E; Supplementary Table 1) were conducted using the TaqMan 

Gene Expression Master Mix and TaqMan Gene Expression Assays (Supplementary Table 4), on 

a StepOnePlus Real-Time PCR System (Applied Biosystems). Each sample was run in triplicate 

alongside with the reference gene. For validation of gene expression levels from peripheral 

blood samples from groups #1-3 (Figure 1B-C), PPIB (Hs00168719_m1) was used as reference 

gene 11,39. In the qPCR experiments using blood RNA-derived samples from group #4 (Figure 1D) 



Blood DDIT4 and TRIM13 transcripts are MJD markers 

11 
 

and RNA from human brain samples (Figure 1E), TRAP1 (Hs00972326_m1) 39 and GAPDH 

(Hs02758991_g1) were used as reference genes, respectively. Relative expression values were 

normalized to the respective reference gene using the 2-ΔCt method40 in DataAssist v3.0 software 

(Applied Biosystems). 

 

Western Blotting 

Protein extracts from DCN and cerebral cortex tissues were obtained by homogenization of brain 

tissue in cold PBS containing protease inhibitors (cOmplete, Roche) and phosphatase inhibitors 

(PhosSTOP, Roche), followed by sonication and centrifugation. The supernatant was collected 

(PBS-soluble fraction) and stored at -80°C. The pellet was resuspended in 1% sodium lauroyl 

sarcosinate (sarkosyl, Sark)/PBS, sonicated, centrifuged and the supernatant (sarkosyl-soluble 

fraction) was stored at -80°C. Total protein concentrations from PBS-soluble (soluble) and 

sarkosyl-soluble (insoluble) fractions were assessed as previously reported 41. Total protein 

lysates (50μg) were resolved on 4-20% SDS-PAGE gels, and corresponding PVDF membranes 

were incubated overnight at 4°C with various antibodies: anti-DDIT4 (1:1000, ab191871, 

Abcam), anti-TRIM13 (1:1000, MBS7045610, MyBioSource), anti-P2RY13 (1:1000, MBS7002276, 

MyBioSource), anti-MJD antibody (1:10000 42), and anti-GAPDH (1:30000, MAB374, Millipore). 

Bound primary antibodies were visualized as previously described 41. Film band intensity was 

quantified by densitometry using ImageJ. 

 

Statistical analysis 

Descriptive statistical analysis was used to explore the demographic, genetic and clinical data of 

MJD subjects. Normal distribution of continuous variables was tested using the Shapiro-Wilk 

test, and nonparametric tests were used when normality assumption was violated. Comparison 

between two categorical variables (sex/groups) was tested using a chi-square test, and the 



Blood DDIT4 and TRIM13 transcripts are MJD markers 

12 
 

comparison of the age at blood collection and of the expanded (CAG)n size between groups was 

tested using Kruskal-Wallis or Mann-Whitney U (two-tailed) tests. 

Comparisons of expression levels between groups: Blood samples – comparison of transcripts 

levels between groups in Azorean cohorts (group #1 and group #2) was performed using a 

Generalized Linear Model with Bonferroni correction for multiple comparisons whenever 

applicable (covariate: age at blood collection) or using Mann-Whitney U (two-tailed) test in the 

Brazilian cohort (group #3). Comparison of transcript levels between PC or EP subjects and age- 

and sex-matched paired controls (Azorean cohort, group #4) was performed using Wilcoxon 

Signed-rank (two-tailed) test. A receiver operating characteristic (ROC) curve analysis was 

executed to determine the ability of each transcript abundance to differentiate: i) PC and EP 

subjects from age- and sex-matched paired controls; and ii) patients with more than five years 

of disease duration from controls. ROC curve analysis was also performed for the combination 

of the genes using the predicted probabilities obtained by multiple logistic regression. ROC curve 

accuracy was measured by the area under the curve (AUC), 95% confidence interval (CI), p-value; 

AUC values range [0 - 1.00] (0.50 is equivalent to randomly classifying subjects, and 1.00 is 

equivalent to perfectly classifying subjects). Youden Index 43 was used to determine the optimal 

cut-off value for each transcript abundance to differentiate the three groups of MJD subjects 

(PC, EP and patients > 5 years of disease duration) from their respective controls. Post-mortem 

human brain samples – comparison of transcript and protein levels between groups was 

performed using a Generalized Linear Model, adjusted for the age at death when this variable 

had an effect in the model. 

