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Whole genome sequencing identifies candidate genes N
for familial essential tremor and reveals biological
pathways implicated in essential tremor aetiology
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Summary
Background Essential tremor (ET), one of the most common neurological disorders, has a phenotypically heteroge-  eBioMedicine 2022;85:
neous presentation characterized by bilateral kinetic tremor of the arms and, in some patients, tremor involving 104290

other body regions (e.g., head, voice). Genetic studies suggest that ET is genetically heterogeneous. Published online xxx
https://doi.org/10.1016/j.

Methods We analyzed whole genome sequence data (WGS) generated on 104 multi-generational white families ebiom.2022.104290

with European ancestry affected by ET. Genome-wide parametric linkage and association scans were analyzed using
adjusted logistic regression models through the application of the Pseudomarker software. To investigate the addi-
tional contribution of rare variants in familial ET, we also performed an aggregate variant non-parametric linkage
(NPL) analysis using the collapsed haplotype method implemented in CHP-NPL software.

Findings Parametric linkage analysis of common variants identified several loci with significant evidence of linkage
(HLOD >3.6). Among the gene regions within the strongest ET linkage peaks were BTC (4q13.3, HLOD=4.53),
N6AMT1 (21q21.3, HLOD=4.31), PCDHg (13q21.32, HLOD=4.21), EYA1 (8q13.3, HLOD=4.04), RBFOX1 (16p13.3,
HLOD=4.02), MAPT (17q21.31, HLOD=3.99) and SCARB2 (4q21.1, HLOD=3.65). CHP-NPL analysis identified fif-
teen additional genes with evidence of significant linkage (LOD >3.8). These genes include TUBB2A, VPS33B,
STEAP1B, SPINKs, ZRANBi, TBCiD3C, PDPR, NPY4R, ETS2, ZNFy736, SPATA21, ARLiyA, PZP, BLK
and CCDCog4. In one ET family contributing to the linkage peak on chromosome 16p13.3, we identified a likely path-
ogenic heterozygous canonical splice acceptor variant in exon 2 of RBFOX1 (ENST00000547372; c.4-2A>G), that
co-segregated with the ET phenotype in the family.
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Interpretation Linkage and association analyses of WGS identified several novel ET candidate genes, which are
implicated in four major pathways that include 1) the epidermal growth factor receptor-phosphatidylinositol-4,5-
bisphosphate 3-kinase catalytic subunit alpha-AKT serine/threonine kinase 1 (EGFR-PI3K-AKT) and Mitogen-acti-
vated protein Kinase 1 (ERK) pathways, 2) Reactive oxygen species (ROS) and DNA repair, 3) gamma-aminobutyric
acid-ergic (GABAergic) system and 4) RNA binding and regulation of RNA processes. Our study provides evidence
for a possible overlap in the genetic architecture of ET, neurological disease, cancer and aging. The genes and path-
ways identified can be prioritized in future genetic and functional studies.

Funding National Institutes of Health, NINDS, NS073872 (USA) and NIA AGo58131(USA).

Copyright © 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Research in Context

Evidence before this study

We searched PubMed for articles on Essential Tremor
(ET) with no language restrictions up to September
2021, using the terms “Essential Tremor AND genetics”
and Essential Tremor AND Linkage analysis”. A number
of previously published studies had conducted
parametric and nonparametric linkage in multiplex ET
families. However, no studies were found that had per-
formed a joint linkage and linkage disequilibrium analy-
sis using the software Pseudomarker, and an age
dependent penetrance model, nor collapsed haplotype
pattern (CHP) non-parametric linkage (CHP-NPL) analy-
sis in ET families.

Added value of this study

To the best of our knowledge this is the first time a link-
age scan has incorporated WGS, Pseudomarker (linkage
and association) and a model-based analysis using an
age dependence penetrance model, and aggregate var-
iant non-parametric linkage (CHP-NPL) analysis in ET
families. This study also includes, by far, the largest sam-
ple size to date with 104 multiplex ET families and 767
individuals. One of the hallmark features of the study
was the meticulous approach to phenotyping, with all
participants evaluated in person. Our study identifies
several novel gene regions using Pseudomarker with
suggestive linkage and association to ET (HLOD>3.6).
These regions contain functionally relevant candidate
ET genes, which are implicated in four major pathways
that include: 1) the EGFR-PI3K-AKT (BTC, RBFOXT1) and
ERK pathways (COL9A2, DIAPH3 and SOX8), 2) ROS and
DNA repair (SCARB2, N6AMT1, EYA1 and MAPT), 3)
GABAergic system (PCDH9 and NRXN3) and 4) RNA bind-
ing and regulation of RNA processes (STAU2 and
RBFOXT). CHP-NPL identified significant linkage
(LOD=>3.8) with 15 additional genes. These genes include
TUBB2A, VPS33B, STEAPIB, SPINK5, ZRANBI1, TBC1D3C,

PDPR, NPY4R, ETS2, ZNF736, SPATA21, ARL17A, PZP, BLK
and CCDC94. Although none of the genes have previ-
ously been associated with ET, some of the genes cluster
in the same pathways identified in the Pseudomarker
analysis (e.g. EGFR-PI3K-AKT and ERK or DNA repair).

The identification of a likely pathogenic heterozy-
gous canonical splice acceptor variant in exon 2 of
RBFOX1 (ENST00000547372; c.4-2A>G), that co-segre-
gates with the ET phenotype in one family, nominates
RBFOX1 as an ET gene. RBFOX1 binds to the C-terminus
of ataxin 2 (SCA2) and among its related pathways are
AKT signalling.

