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Abstract

Essential Tremor is a prevalent neurological disorder of unknown etiology. Studies suggest that genetic factors contribute to this
pathology. To date, no causative mutations in a gene have been reproducibly reported. All three structures of the olivocerebellar
motor circuitry have been linked to Essential Tremor. We postulated that genes enriched for their expression in the olivocerebellar
circuitry would be more susceptible to harbor mutations in Essential Tremor patients. A list of 11 candidate genes, enriched for
their expression in the olivocerebellar circuitry, was assessed for their variation spectrum and frequency in a cohort of Canadian
Essential Tremor cases. Our results from this list of 11 candidate genes do not support an association for Essential Tremor in our
cohort of Canadian cases. The heterogenic nature of ET and modest size of the cohort used in this study are two confounding

factors that could explain these results.
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Introduction

Essential Tremor (ET) is a prevalent neurological disorder of
unknown etiology that is characterized by the presence of
tremors during voluntary motion and affecting primarily the
upper limbs [1]. Although non-life threatening, ET can be the
cause of social embarrassment as well as functional impair-
ments. The worldwide prevalence of ET is 0.9% in the general
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population and 4.6% in individuals > 65 years old [2]. Twin
studies have shown concordance varying between 60 and
93% in monozygotic twins, which suggests that genetic fac-
tors contribute to the pathology [3, 4]. Unfortunately, to date,
no causative mutations in a gene have been reproducibly re-
ported [5]. This is partly attributable to the heterogenic nature
of the disorder and the fact that the exact pathophysiological
origin of ET remains poorly understood. However, mounting
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evidence is pointing to dysfunction affecting the
olivocerebellar motor circuitry [6].

Currently, all three structures (Purkinje cell layer, inferior
olive, and deep cerebellar nuclei) comprising this circuitry
have been linked to ET. Firstly, a common pharmacological
rodent model of ET induced by harmaline administration spe-
cifically targets neurons populating the inferior olive that sub-
sequently become synchronized with neurons of the deep cer-
ebellar nuclei which in turn affect the onset of behavioral
tremor [7, 8]. Secondly, GABA receptor vl mice exhibit
an intention tremor phenotype, characteristic of ET, and a
profound loss of Purkinje cell response to synaptic or exoge-
nous GABA; interestingly, the “essential-like” tremor pheno-
type observed in the model is suppressed by the administra-
tion of medications used to treat ET patients [9]. Thirdly, in
humans, functional imaging studies suggested abnormal acti-
vation of the inferior olive neurons in ET [10], whereas path-
ophysiological studies have demonstrated a reduction in the
levels of specific GABA receptor isoforms in the dentate nu-
cleus of post-mortem ET patients [11], and Purkinje cell loss
as well as cerebellum abnormalities have been linked to ET
[12-18].

Hence, based on these evidences, we postulated that genes
enriched for their expression in the olivocerebellar circuitry
and phylogenetically conserved from human to mouse would
be more susceptible to harbor mutations in ET patients. To
provide substantial evidence to this hypothesis, we first gen-
erated a list of 11 candidate genes using publicly available
tools. These genes were then assessed for their variation spec-
trum and frequency in a cohort of Canadian ET cases. While
our results from this preliminary list of 11 candidate genes do
not support an association for ET in our cohort of Canadian
cases, it is important to consider that ET is an heterogeneous
genetic condition and up to 50% of individuals diagnosed with
ET have been suggested to be misdiagnosed [19].

Methods

Patients Details of the cohort used in this study have been
described previously [20]. Briefly, ethics approval for the re-
cruitment and genetic analysis of ET-affected individuals
and their families has been granted at the following institutes:
MUHC (McGill University Health Centre) (Roubank protocol
no.: 14051), CRCHUM (Centre de recherche du Centre
hospitalier de I’Université de Montréal) (project no.:
ND043076). All diagnoses were reviewed by a senior neurol-
ogist. Exclusion criteria included (1) an identified cause of
exaggerated physiological tremor, (2) other neurological def-
icits (Parkinsonisms, polyneuropathies, other) were present,
and (3) an orthostatic tremor or (4) a psychogenic-like tremor.
To focus our analysis on the hereditary form of ET (as op-
posed to senile tremor), we selected patients with a reported
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disease onset at <50 years of age. Moreover, since ET is an
adult onset disease, we only included controls > 70 years old,
to control the possibility of including individuals who will
develop the disorder later in life.

