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Abstract:  

Spinocerebellar ataxia 3 (SCA3), caused by a CAG repeat expansion in the ataxin 3 gene 
(ATXN3), is characterized by neuronal polyglutamine (polyQ) ATXN3 protein aggregates. 
Although there is no cure for SCA3, gene-silencing approaches to reduce toxic polyQ ATXN3 
showed promise in preclinical models. However, a major limitation in translating putative 
treatments for this rare disease to the clinic is the lack of pharmacodynamic markers for use in 
clinical trials. Here, we developed an immunoassay that readily detects polyQ ATXN3 proteins 
in human biological fluids, and discriminates SCA3 patients from healthy controls and 
individuals with other ataxias. We show that polyQ ATXN3 serves as a marker of target 
engagement in human fibroblasts, which may bode well for its use in clinical trials. Finally, we 
identified a single nucleotide polymorphism that strongly associates with the expanded allele, 
thus providing an exciting drug target to abrogate detrimental events initiated by mutant ATXN3. 
Gene silencing strategies for several repeat diseases are well underway, and our results are 
expected to improve clinical trial preparedness for SCA3 therapies.  

 



One Sentence Summary: PolyQ ATXN3 is a pharmacodynamic marker for SCA3, and a SNP 
associated with the expanded allele may serve to specifically target mutant ATXN3. 

 

[Main Text: ] 

Introduction 
Spinocerebellar ataxias (SCAs) encompass a group of largely autosomal dominant 

neurodegenerative disorders associated with progressive degeneration of the cerebellum, spinal 
cord and other brain regions. This causes gait and limb ataxia, dysarthria, oculomotor 
dysfunction, as well as variable combinations of pyramidal features (hyperreflexia and/or 
hyporeflexia), decreased proprioception, and additional types of movement disorders. More than 
40 types of SCAs have been described, and many are caused by CAG trinucleotide repeat 
expansions in the disease-causing gene. SCA3, also known as Machado-Joseph disease, is the 
most prevalent SCA worldwide. It is characterized by the accumulation of aggregates composed 
of polyglutamine (polyQ) ataxin 3 (ATXN3) proteins translated from expanded CAG 
trinucleotide repeats in ATXN3 (1-6). The propensity of polyQ ATXN3 proteins to aggregate into 
intranuclear and cytosolic neuronal inclusions is thought to confer toxicity through both gain and 
loss of function mechanisms, affecting a myriad of cellular pathways. However, the exact 
underlying pathogenic mechanisms of SCA3 remain an active topic of investigation.  

At present, there is no treatment to prevent or slow the progression of SCA3, but the main 
therapeutic strategy being explored is to reduce mutant ATXN3. Indeed, in vitro and in vivo 
studies involving gene-silencing approaches are showing promising results in attenuating polyQ 
ATXN3-associated toxicity (7-26). As potential treatments for SCA3 move towards clinical 
trials, the need for a reliable method to monitor target engagement and drug efficacy becomes 
ever more apparent. Current means to assess therapeutic efficacy rely on clinical measures, such 
as the Scale for the Assessment and Rating of Ataxia (SARA) and others (27-29), and magnetic 
resonance imaging (MRI) to quantify brain atrophy (3, 30). Inherent limitations of these 
measures include examiner bias, the required cooperation by the subject, and the costs associated 
with MRIs. The identification of molecular markers for SCA3 would thus prove valuable in 
facilitating the assessment of potential treatments targeting transcripts of the expanded repeat, 
and in monitoring disease progression. Furthermore, as ATXN3-targeting therapies are 
developed, it is imperative to identify effective strategies to specifically downregulate mutant 
ATXN3.  

Here, we demonstrate that polyQ ATXN3 proteins can be readily detected in human 
biological fluids by immunoassay, and that polyQ ATXN3 may serve as a pharmacodynamic 
marker for ATXN3-targeting therapies. Moreover, we found a strong association between a 
single nucleotide polymorphism (SNP) with the expanded ATXN3 allele that could be exploited 
to specifically target mutant ATXN3 pharmacologically. 

 

Results  

PolyQ-ATXN3 proteins accumulate in CSF and plasma from individuals with SCA3, and 
distinguish SCA3 patients from controls  

To quantitatively assess whether polyQ ATXN3 proteins accumulate in human biofluids, we 
developed an electrochemiluminescent immunoassay employing the Meso Scale Discovery 
(MSD) system (31, 32). Optimized immunoassay conditions were determined by testing various 



conditions (different antibody pairs and diluents), and evaluating the limit of blanks, limit of 
detection and limit of quantitation using a recombinant polyQ ATXN3 protein calibrator as 
previously described (33) (see Methods). Using this immunoassay, we measured polyQ ATXN3 
proteins in cerebrospinal fluid (CSF) and/or plasma from: 54 patients with SCA3, 4 
asymptomatic ATXN3 CAG-expansion carriers (pre-symptomatic SCA3), 56 healthy individuals, 
21 people with other forms of spinocerebellar ataxia confirmed to be negative for the ATXN3 
CAG-expansion [SCA1 (N=1), SCA2 (N=1), SCA5 (N=2), SCA6 (N=1), cerebellar ataxia cases 
with a TRIO mutation (34) (N=4), and other cases negative for any SCA pathogenic mutation 
(N=12)], and 54 C9orf72 expansion carriers (an unrelated repeat expansion disease caused by an 
intronic GGGGCC repeat). For the CSF series, samples from ATXN3 CAG-expansion carriers 
were obtained from the Mayo Clinic in Florida (N=24) or Arizona (N=1), the Lund University in 
Sweden (N=12), the University College of London in the United Kingdom (N=11) and the 
University of Coimbra in Portugal (N=1). For the main plasma cohort, samples from ATXN3 
CAG-expansion carriers were collected at the Mayo Clinic in Florida (N=31) or Arizona (N=1), 
the Lund University in Sweden (N=12) and the University of Coimbra in Portugal (N=1). 
Biofluids from non-SCA3 ataxia patients in the CSF series and the main plasma cohort were 
collected at Mayo Clinic Florida, whereas samples from healthy individuals and C9orf72 repeat 
expansion carriers were collected at the Mayo Clinic Florida, or at the Massachusetts General 
Hospital and Washington University through their Dominantly Inherited ALS (DIALS) Network 
study. A detailed description of characteristics of patients and controls in our CSF series and our 
main plasma cohort is provided in Table S1. A second plasma cohort comprised of samples from 
30 healthy controls, 40 SCA3 patients and 2 individuals with pre-symptomatic SCA3 was 
obtained from the University College of London for validation of our findings (Table S2). 

In our CSF series and our main plasma cohort, polyQ ATXN3 was elevated in patients with 
SCA3 compared to each control group (no ATXN3 CAG-expansion) and to all control groups 
combined both in unadjusted analysis and analysis adjusted for age and sex (median 
concentration in CSF: 0.13 pg/μl for SCA3 participants, 0.00 pg/μl for controls; median 
concentration in plasma: 1.28 pg/μl for SCA3 participants, 0.00 pg/μl for controls; Figs. 1A and 
1B, Table S3). Of interest, even though there were only 4 asymptomatic ATXN3 CAG-expansion 
carriers, which lowers the power to detect intergroup differences, CSF polyQ ATXN3 was 
higher in symptomatic SCA3 patients compared to pre-symptomatic SCA3 individuals (median 
concentration: 0.07 pg/μl) in unadjusted analysis (P=0.010, Fig. 1A), and in analysis adjusted for 
age and sex (P=0.035, Table S3). The latter, however, did not meet our threshold of statistical 
significance, which was considered P<0.01. However, no difference in plasma polyQ ATXN3 
was observed between symptomatic and pre-symptomatic SCA3 cases (Fig. 1B, Table S3). In 
our independent validation series of plasma samples, polyQ ATXN3 was also significantly 
higher in patients with SCA3 (median concentration: 1.08 pg/μl, N=40) compared to healthy 
controls (median concentration: 0.0 pg/μl, N=30, P<0.001, Fig. 1B, Table S3).  

Next, we assessed the ability of polyQ ATXN3 to discriminate between patients with SCA3 
and controls by estimating the area under the receiver operating characteristic curve (AUC). In 
our CSF series and our main plasma cohort, polyQ ATXN3 perfectly discriminated SCA3 
patients from individuals in each control group, and from all control subjects combined, with 
AUC values equal to 1.00 (Fig. 1C, Table S3). Similarly, plasma polyQ ATXN3 perfectly 
discriminated between SCA3 patients and controls in our validation cohort (AUC: 1.00, Fig. 1C, 
Table S3). Of note, CSF polyQ ATXN3 also showed good discriminatory ability   when 
comparing SCA3 from asymptomatic ATXN3 CAG-expansion carriers, with an AUC value of 



0.89 (Fig. 1D, Table S3)  whereas plasma polyQ ATXN3 only moderately discriminated 
between SCA3 patients and asymptomatic ATXN3 CAG-expansion carriers with an AUC of 0.70 
(with 95% confidence intervals ranging from 0.38 to 1.00, Fig. 1D, Table S3).  

Since CSF and plasma polyQ ATXN3 showed similar abilities to differentiate SCA3 
patients from controls, we next evaluated whether plasma and CSF polyQ ATXN3 in ATXN3 
CAG-expansion carriers correlate. No such association was observed (Spearman’s r: -0.04, 
P=0.82, N=37). These data, combined with the fact that polyQ ATXN3 in plasma was 
approximately 10 times higher (median: 1.08-1.28 pg/μl) than in CSF (median: 0.13 pg/μl), 
suggest that the pool of polyQ ATXN3 in CSF differs from that in blood.  