Implications of all the available evidence

Our study raises the possibility of shared genetic path-
ways in ET, neurological disease, cancer and ageing.
The possible involvement of EGFR-PI3K-AKT signalling
and ERK pathways in ET paves the way for functional
studies and development of therapeutic strategies tar-
geting these pathways. LINGO-1, which is upstream of
the EGFR-PI3K-AKT signalling pathway, may represent a
suitable therapeutic target. The human anti-LINGO-1
antibody Li81 (opicinumab), blocks LINGO-1 function
and is currently being investigated in a Phase 2 clinical
trial as a potential treatment for individuals with relaps-
ing forms of Multiple Sclerosis (ClinicalTrials.gov,
NCT03222973). Given the genetically heterogeneous
nature of ET, further genetic studies in large patient
populations and stratification based on genetic varia-
tion will be needed for therapeutic development.

Introduction

Essential tremor (ET) is a chronic, progressive neuro-
logic disease." Its hallmark feature is a 4-12 Hz kinetic
tremor (i.e., a tremor that occurs during voluntary
movements such as writing or eating) that involves the
hands and arms. Tremor may also eventually spread to
involve the head, voice and jaw and other body regions.”
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Among the most prevalent adult-onset movement
disorders, ET may occur at any age and paediatric cases
have been reported,’ but the majority of cases have adult
age at onset. Meta-analysis of data from 42 population-
based prevalence studies in 23 countries estimated that
the pooled prevalence of ET across all ages was 1.33%,
and prevalence increases with age to as much as 8.0%
in persons 65 years and older.** Both genetic and envi-
ronmental (toxic) factors are likely contributors to ET
disease etiology.”

Clinical studies suggest the presence of substantial
phenotypic heterogeneity in ET.” In addition to a spec-
trum of different types of tremor (kinetic, intention,
postural, rest), other motor features can include gait
ataxia and eye movement abnormalities and the pres-
ence of dystonia.” Non-motor features are also com-
mon in ET patients and may fall into a number of
domains, including cognitive, neuropsychiatric (anxi-
ety and depression), sleep-related and sensory (olfac-
tory deficits in some studies, and hearing loss).”
Numerous studies, from clinical to neuroimaging to
pathological, provide evidence that the cerebellum is a
brain region that is of prime importance in disease
pathophysiology.” '°

Despite evidence of a genetic contribution to ET
reported from twin studies’™ as well as family
studies,”"* there has been a relative lack of progress in
understanding the genetic aetiology of ET. This may be
attributed to a number of factors, including the pres-
ence of substantial phenotypic and genotypic heteroge-
neity. Previous linkage studies, conducted assuming an
autosomal dominant mode of inheritance with reduced
penetrance in multiplex ET families, have failed to iden-
tify major susceptibility genes™ *' and recent whole
exome sequencing (WES) studies in ET families suggest
the aetiology is due to private variants of strong effect in
some families.”” *7 Some of the genes identified from
WES with private variants in single families include
FUS RNA binding protein (FUS), HtrA serine peptidase
2 (HTRA2), Teneurin transmembrane protein 4
(TENMy), Sortilin 1 (SORT1), Nitric oxide synthase 3
(NOS3), Potassium voltage-gated channel modifier sub-
family S member 2 (KCNS2), Hyaluronan and proteo-
glycan link protein 4 (HAPLN4), Ubiquitin specific
peptidase 46 (USP46), Calcium voltage-gated channel
subunit alpha 1G (CACNA1G), and Slit guidance ligand
3(SLIT3)614 27

Similarly, there has been a lack of replication of asso-
ciations from genome-wide association studies
(GWAS).>® 3°

The current study had two major goals: i) to apply a
meticulous phenotyping approach to a large dataset of
multiplex ET families (n=104) enrolled in the Family
Study of Essential Tremor (FASET) and ii) to identify
ET loci using parametric and non-parametric linkage
analyses of WGS data.
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Methods

Ethics

Study subjects and relatives were enrolled in a family
study of ET at Columbia University NY and Yale Univer-
sity CT, USA, which was the then-home institution of
one of the senior authors (E.D.L.). The study was
approved by the Institutional Review Board at Columbia
University (IRB-AAAQ3307) and Yale University (IRB-
1412015096) and written informed consent was
obtained from all participants.

Study subjects and clinical evaluation
One of the hallmark features of the study was the metic-
ulous approach to phenotyping, with all 451 participants
who were seen in person undergoing an extensive video-
taped neurological examination that was reviewed (and
could be repeatedly re-reviewed) by a senior movement
disorders neurologist with special expertise in tremor
(E.D.L.) using reliable and validated rating scales and
diagnostic criteria. Details of the study, criteria for
enrollment, and diagnosis of ET have been described
previously.>>?" There were 451 individuals with WGS
data. All 451 individuals were evaluated in person and
those affected with ET received a diagnosis of definite,
probable, or possible ET. Diagnoses were based on the
stringent criteria of the Washington Heights Inwood
Genetic Study of ET (WHIGET), originally designed for
population-based and family-based genetic studies.** All
ET diagnoses were assigned by a senior movement dis-
orders neurologist with a special expertise in tremor
(E.D.L.) based on review of the history and a detailed
videotaped neurological examination that included
detailed assessments of action tremor, Parkinsonism
and dystonia.’*?* All these ET diagnoses (possible, prob-
able and definite) required, at a minimum, moderate or
greater amplitude kinetic tremor on at least three tasks
(e.g., writing, drinking, pouring) or moderate or greater
amplitude tremor in at least one task in the setting of
head tremor and the absence of other aetiologies. As
such, the criteria for all three categories of ET (i.e., pos-
sible, probable and definite) are even more stringent
than those for definite ET that were outlined in the orig-
inal Consensus Statement on Tremor of the Movement
Disorders Society (published in 1998)*# and the revised
Consensus Criteria (published in 2018).>> The clinical
characteristics of study participants are summarized in
Table 1. All pedigrees for the 104 ET Families included
in the study are provided as Supplementary data (Sup-
plementary Figure 1). To limit population stratification
in genetic analyses, we restricted analysis to white par-
ticipants. Ancestry information collected for partici-
pants was European.