Association with demographic, genetic and clinical MJD subjects’ features: Blood samples – the 

relationship between transcript levels and MJD subjects’ features was evaluated using 

Spearman´s rank correlation (two-tailed), and partial correlation (two-tailed) was used to adjust 

for covariates (expanded CAG repeat and/or disease duration) when necessary. The relationship 
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between transcript levels and MJD subjects features was tested in patients representing several 

stages of the disease, and in early patients.  

Prism 8.0.0 was used to identify the extreme outliers (ROUT method Q=1%) that were then 

excluded from data analysis, to perform the ROC curve analysis, and to generate all the graphs. 

Other statistical procedures were performed using IBM SPSS Statistics 25 (IBM). Statistical 

significance was set at p<0.05. 

 

Results 

DDIT4, TRIM13 and P2RY13 transcript levels are altered in blood samples from two cohorts 

of MJD patients. 

To identify transcriptional changes in MJD, a gene expression microarray was performed using 

peripheral blood RNA samples from preclinical MJD subjects, MJD patients, and controls (group 

#1, Figure 1). About 9400 probes (of a total of 47231 probes) corresponding to 5209 genes 

passed the quality control. Comparison of blood transcript levels between the three biological 

groups (PC vs. controls, patients vs. controls, PC vs. patients) identified 77 genes with significant 

differences (q<0.05) in at least one comparison (data not shown, but available upon request to 

the authors). Among these dysregulated genes, 24 genes were selected to be technically 

validated by qPCR in the same blood RNA samples used in the microarray (group #1, Figure 1) 

(Supplementary Table 3). Of these 24 genes, DDIT4 (DNA Damage Inducible Transcript 4), 

TRIM13 (tripartite motif (TRIM) containing 13), S100P (S100 calcium binding protein P), SVBP 

(small vasohibin binding protein) and UPS49 (ubiquitin specific peptidase 49) maintained their 

dysregulation pattern in independent samples from Azorean MJD patients (group #2, Figure 1), 

and were then further analyzed in samples from MJD patients and controls of an independent 

Brazilian cohort (group #3, Figure 1) (Figure 2; Supplementary Table 4). Levels of blood P2RY13 

(purinergic receptor P2Y13) transcripts, previously shown to be increased in Azorean MJD 

patients 11, were also investigated in samples from the Brazilian cohort (Figure 2). In summary, 
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the three genes (DDIT4, TRIM13, and P2RY13) displayed a consistent expression behavior in 

blood samples from MJD patients compared to controls in the two independent cohorts of 

different populational origins (Figure 2): the levels of DDIT4 were decreased, whereas the levels 

of TRIM13 and P2RY13 were increased in MJD patients. Moreover, TRIM13 transcript levels were 

increased in Azorean preclinical MJD subjects compared with respective controls (Figure 2). No 

sex differences were found for blood abundance of these three transcripts in all studied cohorts 

(data not shown). 

 

Blood transcript levels of DDIT4 and TRIM13 correlate with the expanded (CAG)n size and 

P2RY13 levels correlate with the age at onset of MJD patients. 

Blood DDIT4, TRIM13 and P2RY13 transcript levels were correlated with demographic, genetic, 

and clinical features of MJD patients (groups #1-3, Figure 1; Supplementary Table 5). DDIT4 and 

TRIM13 levels inversely correlated with the CAG repeat number of the expanded ATXN3 allele 

(rho=-0.290 and p=0.027, and rho=-0.330 and p=0.015, respectively), and P2RY13 levels 

positively correlated with the age at disease onset (rho=0.366 and p=0.004) (Supplementary 

Table 5). 

 

Blood levels of DDIT4, TRIM13 and P2RY13 transcripts are altered in the initial stages of MJD. 

To determine the potential use of DDIT4, TRIM13 and P2RY13 transcript levels as blood-based 

biomarkers of initial stages of MJD, their abundance was evaluated in preclinical subjects, early-

stage patients (< 5 years of disease duration) and age- and sex-matched paired controls (group 

#4, Figure 1D) (Figure 3). DDIT4 levels were decreased whereas TRIM13 and P2RY13 levels were 

increased in both PC and EP subjects (Figure 3). These results observed for early-stage patients 

(Figure 1D) are in accordance with those obtained for the Azorean and Brazilian cohorts of MJD 

patients (groups #2 and 3, respectively, Figure 1C) that comprise subjects in a wider range of 

disease stages (up to 25 years after onset) (Figure 2). Furthermore, when correlating the 
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transcript levels of these three genes with the expanded (CAG)n size and the clinical features of 

early-stage patients, TRIM13 levels inversely correlated with the age at disease onset (rho=-

0.472, p=0.004) (Supplementary Table 6), suggesting that the differential blood TRIM13 

expression may be associated with disease severity. 