 
Association of polyQ ATXN3 with clinical features of disease 

We subsequently evaluated whether CSF or plasma polyQ ATXN3 associates with clinical 
features including age of ataxia onset, disease duration (the time elapsed between patient 
reported symptom onset and sample collection), gait mobility (see Methods) and SARA scores 
(27), and with ATXN3 CAG-repeat length. In our CSF series, no associations between CSF 
polyQ ATXN3 and age at onset, disease duration, gait mobility and SARA scores, or ATXN3 
CAG-repeat length were observed (Table 1). PolyQ ATXN3 in plasma from SCA3 patients in 
the main and validation cohorts combined showed only a weak association with an earlier 
disease onset (N=80, P=0.020), increased gait impairment (N=31, P=0.030), and longer ATXN3 
CAG-repeat length (N=80, P=0.031); however, these associations weakened and were no longer 
present when correcting for age, sex and disease duration (Table 1). 

In addition to the above-mentioned clinical features, INAS (Inventory of Non-Ataxia Signs) 
(29), ADL (Activities of Daily Living) (35), SCAFI (SCA Functional Index) (36) and CCFS 
(Composite Cerebellar Functional Severity Score) (37) data were available for the 40 SCA3 
patients in the validation cohort. Nevertheless, no associations were found with any of these test 
scores and plasma polyQ ATXN3 (Table 1). 

 
Neurofilament light also discriminates SCA3 patients from controls 

Increased neurofilament light chain (NFL) in CSF and blood is observed in numerous 
neurological diseases (38), including SCA3 (39, 40). Thus, we measured NFL in our CSF and 
plasma series. CSF NFL was significantly elevated in SCA3 patients (median: 3,569 pg/ml) 
compared to healthy controls (median: 449 pg/ml), and to patients with other forms of ataxia 
(median: 1,096 pg/ml) in unadjusted analysis (P<0.001, Fig. 2A) and adjusted analyses 
correcting for age and sex (P<0.001, Table S4). Notably, CSF NFL was significantly lower in 
asymptomatic ATXN3 CAG-expansion carriers (median: 1,352 pg/ml) than in patients with 
SCA3 in both unadjusted (P<0.001, Fig. 2A) and adjusted analyses (P=0.001, Table S4). Similar 
findings were found for plasma NFL both in the main study cohort and the validation cohort 
(Fig. 2B, Table S4). We additionally observed that CSF NFL discriminated between SCA3 
patients and healthy controls with an AUC value of 1.00 (Fig. 2C, Table S4). In a similar 
fashion, in our main study cohort, plasma NFL discriminated between patients with SCA3 and 
healthy controls (AUC: 0.89; Fig. 2C, Table S4) and patients with other forms of ataxia (AUC: 
0.94; Table S4). In the validation cohort, plasma NFL also discriminated between patients with 
SCA3 and healthy controls (AUC: 0.97; Fig. 2C, Table S4). Finally, CSF and plasma NFL 
discriminated patients with SCA3 from asymptomatic ATXN3 CAG-expansion carriers, with 
CSF showing a perfect discriminatory ability (AUC: 1.00) and plasma showing a lower AUC of 
0.87 (with 95% confidence intervals ranging from 0.67 to 1.00; Fig. 2D, Table S4). 



As both NFL and polyQ ATXN3 effectively differentiated SCA3 patients from controls, we 
evaluated, within our SCA3 patients, whether NFL and polyQ ATXN3 associate. No statistically 
significant correlation between polyQ ATXN3 and NFL was observed in CSF (Spearman’s r: 
0.07, P=0.67, N=45) or plasma (Spearman’s r: -0.004, P=0.97, N=81). We also examined 
associations between CSF or plasma NFL with clinical features of SCA3 patients. No 
associations of CSF or plasma NFL with age at onset, disease duration, or SARA, gait mobility, 
INAS, ADL, SCAFI and CCFS scores were found (Table S4). 

 
The length of the ATXN3 CAG expansion associates with age of ataxia onset 

Since neither polyQ ATXN3 or NFL showed clear associations with clinical features, we 
evaluated whether CAG-repeat length associates with clinical variables in SCA3. Among SCA3 
patients from our series (N=81), repeat lengths ranged from 51 to 75 repeats, with a median 
repeat length of 69 and 70 in the main study cohort and the validation cohort, respectively 
(Tables S1 and S2). Consistent with the literature (41-43), we found a significant inverse 
correlation between ATXN3 CAG-repeat length and age of ataxia onset in both unadjusted and 
adjusted analyses (P<0.001, Table 2). There was a weak association between longer repeat 
length and a more severe SARA score in adjusted analyses after correcting for multiple testing 
(P=0.024, where P<0.0071 is considered significant, Table 2). Measurements of INAS, ADL, 
SCAFI and CCFS scores were also available for SCA3 patients in the validation cohort. Despite 
the smaller sample size, longer repeat lengths trended with worse performance on these tests 
(Table 2).  
 
A single-nucleotide polymorphism frequently associated with ATXN3 CAG-expanded alleles 

Reducing ATXN3 may be the most promising therapeutic strategy to treat SCA3, especially 
if allele-specific approaches are utilized (7-20). Although differentiating the mutant from wild-
type allele has its challenges, SNPs may be used to target specific alleles that carry the 
nucleotide change. Nevertheless, although several SNPs have been identified in the ATXN3 gene 
(44-51), comprehensive studies assessing their association with the expanded allele are lacking. 
We thus explored the rs7158733 SNP located ~132 nucleotides downstream of the CAG repeat 
in the ATXN3 gene. The presence of this particular SNP turns a tyrosine codon in position 349 of 
the protein sequence (Y349) into a stop codon (TAC1118 > TAA1118), leading to the premature 
termination of the ATXN3 protein (Fig. 3A). The resulting truncated ATXN3 protein, when 
containing an expanded CAG-repeat, is thought to be more aggregation-prone than other known 
ATXN3 protein isoforms (52). Among non-CAG expansion carriers (N=118) in our main study 
cohort, 56.8% of people had a “TAA1118” allele (C>A; p.Y349*) (Fig. 3B, Table S6). The 
percentage of control individuals with TAA1118 was lowest in the group of healthy controls 
(47.7%, N=44), and highest in C9orf72-expansion carriers (63%, N=54). Of particular interest, 
87.0% of ATXN3 CAG-expansion carriers had the TAA1118 allele (N=40). The presence of 
TAA1118 was associated with an increased risk of SCA3 when making comparisons to controls 
(P<0.001), C9orf72 expansion carriers (P=0.006), other non-SCA3 ataxia patients (P=0.013) and 
all individuals without an ATXN3 CAG-expansion combined (P<0.001), with most of these 
findings remaining significant after correcting for multiple testing (P<0.0125, Table S6). We 
thus assessed on what allele the SNP is located, and found that 90.0% of SCA3 patients with 
TAA1118, or 78.3% of all ATXN3 mutation carriers, also had the ATXN3 CAG-repeat expansion 
in the same allele (Table S6). In contrast, the percentage of non-ATXN3 CAG-expansion carriers 
with TAA1118on the longer, although non-expanded, allele was lower (52.4% of controls with an 



“TAA1118”allele, or 25.0% of all control cases). The occurrence of TAA1118 on the longer allele 
was associated with at least a nominally increased risk of SCA3 compared to the aforementioned 
non-SCA3 disease groups (all P≤0.023, Table S6). Overall, our data indicates the “TAA1118 
allele strongly associates with the ATXN3 CAG-repeat expansion in our cohort of ATXN3 
mutation carriers. 
 
PolyQ ATXN3 may serve to assess variability in patients’ responses to ATXN3-targeted 
therapies 

In addition to CSF and plasma, fibroblast cell lines generated from skin biopsies were 
available for 17 SCA3 patients, 2 asymptomatic ATXN3 CAG-expansion carriers, 13 healthy 
controls and 14 individuals with other forms of ataxia. As observed with CSF and plasma, polyQ 
ATXN3 in fibroblast cell lines from SCA3 patients (median concentration: 4.56 pg/μl) were 
elevated compared to controls (median concentration: 0.38 pg/μl), and perfectly distinguished 
SCA3 patients from controls (AUC: 1, Fig. 4A, Table S7). Furthermore, polyQ ATXN3 in 
fibroblast lines from ATXN3 CAG-expansion carriers significantly correlated with polyQ 
ATXN3 in matching CSF (Spearman’s r: 0.86, P=0.0012, N=11, Fig. 4B) but not plasma 
(Spearman’s r: -0.06, P=0.81, N=18).  

To determine whether fibroblast lines could be used to assess patient responses to ATXN3-
targeting therapies, we grew 4 control and 5 SCA3 lines in parallel, treated them with ATXN3 or 
control siRNAs, and measured polyQ ATXN3 post-treatment by immunoassay. As shown in Fig. 
4C, ATXN3 siRNA exposure reduced polyQ ATXN3 levels in all 5 SCA3 lines, and in control 
lines that had predictably low basal polyQ ATXN3. Knockdown efficiency ranged from 37% to 
83% among all lines, and from 48% to 72% among SCA3 lines specifically. These data suggest 
that varying responses to ATXN3-targeted treatments exist among individuals, and that 
measuring polyQ ATXN3 pre- and post-treatment may be used to assess this variability in 
clinical trials. 

 
Discussion  

Despite linking ATXN3 to SCA3 over 20 years ago, effective therapies for SCA3 are still 
lacking. Many factors hinder drug development for neurological disorders like SCA3; however, 
it is becoming increasingly well recognized that diagnostic, prognostic and pharmacodynamic 
biomarkers will increase the likelihood of successfully developing treatments by improving 
many aspects of clinical trial design. Herein, we described an immunoassay to measure polyQ 
ATXN3 proteins in human biospecimens, and discovered that CSF and plasma polyQ ATXN3 
discriminate SCA3 patients from healthy controls and individuals with other forms of ataxia. 
Although clinical genetic testing remains the leading technique to definitively diagnose SCA3, 
our ability to measure polyQ ATXN3 in biological fluids combined with our findings that polyQ 
ATXN3 serves as a marker of target engagement in a human preclinical model, support its use as 
potential pharmacodynamic marker in clinical trials for potential SCA3 therapies. We also 
identified a SNP that strongly associates with the expanded allele, and thus provides an exciting 
target to abrogate detrimental downstream events initiated by mutant ATXN3.  