There were 316 additional pedigree members with
unknown affected status included in the pedigree file
without WGS data. Family members with unknown



Articles

Families, n 104

Families with Ashkenazi Jewish ancestry, n (%) 11 (11.1%)

Subjects, n 451
Females, n (%) 254 (56.3)
Affected (Diagnosis of definite, probable or possi- 350 (77.6)
ble ET (n=330) and/or a diagnosis of Parkinson'’s
disease, dystonia or mild tremor (n=20)
Average number (SD) of affected ET individuals 5.7 (2.0
per family®
Unaffected 101 (22.4)
Average number (SD) of unaffected individuals per 1.8(1.6)
family®
Age at Onset of affecteds”, mean (SD) 31.2(19.9)
Age (affecteds and unaffecteds), mean (SD) 60.2 (17.1)

Diagnosis of Definite, Probable or Possible ET (%) 330 (94.3%)

among 350 affecteds

Diagnosis of Definite ET (%) 53(16.1)
Diagnosis of Probable ET (%) 160 (48.5)
Diagnosis of Possible ET (%) 117 (35.4)
Diagnoses other than ET among 350 affecteds 20 (5.7%)
Diagnosis of Parkinson'’s disease (%) 2(10.0)
Diagnosis of dystonia (%) 11 (55.0)
“Mild tremor” (%)° 7 (35.0)

Table 1: The demographic and clinical characteristics of study
participants included in the parametric and nonparametric
linkage analysis.

¢ Includes affected or unaffected status for 451 enrolled subjects.

> Age of onset unavailable for n=47 affecteds.

€ “Mild tremor”: Has several kinetic tremor severity ratings of “r.5” or
“2”, and is likely developing ET, but does not yet meet criteria for possible
ET.

affected status represent “dummy” variables (with
unknown phenotypes and unknown parents) that were
included to be able to reconstruct the pedigree struc-
ture.

Whole genome sequencing (WGS)

Genomic DNA was isolated from peripheral blood cells
using standard methods. WGS was performed on the
genomic DNA of individuals including affected (defi-
nite, probable, or possible ET diagnosis), and unaffected
individuals from each of 104 families (n=451 individu-
als). Libraries were prepared using the TruSeq DNA
PCR-free kit (Illumina San Diego CA USA). Paired-end
sequencing (2 X 150 bp) was performed at >30x cover-
age per sample. Resulting libraries were sequenced on
[Mlumina HiSeq TENx (Illuminia San Diego CA) at the
New York Genome Center, NY. Sequence alignment to
the UCSC hgrg reference genome was performed using
the Burrows-Wheeler Aligner algorithm implemented
in BWA,*° duplicate reads were removed using Picard,
and variant calling was performed using the Genome
Analysis Toolkit (GATK4; Broad Institute Cambridge
MA USA).%” Local realignment and quality recalibration
were performed via GATK4. Quality control checks for

samples were performed according to GATK4 best prac-
tices.

Quality control procedures

Pseudomarker. SNPs with a minor allele frequency
(MAF) of >1% as defined by the tooo Genomes Project
Phase 3, and a call rate of >90% were retained for use
in the analysis. The following criteria were used to filter
and remove SNPs from the WGS dataset for the Pseu-
domarker analysis: 1) SNPs with MAF <1%, 2) SNPs
with MAF>1% with call rate <90% or that were not in
Hardy-Weinberg equilibrium.

CHP NPL analysis. All SNPs with a call rate of >90%
and that were in Hardy-Weinberg equilibrium were
retained for use in the haplotype-level analysis through
the CHP-NPL method.

Participants whose reported sex differed from the sex
assignment determined by analysis of the X-chromo-
some SNVs were excluded. Family-reported relation-
ships were genetically confirmed by pairwise genome-
wide estimates of identity by descent (IBD) allele shar-
ing using PLINK v1.07 software.’®

Statistical analysis

Genome-wide tests of parametric linkage and associa-
tion analysis. SNV genotype data (MAF>1% from
WGS) were available for a total of 451 study participants.
Parametric linkage analysis was performed in 767 study
participants (350 affected with ET, 101 unaffected, and
316 pedigree members with inferred genotypes) from
104 multiplex ET families. For the 316 pedigree mem-
bers without WGS data, with the exception of gender,
phenotype data was coded as missing. We used Pseudo-
marker®? software to allow for joint linkage and linkage
disequilibrium analysis. Analyses were restricted to var-
iants with MAF >1%. Model-based analyses were car-
ried out using an age-dependent penetrance model
(Table 2) with disease allele frequency of 1%, under a
dominant mode of inheritance. The age-dependent pen-
etrance model (Table 2) is based on available prevalence
data for ET across different age groups,*”*" estimation
of penetrance in affected subjects, and phenocopy rates
across liability classes. Three age groups (<40 years,
41—59 years and >G6o0 years) were used in the model
and individuals were stratified based on age at onset
(AAO) in affected subjects. A total of 7 liability classes
were used in the model (Table 2). The Lander and Kru-
glyak threshold for genome-wide linkage was estab-
lished as HLOD >3.6.#* Correction for multiple testing
in the joint linkage and association analysis was per-
formed using Bonferroni-adjusted p <10~°.
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Liability Class Age group (years) Genotype Specific Penetrance Genotype Specific Genotype Specific
in Wildtype (P)* Penetrance in Heterozygous Penetrance in Homozygous
Mutation Carriers (P)® Mutation Carriers (P)®