 

Blood transcript levels of DDIT4 and TRIM13 differentiate MJD subjects from controls with 

high accuracy. 

Next, the ability of blood transcript levels of DDIT4, TRIM13 and P2RY13 to differentiate MJD 

subjects from matched controls was investigated in various stages of the disease: i) in MJD 

subjects at initial stages of the disease (PC and EP subjects), and ii) in MJD patients with more 

than five years of disease duration (Figure 4). TRIM13 and DDIT4 levels differentiated with very 

high accuracy preclinical subjects from controls (TRIM13: AUC=0.99 (0.97-1.00), p<0.001; DDIT4: 

AUC=0.94 (0.86-1.00), p<0.001), and early-stage patients from controls (TRIM13: AUC=0.92 

(0.85-0.98), p<0.001; DDIT4: AUC=0.93 (0.87-0.98), p<0.001) (Figure 4). On the other hand, 

P2RY13 levels differentiated preclinical subjects and early-stage patients from controls with 

moderate (AUC=0.78 (0.63-0.93), p=0.004) and low accuracy (AUC=0.68 (0.55-0.81), p=0.010), 

respectively (Figure 4). Importantly, the combination of DDIT4 and TRIM13 levels perfectly 

differentiated preclinical subjects from controls (AUC=1.00 (1.00-1.00), p<0.001). In addition, 

the combination of DDIT4 and TRIM13 levels also improved the ability to differentiate early-

stage patients from controls (AUC=0.96 (0.92-1.00), p<0.001) (Figure 4), while no improvement 

was seen when P2RY13 abundance was added to the other two genes (AUC=0.96 (0.91-1.00), 

p<0.001). Noteworthy, blood TRIM13 transcript levels further differentiated with good accuracy 

MJD patients with a disease duration longer than five years from controls (AUC=0.85 (0.77-0.93), 

p<0.001), and the combination of DDIT4 and TRIM13 levels improved the ability to differentiate 

these two groups (AUC=0.90 (0.83-0.96), p<0.001) (Figure 4). The optimal cut-off values for 
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DDIT4, TRIM13, and P2RY13 transcript levels to differentiate MJD subjects in several disease 

stages from controls are summarized in Supplementary Table 7. 

 

DDIT4, TRIM13 and P2RY13 protein levels are dysregulated in brain samples from MJD 

patients. 

DDIT4, TRIM13, and P2RY13 expression was assessed at the transcript and protein levels in a set 

of postmortem brain samples from MJD patients and controls. The abundance of DDIT4, 

TRIM13, and P2RY13 transcripts in the three analyzed brain regions (the severely affected pons 

and DCN and the cerebral cortex, which shows a lower degree of degeneration in MJD) was 

similar in MJD patients and controls (Figure 5). 

At the protein level, the abundance of soluble TRIM13 was significantly increased in the cerebral 

cortex of MJD patients compared to controls(p=0.0043) (Figure 6; Supplementary Figure 1).No 

further differences were detected for insoluble or soluble TRIM13, DDIT4, and P2RY13 protein 

levels in the DCN or cerebral cortex of MJD patients relative to controls (Figure 6).  

 

Discussion 

This study aimed to identify transcriptional changes in peripheral blood of MJD subjects that 

could be used as prospective biomarkers of MJD, especially of its initial stages. Our unbiased 

genome-wide expression microarray confirmed the previously reported existence of global 

transcription dysregulation in blood from MJD subjects11,14. To investigate whether the 

transcriptional alterations found at the periphery are conserved in the tissue primarily affected 

in MJD, the transcript and protein levels of three differentially expressed genes in the blood 

were assessed in post-mortem brain samples from MJD patients and controls. 

