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Objective: To analyze the ataxin 2 (ATXN2) CAG repeat size in a cohort of patients with amyotrophic lateral sclerosis (ALS) and healthy controls. Large (CAG)n
alleles of the ATXN2 gene (27-33 repeats) were recently
reported to be associated with an increased risk of ALS.

Results: We observed a significant association between
ATXN2 high-length alleles (ⱖ29 CAG repeats) and ALS
in French and French-Canadian ALS populations. Furthermore, we identified spinocerebellar ataxia type
2–pathogenic polyglutamine expansions (ⱖ32 CAG repeats) in both familial and sporadic ALS cases.

Design: Case-control study.
Setting: France and Quebec, Canada.
Participants: A total of 556 case patients with ALS and
471 healthy controls; both groups of participants are of
French or French-Canadian origin.
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Conclusions: Altogether, our findings support ATXN2
high-length repeats as a risk factor for ALS and further
indicate a genetic link between spinocerebellar ataxia type
2 and ALS.
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MYOTROPHIC LATERAL

sclerosis (ALS) is a devastating adult-onset neurodegenerative disease characterized by a progressive
loss of motor neurons of the cerebral cortex and spinal cord.1 Clinically, the disease results in spasticity as well as progressive muscle weakness and atrophy,
which typically leads to death within 3 to
5 years following symptoms onset. Approximately 5% to 10% of patients with
ALS have a family history of ALS (FALS),
most frequently with autosomal dominant transmission; the remaining 90% of
patients with ALS who are clinically indistinguishable from patients with FALS
are referred to as patients with sporadic
ALS (SALS).
Despite intensive research efforts, few
genes have been unequivocally associated with ALS. Among these, the superoxide dismutase 1 (SOD1) gene is the most
frequent causative gene because mutations in SOD1 account for 15% to 20% of
all FALS cases and 1% to 2% of all ALS
cases.2 Mutations in TARDBP and FUS,
which encode 2 multifunctional DNA/
RNA binding proteins, were recently identified in FALS cases3-6 and subsequently in
SALS cases.7,8 Other FALS-causative genes
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have also been reported but are responsible for only a small number of FALS
cases.9 Similarly, the etiology of most SALS
cases remains to be identified. Many genome-wide association studies reported
risk alleles for SALS; however, only the
9p21 locus has been replicated in different populations, and none of these associated genes were found to be mutated in
patients.10
Following a genetic screen in yeast, Elden and colleagues11 recently reported that
the ataxin 2 (ATXN2) protein modulates
TDP-43 toxicity, which appears to play a
central role in several neurodegenerative
diseases including ALS.12 The 2 proteins
interact in an RNA-dependent complex,
and both become mislocalized in spinal
cord neurons of patients with ALS. Interestingly, Elden et al11 also found that intermediate-length polyglutamine tracts
(range, 24-33 repeats) in ATXN2 confer an
increased risk for developing ALS.
The ATXN2 (12q24.1) polyglutamine
tract shows a normal-size range that extends between 14 and 31 repeats, with 22
and 23 repeats being the most frequent
ones.13 Expansions of more than 34 repeats are known to cause spinocerebellar
ataxia type 2 (SCA2), an autosomal dominant disorder characterized by progres-
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72°C. We determined the CAG repeat sizes with capillary electrophoresis by incorporating a VIC-labeled M13 universal primer
(5⬘-VIC-TGTAAAACGACGGCCAGT-3⬘) into the PCR. The
PCR products were then diluted (1:20) and mixed with LIZ500 size standard (Applied Biosystems, Foster City, California) and processed for size determination on an ABI 3730 DNA
analyzer (Applied Biosystems). Repeat sizes were determined
using the GeneMapper Software version 4.0 (Applied Biosystems). Sixty-six samples with more than 24 CAG repeats were
verified by independent PCRs to further confirm repeat sizes.
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Figure. Distribution of ATXN2 CAG repeat lengths in our cohort of 556 case
patients with amyotrophic lateral sclerosis (ALS) and 471 healthy controls;
both groups of participants are of French or French-Canadian origin.

sive cerebellar gait and limb ataxia, slow saccadic eye
movements, supranuclear ophthalmoplegia, and hyporeflexia.14,15 Alleles with 32 and 33 repeats are also known
to cause SCA2, but these are associated with exceptionally late onset disease.16,17 In our study, we analyzed the
ATXN2 CAG repeat size in a cohort of patients with ALS
and healthy controls; both groups of participants are of
French or French-Canadian origin.
METHODS