We show that CSF and plasma polyQ ATXN3 perfectly discriminated patients with SCA3 
from controls. Despite a low powered cohort of asymptomatic ATXN3 CAG-expansion carriers, 
CSF polyQ ATXN3 additionally differentiated SCA3 patients from asymptomatic ATXN3 CAG-
expansion carriers (AUC: 0.89). This was not observed for plasma polyQ ATXN3, perhaps 
because polyQ ATXN3 in plasma largely originates from peripheral tissues, which would also 



explain the lack of correlation between CSF and plasma polyQ ATXN3. It also bears mentioning 
that this lack of association between plasma and CSF polyQ ATXN3 suggests that CSF polyQ 
ATXN3 should be used when evaluating target engagement of ATXN3-targeted therapies in 
clinical trials in order to accurately monitor drug pharmacodynamics within the central nervous 
system. 

Like CSF and plasma polyQ ATXN3, CSF and plasma NFL effectively discriminated 
between SCA3 cases and controls, though AUC measures were slightly lower than those 
involving polyQ ATXN3. In addition, both CSF and plasma NFL distinguished between SCA3 
patients and pre-symptomatic SCA3 individuals (AUC ≥ 0.87). These findings are congruent 
with the notion that NFL is released from injured or degenerating neurons, and further validate 
the use of NFL to estimate neuroaxonal injury in various neurodegenerative diseases (38, 53-55). 

Our findings highlight the diagnostic ability of CSF and plasma polyQ ATXN3 for SCA3, 
but we did not observe strong associations between polyQ ATXN3 and clinical features (age of 
disease onset, time from onset to sample collection, and scores from clinical tests that assess 
function and ataxia). Similarly to polyQ ATXN3, no association between NFL and clinical 
features was detected. This was somewhat surprising given that a prior study reported an 
association between serum NFL and SARA scores in ATXN3 CAG-repeat expansion carriers 
(40). The apparent discrepancy between the two studies may be explained by the inclusion of 
SCA3 patients in early stages of disease in the prior report(40), whereas our cohorts included 
only three symptomatic SCA3 patients with a total SARA score of <5. 

It is well-established that a longer repeat length associates with an earlier age of ataxia onset 
and a more severe clinical presentation in SCA3 patients (41, 42, 56-58). In our cohort of 
patients with SCA3, we similarly noted an association between longer repeat length and an 
earlier age of disease onset (Table 2). It should nonetheless be noted that repeat length alone 
does not completely explain the variability in age of disease onset among all individuals who 
develop SCA3, indicating that other factors are also at play (59). Whereas it did not meet our 
cut-off for statistical significance (considered to be P<0.0071), repeat length nominally 
correlated with scores from diverse clinical tests as previously observed (60, 61).  

Since an efficient method to assess target engagement of potential therapeutics in clinical 
trials is expected to facilitate and expedite SCA3 drug discovery, we tested whether polyQ 
ATXN3 could serve to evaluate patients’ responses to ATXN3-targeting therapies. To this end, 
we used cultured patient fibroblasts to quantify the reduction of polyQ ATXN3 following 
treatment with a siRNA against ATXN3. We observed that responses differed among fibroblast 
cultures from different patients. If these results reflect anticipated differences among patients 
during a clinical trial, not only may CSF polyQ ATXN3 be useful to confirm target engagement, 
it may also inform the rational selection of dose and schedule. It is thus notable that polyQ 
ATXN3 in fibroblasts from SCA3 patients correlated strongly with polyQ ATXN3 in matching 
CSF, further underscoring the use of CSF as potential pharmacodynamics marker. These findings 
are timely given that different approaches, including small interfering RNAs and antisense 
oligonucleotides, are currently being tested for their ability to downregulate ATXN3 proteins (7-
24). Moreover, a similar biomarker assay is currently being used in ongoing clinical trials for 
Huntington’s disease to measure mutant huntingtin protein in human biofluids (62), further 
highlighting the potential utility of the polyQ ATXN3 assay for SCA3.  

Most therapeutic approaches for SCA3 not only are able to downregulate mutant ATXN3 
protein, but also wild-type ATXN3. Although depleting the mutant protein at the expense of the 
normal protein may be beneficial, therapies specifically targeting the mutant allele are expected 



to be superior. As such, several strategies designed to specifically target the expanded mutant 
ATXN3 gene are being investigated (7, 12, 13, 15-18, 21-24). In addition, targeting SNPs with a 
higher frequency in the SCA3 population that are also associated with the expanded allele is an 
attractive approach. For instance, the A669-C987-A1118 haplotype is reportedly present in 72% of 
SCA3 families but only in about 20% of the normal population (51). Whether the A669-C987-A1118 
haplotype is linked to the mutant allele is unclear, but the C987 SNP was observed in the 
expanded allele in a cohort of 38 Japanese patients (63), and the specific downregulation of the 
C987-containing allele was successfully achieved in animal models of SCA3 (21). At present, the 
frequency of this SNP co-occurring with the expanded allele in the non-Japanese population is 
unknown. Here, we investigated the A1118 SNP and found it to be highly frequent in our main 
study cohort of ATXN3 mutation carriers (87%), with the SNP and the CAG repeat expansion co-
existing in the same allele for 90% of these individuals (or 78.3% of all ATXN3 mutation 
carriers). Previous studies suggest particular polymorphisms exist in the SCA3 population with 
two main haplotypes, known as Joseph and Machado lineages (44). The Joseph lineage, which is 
represented by the TTACA1118C haplotype, is the most widespread worldwide (44, 46, 49, 51). 
In contrast, the Machado lineage (GTGGC1118A) is more restricted to populations in mainland 
Portugal and the Azores (44, 46). The geographic origin of the individuals carrying the A1118 

expanded allele in our study cohort was diverse, and included several countries in Europe (the 
Netherlands, Germany, Sweden, Portugal), as well as China, Mexico, the Caribbean and the 
United States. Overall, we found a polymorphism with a widespread distribution that strongly 
associated with the mutant ATXN3 allele. Of interest, the A1118 SNP was detected in the expanded 
allele of 23 individuals from 10 different Japanese families (64). Thus, therapies targeting the 
A1118 SNP are expected to be especially useful in populations where the Joseph lineage is 
predominant, and represent effective means to specifically target the mutant allele for the 
majority of SCA3 patients.  

Our study has some limitations. First, as this was a retrospective study, the size of some 
groups, in particular the number of pre-symptomatic ATXN3 CAG-expansion carriers, was 
relatively small, which decreased the power of some analyses. In addition, there was no cohort to 
validate our CSF polyQ ATXN3 findings, and the clinical data available from patients in the 
main plasma cohort and the validation plasma cohort did not perfectly overlap (INAS, ADL, 
SCAFI and CCFS data were only available for the SCA3 patients in the validation cohort, 
whereas gait mobility scores were only available for the main study cohort). Finally, ours was a 
cross-sectional study, which may have limited our ability to detect associations of interest. For 
instance, a longitudinal study may have permitted us to examine correlations between the rate of 
change in polyQ ATXN3 and the rate of change in gait mobility defects and SARA scores. 

In summary, polyQ ATXN3 may serve as means to assess target engagement for ATXN3-
based therapies, and the identification of the A1118 SNP, which strongly associates with the 
expanded allele in the majority of SCA3 patients, offers a therapeutic opportunity to specifically 
target the mutant ATXN3 allele. Whereas progression and prognostic biomarkers for SCA3 are 
still needed, our studies are expected to accelerate SCA3 therapy development and their testing 
in clinical trials. 

 

Materials and Methods 
Study design 
The goals of this study were to: (i) investigate polyQ ATXN3 as a pharmacodynamic marker 
using CSF and plasma from ATXN3 mutation carriers and noncarriers and (ii) perform 



validations on an independent cohort of plasma samples from ATXN3 mutation carriers and 
controls, (iii) evaluate whether polyQ ATXN3 proteins associate with clinical features of SCA3, 
(iv) determine the value of NFL as a marker for SCA3, (v) validate reported associations 
between ATXN3 CAG repeat length and clinical features in our study cohort, (vi) determine the 
association of a particular SNP with ATXN3 CAG-expanded allele, and (vii) assess whether 
polyQ ATXN3 may serve to determine patients’ varying responses to ATXN3-targeted therapies 
using human fibroblasts. Several statistical analyses were performed, as detailed in the 
“Statistical analysis” section below. Measurements of polyQ ATXN3 were performed by 
individuals blinded to genotype and disease status (symptomatic vs. asymptomatic) of the 
samples. Sample size was determined based on availability at the Mayo Clinic and University 
College of London. Written informed consent was obtained from all participants, and biological 
samples were obtained with ethics committee approval. For our fibroblast studies, we examined 
whether ATXN3 siRNA induced decreases in polyQ ATXN3, and performed these experiments 
in triplicate. 
 
 
 
Statistical analysis 

Initial statistical analyses were performed separately for the main study cohort and the 
plasma validation cohort. Comparisons of polyQ ATXN3 and NFL between SCA3 patients and 
the separate groups of healthy controls, C9orf72 carriers, other ataxia patients, pre-symptomatic 
SCA3 participants, and the combined group of non-SCA3 subjects (the latter group was 
examined only for comparisons involving polyQ ATXN3 and did not include the pre-
symptomatic SCA3 cases) were made in unadjusted analysis using a Wilcoxon rank sum test, 
and in adjusted analysis using a stratified van Elteren Wilcoxon rank sum test (65), where the 
test was stratified by both age (≤median or >median) and sex. To further examine the ability of 
polyQ ATXN3 and NFL to discriminate between SCA3 patients and other patient groups, area 
under the receiver operating characteristic curve (AUC) was estimated along with a 95% 
confidence interval (CI); an AUC of 0.5 corresponds to predictive ability equal to that of chance, 
while an AUC of 1.0 represents perfect predictive ability. Separately for each outcome measure 
(polyQ ATXN3 or NFL in plasma, CSF, and fibroblasts), we applied a Bonferroni correction to 
adjust for the number of pair-wise comparisons between groups that were made for analysis of 
the main cohort.  