Three genes – DDIT4, TRIM13 and P2RY13 – were identified here as being consistently 

dysregulated in blood of MJD carriers in various stages of disease, including in preclinical and 

early disease stages. In a previous RNA-seq study conducted by our group14, using fewer MJD 
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preclinical subjects with mixed genetic backgrounds no significant differences in transcriptional 

levels of DDIT4, TRIM13, and P2RY13 were observed compared to controls. Noteworthy, in that 

study14, candidate transcriptional biomarkers were identified in patients, not by comparing 

expression levels between patients and controls, but by correlating gene expression levels with 

the score of the Scale for the assessment and rating of ataxia (SARA). Interestingly blood DDIT4 

transcript levels were negatively correlated with patients' SARA score (Log Fold change=-0.40; 

p=0.0164). Our results showed that individual blood transcript levels of DDIT4 and TRIM13 can 

differentiate with very high accuracy (AUC>0.90) both PC and EP subjects from age- and sex-

matched paired controls. Remarkably, the combination of DDIT4 and TRIM13 blood transcript 

levels fully differentiated preclinical subjects from controls (AUC=1.00), and further 

differentiated with high accuracy patients with more than five years of disease duration from 

controls (AUC=0.90). To date, NfL 44–48 and mutant ATXN3 protein levels have been considered 

the blood-based molecular biomarkers that better differentiate MJD subjects from control 

subjects and correlate with clinical and genetic features of the disease 47,49,50. However, the use 

of blood NfL and mutant ATXN3 levels as biomarkers of MJD shows some limitations: i) blood 

NfL levels are a general biomarker of neurodegeneration (not MJD-specific) that is also affected 

by other factors such as age, body-mass index, diabetes and cardiovascular risk factors 51; and 

ii) blood mutant ATXN3 levels may not be useful to assess the efficacy of disease-modifying 

therapeutic agents other than agents targeting ATXN3 gene products. In addition, only some of 

the aforementioned NfL studies assessed whether blood-based molecular alterations 

differentiate premanifest subjects 44–46,48,50 and early-stage patients 44 from controls. 

Noteworthy, prior to disease onset, individually or combined blood DDIT4 and TRIM13 transcript 

levels, differentiated MJD carriers from healthy controls with higher accuracy (DDIT4: 94%, 

TRIM13: 99% and DDIT4+TRIM13: 100%, respectively) than serum and plasma NfL levels (79-

89%) 44,45,48. Concerning the early disease stage, the combination of DDIT4 and TRIM13 transcript 

levels and serum NfL levels alone 44 differentiate early-stage patients from controls with similar 
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accuracy (96% and 98%, respectively). These findings highlight the potential of DDIT4 and 

TRIM13 transcript levels as blood-based biomarkers of MJD, particularly of preclinical and early 

symptomatic stages of disease. Interestingly, no changes of blood DDIT4, TRIM13 and P2RY13 

transcripts have been found in large cohorts of patients with Huntington’s disease 52–56 or 

Parkinson’s disease 57 or Friedreich’s ataxia 58 compared with their correspondent healthy 

controls, suggesting that alteration of blood abundance of these transcripts might be specific of 

MJD. Supporting the hypothesis that these expression differences are meaningful and linked to 

the disease process, the expression levels of DDIT4, TRIM13 and P2RY13 genes correlated with 

patients’ age at onset and/or the expanded (CAG)n number. Moreover, while the number of 

assessed post-mortem brain samples in this study was low, we observed increased levels of 

soluble TRIM13 protein in the cerebral cortex from MJD patients compared to controls (no 

changes were found at the mRNA level), further suggesting a potential involvement of this 

protein in MJD-associated mechanisms. 

DDIT4 protein localizes mainly in the cytoplasm, and is primarily expressed in T-cells, 

macrophages, and astrocytes 59. DDIT4 protein plays a role in regulating cell growth, 

proliferation, and survival by inhibiting the activity of mTORC1 (mammalian target of rapamycin 

complex 1) 60–62. DDIT4 levels are induced by cellular stress, and prolonged DDIT4 expression is 

associated with apoptosis, excessive production of reactive oxygen species, and inflammation 

activation 63. Because reduced DDIT4 abundance results in loss of mitochondrial integrity, 

leading to increased inflammatory response 64,65, our observed reduction of blood DDIT4 

transcript levels in MJD carriers seems to be in line with the impaired mitochondrial function 

previously shown in blood of MJD 17,18. In contrast, the levels of DDIT4 and P2RY13 proteins in 

