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A Novel Duplication in ATXN2 as
Modifier for Spinocerebellar Ataxia

3 (SCA3) and C9ORF72-ALS
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ABSTRACT: Background: The ataxin-2 (ATXN2)
gene contains a cytosine-adenine-guanine repeat
sequence ranging from 13 to 31 repeats, but when sur-
passing certain thresholds causes neurodegeneration.
Genetic alterations in ATXN2 other than pathological
cytosine adenine guanine (CAG) repeats are unknown.
Methods/Results: We have identified a 9–base pair
duplication in the 2-gene ATXN2 sense/antisense
region. The duplication was found in a Swedish family
with spinocerebellar ataxia 3 with parkinsonism, con-
ferring a deviated age at onset unexplained by the
concomitant presence of ATXN2 intermediate alleles.
Similarly, C9ORF72 amyotrophic lateral sclerosis
cases bearing the same duplication had earlier age at
onset than those with C9ORF72 and ATXN2 interme-
diate alleles. No effect was evident in Parkinson’s dis-
ease (PD) cases without known PD gene mutations.
Conclusions: We describe the first genetic alteration
other than the known intermediate-range CAG repeats
in ATXN2. This 9–base pair duplication may act as an
additional hit among carriers of pathological nucleotide
expansions in ATXN3 and C9ORF72 with ATXN2 inter-
mediate. © 2020 The Authors. Movement Disorders
published by Wiley Periodicals LLC on behalf of Inter-
national Parkinson andMovement Disorder Society.

Key Words: ATXN2; SCA3; Parkinson’s disease;
C9ORF72; genemodifier; genotype–phenotypecorrelations

The ataxin-2 gene (ATXN2) contains a cytosine-
adenine-guanine (CAG) repeat sequence in exon 1. The
normal length of CAG repeats ranges from 13 to
31 repeats. Intermediate repeats between 27 and
31 CAG repeats are associated with neurological dis-
eases, and expansions beyond 34 CAG repeats cause
spinocerebellar ataxia 2 (SCA2).1-4

Genetic alterations of ATXN2 other than pathologi-
cal CAG repeats are unknown. We identified a 9–base
pair (bp) duplication in the ATXN2 promoter/exon
1 region lowering age at onset (AO) for spinocerebellar
ataxia 3/Machado Joseph disease (SCA3/MJD) and
C9ORF72-amyotrophic lateral sclerosis (ALS).

Material and Methods

Details on Material and Methods are presented as
supplementary material (Figs. 1A and S1, Tables S1
and S2).
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Results
Duplication of 9 bp in a 2-Gene ATXN2 Sense

and Antisense Region
We identified a 9-bp duplication, c.109_117delinsCGG

AGCGGG, ref seq. NM_002973, located in the 2-gene
ATXN2 sense/antisense region. The 9-bp duplication cau-
ses the reiteration of the SGR motif. For ATXN2-S, the
9-bp duplication is in the promoter/exon 1 region, and for
the natural antisense, ATXN2-AS, ~60 bp toward the end
of intron 1 (Fig. 1A,B).

Duplication of 9 bp in ATXN2 in Different
Cohorts

The 9-bp duplication was present in 1 of 28 Swedish
SCA3/MJD cases (1 of 28, 3.57%; Fig. 1C–G),
2 C9ORF72-ALS (2 of 70, 2.86%), and 4 patients with
Parkinson’s disease (4 of 198, 2%). Moreover, this
duplication was absent in 10 SCA patients from the
Coriell Cell repository. Four of 823 controls (0.48%)
had the 9-bp duplication. This variant was absent in
the following databases: gnomAD, ExAC, SNPdB, and
the1000 Genome Project.

Parkinsonian Phenotype in Swedish SCA3
Family with the Duplication

As shown in the family pedigree in Figure 2, both
cases had full penetrant ATXN3 alleles (I-1 = 65 CAG
repeats, II-1 = 69 CAG repeats). By history, the pater-
nal grandmother was also affected. SCA3 manifested in
the father (I-1) with insidious resting tremor, reduced
arm swing and facial expression at age 50, which was
responsive to L-dopa and thus diagnosed as Parkinson’s
disease (PD). Motor fluctuations were evident in the
course of the disease. Later, cerebellar signs became
evident, motivating an investigation for SCA3/MJD.
This patient died of pulmonary complications at age
72 years. Neuropathological examination demonstrated
loss of pigmented neurons in the substantia nigra and
ubiquitin-immunoreactive inclusions. Neuronal intra-
nuclear polyQ-positive inclusions were found in the
pontine nuclei, whereas loss of Purkinje cells in the cer-
ebellar cortex was mild (Fig. 2C–F and supplements).