A number of different analyses were performed in SCA3 subjects only. Correlations 
between polyQ ATXN3 as measured in CSF, plasma, and fibroblasts (and also between NFL as 
measured in CSF and plasma) were assessed using Spearman’s test of correlation. Associations 
of clinical features of SCA3 with CSF and plasma polyQ ATXN3 and NFL, and also with 
ATXN3 CAG-repeat length, were assessed using Spearman’s test of correlation in unadjusted 
analysis and also using multivariable linear regression models. When data was available in both 
the main study and validation cohorts, the two cohorts were combined, and multivariable models 
were initially adjusted only for cohort. Subsequently, full multivariable models that also adjusted 
for age at CSF/plasma collection, sex, and disease duration at CSF/plasma collection were 
utilized, with the exception of the models for age at onset which were adjusted for sex and 
ATXN3 CAG-repeat length. Regression coefficients and 95% CIs were estimated and are 
interpreted as the change in the mean outcome (polyQ ATXN3 or NFL; ATXN3 CAG-repeat 
length) corresponding to a specified increase in the given clinical feature. Plasma NFL was 



examined on the natural logarithm scale in all linear regression analysis involving the plasma 
validation cohort due to its skewed distribution in that cohort. A Bonferroni correction was 
applied separately for each outcome measure to adjust for multiple testing in linear regression 
analysis.  

Associations of presence of the “TAA1118” allele for ATXN3 rs7158733 (regardless of allele 
and when considering the allele with the longer ATXN3 CAG-repeat length) with risk of SCA3 
(vs. the separate groups of healthy controls, C9orf72 carriers, other ataxia patients, and the 
combined group non-SCA3 subjects) were made using logistic regression models that were 
adjusted for age and sex. Odds ratios (ORs) and 95% CIs were estimated in comparison to the 
reference SCA3 group. A Bonferroni correction was made to account for each pair-wise 
comparison vs. SCA3 subjects that was made for the two separate ATXN3 rs7158733 variables 
that were considered.  

All statistical tests were two-sided, and performed using R Statistical Software (version 
3.6.1; R Foundation for Statistical Computing, Vienna, Austria) and GraphPad Prism (version 
8.3.0). GraphPad Prism was also utilized to originate all graphs. The statistical significance P-
value threshold for a given analysis is displayed in the footnote of the table displaying that given 
analysis.  
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Figure captions:  

 

Fig. 1. PolyQ-ATXN3 proteins accumulate in CSF and plasma from individuals with SCA3, 
and distinguish SCA3 patients from controls. A-B) PolyQ ATXN3in CSF (A) and 
plasma (B) was measured using our immunoassay as described (see Methods). The 
number of cases per study group is included below the graphs. Graphs represent 
mean±SEM. Statistical differences represent unadjusted and adjusted analyses. Complete 
statistical analyses can be found in Table S3. *P < 0.05, ***P < 0.001, n.s.: non-
significant differences. C-D) Area under the receiver operating characteristic curve 
(AUC) for polyQ ATXN3 between SCA3 and healthy controls (C) or pre-symptomatic 
SCA3 carriers (D) in both CSF and plasma. Additional AUC values with other controls 
are included in Table S3. 

 

Fig. 2. Neurofilament light can also discriminate SCA3 patients from controls. A-B) NFL in 
CSF (A) and plasma (B) was measured using the commercial NF-light kit on the Simoa 
HD-1 analyzer (Quanterix) (see Methods). The number of cases per study group is 
included below the graphs. Graphs represent mean±SEM. Statistical differences represent 
unadjusted and adjusted analyses. Complete statistical analyses can be found in Table S4. 
*P < 0.05, ***P < 0.001, n.s.: non-significant differences. C-D) Area under the receiver 
operating characteristic curve (AUC) for NFL between SCA3 and healthy controls (C) or 
pre-symptomatic SCA3 carriers (D) in both CSF and plasma. Additional AUC values 
with other controls are included in Table S4. 

 

Fig. 3. The rs7158733 SNP is highly prevalent in our SCA3 patient cohort and associates 
with the expanded allele. A) Schematic depicting the reference “TAC1118” allele (top) in 
which the presence of C1118 allows corresponding codon (TAC1118) to encode for tyrosine 
at position 349 of the protein sequence (Y349). The “TAA1118” allele (bottom) is 
characterized by the single nucleotide change to A1118, encoding for a TAA1118 stop 
codon at position 349 and leading to generation of a truncated variant of ATXN3. B) Bar 
graph indicating the % of cases with either the “TAA1118” (salmon) or “TAC1118” allele 
(white). The exact number of cases is shown within each section of the bar graph. The 
darker salmon color depicts the proportion of cases that have the “TAA1118” on the 
expanded allele.  

 

Fig. 4. PolyQ ATXN3 proteins accumulate in human fibroblasts derived from ATXN3 
CAG-expansion carriers and treatment with ATXN3 siRNA leads to varying degrees 



of polyQ ATXN3 downregulation. A) Fibroblast lines were grown from 17 SCA3 
patients, 13 healthy controls, 14 non-SCA3 ataxia patients and 2 asymptomatic ATXN3 
CAG-expansion carriers (pre-symptomatic SCA3). PolyQ ATXN3 proteins were 
measured using our developed immunoassay. Bars represent mean±SEM. ****P<0.001, 
n.s.: not-significant differences. B) Spearman correlation analyses of polyQ ATXN3 in 
fibroblasts and matching CSF from ATXN3 CAG-expansion carriers (N=11). The solid 
line represents the estimated regression line. C) Four healthy control lines and 5 SCA3 
lines were grown in parallel and the same amount of cells were treated with control or 
ATXN3 siRNA for 5 days. Lysates were extracted and polyQ ATXN3 was measured 
using our immunoassay. Bars represent mean±SEM of at least three replicates per line. 
Information on ATXN3 CAG-repeat length and the presence of the rs7158733 SNP on 
each allele from matching blood samples, as well as the percentage of polyQ ATXN3 
knockdown from the different fibroblast lines are indicated underneath the graph. 
Statistical analyses were performed using a 2-way ANOVA followed by Sidak’s multiple 
comparisons test. *P<0.05, **P<0.005, ****P<0.0001. Individual-level data is shown in 
Tables S8 and S9. 
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Table 1. Associations of CSF and plasma polyQ ATXN3 with clinical features of SCA3.  
  Unadjusted analysis Adjusting only for cohort Full multivariable analysis 

Clinical feature N 
Spearman’s r 

(95% CI) 
P-value 

Regression coefficient 
(95% CI) 

P-value 
Regression coefficient 

(95% CI) 
P-value 

Association with CSF polyQ ATXN3        
Age of onset (10 year increase) 45 0.21 (-0.12, 0.51) 0.16 N/A N/A 0.02 (-0.01, 0.06) 0.18 
Disease duration (5 year increase) 45 -0.28 (-0.53, 0.01) 0.063 N/A N/A -0.02 (-0.04, 0.00) 0.053 
ATXN3 CAG-repeat length 
(5 unit increase) 

45 -0.11 (-0.40, 0.20) 0.47 N/A N/A 0.00 (-0.05, 0.05) 0.91 

SARA total (5 unit increase) 44 -0.22 (-0.50, 0.09) 0.15 N/A N/A -0.01 (-0.02, 0.01) 0.54 
Gait mobility score (1 unit increase) 24 -0.09 (-0.51, 0.33) 0.66 N/A N/A 0.01 (-0.03, 0.05) 0.55 

        
Association with plasma polyQ ATXN3 
(combined cohort) 

       

Age of onset (10 year increase) 80 -0.26 (-0.46, -0.02) 0.020 -0.16 (-0.28, -0.04) 0.011 -0.13 (-0.30, 0.03) 0.11 
Disease duration (5 year increase) 80 0.13 (-0.10, 0.33) 0.27 0.04 (-0.06, 0.14) 0.45 0.08 (-0.03, 0.18) 0.15 
ATXN3 CAG-repeat length 
(5 unit increase) 

80 0.24 (0.01, 0.46) 0.031 0.19 (0.03, 0.36) 0.024 0.06 (-0.17, 0.29) 0.61 

SARA total (5 unit increase) 80 0.03 (-0.17, 0.23) 0.82 0.00 (-0.09, 0.10) 0.96 -0.02 (-0.14, 0.10) 0.72 
Gait mobility score (1 unit increase) 31 0.39 (0.04, 0.68) 0.030 N/A N/A 0.19 (-0.05, 0.44) 0.11 
INAS total (1 unit increase) 40 0.10 (-0.20, 0.37) 0.54 N/A N/A -0.03 (-0.11, 0.06) 0.53 
ADL total (5 unit increase) 40 0.06 (-0.27, 0.37)) 0.73 N/A N/A -0.08 (-0.24, 0.09) 0.37 
SCAFI (1 unit increase) 34 -0.22 (-0.50, 0.11) 0.21 N/A N/A -0.11 (-0.33, 0.10) 0.28 
CCFS (0.5 unit increase) 32 0.07 (-0.30, 0.42) 0.70 N/A N/A 0.31 (-0.83, 1.45) 0.58 

CI = confidence interval. In unadjusted analysis, P-values result from Spearman’s test of correlation. In multivariable analysis, regression coefficients, 95% CIs, and 
P-values result from linear regression models. Regression coefficients are interpreted as the change in mean polyQ ATXN3 corresponding to the increase given in 
parenthesis. In the full multivariable analysis, models were adjusted for cohort (main or validation, only if the given feature was assessed in both cohorts), age at 
plasma/CSF collection, sex, and disease duration with the exceptions of the model for age at onset which was adjusted for cohort, sex, and ATXN3 CAG-repeat 
length, and the model for CCFS which was adjusted for sex and disease duration. For clinical features that were assessed in only the main or the validation cohorts, 
but not both, analysis adjusting only for cohort was not performed. After applying a Bonferroni adjustment for multiple testing separately for each polyQ ATXN3 
outcome measure, P-values <0.010 (associations with CSF polyQ ATXN3) and <0.0056 (associations with plasma polyQ ATXN3) were considered as statistically 
significant. 
 