the highly affected brain region (DCN) and the less affected region (cerebral cortex) in MJD were 

similar in patients and controls. Future studies including a higher number of brain samples per 

biological group would be important to validate these results. 
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TRIM13 is expressed in immune cells and in neuronal and glial cells 59. TRIM13 protein is a 

positive regulator of nuclear factor-kappa B (NF-kB) signaling, inducing the production of 

cytokines and inflammatory mediators 66. While TRIM13 has not been associated with any 

neurodegenerative disease, the TRIM13 protein has been reported to be involved in processes 

that are altered in MJD including the elimination of endoplasmic reticulum (ER)-associated 

protein degradation substrates 67, regulation of autophagy 68,69, and cell death during ER stress 

70. In fact, TRIM family members are crucial players in eliminating misfolded proteins 71, and 

some TRIM proteins have been associated with neurodegenerative diseases, namely TRIM19 in 

SCA1 35 and TRIM11 in Parkinson’s and Alzheimer diseases 36,37. Comparing with controls, 

abundance of blood TRIM13 transcripts was increased in MJD subjects suggesting peripheral 

inflammation aligning with the reported increase of inflammatory markers in MJD blood 16. 

TRIM13 transcript levels inversely correlated with the expanded CAG repeat in the combined 

group of Azorean and Brazilian MJD patients, and with the age of onset of early-stage Azorean 

patients. In post-mortem brains, soluble TRIM13 protein levels were increased in MJD patients’ 

cerebral cortex compared to controls. Overall, we speculate that the increase of TRIM13 

expression levels in blood and post-mortem cerebral cortex samples from MJD subjects could 

possibly reflect the attempt of cells to promote the clearance of misfolded proteins and 

aggregates during ER stress and/or to induce apoptosis if the ER stress conditions persist. 

P2RY13 encodes the P2Y purinoceptor 13 protein that belongs to the large G-protein coupled 

receptors (GPCR) family of membrane proteins 72. P2RY3 is mainly expressed in macrophages 

cells and in microglial cells 59. P2RY13 membrane protein induces the expression and the release 

of several proinflammatory cytokines 73. In this work, blood P2RY13 transcript levels were 

increased in Brazilian MJD patients, and in Azorean preclinical MJD subjects and early-stage 

patients, which is in agreement with previously reported observations in a group of Azorean 

MJD patients in several stages of the disease up to 30 years after onset 11. Interestingly, blood 

P2RY13 transcript abundance is directly correlated with the age at onset of MJD patients 
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suggesting a link with MJD pathogenesis. Overall, the increase of P2RY13 abundance in the blood 

of MJD subjects may also indicate an inflammatory response in this tissue 74.   

Here, the relevance of altered abundance of DDIT4, TRIM13, and P2RY13 gene products in MJD 

subjects is determined by: i) consistent transcriptional behaviors in blood of MJD subjects from 

two cohorts of different genetic backgrounds, which are markedly distinct from the ones 

observed in healthy controls; ii) the correlation between transcript levels and patients’ clinical 

and/or genetic features; and iii) altered soluble TRIM13 protein levels in the cerebral cortex of 

MJD patient. Importantly, this study reveals that the abundance of blood DDIT4 and TRIM13 

transcripts differentiates MJD subjects (from preclinical to symptomatic stages) from controls, 

especially in the preclinical and early symptomatic stages. No differences were found between 

the blood abundances of DDIT4 and TRIM13 transcripts in Azorean PC and P subjects (Figure2), 

suggesting that these transcript levels could be diagnostic biomarkers of MJD. However, further 

studies are needed to confirm the potential of these molecules as MJD transcriptional 

therapeutic or diagnostic biomarkers, such as testing their levels throughout disease progression 

(longitudinal studies) and assessing how transcript levels correlate with other clinical features 

of the disease.  

Although MJD is known as a neurological disease, the ATXN3 gene is broadly expressed in several 

cell types from peripheral tissues and the central nervous system, as reported in various studies 

that have shown changes in the blood of MJD carriers 11–15. The blood transcriptional changes 

observed in MJD subjects reflect disease mechanisms that, regardless of being or not preserved 

in the brain, are hallmarks of the disease and can be used as MJD biomarkers. In addition, the 

alterations in the transcript levels of DDIT4, TRIM13 and P2RY13 in blood samples, together with 

the changes of TRIM13 protein levels in brain samples of MJD patients suggest that these 

genes/proteins could play a role in the disease pathogenesis in the blood and/or the brain. The 

involvement of these genes in processes known to be dysregulated in MJD, such as 

inflammation/neuroinflammation, further supports this hypothesis. In the future, it would be 
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important to evaluate the abundance of DDIT4, TRIM13 and P2RY13 protein levels in blood 

samples from MJD subjects as these readouts might provide additional usefulness as biomarkers 

of this disease. 