Case II-1 is the index case in this family. This
49-year-old woman presented with insidious balance
impairment, slurred speech, and disturbed coordination
starting at age 30. At age 45, her examination revealed
ataxia signs, bradykinesia, and reduced arm swing. A
CT scan demonstrated cerebellar atrophy, particularly
in the vermis, but less atrophy was evident in the mes-
encephalon, pons, and cerebellar peduncles (Fig. 2G).
Recent assessment of the dopamine transporter with
[123I]FP-CIT SPECT demonstrated markedly reduced
binding in both putamina and to a lesser degree in the
caudate compared with controls (Fig. 2H,I). Treatment
with L-dopa was initially beneficial; later, motor fluctu-
ations appeared motivating add-on medication with
amantadine, which reduced her fluctuations. SARA
score was 10 at age 45 and increased to 20 at age 49.

Segregation Analysis in the SCA3-Parkinsonian
Family

The SCA3 mutation elongated from 65 to 69 CAG
repeats in the index case when transmitted from the
deceased father. In addition, we found cosegregation of
the SCA3 mutation with the A-allele of rs1048755
located in exon 8 of ATXN3 (Fig. S2).
As shown in Figure 2, the index case inherited the

ATXN2 intermediate allele of 29 CAG repeats from
her father. However, the 9-bp duplication came from
her healthy 78-year-old mother (I-2), who harbors the
ATXN2 genotype 22/22 CAG repeats. The mother also
transmitted one of these 22 CAG repeats and the dupli-
cation to one of her offspring, II-2, who also inherited the
father’s ATXN2 intermediate allele. From this, we con-
clude that the novel 9-bp duplication in II-1 is in cis with
1 maternal 22-CAG allele and in trans with the paternal
ATXN2 29-CAG-repeat allele. The cosegregation to the
G variant of rs695871 located 200 bp downstream of the
duplication supported this segregation. Interestingly,
Digital Droplet PCR analysis using rs695871 confirmed
the inclusion of the duplication in the main ATXN2 tran-
script and gene expression occurring from transcription
start site 1 (TSS1; Fig. S3A–C).
There were no differences in ATXN3 allelic expres-

sion (Fig. S2A–D). However, PCR fragment analysis of

FIG. 1. Unique 9-bp duplication in the 2-gene region ATXN2-sense/antisense. (A) Schematic representation of the background of the study and the
main results. We examined a total of 323 DNA samples from different patients with neurodegenerative diseases (SCAs, PD, and C9ORF72-ALS) and
823 DNA samples from controls from the United States and Sweden. DNA samples, demographics, and clinical data were obtained from the Coriell
Institute for Medical Research and Karolinska University Hospital. In addition to the CAG repeats, DNA was examined for other ATXN2 genetic alter-
ations potentially contributing as disease modifiers of SCAs, PD, and C9ORF72-ALS. Age at disease onset and clinical rating scales were used as phe-
notype markers for determining genotype–phenotype relationship. Figure S1 and Tables S1, S2 show the extended flow of the investigation, as well as
the general methods applied for each cohort. (B) Map for promoter/exon 1 of ataxin-2 gene including the CAG repeat and the relative positions for
some markers close to the 9-bp duplication. Transcription start sites are also indicated with blue arrows and the encoded region from the first putative
start site and the position for the rs695871. (C) The encoded fragment of the ataxin-2 is included in the map. The 9-bp duplication encodes the dupli-
cated motif SGR, located in the intrinsically disordered region of ataxin-2. In navy blue are the 2 methionines, and shadowed in pink is the polyQ tract.
(D) Capillary electrophoresis of both ATXN2 CAG repeat and the 9-bp duplication in the index case (II-1). (E) Representative electropherograms of the
9-bp duplication in the ATXN2 gene in reverse direction. (F–H) PCR fragment size analysis of cDNA showing that the mutant mRNA allele with the
duplication is expressed 2.3-fold more than the intermediate allele of 29 CAG repeats in the index case. Data are shown as the average of triplicate
samples, and error bars denote SD. [Color figure can be viewed at wileyonlinelibrary.com]
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cDNA from case II-1 demonstrated that the ATXN2
22CAG allele, in cis with the duplication, has a
2.3-fold-higher expression than its accompanying

29-CAG allele (Fig. 1E–G). Moreover, bidirectional
ATXN2-S/AS gene expression analysis showed higher
expression associated with the 9-bp duplication

FIG. 2. Legend on next page.
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(Fig. S3A–C). The 22/29CAG ratio was ~1 in the geno-
mic DNA for the duplication (not shown) and the dif-
ferent allelic expression was not due to ATXN2-S/AS
epigenetic gene methylation (data not shown).