Candidate Genes Enrichment Selection Candidate genes were
screened for their enriched expression in either the inferior
olivary complex or the cerebellar nuclei in both human and
mouse using publicly available genome wide data from the
Allen Brain Atlas (http://www.brain-map.org/) [21]. To be
retained as a candidate, a gene had to be enriched by a factor
of at least two in the tested brain regions (p value <0.05) and
had to be found in both human and mouse enriched
populations. Enrichment was evaluated based on the relative
expression level compared to the closest adjacent brain
structure used as background. In mouse, expression level of
genes in the inferior olivary complex was compared to the
medulla, whereas the expression level of genes in the
cerebellar nuclei was compared to the cerebellum. A similar
analysis was performed in human, where the expression level
of genes in the inferior olivary complex was compared to their
expression in the myencephalon and similarly, the expression
level of genes in the cerebellar nuclei was compared to the
cerebellum. Candidate genes were further interrogated for
their enrichment in relevant gene ontology (GO) terms
using the DAVID service (http://david.abcc.nciferf.gov/
summary.jsp) [22, 23]. A significant p value threshold was
applied using a multiple testing correction (Bonferroni, p
value < 0.05).

MIPs Design, Capture, and Post-Sequencing Analysis MIPs
have been designed using scripts and criteria that were de-
scribed previously [20, 24]. Sequencing and analyses were
carried out on our cohort of 266 cases and 287 controls.
These comprise enrolled individuals from both French-
Canadian and Western Canada descents [20]. Raw sequence
data was processed using our bioinformatics pipeline. Overall,
96.4% of all candidate genes coding base pairs were covered
by > 50 reads in across samples (coverage per gene, see
supplementary Table 1). Based on the average sequencing
quality in terms of coverage, we excluded eight individuals
below 10X (four controls and four cases).

Raw sequencing has been processed as follows: (1) pre-
processing, MIPs IDs were assigned to each raw sequencer
read based on the arms sequence and then trimmomatic was
used for base quality trimming of raw reads; (2) mapping,
reads were aligned to the human reference genome (hgl9)
using the Burrows-Wheeler Aligner (BWA-MEM algorithm);
(3) post-processing of the BWA-MEM alignment was per-
formed using 1000 Genomes Phase I Indel calls; (4) the
post-processed reads were compiled to mpileup, a format con-
venient for variant calling by VARSCAN, (5) variant calling
was performed by VARSCAN to identify the variants above
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Table 1 11 Candidate genes list details

Gene name  Exon number  Gene length (bps)  Number of MIPs
CACNAIC 55 13,480 191
CACNAIE 48 14,972 197
CACNAIG 38 8075 124
CACNB3 18 2958 50
CALM3 6 2277 28
CAMK2A 19 4918 73
GRIN3A 9 7771 84
GRMS5 12 7957 89
HT2RC 7 4774 55
SLCI7A6 12 3938 51
SLCIAI 12 3757 49

bps base pairs, MIPs molecular inversion probes

the mutation frequency of 20%, (6) the called variants were
filtered based on their depth >50 using VCFtools, and (7)
gene-based (e.g., protein coding change) as well as filter-
based annotations (e.g., variants reported in public databases
of healthy individuals (NHLBI Exome Variant Server
[NHLBI-EVS]) were performed by ANNOVAR to unravel
candidate functionally relevant variants. We performed an
overall genotype quality control to exclude the variants that
were missing genotypes in >95% of individuals. Using
PLINK?29, we extracted the data to create input files for
SKAT and tested the polymorphic variants for deviation from
Hardy—Weinberg equilibrium (HWE). No deviations from
HWE were observed in controls or cases.

Statistical Analysis Details of the statistical method have been
described previously [20]. Briefly, we assessed for enrichment

of potentially deleterious variants in ET cases by performing
three different rare variants association tests. We first used the
burden method that collapses all the rare variants located in
our candidate gene regions into a single value, which is then
tested for association with the phenotype [25]. We also carried
out the sequence kernel association test (SKAT) [26] and an
optimal unified SKAT (SKAT-O) [27] test. Gender identity or
sex was also considered as a co-variate since one of the genes
in our list was found on the X-chromosome (HTR2C).
Statistical analyses were performed using the SKAT package
30 in R statistical software v.3.2.3 and results were considered
statistically significant when p values were <0.05 after
Bonferroni correction.

Results

Our list of candidate genes enriched for their expression in the
olivocerebellar pathway was mined using the criteria de-
scribed in the “Methods” section. Two lists of candidate genes
were retained, with one comprising 53 candidate genes
enriched for their expression in the inferior olivary complex
and another comprising 246 additional candidate genes
enriched for their expression in the cerebellar nuclei. Further
investigations using gene ontology enrichment analyses per-
formed with the DAVID service (http://david.abcc.ncifcrf.
gov/summary.jsp) allowed to hone our list to 64 candidate
genes significantly enriched in synaptic transmission
categories (Bonferroni, p <0.05) [22, 28].