 
 
 



Table 2. Associations of ATXN3 CAG-repeat length with clinical features of SCA3 in the combined cohort. 
  Unadjusted analysis Adjusting only for cohort1 Full multivariable analysis 

Clinical feature N 
Spearman’s r 

(95% CI) 
P-value 

Regression 
coefficient (95% CI) 

P-value 
Regression 

coefficient (95% CI) 
P-value 

Age of onset (10 year increase) 80 -0.68 (-0.80, -0.51) <0.001 -0.50 (-0.63, -0.37) <0.001 -0.50 (-0.62, -0.37) <0.001 
SARA total (5 unit increase) 80 0.20 (-0.03, 0.41) 0.075 0.09 (-0.03, 0.22) 0.14 0.14 (0.02, 0.25) 0.024 
Gait mobility score (1 unit 
increase) 

32 0.34 (-0.03, 0.65) 0.057 N/A N/A 0.04 (-1.18, 1.26) 0.95 

INAS total (1 unit increase) 39 0.24 (-0.09, 0.51) 0.14 N/A N/A 0.09 (-0.01, 0.20) 0.081 
ADL total (5 unit increase) 39 0.22 (-0.10, 0.51) 0.18 N/A N/A 0.26 (0.05, 0.46) 0.015 
SCAFI (1 unit increase) 34 -0.16 (-0.53, 0.19) 0.35 N/A N/A -0.28 (-0.57, 0.00) 0.051 
CCFS (0.5 unit increase) 31 -0.05 (-0.41, 0.28) 0.77 N/A N/A 1.72 (0.15, 3.30) 0.034 
CI = confidence interval. In unadjusted analysis, P-values result from Spearman’s test of correlation. In multivariable analysis, regression 
coefficients, 95% CIs, and P-values result from linear regression models. Regression coefficients are interpreted as the change in mean outcome 
(allele length) corresponding to the increase given in parenthesis (continuous variables). In the full multivariable analysis, models were adjusted 
for cohort (main or validation), age at plasma/CSF collection, sex, and disease duration with the exception of the model for age at onset which 
was adjusted for cohort and sex, and the model for CCFS which was adjusted for cohort (main or validation), sex, and disease duration. 1For 
clinical features that were assessed in only the main cohort or the validation cohort, but not both, analysis adjusting only for cohort was not 
performed. After applying a Bonferroni adjustment for multiple testing, P-values <0.0071 were considered as statistically significant. 
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Materials and Methods 
Standard protocol approval and patient consent 

All individuals agreed to be in the study and biological samples were retrieved after 
obtaining informed consent from all participants. All protocols were approved by the Mayo 
Clinic Institution Review Board and Ethics Committee, and the Ethical review boards 
responsible for the sites where patients were included. All collaborative sites were also approved 
by the Mayo Clinic IRB Committee and material transfer agreements were developed.  
 
Clinical assessment of SCA3 participants 

Diagnosis of SCA3 was independently ascertained by trained movement disorder specialists 
upon examinations, and neurological evaluations were recorded. In particular, neurological 
evaluations were comprised of the Scale for the Assessment and Rating of Ataxia (SARA) (27), 
the Inventory of Non-Ataxia Signs (INAS) (29), Activities of Daily Living (ADL) (35), the SCA 
Functional Index (SCAFI) (36), the Composite Cerebellar Functional Severity Score (CCFS) 
(37), and a gait mobility score. Of note, the gait mobility score was determined by R.H., based 
on the Schon et al scale (66) to provide a classification for the current level of mobility for each 
participant. This scale is comprised of five levels of motor functionality:  0-asymptomatic, 1-
impaired gait (no assistance required), 2-impaired gait (utilizes cane when ambulating), 3-
requires walker, 4-wheelchair bound, 5-bedridden. In addition, study participants were evaluated 
by family history of neurological conditions, history of falls, vision changes, swallowing 
difficulties, loss of sensation, presence/absence of paresthesia, and urine and stool incontinence. 
On semi-quantitative examinations, patients were observed for signs of eye movement 
impairment, nystagmus, frontal lobe release signs, cognitive and behavioral dysfunction, 
pyramidal signs and lower motor dysfunction, ataxia, peripheral neuropathy, and parkinsonism. 
Commercial genetic test results were also obtained from SCA3 participants. Finally, we also 
measured ATXN3 CAG-repeat length to evaluate associations with age of onset and other disease 
metrics widely described in the literature. A summary of patient characteristics is described in 
Tables S1 and S2. 
 
Sample collection 

Patient biofluids (blood, plasma and CSF) and/or skin biopsies from patients with SCA3, 
other forms of ataxia, C9orf72 carriers, and healthy control individuals were obtained following 
standardized protocols at Mayo Clinic in Florida and Arizona, University College of London 
(United Kingdom), Lund University (Sweden), University of Coimbra (Portugal), and the 
Massachusetts General Hospital and Washington University through their Dominantly Inherited 
ALS (DIALS) Network study. Blood, plasma and CSF were placed on ice upon collection from 
the patients and transferred to the laboratory for processing. Within 30 minutes following CSF 
and plasma collection, samples were spun at 4°C for 15 minutes at either 2,465 x g (plasma) or 
453 x g (CSF), and supernatant stored in 200 μl aliquots. Blood was aliquoted in 2 ml aliquots 
for DNA extraction. All skin biopsies consisted of a 3 mm punch from the non-dominant upper 
extremity (forearm), and were collected by the same clinician (except 1 case collected at Mayo 
Clinic Arizona) at the same patient visit in which CSF and blood was collected. Skin biopsies 
were also transferred immediately to the research lab for immediate generation of fibroblast 
lines, as described below. 



CSF series, main plasma cohort, and fibroblast cell lines 
This cohort consisted of 54 SCA3 patients, 21 other ataxia patients, 54 C9orf72 carriers, 56 

healthy controls, and 4 pre-symptomatic SCA3 participants. Information was collected regarding 
polyQ ATXN3 (plasma, CSF, and fibroblasts), NFL (plasma and CSF), age at onset, sex, race, 
age at sample collection, disease duration at sample collection, ATXN3 CAG-repeat length in 
both alleles, ATXN3 rs7158733 long/short allele genotype, gait mobility score, and total SARA 
score. Note that CSF from 11 patients from the UCL validation cohort was also included in the 
CSF series since no CSF control samples were available from the independent sample collection.  

 
Plasma validation cohort 

The plasma validation cohort was comprised of 40 SCA3 patients, 2 pre-symptomatic SCA3 
participants, and 30 healthy controls collected at University College of London (UCL) at the 
United Kingdom. Information was collected regarding age at onset, sex, polyQ ATXN3, NFL, 
age at plasma collection, disease duration at plasma collection, ATXN3 CAG-repeat length, total 
SARA score, total INAS score, total ADL score, SCAFI, and CCFS.  
 
Establishment of fibroblasts cell lines and culturing 

Human primary dermal fibroblasts were cultured from skin biopsies in standard culture 
media comprised of Dulbecco’s modified Eagle’s medium (DMEM, Fisher Scientific) with 10% 
fetal bovine serum (Sigma), 1% non-essential amino acids (Fisher), 1% penicillin-streptomycin 
(Fisher) and 1% amphotericin B (Gemini Bio).  Skin biopsies were dissected into 4 pieces and 
cultured in 6 well plates until outgrowth covered approximately 20% of each well, then the 
biopsy tissue was removed and fibroblasts were passaged and combined into one T25 flask.  At 
confluency, cells were passaged 1:3 to larger flasks, to obtain three T225s flasks (~1x106 cells), 
at which time the cells were harvested and either frozen in FBS with 10% DMSO, or washed and 
frozen as a cell pellet. Cultures were screened for mycoplasma contamination using the 
MycoAlert PLUS Mycoplasma Detection Kit (Lonza) when confluent in the T25 flask, and again 
immediately before freezing.  
 
ATXN3 knockdown in human fibroblasts 

From three T225s flasks per line, cells were washed with 1x PBS, combined and counted. 
The same number of cells was seeded into 10 cm2 dishes (3x106 cells/dish). A total of 6 dishes 
per line were established, with exception of fibroblasts line #9 for which only 4 dishes were 
generated. Twenty-four hours following seeding into 10cm2 dishes, cells were treated with 20nM 
control (siGENOME Non-Targeting siRNA Pool #1, Cat#D-001206-13-20, Dharmacon) or 
ATXN3 (SMARTpool: ON-TARGETplus ATXN3 siRNA, Cat#L-012013-00-0005, Dharmacon) 
siRNA, in triplicates (except line #9 which only allowed duplicates), for a total of 5 days. Cells 
were then harvested for polyQ ATXN3 analyses using our immunoassay, as described above. 
 
Generation of fibroblast lysates 

Fibroblast cell pellets were lysed in Co-IP buffer (50 mm Tris–HCl, pH 7.4, 300 mM NaCl, 
1% Triton-X-100, 5 mM EDTA) with 2% sodium dodecyl sulfate (SDS), phenylmethylsulfonyl 
fluoride (PMSF), and both a protease and phosphatase inhibitor mixture (1:100), and sonicated. 
After centrifugation at 16,000-20,000 xg for 20 min at 4-15°C, the supernatant was collected and 
protein concentration determined by BCA assay. Samples were diluted in 1x TBS prior to 
loading onto the MSD plate. 



 
PolyQ ATXN3 protein immunoassay development 

To detect and quantify ATXN3 proteins containing the CAG-repeat expansion characteristic 
of patients with SCA3, we established a sandwich immunoassay using the Meso Scale Discovery 
(MSD) electrochemiluminescence detection technology. 