Duplication of 9 bp, Genetic Modifiers, and Age
at Onset at SCA3

Interestingly, both cases had not only SCA3 but also
clear parkinsonism and lacked mutations in genes com-
monly associated with PD (Supplementary Information).
The meiotic instability of only 4 CAG repeats (65 to

69 CAG) does not explain the striking genetic anticipa-
tion of 20 years in this parent–daughter pair. More-
over, our index case has a much earlier AO than
expected according to the AO-CAG using the general-
ized estimating equation for linear regression model
(R2 = 0.48, P < 0.0001; R2 = 0.53, P < 0.0002 exclud-
ing the 9 bp-dup case; R2 = 0.55, P < 0.0006
excluding this parent offspring pair) for this Swedish
cohort. According to this model, the expected AO
for our case was 44.75 years, so our index case
has an anticipation of ~15 years for ataxia onset
(AOobs/AOexp = 0.67) and in other predictive models5

(Fig. 2J,K, Table S4).
Both patients carried otherwise normal ATXN3 alleles

of 12 and 20 CAG repeats in the normal allele, which
lack a modifying effect.6 Somatic mosaicism for the
ATXN3 CAG repeats in blood was not a source for phe-
notype variability either (Mosaicism Index, 3.00 � 0.51
vs 3.04 � 0.13, not significant). For the 2 single-
nucleotide polymorphisms, rs910369 and rs709930,
located in ATXN3 30-UTR, the A allele was previously
reported to decrease AO for SCA3,7 but this was not
confirmed in our cohort. Neither did rs7969300 in
ATXN2 decrease AO (not shown).
The ε2-ApoE allele accounts for earlier SCA3 AO, but

our cases were ε3ε3 without modifying effect.8 Other
potential phenotype modifiers were not present in ATN1,
HTT, TBP, CACNA1A, and C9ORF72 (Table S5).
Because all the above-mentioned potential modifiers

are excluded, it is suggested that the earlier AO in our
index case is explained by the combined effect of the

overexpressed 9-bp duplication allele in trans with the
intermediate 29-CAG allele.

Duplication of 9 bp and Modulatory Effect in
C9ORF72-ALS and PD

The lowering effect on AO was also found in
2C9ORF72-ALS cases carrying the 9-bp duplication, called
c94 (ATXN2, 22/28 CAG, upper-limb onset; ALS Func-
tional Rating Scale, 41; AO, 45 years; survival, 43 months)
and c67 (ATXN2, 22/22 CAG, bulbar onset; ALS Func-
tional Rating Scale , 32; AO, 52 years). Despite that both
cases have methylated C9ORF72 promoter (25%–

55%), which is neuroprotective, they developed ALS
10.7 years earlier (median, 48.5 years; interquartile
range [IQR], 25%–75%, 45.0–52.0 years) than those
bearing both C9ORF72 plus ATXN2CAG ≥ 27CAG
(median, 59.0 years; IQR, 56.5–62.0 years), and com-
pared with the C9ORF72 mutation, only their AO
tended to be lower (median, 57.0 years; IQR, 52.0–
64.0 years); see Figure 2L and supplementary informa-
tion. Patient c94, with ATXN2 = 22/28 CAG, is a
mosaic for 2 different CAA-repeat interruption pat-
terns within the 22-CAG allele associated with the
9-bp duplication. Interestingly, his AO of 45 years is
below the 5th percentile (47 years) of the whole
C9ORF72-ALS cohort. One configuration had 3CAA
and the other only 2CAA motifs. The sequences are
(7CAG–2CAA–4CAG–1CAA–8CAG) and (8CAG–

1CAA–4CAG–1CAA–8CAG), respectively (Fig. S5),
and this may have effects on RNA folding (Fig. S6).
All PD patients harboring the 9-bp duplication lack

mutations in known PD genes but did not have clear
phenotypic differences to other PD patients without the
9-bp duplication and with or without intermediate
ATXN2 alleles (data not shown).