Overall, future assessment of blood DDIT4 and TRIM13 transcript levels in subjects from MJD 

cohorts of different geographical regions and genetic backgrounds and subjects affected with 

other neurodegenerative disorders would inform us about their solid potential as specific 

biomarkers of MJD or as general biomarkers of neurodegenerative disorders. 
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Figure legends 

Figure 1. Overview of the experimental workflow used in this study. Peripheral blood samples 

from MJD subjects and controls from the Azorean cohort were used in (A) a genome-wide 

expression microarray analysis and (B) technical validation by qPCR. (C) The expression levels 

were evaluated in two independent cohorts: (C.1) The expression levels of a set of dysregulated 

genes were assessed in a set of Azorean samples; and (C.2) genes considered as the most 

promising disease markers were evaluated in a set of patients and controls of the Brazilian 

cohort. (D) The expression levels of the validated genes were assessed in a set of Azorean PC 

subjects and early patients. (E) The expression of the validated genes was evaluated at the 

transcript and protein levels in post-mortem brain samples from MJD patients and controls. 

Human brain figure was partly generated using Servier Medical Art, provided by Servier, licensed 

under a Creative Commons Attribution 3.0 unported license. PC=preclinical subjects; EP=early 

patients; P=patients; C=controls; CPC=controls of PC subjects; CEP=controls of EP. 

 

Figure 2. Blood transcript levels of DDIT4, TRIM13, and P2RY13 are consistently dysregulated in 

two independent MJD cohorts. Gene expression levels of DDIT4, TRIM13, P2RY13 S100P, SVBP 

and USP49 in peripheral blood samples from MJD carriers (PC, preclinical subject, and P, 

patient)s and controls (C) from the Azorean cohort (group #2) and MJD patients (P) and controls 

(C) from the Brazilian cohort (group #3). Dots represent transcript levels for each individual. 

Graphs show the mean (Azores) or median (Brazil) and the 95% confidence interval of the 2-ΔCt 

values. 

 

Figure 3. Blood transcript levels of DDIT4, TRIM13 and P2RY13 are dysregulated in initial stages 

of the disease. Genes expression levels in peripheral blood samples from preclinical (PC) subjects 
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and early patients (EP), and age- and sex-matched paired controls (CPC, controls of preclinical 

subjects); CEP, controls of EP ) from group #4. Dots represent transcript levels for each 

individual. Graphs show the median and the 95% confidence interval of the 2-ΔCt values.  

 

Figure 4. Blood transcript levels of DDIT4 and TRIM13 differentiate with very high accuracy MJD 

subjects from controls. Receiver operating characteristics curves show the ability of blood 

transcript levels of DDIT4, TRIM13, P2RY13 and the combination of DDIT4 and TRIM13 levels to 

differentiate MJD subjects in different stages of the disease (PC, light gray line; EP, dark gray 

line; patients with > 5 years of disease duration, black line) from matched controls. 

 

Figure 5. DDIT4, TRIM13 and P2RY13 transcript levels are similar in post-mortem brain of MJD 

patients and controls. Transcript levels in pons, dentate cerebellar nucleus (DCN) and cerebral 

cortex (cortex) from MJD patients (P) and controls (C). Dots represent transcript levels for each 

individual. Graphs show the mean and the standard error mean of the 2-ΔCt values.  

 

Figure 6. TRIM13 protein levels are altered in post-mortem brain of MJD patients. PBS-soluble 

(soluble) and sarkosyl-soluble (insoluble) protein fractions were analyzed in dentate cerebellar 

nucleus (DCN) and cerebral cortex (cortex) from MJD patients (P) and controls (C). Left panels 

show immunoblots of indicated proteins in soluble and insoluble protein fractions. Right panels 

display quantification of band intensity, with values normalized to GAPDH. Dots represent 

protein levels for each individual. Graphs show the mean and the standard error mean of protein 

relative to controls.   
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