To determine the best antibody pairs and conditions that delivered the best signal-to-noise 
ratio, we first coated a MSD Multi-array 96-well plate (Cat#L15XA-6, MSD) with different anti-
ATXN3 or anti-polyQ antibodies, at different concentrations (2, 1, 0.5, and 0.25  μg/ml diluted in 
TBS: Tris buffered saline) overnight at 4°C.  Then, wells were washed with TBS-T (0.2% Tween 
20 in TBS) and blocked with 3% milk in TBS-T at room temperature for 2 hours. A total of 1 μg 
of protein from untransfected HEK293T cells or HEK293T cells overexpressing the human 
ATXN3 coding sequence with an 84 poly-glutamine expansion were added to the wells as 
negative and positive controls, respectively. Lysates were incubated on the plate for 2 hours at 
room temperature at 600 rpm, and washed 3 times with TBS-T. For detection, the SULFO-
TAGGED anti-polyQ antibody (clone 3B5H10, Cat#P1874 from Sigma) was added at diverse 
testing concentrations (2, 1, 0.5, and 0.25 μg/ml), and the plate was incubated another 2 hours at 
room temperature and 600 rpm, after which time the plate was washed again with TBS-T, and 
read with 1X MSD Read Buffer T with Surfactant (Cat#R92TC-2, MSD) on the MSD Meso 
QuikPlex SQ 120 Plate Reader.  The best 2 antibody pair combinations were then repeated using 
lysates of HEK293T cells overexpressing the human ATXN3 coding sequence with a polyQ 
expansion of either 28 or 84 glutamines. Cell lysates were used at 4x dilutions starting at 1 
μg/well. Furthermore, several blocking reagents were also tested: 3% milk, 5% MSD Blocker A 
(Cat#R93AA-1, MSD), or 0.25% casein. The assay that gave the highest signal to noise ratio, 
and which was used in subsequent assays, used: 1) a mono-clonal anti-ATXN3 antibody (clone 
1H9, Cat# MAB5360 from Millipore) at 0.25 μg/ml as capture antibody, 2) an anti-polyQ 
detection antibody (clone 3B5H10, Cat#P1874, Sigma) at 0.5 μg/ml and conjugated to a 
SULFO-TAG NHS-Ester group according to the manufacturer’s recommendation (Cat# R91AO-
1, MSD), and 3) 5% MSD Blocker A. To increase sensitivity of the assay when testing biofluids, 
the concentration of the capture antibody was increased to 2 μg/ml and the concentration of the 
detection antibody was increased to 1.25 μg/ml.  Each new lot of capture and labeled detection 
antibodies was re-optimized to give the best signal to noise ratio. 
 
Generation of recombinant ATXN3 

To further optimize immunoassay conditions for the detection of polyQ ATXN3, as well as 
to later serve as standards to quantify ATXN3 in biological fluids, we generated recombinant 
ATXN3 (rATXN3) with 80 glutamine repeats (Q80), and purified from Inclusion Body (IB) as a 
fusion protein with a C-terminal His tag. In brief, to generate rATXN3-Q80, the human polyQ 
ATXN3 gene (Addgene) was PCR amplified, sequenced, repeat length verified, and cloned into 
the pET30a bacterial expression vector (Novagen) containing a C-terminal His tag. ATXN3-
Q80-His containing plasmids were overexpressed and grown in Rosetta 2 (DE3)pLysS cells 
(EMD Millipore) at 37°C and 220rpm until OD600 reached 0.5. Then, IPTG was added at final 
concentration of 0.5 mM and cells were left to grow for 4 hours.  

Cell pellets were resuspended in lysis buffer (10 mM HEPES, 0.5 M NaCl, 1 mM MgCl2, 1 
mM TCEP, 1 mM PMSF, 1X PIC, 21 U/mL DNase, 2% Triton X-100), and sonicated. Inclusion 
bodies were pelleted by centrifugation at 16,000 x g for 10 minutes, and resuspended in 
denaturing buffer (10 mM HEPES, 300 mM NaCl,  1 mM TCEP,  20 mM Imidazole, 8 M urea) 



and filtered through a 0.45 μm membrane. Then, rATXN3 proteins were bound to a pre-
equilibrated 5 ml His-trap HP column (GE Healthcare). The column was washed with x10 
volume of washing buffer (denaturing buffer with 40 mM Imidazole), and the protein was eluted 
with elution buffer (denaturing buffer with 250 mM Imidazole). rATXN3 containing fractions 
were pooled, flash frozen and stored at -80°C. Before use, the frozen rATXN3 samples were 
thawed on ice and desalted with PBS using a 0.5 ml Zeba Spin Desalting column (Thermo 
Scientific) according to the manufacturer's instructions. Protein concentration was calculated 
using the bicinchoninic acid assay (BCA). To confirm the purity and specificity of the fractions, 
we performed coomassie brilliant blue stain, and western blotting against ATXN3 (Cat# 
MAB5360, clone 1H9, Millipore Sigma) and the His tag (Cat#2366, clone 27E8, Cell Signaling) 
(Fig. S1). Finally, we used the recombinant polyQ ATXN3 protein to evaluate the limit of blanks 
(0.0088 pg/ul), limit of detection (0.0134 pg/ul) and limits of quantitation (upper limit: >200 
pg/ul, lower limit: 0.05 pg/ul) of our immunoassay, as previously described (33). 
 
PolyQ ATXN3 immunoassay 

To detect and quantify ATXN3 proteins containing the CAG-repeat expansion characteristic 
of patients with SCA3, we established a sandwich immunoassay using the Meso Scale Discovery 
(MSD) electrochemiluminescence detection technology. Additional details on assay 
development can be found in a previous section entitled: PolyQ ATXN3 protein immunoassay 
analyses development.  

To quantify polyQ ATXN3 proteins in human samples, we first coated a MSD Multi-array 
96-well plate (Cat#L15XA-6, MSD) with a mono-clonal anti-ATXN3 antibody (clone 1H9, Cat# 
MAB5360 from Millipore) at 2 μg/ml as capture antibody (diluted in TBS: Tris buffered saline) 
overnight at 4°C. Then, wells were washed with TBS-T (0.2% Tween 20 in TBS) and blocked 
with 3% MSD Blocker A (Cat#R93AA-1, MSD) in TBS-T at room temperature for 2 hours. A 
total 90 μl of CSF, 10 μl of plasma (total 50 μl/well, 1:5 dilution in TBS-T) or 20 μg of protein 
from human fibroblast lysates were added to each well (each sample run in duplicates) and 
incubated on the plate for 2 hours at room temperature at 600 rpm, and washed 3 times with 
TBS-T. For detection, an anti-polyQ detection antibody (clone 3B5H10, Cat#P1874, Sigma) at 
1.25 μg/ml and conjugated to a SULFO-TAG NHS-Ester group was used according to the 
manufacturer’s recommendation (Cat# R91AO-1, MSD). The plate was incubated 2 hours at 
room temperature and 600 rpm, after which time the plate was washed again with TBS-T, and 
read with 1X MSD Read Buffer T with Surfactant (Cat#R92TC-2, MSD) on the MSD Meso 
QuikPlex SQ 120 Plate Reader.   
 
NFL immunoassay 

NFL measurements were acquired using the Simoa HD-1 analyzer and the commercial NF-
light kit from Quanterix as per the manufacturer’s protocol. CSF and plasma samples were run in 
Simoa 96-well plates by trained personnel, with kits of the same lot. The Simoa platform 
performs 2 repeated measures and provides the mean of both readings as well as the coefficient 
of variation (CV).  
 
Assessment of repeat length from blood genomic DNA 

For analysis of the CAG repeat length in patient samples and controls, PCR was performed 
on genomic DNA extracted from blood, as described (Cat#158389, Qiagen). Sequencing primers 
were as previously reported (67): a 6-FAM fluorophore-labeled 5’ primer (5’ 



CCAGTGACTACTTTGATTCG 3’) and an unlabeled 3’ primer (5’ 
CTTACCTAGATCACTCCCAA 3’). A touchdown PCR program (3 min 95°C; 10 cycles of 15s 
94°C, 15s 65°C decreasing 1°C per cycle, 30s 72°C; 30 cycles 15s 94°C, 15s 55°C, 30s 72°C; 
and 5 min 72°C) was used with an Apex Taq DNA Polymerase (Genesee). Products were mixed 
with the GeneScan 500 LIZ dye Size Standard (Fisher), analyzed for size determination on an 
ABI3730 sequencer, and repeat sizes were determined with GeneMapper™ 4.0 software 
(Applied Biosystems). 
 
Determination of rs7158733 SNP and location on non-expanded/expanded allele 

For analysis of the rs7158733 SNP-specific CAG repeat length in patient samples and 
controls, PCR was performed on gDNA using a 6-FAM fluorophore-labeled 5’ primer (5’ 
CCAGTGACTACTTTGATTCG 3’), and unlabeled 3’ primers specific for either the “TAC1118” 
allele (5’ AAAAATCACATGGAGCTCG 3’) or the “TAA1118” allele (5’ 
AAAAATCACATGGAGCTCT 3’), and a touchdown PCR program (3 min 95°C; 10 cycles of 
15s 94°C, 15s 70°C decreasing 1°C  per cycle, 30s 72°C; 30 cycles 15s 94°C, 15s 60°C, 30s 
72°C; and 5 min 72°C) using a Apex Taq DNA Polymerase (Genesee). Products were mixed 
with the GeneScan 500 LIZ dye Size Standard (Fisher), analyzed for size determination on an 
ABI3730 sequencer, and repeat sizes were determined with GeneMapper™ 4.0 software 
(Applied Biosystems). 
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Fig. S1. Purified rATXN3 protein containing 80 glutamine repeats (Q80). A) Coomassie brilliant blue staining on gels containing 
2 and 5 μg of rATXN3-Q80-His protein. B) Western blots (WB) of 25 and 50 ng total protein shows the specificity of rATXN3-Q80-
His fractions by probing with antibodies against the His tag (left) and ATXN3 (right). C) Standard curve using different 
concentrations of rATXN3 protein. 
 
 
 
 
 
 
 
 
 



Table S1. Subject characteristics for the CSF series and the main plasma cohort. 