Gene Expression Analysis in C9ORF72-ALS
and PD

Similar to the SCA3 family, we detected the rs695871
using DDPCR and confirmed gene expression starting
from the TSS1 in the C9ORF72-ALS and PD cases with
the 9-bp-duplication (Fig. S3D,E). We also studied bidi-
rectional qPCR gene expression (ATXN2-S/AS) and

FIG. 2. Clinical information, genetics, and neuropathology of Swedish SCA3 parkinsonian family with both intermediate CAG repeats and novel 9-bp
duplication. (A) Pedigree of the SCA3 family with the 9-bp duplication. (B) Genotype and phenotype of individuals involved in this familiar study.
(C) Neuropathology of case I-1, indicating moderate loss of pigmented neurons in the substantia nigra and also being positive for ubiquitin and p62.
(D) Three arrows indicate 3 ubiquitin-positive intranuclear inclusions in a pigmented neuron in the substantia nigra. (E) Numerous neurons in the pons
contained intranuclear polyQ-positive inclusions. (F) Some loss of Purkinje cells in the cerebellar cortex was noticed. (G) CT scan for the index case.
(H) [123I]FP-CIT SPECT in patient II-1 displaying significantly reduced binding to dopamine transporter. (I) [123I] FP-CIT SPECT image from a healthy
control. (J) Generalized estimated equation analysis of the AO-CAG relationship in the Swedish cohort highlighting individuals I-1 (father) and II-1
(daughter). Red curve is for the full SCA3 cohort, blue curve is when excluding the 9-bp duplication carrier (II-1), and black is when both the 9-bp dupli-
cation carrier (II-1) and I-1 with an intermediate ATXN2 CAG are excluded. Model effects are presented in the inset box. The index case II-1 deviates
from the expected AO, as shown in the residual analysis in (K) and in different models (Table S4). (L) The same effect of lowering disease onset is also
found in the 2 C9ORF72-ALS cases carrying the 9-bp duplication. In the box-and-whiskers plots, there are 3 groups: ALS with C9ORF72 mutation only
(C9), ALS with C9ORF72 plus intermediate ATXN2 CAG (ATXN2), and the 2 C9ORF72-ALS carriers with the 9-bp duplication (DUP). Box-and-whisker
plots represent median and the 25%–75% interquartile range as well as the 5th–95th percentiles. Note that there is no overlap between the ATXN2 and
DUP groups. Purple points represent values outside the 5th–95th percentiles. [Color figure can be viewed at wileyonlinelibrary.com]
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found that the ATXN2-S transcript levels were signifi-
cantly higher (MWU, 15; P < 0.001) in 9-bp duplication
carriers (Fig. S3E and supplemental information).

Discussion

We have identified a novel 9-bp duplication located in
the dygenic ATXN2-S/AS region9 and demonstrated its
expression within the ATXN2-S transcript. Previously,
only 1 group has examined genetic alterations other than
the CAG/CAA repeats in ATXN2, but they found no vari-
ants in the same region that we investigated10 and con-
cluded that CAG repeats are the unique cause for the
parkinsonian SCA2 phenotype. Unlike previous studies
(see supplementary discussion11–13), only ascribing the
effect to the CAG expansion, we found that the 9-bp
duplication acted in trans accompanying the ATXN2
intermediate allele in C9ORF72-ALS (28 CAG) and in
SCA3 (29 CAG). Therefore, our finding is novel and adds
a new level of complexity for ATXN2-related diseases.
The duplication influenced AO for SCA3 and

C9ORF72-ALS. Both ATXN3 and C9ORF72 genes are
sensitive, when mutated, to ATXN2 functions.14,15 For
instance, unexpanded ataxin-2 has been found in intra-
nuclear inclusions of SCA3 brains, and a meta-analysis
confirmed ATXN2 intermediate alleles as the strongest
modulators for earlier AO in SCA3.5,16 For C9ORF72,
coexpression of ATXN2 30Q combined with lack of
C9ORF72 increases neuronal toxicity.17 In addition,
ATXN2 intermediate CAG-repeat lengths constitute a sus-
ceptibility factor to develop motor neuron diseases among
C9ORF72 mutation carriers in which other modifiers,
that is,NIPA1, SMN1, and SMN2, were ruled out.18

We did not observe modifying effects on AO of the
9-bp duplication in the studied PD cohort; however, none
of them had any known underlying PD mutations. Of
interest, PINK and Parkin genes (both involved in PD)
are affected by gain/loss of ataxin-2 function.19,20 There-
fore, the potential modifier role merits studies in cohorts
with familial PD cases. The presence of parkinsonism in
2 of our SCA3 patients supports a wide modifier role for
intermediate alleles, as noted in Frontemporal Dementia
and in atypical parkinsonism.11,12

