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Abstract
Recently, a variant in LINGO1 (rs9652490) was found to associate with increased risk of essential
tremor. We set out to replicate this association in an independent case-control series of essential
tremor from North America. In addition, given the clinical and pathological overlap between essential
tremor and Parkinson disease, we also evaluate the effect of LINGO1 rs9652490 in two case-control
series of Parkinson disease. Our study demonstrates a significant association between LINGO1
rs9652490 and essential tremor (P=0.014) and Parkinson disease (P=0.0003), thus providing the first
evidence of a genetic link between both diseases.
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Introduction
A single genetic variation within the leucine-rich repeat and Ig domain containing 1
(LINGO1) locus was recently found to be associated with an increased risk of essential tremor
(ET) [1]. Although ET is the most common movement disorder with a high degree of
inheritance, genetic factors have remained elusive. Three loci have been identified in multi-
incident kindreds with familial ET for which candidate genes have been nominated, but none
reproducibly [2]. Stefansson and colleagues performed a genome-wide association study on
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452 ET patients and almost 15,000 controls from Iceland, nominating SNP rs9652490 located
within LINGO1 as a risk allele (P-value = 3.0×10−7). Follow-up in a number of ET patient-
control series from Europe and the US provided further support (combined P-value =
1.2×10−9) [1]. Nevertheless, with all novel genetic associations the best evidence comes from
replication by independent groups, therefore we set out to examine this variant in a North
American ET patient-control series. In addition, given the clinical overlap of ET with another
common movement disorder, Parkinson disease (PD), we expanded our study to include two
PD patient-control series from the US and Europe.

Methods
We included 356 ET patients from North America with a mean age of 70.9 ± 13.3 years (age
at onset 52.8 ± 19.1 years). The PD cases series consisted of 426 patients from North America
with a mean age of 72.2 ± 11.0 years (age at onset 61.9 ± 12.2) and 618 patients from Norway
with a mean age of 72.7 ± 10.7 years (age at onset 59.0 ± 11.2). The control groups consisted
of unrelated individuals and spouses, and included 428 subjects from North America (mean
age 72.2 ± 10.8 years) and 602 from Norway (mean age 70.5 ± 12.3 years); they were all free
of known neurological disease. Detailed information for each series is given in table 1. All
samples were of Caucasian descent, and all patients were examined and observed
longitudinally by a movement disorder neurologist (Z.K.W., R.J.U., J.O.A. or A.R.) and
diagnosed according to standard criteria. ET patients satisfied clinical criteria for definite or
probable ET [3,4]. The ethical review board of each institution approved the study and all
participants provided informed consent. Genotyping for all groups was consistent with Hardy-
Weinberg equilibrium (P>0.05). Genotyping was performed using a TaqMan probe on an
ABI7900. Individual genotypic associations were investigated by chi-square test.

Results
The analysis of our ET patient-control series from North America indicated a significant
association between the LINGO1 rs9652490 A allele and risk of disease (P=0.014; OR=2.2)
(Table 2). To evaluate the role of this variant in PD, we additionally genotyped 426 PD patients
from North America. Similar to the results obtained for ET, there was evidence of a significant
association between LINGO1 and an increased risk of PD (P=0.012; OR=2.1). The association
was again driven by those samples carrying allele A of rs9652490 (Table 2). To further confirm
the association with PD we genotyped an independent case-control series from Norway
consisting of 618 PD cases and 602 control subjects. This analysis showed an increased
frequency of the rs9652490 A allele in PD cases compared to control subjects (P=0.008;
OR=1.7). The combined PD series (US and Norway) resulted in a highly significant association
(P=3.4x10−4) and a 1.8-fold increased disease risk. Combining all cases (PD and ET) we
obtained a similar 1.9-fold increased risk of disease (P=1.3x10−4). Statistical analysis for allelic
association is provided as a supplemental table. Significant differences were not observed
between familial and sporadic cases, male and female patients or those with age of disease
onset above or below the median (P>0.05).