PATIENT AND CONTROL POPULATIONS
The case cohort used in our study consisted of 556 patients (95
with FALS and 461 with SALS; 326 French and 230 FrenchCanadian; mean age, 57 years [range, 15-81 years]) recruited
through clinics in France and Quebec, Canada. Every index case
was examined by a neurologist with expertise in the field of
ALS and was diagnosed with probable or definite ALS according to El Escorial criteria.18 All patients with FALS were negative for mutations in SOD1, TARDBP, FUS, VAPB, and ANG.
The control cohort used in our study consisted of 471 unrelated neurologically healthy individuals who were matched for
age (mean age, 61 years [range, 25-96 years]) and ethnicity (376
French and 95 French-Canadian). Informed written consent
was obtained from each participant, and our study was approved by the ethics committees and institutional review boards
of the relevant institutions. Blood samples were obtained from
patients and controls, and genomic DNA was extracted from
peripheral blood cells using standard methods.

ATXN2 CAG REPEAT SIZE DETERMINATION
We amplified the ATXN2 CAG repeats from patients with ALS
and healthy controls by use of polymerase chain reaction (PCR).
The forward primer was coupled with the M13 universal sequence at the 5⬘ end (M13-ATXN2F), 5⬘-TGTAAAACGACGGCCAGTGGGCCCCTCACCATGTCG-3⬘, and the reverse
primer (ATXN2R) was 5⬘-CGGGCTTGCGGACATTGG-3⬘. The
PCR cycles were as follows: 2 minutes at 96°C, 9 minutes at
95°C, 6 cycles (1 minute at 95°C, 30 seconds at 64°C [−0.5°C/
cycle], 1 minute at 72°C), 22 cycles (1 minute at 95°C, 30 seconds at 61°C, 1 minute at 72°C), 8 cycles (1 minute at 95°C,
30 seconds at 53°C, 45 seconds at 72°C), and 10 minutes at

The accuracy of our test to discriminate case patients with ALS
from healthy controls was evaluated using receiver operating
characteristic curve analysis with GraphPad Prism 5 software
(GraphPad Software Inc, La Jolla, California). A 2-tailed Fisher
exact test was used to evaluate genetic association between
ATXN2 CAG repeat sizes and ALS (significance was set at
P⬍.05). The correlation between CAG repeats and age at onset was performed by survival analysis using the log-rank MantelCox test with GraphPad Prism 5 software.
RESULTS

The ATXN2 CAG repeat was defined in genomic DNA
from 556 patients with ALS and 471 healthy controls from
France and Quebec, Canada. The (CAG)n size varied from
19 to 32 repeats in controls and from 19 to 37 repeats in
case patients. The most abundant alleles were (CAG)22
(~65% of alleles), followed by (CAG)21 (~20%) and
(CAG)23 (~7%). We found that 24 of 471 healthy controls (5.1%) harbored 1 intermediate ATXN2 allele (range,
24-33), whereas 40 of 556 case patients with ALS (7.2%)
had 1 allele within that range; this difference is not statistically significant (P =.15).
However, a receiver operating characteristic curve
analysis of our data showed that the greatest sensitivity
and specificity for discriminating patients with ALS and
healthy controls is provided by a cutoff of 27 or more
CAG repeats. Nevertheless, when using this cutoff, we
found that the difference was still not statistically significant because 19 controls (4.1%) and 35 case patients
with ALS (6.3%) have a repeat length of 27 or higher
(range, 27-37) (P =.09). However, we did observe a significant association for the higher CAG repeat sizes (ⱖ29
repeats) in our cohort of case patients with ALS (Figure).
Indeed, CAG repeats of 29 or higher (range, 29-37) were
found in only 4 controls (0.8%), whereas 25 case patients with ALS (4.5%) had such repeats (odds ratio [OR],
5.5 [95% confidence interval {CI}, 1.9-15.9];
P=2.4⫻ 10−4). Moreover, when 7 of the 95 patients with
FALS (7.4%) and 18 of the 461 patients with SALS (3.9%)
who carry 1 ATXN2 allele with 29 CAG repeats or more
were compared with the healthy controls, the association with case patients with FALS becomes even stronger (OR, 9.29 [95% CI, 2.66-32.4]; PFALS =5.2⫻ 10−5 vs
OR, 4.74 [95% CI, 1.59-14.13]; PSALS =7.5⫻10−4). When
the SCA2-pathogenic CAG repeats size (ⱖ32) are removed, the association remains statistically significant
(OR, 4.03 [95% CI, 1.15-14.11]; P=.01) because 14 case
patients with ALS (2.5%) and 3 healthy controls (0.6%)
have a repeat length between 29 and 31 repeats.
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We then sought to test whether high-length CAG repeats (ⱖ29) could have an effect on the age at which the
onset of ALS was reported for each case patient. Hence,
we compared 23 case patients with 29 or more CAG repeats vs 489 case patients without 29 or more CAG repeats, but no correlation could be observed (data not
shown).
Finally, we observed a significant difference in the number of SCA2-pathogenic CAG repeats (size, ⱖ32) between the case patients with ALS and the healthy controls (11 patients with ALS vs 1 control; P = .001). Of the
11 patients with such pathogenic CAG repeats, 7 were
found to have 32 repeats, and 4 were found to have repeat sizes between 35 and 37 (Table). Two of these case
patients with ALS had FALS, whereas 9 had SALS and
all presented with classical ALS signs and mean age at
onset of 68.7 years. In all case patients, the disease started
in the limbs. None of these patients presented with features of SCA2 such as cerebellar or brainstem atrophy.
COMMENT