Ofthese 64 candidate genes, 11 genes found in calcium and
glutamate signaling pathways were retained for initial inves-
tigation in our cohort of ET patients (gene details, see Table 1).
Calcium pathway-related genes were retained as highly plau-
sible candidates based on the evidences supporting calcium-

Table 2 11 Candidate genes

association test summary on Genename  Missense P value P value P value P value P value P value
missense variants only variants SKAT SKAT burden burden SKAT-O SKAT-O
corrected corrected corrected

CACNAIE 9 522E-01  1.00E+00 6.96E-01  1.00E+00 7.16E-01  1.00E+00
CAMK2A 1 1.67E-01  1.00E+00 1.67E-01  1.00E+00 1.67E-01  1.00E+00
SLCIAI 2 9.45E-02  8.50E-01 9.32E-02  8.39E-01 4.66E-02  4.19E-01
GRIN3A 11 1.00E+00  1.00E+00 7.89E-01  1.00E+00 1.00E+00  1.00E+00
SLCI7A6 3 8.61E-01  1.00E+00 541E-01  1.00E+00 7.10E-01  1.00E+00
GRM5 0 NA NA NA NA NA NA
CACNAIC 3 4.24E-01  1.00E+00 7.64E-01  1.00E+00 5.64E-01  1.00E+00
CACNB3 0 NA NA NA NA NA NA
CACNAIG 4 8.74E-01  1.00E+00 6.40E-01  1.00E+00 8.01E-01  1.00E+00
CALM3 0 NA NA NA NA NA NA
HTR2C 1 1.93E-02  1.74E-01 1.93E-02 1.74E-01 1.93E-02  1.74E-01
Total 34

SKAT sequence kernel association test, SKAT-O sequence kernel association test-optimal, NA non-applicable
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dependent pathways in the generation of neuronal oscillations,
resonance, and pacemaker activities [29-31]. Furthermore,
one of our candidate genes, the Ca,3.1 T-type Ca®* channel
(CACNAIG), is implicated in modulating tremor rhythm
pacemaker activity in the inferior olive, a phenomenon highly
relevant to ET [8]. Glutamate signaling pathway members
have been retained based on the alleviation of harmaline-
induced tremors using NMDAR agonists, implicating gluta-
matergic signaling pathway and the inferior olive in ET [32,
33]. Furthermore, abnormal glutamatergic excitatory synaptic
transmission between climbing fiber and Purkinje cells in ET
patient cerebellar cortex has been observed [34].

A total of 74 single nucleotide variations (SNVs) in the
protein coding region of our list of 11 genes were found by
targeted re-sequencing in our curated cohort of 262 unrelated
ET cases and 283 controls. Of these 74 variants, 34 were
predicted to produce an incorrect amino acid incorporation
in the gene coding sequence. Details of the number of variants
per gene are highlighted in supplementary Table 2. A total of
55 cases and 51 unaffected individuals were carrier of at least
one synonymous or non-synonymous mutation with a minor
allele frequency < 0.01 in EXAC. We performed three separate
gene-based association tests as previously described to jointly
analyze the multiple variants identified in our study and to
establish if one of our candidate genes could be considered
as a risk factor for ET [20].We also performed an analysis
using sex as a co-variate since HTR2C is found on the X-
chromosome. Briefly, none of the tests used here reached a
significantly statistical threshold (detailed results, see Table 2
and supplementary Tables 3, 4, and 5).

Discussion

In this manuscript, we sought to test the hypothesis that
genes, phylogenetically enriched for expression in the
olivocerebellar circuitry in both human and mouse, are more
susceptible to harbor mutations in ET patients. This assumed
that phylogenetic conservation of expression would imply a
similar function. As a discovery study, we chose an approach
employing targeted high-throughput re-sequencing of a select-
ed list of 11 candidate genes in a cohort of 266 cases and 287
controls of French-Canadian and Western Canada origin [20].

This initial investigation failed to reach significance for any
of the candidate genes chosen in our list. The heterogenic
nature of ET and modest size of the cohort used in this study
are two confounding factors that could explain these results.
Extending the current study to a larger list of genes enriched in
the olivocerebellar circuitry and a larger cohort could help
resolve this issue. This is especially important since more
and more evidences from post-mortem studies are supporting
the fact that a disruption in the olivocerebellar circuitry could
explain the etiology of ET, a phenomenon that has failed to be
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reproducibly explained using conventional genetics ap-
proaches [35].
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