1: Fully penetrant <40 0.01 1 1

2: Fully Penetrant 41-59 0.02 1 1

3.Fully Penetrant >60 0.22 1 1

4: Incomplete penetrance <40 0.01 04 04

5: Incomplete penetrance 41-59 0.02 0.2 0.2

6: Incomplete penetrance >60 0.22 0.1 0.1

7: Incomplete penetrance Unknown 0.5 0.5 0.5

Table 2: Age-dependent penetrance model—Domi del
* The probability of developing ET in individuals with wildtype genotype is equal to the phenocopy rate.
> P: Probability of ET given a particular genotype.

Collapsed Haplotype Pattern non-parametric linkage
analysis. The CHP-NPL method*#* was also used to
analyse families segregating ET using the same dataset.
The 2 individuals with PD, 11 with dystonia and 7 whose
tremor was not severe enough to meet criteria for ET
were removed from CHP-NPL analyses. Only affected
ET families were included in the CHP-NPL analysis. A
total of 98 ET families and 703 individuals were
included in the CHP-NPL analysis. CHP-NPL analysis
of all variants in aggregate within a gene region regard-
less of the functional annotation. Annotation of gene
regions was performed using Annovar. As suggested by
Lander and Kruglyak,** we applied the most stringent
threshold level, with a LOD score of >3.8.

Variant analysis of WGS data

Pseudomarker. To identify susceptibility variants, in
linkage regions segregating with the ET phenotype, in
families contributing to the linkage peaks on chromo-
somes 4q21. 8q13.3, 8q21.1, 16p13.3 and 17q21.31 we per-
formed additional sequence analysis of WGS data in 9
ET families (A-I). Additional analyses included evalua-
tion of SNV and indels, copy number variants (CNVs)
and structural variants (SVs), and short tandem repeat
(STR) expansions within linkage peaks.

SNVs and indels

Variant filtering, annotation and prioritization was per-
formed using a previously described pipeline and
reviewed as part of the clinical workflow for constitu-
tional clinical sequencing (Precision Genomics Labora-
tory, Vagelos College of Physicians and Surgeons,
Columbia University). Sample level variant calls and
associated quality metrics (GT, DP, GQ, VQSLOD and
SQR, DP Bin string) was performed followed by variant
annotation (chromosome, position, reference allele,
alternative allele, effect, gene and transcript) and anno-
tation with external data (gnomad, Gerp, TraP, LIMBR,
ClinVar, HGMD, RVIS and REVEL). Variants (coding)
with allele frequencies of less than 1% or known
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susceptibility variants with allele frequency <10% in
the general population, were filtered using the Gnomad
and in-house databases. Identified variants were
assessed for phenotype match with ET. Variants were
classified using the guidelines from the American Col-
lege of Medical Genetics and Genomics (ACMG) and
the Association of Molecular Pathology (AMP).*> Var-
iants were classified as Pathogenic, Likely Pathogenic
and Variants of Uncertain Significance (VUS).

CNVs and SVs: Multisample CNV calling was per-
formed from WGS data using the DRAGEN DNA pipe-
line. Multisample CNV calling in DRAGEN uses tangent
normalized count files from WGS data and joint segmen-
tation to increase the sensitivity of detection of CNV seg-
ments. For each copy number variable segment
identified, the copy number genotype of each sample is
outputted in a single VCF entry. The DRAGEN Struc-
tural Variant (SV) caller was used to call SVs from the
WGS data and provides SV and indel calls >s5obp.

Selecting rare or novel CNVs

Common variants were removed following comparison
with the Database of Genomic Variants (DGV) and 1000
Genomes CNV calls, and using a criterion of 50% or
more reciprocal overlap with population CNVs with 1% or
higher frequency. BEDTools was used to identify called
genic CNVs that overlapped with variants in databases.

Reducing false calls

To minimize false calls, rare genic CNV calls from each
affected individual was used to query calls in affected
and unaffected family members for the same or similar
breakpoints. If the same CNV (consensus of the two
tools) was present in affected individuals and absent
from unaffected individuals it was included in the final
list.

Annotation of CNV calls
Annotation of CNV calls was performed using variant
effect predictor (VEP) which determines the effect of
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the variant on genes, transcripts and protein sequences
as well as regulatory regions population databases
including the Database of Genomic Variants (DGV) and
dbVar (National Center for biotechnology information),
and literature evidence (OMIM, ClinVar, COSMIC, etc).

De novo CNV calling

De novo CNV calling was not performed as sequence
data was not available from both parents. Trio families
were not included in the analysis.