Our results are in line with recent observations supporting
that, beyond poly-Q tract per se, perturbations of normal
aspects ofATXN2 function and its expression have implica-
tions for neurodegeneration. Interestingly, therapeutic
silencing ofATXN2 increased survival and improved motor
function in ALS and SCA2 mouse models.21,22 Our findings
warrant further studies in larger SCA2, SCA3, C9ORF72-
FTD/ALS, and familial PD cohorts.
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ABSTRACT: Background: Spinocerebellar ataxia
types 1, 2, 3 and Huntington disease are neurodegener-
ative disorders caused by expanded CAG repeats.
Methods: We performed an in-silico analysis of CAG
repeats in ATXN1, ATXN2, ATXN3, and HTT using
30× whole-=genome sequencing data of 2504 sam-
ples from the 1000 Genomes Project.
Results: Seven HTT-positive, 3 ATXN2-positive,
1 ATXN3-positive, and 6 possibly ATXN1-positive
samples were identified. No correlation was found
between the repeat sizes of the different genes. The
distribution of CAG alleles varied by ethnicity.
Conclusion: Our results suggest that there may be
asymptomatic small expanded repeats in almost
0.5% of these populations. © 2020 International
Parkinson and Movement Disorder Society

Key Words: ataxia; CAG-repeat diseases; ATXN1;
ATXN2; ATXN3; HTT; 1KGP

Spinocerebellar ataxias (SCAs) and Huntington dis-
ease (HD) are rare autosomal-dominant neurodegenera-
tive disorders. SCAs are genetically heterogeneous
diseases, of which at least 6 distinct forms are caused
by an expanded CAG repeat in a known gene — SCA1
(MIM 164400), SCA2 (MIM 183090), SCA3 (MIM
109150), SCA6 (MIM 183086), SCA7 (MIM 164500),
and SCA17 (MIM 607136).1 Alleles with 40 or more
CAG repeats in HTT are fully penetrant and cause HD,
whereas alleles with repeat size ranging from 36 to
39 are associated with an increasing risk of developing
disease with reduced penetrance.2 Deleterious alleles for
the most common SCAs (SCA1, 2, 3) contain more
than 45 repeats (or 39 uninterrupted with a CAT
codon), 33, and 45 CAG repeats in ATXN1, ATXN2,
and AXTN3, respectively.3-5

The International Genome Sample Resource (IGSR)
curates public data resources that are created by the
1000 Genomes Project (1KGP).6,7 The 1KGP phase
3 panel consists of 2504 unrelated samples from 26 sub-
populations in Africa (AFR, n = 661), East Asia (EAS,
n = 504), Europe (EUR, n = 503), South Asia (SAS,
n = 489), and America (AMR, n = 347). Donors were
older than 18 years and self-declared healthy at the
time of collection. The project holds self-reported eth-
nicity and sex data. No phenotype, medical, or personal
identifying information was collected.6 Previously, vari-
ous types of structural variants including insertions,
deletions, duplications, and copy-number variants were
mapped in 1KGP. However, known disease-related
short tandem repeats (STRs) have not been reported in
this data set.8 In 2019, the New York Genome Center

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
*Correspondence to: Dr. Guy A. Rouleau, Montreal Neurological Insti-
tute and Hospital, 3801 University Street, Room 636, Montréal, Québec
H3A 2B4, Canada; E-mail: guy.rouleau@mcgill.ca

Relevant conflicts of interest/financial disclosures: The authors declare
no conflicts of interests. None of the authors have received any funding
from any institution, including personal relationships, interests, grants,
employment, affiliations, patents, inventions, honoraria, consultancies, roy-
alties, stock options/ownership, or expert testimony for the last 12 months.

Funding agencies: These data were generated at the New York Genome
Center with funds provided by NHGRI grant 3UM1HG008901-03S1.
F.A. and C.L. are funded by the Fonds de Recherche du Québec–Santé
(FRQS). J.P.R. is funded by the Canadian Institutes of Health Research
(CIHR; FRN 159279). G.A.R. holds a Canada Research Chair in Genetics
of the Nervous System and the Wilder Penfield Chair in Neurosciences.

Received: 29 June 2020; Revised: 15 September 2020; Accepted: 27
September 2020

Published online 7 November 2020 in Wiley Online Library
(wileyonlinelibrary.com). DOI: 10.1002/mds.28341

514 Movement Disorders, Vol. 36, No. 2, 2021

A K Ç I M E N E T A L

https://orcid.org/0000-0003-0931-5247
https://orcid.org/0000-0002-8183-2524
https://orcid.org/0000-0001-6169-7137
https://orcid.org/0000-0001-8403-1418
mailto:guy.rouleau@mcgill.ca
http://wileyonlinelibrary.com