 
SCA3 patients 

(N=54) 
Other ataxia 

patients (N=21) 
C9orf72 expansion 

carriers (N=54) 
Healthy 

controls (N=56) 
Pre-symptomatic 

SCA3 (N=4) 
Variable N Summary1 N Summary1 N Summary1 N Summary1 N Summary1 

Age at ataxia onset (years) 54 39 (18, 65) 21 36 (3, 72) 0 N/A 0 N/A 0 N/A 
Sex (Male) 54 19 (35.2%) 21 9 (42.9%) 54 26 (48.1%) 56 23 (41.1%) 4 1 (25.0%) 
Race (White) 43 33 (76.6%) 20 15 (75.0%) 52 51 (98.1%) 50 41 (82.0%) 4 4 (100.0%) 
Age at plasma collection (years) 41 53 (27, 75) 16 54 (20, 80) 43 57 (24, 73) 34 55 (26, 79) 4 32 (31, 67) 
Age at CSF collection (years) 46 51 (24, 75) 12 54 (20, 78) 40 58 (23, 77) 30 45 (27, 73) 4 32 (31, 67) 
Disease duration of ataxia at plasma collection 
(years) 

41 11 (4, 38) 16 14 (1, 37) 0  N/A 0 N/A 0 N/A 

Disease duration of ataxia at CSF collection (years) 46 11 (1, 38) 12 9 (2, 40) 0  N/A 0 N/A 0 N/A 
ATXN3 CAG-repeat length 53 69 (51, 75) 20 25 (14, 37) 54 23 (14, 33) 44 23 (14, 33) 4 65 (59, 69) 
Gait mobility score 32  20  0  30  2  

0=Asymptomatic  0 (0.0%)  0 (0.0%)  N/A  
30 

(100.0%) 
 2 (100.0%) 

1=Impaired gait (no assistance)  10 (31.2%)  9 (45.0%)  N/A  0 (0.0%)  0 (0.0%) 
2=Impaired gait (require cane)  3 (9.4%)  2 (10.0%)  N/A  0 (0.0%)  0 (0.0%) 
3=Requires a walker  4 (12.5%)  1 (5.0%)  N/A  0 (0.0%)  0 (0.0%) 
4=Wheelchair bound  14 (43.8%)  8 (40.0%)  N/A  0 (0.0%)  0 (0.0%) 
5=Bedridden  1 (3.1%)  0 (0.0%)  N/A  0 (0.0%)  0 (0.0%) 

SARA total 52 12 (1, 34) 20 12 (5, 39) 0 N/A 30 0 (0, 3) 4 0 (0, 0) 
1The sample median (minimum, maximum) is given for continuous variables, and No. (%) of subjects is given for categorical variables.  

 
 

 
 
 
 
 
 
 
 
 
 



Table S2. Subject characteristics for the plasma validation cohort. 

 
SCA3 patients 

(N=40) 
Healthy controls 

(N=30) 
Pre-symptomatic SCA3 

(N=2) 
Variable N Summary1 N Summary1 N Summary1 

Age at ataxia onset (years) 39 39 (16, 69) 0 N/A 0 N/A 
Sex (Male) 40 13 (32.5%) 30 12 (40.0%) 2 0 (0%) 
Age at plasma collection (years) 40 53 (25, 77) 30 43 (22, 72) 2 38 (34, 41) 
Disease duration of ataxia at plasma collection (years) 39 11 (1, 41) 0 N/A 0 N/A 
ATXN3 CAG-repeat length 39 70 (56, 75) 25 24 (14, 30) 2 67 (62, 71) 
SARA total 40 17 (2, 35) 0 N/A 2 2 (2, 2) 
INAS total 40 7 (2, 9) 0 N/A 2 2 (1, 3) 
ADL total 40 17 (3, 34) 0 N/A 2 2 (0, 4) 
SCAFI  34 -0.6 (-3.1, 1.8) 0 N/A 2 1.0 (1.0, 1.0) 
CCFS 32 1.1 (-0.9, 1.5) 0 N/A 2 1.0 (0.9, 1.0) 
1The sample median (minimum, maximum) is given for continuous variables, and No. (%) of subjects is given for categorical variables.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table S3. Comparisons of polyQ ATXN3 between SCA3 patients and healthy controls, carriers of the C9orf72 repeat 
expansion, other ataxia patients, and pre-symptomatic SCA3 individuals. 
   P-value in comparison to SCA3 patients  

Outcome/group N 
Median (pg/μl) 

(minimum, 
maximum) 

Unadjusted 
analysis 

Adjusting for age and 
sex 

AUC (95% CI) vs. SCA3 
patients) 

CSF polyQ ATXN3       
SCA3 patients 45 0.13 (0.04, 0.46) N/A N/A N/A 
Healthy controls, C9orf72 carriers, and other 
ataxia patients 

84 0.00 (0.00, 0.04) <0.001 <0.001 1.00 (1.00, 1.00) 

Healthy controls 33 0.00 (0.00, 0.04) <0.001 <0.001 1.00 (1.00, 1.00) 
C9orf72 carriers 40 0.00 (0.00, 0.04) <0.001 <0.001 1.00 (1.00, 1.00) 
Other ataxia patients 11 0.00 (0.00, 0.02) <0.001 <0.001 1.00 (1.00, 1.00) 
Pre-symptomatic SCA3 4 0.07 (0.04, 0.07) 0.010 0.035 0.89 (0.80, 0.99) 

Plasma polyQ ATXN3 – Main cohort      
SCA3 patients 41 1.28 (0.30, 3.44) N/A N/A N/A 
Healthy controls, C9orf72 carriers, and other 
ataxia patients  

93 0.00 (0.00, 0.28) <0.001 <0.001 1.00 (1.00, 1.00) 

Healthy controls 34 0.00 (0.00, 0.23) <0.001 <0.001 1.00 (1.00, 1.00) 
C9orf72 carriers 43 0.00 (0.00, 0.20) <0.001 <0.001 1.00 (1.00, 1.00) 
Other ataxia patients 16 0.00 (0.00, 0.28) <0.001 <0.001 1.00 (1.00, 1.00) 
Pre-symptomatic SCA3 4 0.84 (0.48, 1.68) 0.22 0.21 0.70 (0.38, 1.00) 

Plasma polyQ ATXN3 – Validation cohort      
SCA3 patients 40 1.08 (0.36, 2.68) N/A N/A N/A 
Healthy controls 30 0.00 (0.00, 0.00) <0.001 <0.001 1.00 (1.00, 1.00) 
Pre-symptomatic SCA3  2 1.21 (0.81, 1.61) N/A N/A N/A 

AUC = area under the ROC curve. In unadjusted analysis P-values result from a Wilcoxon rank sum test. In analysis adjusted for age and sex, P-values result from 
a van Elteren stratified Wilcoxon rank sum test, where the tests were stratified by a 4-category variable based on combination of age (≤ median in the given group 
[main or validation cohort], >median in the given group [main or validation cohort]) and sex. After applying a Bonferroni correction for multiple testing in the 
main cohort, P-values <0.010 were considered as statistically significant. P-values <0.05 were considered as significant in analysis of the plasma validation 
cohort. A statistical test was not performed for the pre-symptomatic SCA3 patients in the validation cohort since only 2 patients had a measurement.   

 
 
 
 
 
 
 
 



Table S4. Comparisons of NFL between SCA3 patients and healthy controls, other ataxia patients, and pre-symptomatic 
SCA3 individuals. 
   P-value in comparison to SCA3 patients  

Outcome/group N 
Median (pg/ml) 

(minimum, maximum) 
Unadjusted 

analysis 
Adjusting for age and 

sex 
AUC (95% CI) vs. SCA3 patients) 

CSF NFL      
SCA3 patients 46 3569 (1413, 6837) N/A N/A N/A 
Healthy controls 34 449 (137, 1512) <0.001 <0.001 1.00 (1.00, 1.00) 
Other ataxia patients 12 1096 (327, 5672) <0.001 <0.001 0.82 (0.65, 0.99) 
Pre-symptomatic SCA3 4 1352 (1019, 1398) <0.001 0.001 1.00 (1.00, 1.00) 

Plasma NFL – Main cohort      
SCA3 patients 41 30.31 (17.24, 69.90) N/A N/A N/A 
Healthy controls 34 11.20 (3.31, 33.56) <0.001 <0.001 0.89 (0.81, 0.96) 
Other ataxia patients 16 13.14 (3.90, 28.04) <0.001 <0.001 0.94 (0.87, 1.00) 
Pre-symptomatic SCA3 4 15.42 (11.05, 28.68) 0.011 0.022 0.87 (0.67, 1.00) 

Plasma NFL – Validation cohort      
SCA3 patients 40 32.31 (15.50, 348.08) N/A N/A N/A 
Healthy controls 30 7.98 (3.47, 32.35) <0.001 <0.001 0.97 (0.93, 1.00) 
Pre-symptomatic SCA3 2 24.04 (13.85, 34.23) N/A N/A N/A 

AUC = area under the ROC curve. In unadjusted analysis p-values result from a Wilcoxon rank sum test. In analysis adjusted for age and sex, P-values result 
from a van Elteren stratified Wilcoxon rank sum test, where the tests were stratified by a 4-category variable based on combination of age (≤ median in the 
given group [main or validation cohort], >median in the given group [main or validation cohort]) and sex. After applying a Bonferroni correction for multiple 
testing in the main cohort, P-values <0.0167 were considered as statistically significant. P-values <0.05 were considered as significant in analysis of the plasma 
validation cohort. A statistical test was not performed for the pre-symptomatic SCA3 patients in the validation cohort since only 2 patients had a measurement.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table S5. Associations of NFL with clinical features of SCA3. 