Repeat Expansion Detection: Repeat expansion
detection from the WGS data was performed with
Expansion Hunter*® in the DRAGEN pipeline. Expan-
sion Hunter performs sequence-graph based realign-
ment of reads that originate inside and around each
tandem repeat and genotypes the length of the repeat in
each allele. Only repeat variants that deviated signifi-
cantly from the reference genome (Human GRCh3y/
h1g) were considered for further analysis.

To identify rare genic CNVs, SVs and repeat expan-
sions segregating with ET in each family a family-based
analysis was performed. The criteria that we used to
define co-segregation is as follows: 1) the annotated
CNV was present in all affected ET individuals and 2)
absent from unaffected individuals within a family.

CHP-NPL analysis

To identify the additional contribution of rare variants to
linkage signals in haplotype-based analysis, in genes
with evidence of significant linkage (LOD>3.8) identi-
fied by CHP-NPL analysis, we performed additional
sequence analysis of WGS data in ET families. Addi-
tional analyses included evaluation of SNVs and indels.
Variant filtering, annotation and prioritization was per-
formed using the Varsome clinical platform.

Brain expression analysis

To investigate brain expression profiles of the identified
candidate ET genes within the Pseudomarker linkage
regions, we used the publicly available data from the
United Kingdom Brain Expression Consortium
(UKBEC) repository, which is based on tissue from 12
brain regions from 134 individuals free of neurodegener-
ative disorders analysed using the Affymetrix Exon 1.0
ST array (http://www.braineac.org/). The datasets used
contain the information for SNPs and indels found
within 1Mb of the transcription start site of the transcript
(total span of 2Mb). Markers were restricted to those with
good imputation quality (R*>0.5) and MAF >5%.

Gene annotation and pathway analysis

Phenotype, molecular function, pathway and interaction
data for genes identified in the analysis were obtained
from Genecards Suite version 5.8.47 Pathway analysis

was also performed using the reactome pathway knowl-
edgebase version 79.4*

Role of funding source
The funders had no role in study design, data collection,
data analyses, interpretation, or writing of report.

Results

Data were collected and analysed between July 2015 and
February 2021. The analysis pipelines used for Pseudo-
marker and CHP-NPL analyses in 104 ET families are
summarized in Figure 1 and pedigrees are shown in
Supplementary Figure 1.

The demographic and clinical characteristics of study
participants included in the analyses are summarized in
Table 1. A total of 451 subjects with WGS data from 104
ET families were included in the analyses. The mean
age at onset in ET cases was 31.2 +19.9 years. Of the
330 ET cases, 16.1% received a diagnosis of definite ET,
48.5% probable ET and 35.4% possible ET. In addition,
there were 2 individuals with Parkinson’s disease (PD),
11 with diagnoses of dystonia and 7 whose tremor was
not severe enough to meet criteria for ET.

The mean age for all subjects was 60.2+17.1 years.
The mean number of affected ET cases per family was
5.7+2.0, and the mean number of unaffected family
members per family was 1.8 £1.6. Eleven families
(11.1%) reported Ashkenazi Jewish ancestry.

Joint parametric linkage and association analysis

We identified several significant (HLOD>3.6) chromo-
somal regions linked to ET (Supplementary Figure 2;
Table 3). Functional annotation of all significant loci
was performed and we selected functionally relevant
candidate genes that map to functionally relevant path-
ways (Table 3). All significant linkage regions identified
with HLOD>3.6, ranked by p value are provided as sup-
plementary data (Supplementary Table 1). The 3-unit
LOD support intervals for all significant (HLOD>3.6)
chromosomal regions linked to ET in Table 3 are pro-
vided in Supplementary Table 2. Further annotation of
SNVs with max LOD scores in the support intervals
using ENCODE and the UCSC Genome Browser are
also provided in Supplementary Table 3.

The strongest ET linkage signal corresponding to
chromosome 4q13.3, was observed for the SNV,
rs1oo12100, located telomeric to Betacellulin (BTC),
and ~36.3 Kb upstream of the BTC transcription start
site (rs10012100; HLOD=4.53; Pjo;=I.1 X 10 °). BTC is
a member of the epidermal growth factor (EGF) family
of proteins, a neurotrophic factor, involved in the
EGFR-PI3K-AKT pathway which is disrupted in PD*°
and ET.°

A SNV located at chromosome 21q21.3, 152831975,
showed significant evidence of linkage (HLOD=4.31;
Pioin=2.6 x 107°). The SNV is located centromeric
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Pseudomarker: Joint Parametric Linkage and Association Analysis
104 ET Families/767 subjects

|

Whole Genome Sequence data
from 451 subjects

!

*  SNPs with a minor allele frequency (MAF) of <1% and SNPs with a
MAF of >1% and a call rate of <90% were filtered and removed
from the analysis.
*  SNPs with MAF of >1% and a call rate of >90%, were retained for
use in the parametric linkage analysis

.

*  Pedigree file, Map file, Phenotype file,
*  Singleton file, Data file

}

*  Check for family connectedness
*  Check for Mendelian inconsistencies
*  Check for marriage and consanguinity loops
*  Estimate initial allele frequencies by counting
*  Assign pseudomarker genotypes

|

Create LINKAGE-formatted pedigree and data files ]

|
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Figure 1. Workflow of Genome-Wide linkage scan using Pseudomarker and RV NPL in 104 ET families.