Discussion
Herein we show an association between SNP rs9652490 in LINGO1 and ET, and that the same
allele is associated with PD. Prior evidence for a common link between ET and PD comes from
clinical, epidemiological and pathological studies suggesting: (1) a four-fold increased risk of
PD in patients with ET; (2) increased prevalence of ET in relatives of patients with PD, (3) the
presence of action tremor preceding the onset of PD symptoms indicating ET as an early
manifestation of PD, and (4) the presence of brainstem Lewy bodies at autopsy in patients with
ET [5–7]. A caveat of clinical and epidemiological studies is the observational bias of both
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family members and movement disorder neurologists. The type and origin of tremor in ET
(with activation) and PD (at rest) have usually been considered etiologically distinct.

The association in our study and that previously described by Stefansson et al. appear to be
driven by different alleles, although the original paper does not provide genotype distributions
making a detailed comparison of genotypic results difficult. Given that SNP rs9652490 is most
likely not the functional variant but in linkage disequilibrium with a nearby functional locus
there is a plausible explanation. The study of isolated populations such as in the case of Iceland
can lead to the identification of common populationspecific risk variants as previously
observed in PD [8]. This phenomenon may explain the association with alternate alleles of the
same SNP tagging different functional variants or the same variant on a different ancestral
haplotype. These observations could also be a chance event, which warrants further study of
LINGO1 variants including rs9652490 in other population samples. It may be insightful to
examine the specificity of this finding in other neurodegenerative diseases and demyelinating
disorders.

In the original report, only one of the populations used to replicate the finding was significant;
this may be explained by the small number of samples used for the replication of their genome-
wide association (GWA) data in ET [1]. Similarly, GWA studies in PD have not previously
nominated LINGO1 as a susceptibility locus. The first reported GWA of PD did not examine
SNP rs9652490, nevertheless four neighboring SNPs located within LINGO1 were not
significantly associated with disease [9]. Two other GWA studies examined SNP rs9652490
and also failed to identify an association with PD [10,11]. Whether this is due to limited power,
uncertainty in the clinical diagnosis of PD in patients and control subjects, or simply the
background genetic heterogeneity of the North American samples employed is presently
unclear. One potential caveat of our study is ascertainment inaccuracy given that misdiagnosis
may occur in as many as 37 percent of ET patients and in 10–20 percent of PD patients [12–
13]. One study found that the majority of patients misdiagnosed as ET in fact have PD, which
may be a confounding factor in our study. More specifically, it is conceivable that the ET group
in our study contains a significant number of patients with PD, thereby participating in the
association observed in both PD and ET groups. However, given the similar sample sizes, P-
values and odds ratios obtained in the PD and the ET groups, it is unlikely that the association
is driven only by PD patients in both groups. Therefore, based on our observations, further
studies and meta-analyses are warranted to test the association of LINGO1 rs9652490 with ET
and PD, and to identify the functional variant responsible for disease risk.

The genetic association of the LINGO1 locus with both ET and PD susceptibility is supported
by the functional role of its encoded protein. LINGO1 is a central nervous system-specific
protein component of the Nogo-66 receptor (NgR1)/p75/LINGO1 signaling complex
implicated in inhibition of oligodendrocyte differentiation, axonal myelination and
regeneration, and neuronal survival [14–19]. Expression of LINGO1 is increased after neuronal
damage or cell death, and its inhibition promotes functional recovery and axonal sprouting
after spinal cord injury [15,16,20]. The expression of LINGO1 is elevated in the substantia
nigra of patients with PD compared to age-matched controls, and in ventral midbrain neurons
in animal models of PD after neurotoxic lesions [20]. Furthermore, reduction of LINGO1
activity has been shown to improve survival, growth and function of dopaminergic neurons
both in primary cell cultures and in vivo experimental models of parkinsonism in rodents
[20]. The association of both ET and PD with LINGO1 provides the first genetic evidence that
the pathophysiology of these common movement disorders may be connected.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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