  Unadjusted analysis Adjusting only for cohort Multivariable analysis 

Clinical feature N 
Spearman’s r 

(95% CI) 
P-value 

Regression 
coefficient (95% 

CI) 
P-value 

Regression coefficient 
(95% CI) 

P-value 

Association with CSF NFL (combined 
cohort) 

   
  

  

Age of onset (10 year increase) 46 0.16 (-0.14, 0.44) 0.30 N/A N/A 293.8 (-181.6, 769.1) 0.22 
Disease duration (5 year increase) 46 0.05 (-0.24, 0.34) 0.73 N/A N/A -4.3 (-278.0, 271.5) 0.98 
ATXN3 CAG-repeat length (5 unit 
increase) 

46 0.03 (-0.25, 0.32) 0.83 
N/A N/A 

375.4 (-285.5, 1036.3) 0.26 

SARA total (5 unit increase) 45 0.01 (-0.28, 0.30) 0.95 N/A N/A -9.5 (-300.1, 281.1) 0.95 
Gait mobility score (1 unit increase) 25 0.03 (-0.46, 0.48) 0.89 N/A N/A -51.9 (-459.2, 355.4) 0.79 

        
Association with plasma NFL (combined 
cohort) 

   
  

  

Age of onset (10 year increase) 80 -0.03 (-0.26, 0.18) 0.77 0.16 (-7.19, 7.52) 0.96 1.19 (-8.79, 11.17) 0.81 
Disease duration (5 year increase) 80 0.14 (-0.09, 0.34) 0.20 3.61 (-2.21, 9.42) 0.22 3.47 (-2.69, 9.62) 0.27 
ATXN3 CAG-repeat length (5 unit 
increase) 

80 0.00 (-0.24, 0.23) 0.99 0.94 (-8.90, 10.77) 0.85 5.70 (-8.14, 19.53) 0.41 

SARA total (5 unit increase) 80 0.19 (-0.01, 0.39) 0.099 5.54 (0.09, 11.00) 0.047 5.71 (-1.37, 12.80) 0.11 
Gait mobility score (1 unit increase) 31 -0.02 (-0.38, 0.32) 0.93 N/A N/A 0.77 (-4.06, 5.61) 0.75 
INAS total (1 unit increase) 40 0.06 (-0.27, 0.39) 0.72 N/A N/A 0.05 (-0.04, 0.15) 0.27 
ADL total (5 unit increase) 40 0.11 (-0.19, 0.40) 0.50 N/A N/A 0.08 (-0.11, 0.26) 0.42 
SCAFI (1 unit increase) 34 -0.15 (-0.48, 0.21) 0.41 N/A N/A -0.15 (-0.42, 0.12) 0.26 
CCFS (0.5 unit increase) 32 0.05 (-0.33, 0.42) 0.79 N/A N/A -0.17 (-1.10, 0.75) 0.71 

CI = confidence interval. In unadjusted analysis, p-values result from Spearman’s test of correlation. In multivariable analysis, regression coefficients, 95% CIs, and P-
values result from linear regression models. Regression coefficients are interpreted as the change in mean NFL corresponding to the increase given in parenthesis 
(continuous variables). Multivariable models were adjusted for age at plasma/CSF collection, sex, and disease duration with the exception of the model for age at onset 
which was adjusted for sex and ATXN3 CAG-repeat length. For clinical features that were assessed in only the main cohort or the validation cohort, but not both, 
analysis adjusting only for cohort was not performed. After applying a Bonferroni adjustment for multiple testing separately for each NFL outcome measure, P-values 
<0.010 (associations with CSF NFL) and <0.0056 (associations with plasma NFL) were considered as statistically significant. 
 

 
 
 
 
Table S6. Association of presence of the “TAA1118” allele for ATXN3 rs7158733 with SCA3 or at risk of SCA3 (pre-
symptomatic SCA3) in comparison to healthy controls, C9orf72 expansion carriers, and other ataxia patients). 



  
Association of the “TAA1118” allele with risk of 

SCA3 

ATXN3 rs7158733 measure 
Fraction (%) of carriers of the 

“TAA1118” allele 
OR1 (95% CI) P-value 

Presence of the “TAA1118” allele on either the long or 
short allele 

   

SCA3 and pre-symptomatic SCA3 40/46 (87.0%) 1.00 (reference) N/A 
Controls 21/44 (47.7%) 0.13 (0.04, 0.36) <0.001 
C9orf72 expansion carriers 34/54 (63.0%) 0.23 (0.07, 0.62) 0.006 
Other ataxia patients 12/20 (60.0%) 0.19 (0.05, 0.68) 0.013 
Controls, C9orf72 carriers, and other ataxia patients 67/118 (56.8%) 0.18 (0.06, 0.43) <0.001 

Presence of the “TAA1118” allele on the longer allele    
SCA3 and pre-symptomatic SCA3 36/46 (78.3%) 1.00 (reference) N/A 
Controls 11/44 (25.0%) 0.09 (0.03, 0.23) <0.001 
C9orf72 expansion carriers2 19/53 (35.8%) 0.14 (0.05, 0.34) <0.001 
Other ataxia patients 10/20 (50.0%) 0.27 (0.08, 0.83) 0.023 
Controls, C9orf72 carriers, and other ataxia patients 40/117 (34.2%) 0.13 (0.06, 0.29) <0.001 

OR = odds ratio; CI = confidence interval. 1ORs, 95% CIs, and P-values result from logistic regression models that were adjusted for age and sex. In these 
logistic regression models, disease status was the dependent variable and ATXN3 rs7158733 was the independent variable; correspondingly, a separate logistic 
regression model was examined for each pair-wise comparison vs. SCA3 patients. ORs less than one (with SCA3 as the reference group) indicate a negative 
correlation between the “TAA1118” allele and the risk of SCA3. 2The long and short allele were the same length for one of the C9orf72 carriers; this C9orf72 
carrier was excluded from analysis involving presence of the “TAA1118” allele on the long allele as there was no long allele for this patient. After applying a 
Bonferroni adjustment for multiple testing separately for each ATXN3 rs7158733 measure, P-values <0.0125 were considered as statistically significant. 
 
 
 
 
 

 
 
 
 
 
 
 
 
 



Table S7. Comparisons of polyQ ATXN3 in fibroblasts between SCA3 patients and healthy controls, other ataxia patients, and 
pre-symptomatic SCA3 individuals. 

   
P-value in comparison to SCA3 

patients 
 

Outcome/group N 
Median (pg/μl) 

(minimum, maximum) 
Unadjusted 

analysis 
Adjusting for 
age and sex 

AUC (95% CI) vs. 
SCA3 patients) 

Fibroblasts polyQ ATXN3 – Main cohort      
SCA3 patients 17 4.56 (2.05, 6.22) N/A N/A N/A 
Healthy controls and other ataxia patients  27 0.37 (0.00, 1.38) <0.001 <0.001 1.00 (1.00, 1.00) 
Healthy controls 13 0.38 (0.00, 0.77) <0.001 <0.001 1.00 (1.00, 1.00) 
Other ataxia patients 14 0.36 (0.15, 1.38) <0.001 <0.001 1.00 (1.00, 1.00) 
Pre-symptomatic SCA3 2 3.62 (2.43, 4.82) N/A N/A N/A 

AUC = area under the ROC curve. In unadjusted analysis P-values result from a Wilcoxon rank sum test. In analysis adjusted for age and sex, P-values result 
from a van Elteren stratified Wilcoxon rank sum test, where the tests were stratified by a 4-category variable based on combination of age (≤ median) and sex. 
After applying a Bonferroni correction for multiple testing, P-values <0.0167 were considered as statistically significant. A statistical test was not performed for 
fibroblasts polyQ ATXN3 in the pre-symptomatic SCA3 patients since only 2 patients had a measurement.   
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Table S8. Data for each individual data point presented in Figure 4A and B. 
Sample ID Study group Fibroblasts_polyQ_ATXN3_(pg/ul) CSF_polyQ_ATXN3_(pg/ul) 

1 Healthy control 0.42 0.00 
2 Healthy control 0.17 N/A 

10 Healthy control 0.00 N/A 
11 Healthy control 0.41 N/A 
12 Healthy control 0.15 0.00 
13 Healthy control 0.35 N/A 
14 Healthy control 0.15 N/A 
15 Healthy control 0.43 0.00 
16 Healthy control 0.68 0.00 
17 Healthy control 0.38 0.01 
18 Healthy control 0.33 0.00 
19 Healthy control 0.41 N/A 
20 Healthy control 0.77 N/A 
21 Other ataxia 0.31 N/A 
22 Other ataxia 0.37 N/A 
23 Other ataxia 0.15 0.00 
24 Other ataxia 0.89 N/A 
25 Other ataxia 1.38 N/A 
26 Other ataxia 0.46 N/A 
27 Other ataxia 0.93 N/A 
28 Other ataxia 0.18 N/A 
29 Other ataxia 0.37 0.00 
30 Other ataxia 0.17 0.00 
31 Other ataxia 0.34 0.00 
32 Other ataxia 0.21 N/A 
33 Other ataxia 0.36 0.00 
34 Other ataxia 0.54 N/A 
35 Pre-symptomatic SCA3 2.43 0.04 
36 Pre-symptomatic SCA3 4.82 0.07 
7 SCA3 4.48 0.15 
8 SCA3 5.64 N/A 
9 SCA3 5.10 0.33 

37 SCA3 2.99 0.07 
38 SCA3 6.01 N/A 
39 SCA3 3.71 N/A 
40 SCA3 4.57 N/A 
41 SCA3 6.00 N/A 
42 SCA3 6.22 0.24 
43 SCA3 5.98 N/A 
44 SCA3 4.39 N/A 
45 SCA3 4.06 N/A 
46 SCA3 3.06 0.07 
47 SCA3 3.83 0.08 
48 SCA3 2.05 0.05 
49 SCA3 4.56 0.09 
50 SCA3 4.73 0.15 

 N/A: not available 
 
 
 
 
 



 
Table S9. Data for each individual data point presented in Figure 4C. 
Sample ID Study group Control siRNA ATXN3 siRNA 

1 Healthy control 0.98 0.56 0.88 0.38 0.35 0.36 
2 Healthy control 0.64 0.74 0.69 0.39 0.50 0.42 
3 Healthy control 0.92 1.20 1.18 0.63 0.78 0.59 
4 Healthy control 1.33 1.30 1.30 0.28 0.23 0.16 
5 SCA3 4.41 3.67 3.58 1.03 1.32 0.97 
6 SCA3 4.61 3.46 3.57 1.84 1.77 1.53 
7 SCA3 3.66 5.44 6.00 1.98 2.57 3.30 
8 SCA3 6.22 6.54 6.23 1.80 1.89 2.07 
9 SCA3 2.64 3.99 N/A 1.46 1.46 N/A 

N/A: not available 
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