(~162.2Kb distal) to the N-6 Adenine-specific DNA
methyltransferase 1 gene (NGAMT1). NGAMT1 encodes
a methyltransferase which may be involved in the meth-
ylation of release factor I during translation termination
and is also involved in converting the toxin arsenic
metabolite monomethylarsonous acid to the less toxic
dimethylarsonic acid.”® Among, other genes located in
the same chromosomal region, the glutamate ionotropic
receptor kainite type subunit 1 (GRIK1) and amyloid
beta precursor protein (APP) gene are of particular
interest based on function and association with neuro-
logical disease.

The linkage peak on chromosome 13q21.32 is driven
by, 1556402633 (HLOD=4.21) and 1s288791
(HLOD=4.05). The variants are proximal (~655.6 Kb) to
the gene Protocadherin 9 (PCDH9). Under the domi-
nant model, rs56402633, is significantly associated with
ET (Pjoin=3.0 X 10’6). PCHDg encodes a member of
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the protocadherin family, which mediate cell adhesion
in neural tissues in the presence of calcium and may
also be involved in signalling at neuronal synaptic
junctions.’®

On chromosome 8qr13.3, a linkage signal was
observed for an intronic variant (intron 2) within Eyes
Absent Transcriptional Coactivator and Phosphatase 1
(EYA1) gene (rs4439163; HLOD=4.04). Results from
the joint linkage and association analysis demonstrated
that under the dominant model, rs4439163, is signifi-
cantly associated with ET (Pjsin=4.0 X 10~ °). A second
linkage signal nearby at 8qz21r.r with HLOD=3.66
(Pjoin=1.3 x 10 *) was also observed with the SNV,
1810097236, located in intron 12 of the gene, Staufen
Double-Stranded RNA binding protein 2 (STAU2) gene.
STAUz is a member of a family of double stranded
RNA binding proteins that contains a microtubule bind-
ing domain that binds tubulin. A related family
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Chr SNV bp band Gene®/nearest gene Linkage Linkage LD|Lin} LD|NoLink Linkage|LD LD+Linkage
Intron/exon HLOD p-value p-value p-value p-value p-value

1 1578261279 40805774 p34.2 Collagen type IX alpha 2 chain 3.88 1.2 x107° 0.745 0.058 1.5 % 10 x 1074 74 x107°
COL9A2

4 rs10012100 75756056 q133 Betacellulin 453 30x10°° 0352 0.591 40x10°° 1.1 x10°°
BTC

4 rs13111888 77131294 q21.1 Scavenger receptor class B member 2 3.65 21x107° 0.8507 0.7045 44 x10°° 129 x 107
SCARB2
Intron 1

8 rs7827299 72301916 q13.3 EYA transcriptional coactivator and phosphatase 1 3.60 24 x107° 0.0620 0.9268 80x107° 26 x107°
EYA1

8 rs372304696 72320706 q13.3 EYA transcriptional coactivator and phosphatase 1 3.70 18 x 107° 0.1871 0.1975 35x107° 49 x 107°
EYA1

8 rs4439163 72333781 q13.3 EYA transcriptional coactivator and phosphatase 1 4.04 80x107° 0.0219 0.6005 1.0 x 107° 40 x 107°
EYA1

8 rs10097236 74436131 q21.1 Staufen double-stranded RNA 3.66 20x10°° 09164 0.0761 22 %107 13x107*
binding protein 2
STAU2
Intron 12

13 rs56402633 68460037 q21.32 Protocadherin 9 4.21 50x10°° 0.021 0.06 40x10°° 30x10°°
PCDH9

13 5288791 68460037 q21.32 Protocadherin 9 4.05 8.0 x 107° 0.624 0.209 32x10°° 47 x107°
PCDH9

13 rs9538356 59832966 q21.2 Diaphanous related formin 3 3.68 19%x107° 0.847 0.908 38x10°° 12x107*
DIAPH3

14 rs4624102 78562248 q24.3 Neurexin 3 3.65 21x10°° 0.93 0.209 95x10°° 13x107*
NRXN3

16 rs8051198 6541644 p133 RNA binding fox-1 homolog 4.02 8x10°° 0.4298 0.2807 23x10°° 41 %x10°
RBFOX1
Intron 2

16 rs114400470 1044241 p13.3 SRY-box transcription factor 8 38 14 x107° 0.504 0.528 28x10°° 74x107°
SOXx8

17 rs8076152 43995932 q21.31 Microtubule associated protein tau 3.99 9x10°° 0.4263 0.5480 1.6 x 107° 44 % 107°
MAPT
Intron 1

21 rs2831975 30086239 q21.3 N-6 adenine-specific DNA 431 40x107° 0.663 0.67 8x107° 26 x107°

methyltransferase 1
N6AMT1

Table 3: Top significant candidate chromosome regions with HLOD>3.6 in the pseudomarker analysis in 104 ET families.
# Hugo Gene Nomenclature Committee (HUGO) approved gene name and symbol; HLOD: Heterogeneity logarithm of odds score; LD|Linkage: Linkage disequilibrium (association) given linkage; LD|NoLinkage: Linkage dis-
equilibrium (association) given no linkage; Linkage|LD: Linkage given linkage disequilibrium; LD+Linkage: Joint linkage and association.