Recently, Elden and colleagues11 elegantly showed that
intermediate-length polyglutamine tracts in the ATXN2
protein are associated with increased risk of ALS. In our
study, we have assessed the ATXN2 polyglutamine repeat length in our cohort of case patients with ALS and
healthy controls. Although intermediate-length CAG tracts
were not significantly associated with ALS, we did find
a significant association between higher lengths (ⱖ29 repeats) and ALS in our cohort of French and FrenchCanadian patients. This association was also significant
in our patients with FALS and in our patients with SALS,
separately, with FALS presenting a stronger association.
Moreover, we found SCA2-pathogenic polyglutamine expansions (32 and higher) in approximately 2%
of our cohort of patients with ALS (2 patients with FALS
and 9 patients with SALS), whereas only 1 control participant had an allele with 32 expansions. Although the
presence of a 32-repeat allele in 1 control participant is
intriguing, the effect of ATXN2 alleles with 32 to 33 repeats on pathogenesis of SCA2 has been a matter of speculation ever since asymptomatic individuals carrying these
intermediate alleles have been reported.16,17
Altogether, the association of high-length ATXN2
alleles (ⱖ29 CAG repeats) in our cohort of patients with
FALS or SALS, as well as the presence of SCA2pathogenic polyglutamine expansions in some patients
both with familial and sporadic ALS, strongly suggests
that large repeats of ATXN2 confer an increased risk of
ALS and support a genetic link between ALS and SCA2.
Interestingly, this genetic link is strengthened by the previous association of motor neuron disease in some patients with genetically confirmed SCA2.19,20
In summary, our findings support ATXN2 highlength repeats as a risk factor for ALS and further indicate a genetic link between SCA2 and ALS. Given that
long polyglutamine tracts in ATXN2 have been proposed to enhance its interaction with TDP-43, and that
this interaction makes TDP-43 more prone to aggregation, it is tempting to speculate that other polygluta-

Table. Clinical Characteristics of Patients with ATXN2
Alleles With CAG Repeat Sizes of 32 or Higher
Patient No./
Sex/Age
at Onset, y
1/F/not available
2/M/75
3/M/75
4/F/76
5/M/67
6/M/58
7/M/60
8/M/52
9/F/76
10/M/72
11/F/76

Type of
ALS

CAG Repeat
Size

Site of
Onset

FALS
FALS
SALS
SALS
SALS
SALS
SALS
SALS
SALS
SALS
SALS

32
32
32
32
32
37
32
35
35
36
32

Not available
Not available
Spinal
Spinal
Spinal
Not available
Spinal
Spinal
Spinal
Spinal
Spinal

Abbreviations: ALS, amyotrophic lateral sclerosis; FALS, family history of
ALS; SAL, sporadic ALS.

mine proteins involved in neurodegenerative disorders
are good candidates for ALS. For now, whether these interactions contribute to the pathogenesis of ALS is still
unknown. This will lead to exciting research to identify
novel proteins that cause ALS.
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Rm Y-3633, Montreal, QC H2L 2W5, Canada (guy
.rouleau@umontreal.ca).
Author Contributions: Study concept and design: Daoud
and Martins. Acquisition of data: Daoud. Analysis and interpretation of data: Daoud, Belzil, Martins, Sabbagh,
Provencher, Lacomblez, Meininger, Camu, Dupré, Dion,
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