Articles

member, STAU1, has been implicated in neurodegener-
ation and hyperactive mTOR.>

The 16p13.3 linkage region (HLOD=4.02; Pjon =
4.1 x 107°) also yielded strong evidence for linkage at
SNV, 188051198, located in intron 2 of the RNA Binding
Fox-1 Homolog 1 (RBFOXi1) gene. RBFOX1 belongs to
the FOX1 family of RNA-binding proteins. FOX1 pro-
teins bind the C-terminus of ataxin-2 and may contrib-
ute to disease pathophysiology of spinocerebellar ataxia
2 (SCA2).>*> The 4 aminobutyrate aminotransferase
(ABAT) gene is also located in the same chromosomal
region. ABAT is responsible for the catabolism of
gamma aminobutyric acid (GABA), and a disturbance
of the GABAergic system has been strongly implicated
in ET.5® 5

The linkage peak on chromosome 17q2r1.31
(HLOD=3.99; Pjojn: =4.4 X 10 °) is driven by an intronic
SNV, rs8076152, located in intron 1 of the microtubule-
associated protein tau (MAPT) gene. In addition to
MAPT, which is associated with several neurodegenera-
tive disorders,’® this region contains other genes that
are plausible candidates (e.g. KANSL1 and STH), many
of which are highly expressed in different brain regions,
including the cerebellum.

Additional significant linkage signals were also
observed on chromosomes 1 (rs78261279; HLOD=3.88,
nearest gene: Collagen type IX alpha 2 chain
(COL9A2)), 16 (rs114400470; HLOD=3.8, nearest gene:
SRY-box transcription factor 8 (SOXS8)), 13 (rs9538356;
HLOD=3.68, nearest gene: Diaphanous related formin
3 (DIAPH3)), 14 (rs4624102; HLOD=3.65, nearest gene:
Neurexin 3 (NRXN3)) and 4 (rs13111888; HLOD=3.65,
SCARB:2 intron 1) (Table 3).

FASET families contributing to significant parametric
linkage in the pseudomarker analysis

The highest LOD score for each family in the pseudo-
marker analysis was determined to identify families
contributing to significant linkage regions (Supplemen-
tary Table 4). We then performed further analysis of
WGS data to identify causal or risk variants in these
families.

SNV and indel analysis in families contributing to sig-
nificant linkage regions. In one family, Family F, that
contributed significant linkage to Chri6p13.3 (RBFOX1)
(Supplementary Table 4), we identified a heterozygous
canonical splice acceptor variant in exon 2
(ENST00000547372; c.4-2A>G), which was present in
affected individuals and absent from unaffected individ-
uals with available DNA (Supplementary Figure 3). This
variant is extremely rare in the gnomAD population
database (v2.1.1) with an allele frequency of 7.4 x 10~°
(1/135582 heterozygotes and o homozygotes) indicating
it is not a common benign variant. The variant has not
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been reported previously in the literature or clinical
databases. Several in silico prediction algorithms, includ-
ing splice prediction tools, indicate that the variant is
predicted to disrupt splicing and is damaging or delete-
rious to the protein. These tools include BayesDel
(Damaging, rank score 0.7802), Dann (score 0.9888),
Eigen (pathogenic, score 0.9989), FATHMM-MKL
(Damaging, score 0.9661), dbscSNV (deleterious, score
0.76) and RF (deleterious, score 0.76). Classification of
the variant according to the American College of Medi-
cal Genetics (ACMG) criteria indicates that this variant
meets criteria as a likely pathogenic variant.

We did not identify rare coding SNVs or indels in
any other genes, that segregate in families contributing
to significant linkage regions.

However, annotation of the 3-unit LOD support
intervals for significant regions reported in Table 3
(Supplementary Table 2) and analysis in families con-
tributing to significant linkage regions shows that sig-
nificant SNVs identified by Pseudomarker are located in
regulatory regions that impact transcription factor bind-
ing sites or chromatin state (Supplementary Table 3).
For example, in families contributing to significant link-
age in intron 2 of EYA1, the marker at chr8:72333781
(max LOD) is located in several predicted transcription
factor binding sites (Jasper Core 22) including NEU-
ROD1, PTFia, NEUROD2, ATOH1, PKNOX2, TGIF1,
TGIF2LX, TWIST1, NEUROG2 and HAND2. These
transcription factors play an important role during
embryonic and neural development. The transcription
factor NEUROG?2, specifies neuronal fate on ectodermal
cells and is expressed in neural progenitor cells within
the developing central and peripheral nervous systems
and also plays a role in the differentiation and survival
of midbrain dopaminergic neurons.

In families contributing to significant linkage at
chrryq21.31 (MAPT), we identified the heterozygous
missense variant, NM_oo1007532.3, c.20A>G (p.Q7R)
in exon 1 of the Saitohin (STH) gene (nested within
MAPT) which was present in affected individuals and
absent from unaffected individuals with available DNA
(Supplementary Figure 3) in one family (Family F)
and in 2/3 affecteds with available DNA from a second
family (Family E; data not shown). The STH Q7R has
previously been reported as a risk factor for neurodegen-
erative disease including Parkinson’s disease and
Alzheimer’s disease.

CNV/SV and repeat expansion analysis in families con-
tributing to significant linkage regions. CNV/SV and
repeat expansions were not identified in any genes in
families contributing to significant linkage regions.

CHP non-parametric linkage analysis

CHP-NPL analysis identified fifteen genes with evi-
dence of significant linkage (LOD>3.8). These were
Tubulin beta 2A class IIr (TUBB24) (LOD=7.42,
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p=5.0 x 10 ?), VPS33B late endosome and lysosome
associated (VPS33B) (LOD=5.74, p=2.73 x 10~ /), STEAP
family ~member 1B  (STEAPiB) (LOD=4.92,
p=1.96 x 10°), Serine peptidase inhibitor Kazal type 5
(SPINK5) (LOD=4.90, p=2.06 x 10 °), Zinc finger
RANBP2-type containing 1 (ZRANBi) (LOD=4.87,
p=2.16 x 10°%), TBCr domain family member 3C
(TBC1D3C) (LOD=4.78, p=2.69 x 10" °), Pyruvate dehy-
drogenase phosphatase regulatory subunit (PDPR)
(LOD=4.75, p=2.91 x 10" °), Neuropeptide Y receptor
Y4 (NPY4R) (LOD=4.65, p=3.7 x 10 °), ETS proto-
oncogene 2, transcription factor (ETS2) (LOD=4.63,
p=3.84 x 10°°), Zinc finger protein 736 (ZNF730)
(LOD=4.59, p=4.32 X 10_6), Spermatogenesis associ-
ated 21 (SPATA21) (LOD=4.36, p=7.45 x 10 ®), ADP
ribosylation factor like GTPase 17A (ARL17A)
(LOD=4.12, p=1.32 x 10 %), PZP alpha-2-macroglobulin
like (PZP) (LOD=3.99, p=1.83 x 10 %), BLK proto-onco-
gene, Src family tyrosine kinase (BLK) (LOD=3.98,
p=1.85 x 107%), and YJU2 splicing factor homolog
(YJU2/CCDC94) (LOD=3.87, p=2.42 x 10 °) (Table 4).
None of the genes that reached the significance thresh-
old have been previously associated with ET. However,
nominal significance was observed for 3 genes also iden-
tified in the Pseudomarker analysis. The three genes

include EYA1 (Pseudomarker HLOD =4.04; CHP-NPL:
LOD score=1.41, p=o0.011), in addition to two genes,
Myoferlin (MYOF) (Pseudomarker HLOD=3.07; CHP-
NPL: LOD score=I.30, p=0.015) and Telomerase associ-
ated protein 1 (TEP1) (Pseudomarker HLOD=3.45;
CHP-NPL: LOD score=1.34, p=0.013, which did not sur-
pass the threshold level of significance (HLOD>3.6)
(data not shown).

Of the genes identified in the CHP-NPL analysis sev-
eral have been previously implicated in neurological dis-
ease (e.g. TUBB2A),°>°" or interact with known PD
disease genes (e.g., TBC1 domain family member 3C
(I'BC1D3C), ADP ribosylation factor like GTPase 17A
(ARL17A) and Leucine rich repeat kinase 2 (LRRK2)) or
Alzheimer’s disease genes (e.g., PZP alpha-2-macro-
globulin like (PZP) and Sortilin related receptor 1
(SORL1)) (Supplementary Table s5). As observed in the
pseudomarker analysis we also observed significant
linkage to genes that cluster in ROS and DNA damage
repair pathways (PDPR,°> STEAP1B and CCDC94"),
neurogenesis and cortical development pathways
(TUBB2A®* and TBC1D3"), lysosomal/endosomal and
protein metabolism pathways (VPS33B°°, ZRANB1®”
and ARL17A), and EGFR-PI3K-AKT and ERK signalling
(VPS33B°°, ETS2°° and BLK). Significantly, ARL17A is

Chr band Gene name and symbol” Linkage Linkage
LOD p-value

6 p25.2 Tubulin beta 2A class lla 7.42 500 x 10°°
TUBB2A

16 q26.1 VPS33B late endosome and lysosome associated 5.74 273 x 1077
VPS338

7 p15.3 STEAP family member 1B 4.92 1.96 x 10°°©
STEAP1B

5 q32 Serine peptidase inhibitor Kazal type 5 4.90 2.06 x 10°°
SPINK5

10 q26.13 Zinc finger RANBP2-type containing 1 4.87 216 x 107°
ZRANB1

17 ql2 TBC1 domain family member 3C 478 269 x 10°°
TBC1D3C

16 q22.1 Pyruvate dehydrogenase phosphatase regulatory subunit 4.75 291 x10°°
PDPR

10 q11.22 Neuropeptide Y receptor Y4 4.65 370 x 10°°
NPY4R

21 q22.2 ETS proto-oncogene 2, transcription factor 463 3.84 x 107°
ETS2

7 ql1.21 ZNF736 4.59 432 x10°°

1 p36.13 SPATA21 436 7.45 % 10°°

17 q21.31 ARL17A 412 132x10°°

12 p13.31 PzP 3.99 1.83 x 107°

8 p23.1 BLK 3.98 1.85 x 10°°

19 p133 CCDC94 3.87 242 x10°°

Table 4: Significant genes in CHP-NPL analysis with LOD>3.8 in 104 ET families.
*Hugo Gene Nomenclature Committee (HUGO) approved gene name and symbol.
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located on chromosome 17q21 within the MAPT haplo-
type region and significant linkage to MAPT was identi-
fied in the pseudomarker analysis (HLOD=3.99).

Bioinformatic evaluation and frequencies of ana-
lyzed rare (MAF<1%) coding variants within genes with
evidence of significant linkage (LOD>3.8) from the
CHP-NPL analysis is shown in Supplementary Table 6.
Rare coding variants identified in ET families with
enhanced minor RV allele sharing in affected individu-
als are provided as Supplementary data.

Brain expression analysis

Results from the analysis using the Brain Almanac
repository (Supplemental data) showed that ET candi-
date genes displayed brain region-specific expression
patterns and high expression in several brain regions
including the cerebellum (Supplementary Figure 4).

Pathway analysis

Pathway analysis of significant genes identified from
the Pseudomarker and CHP-NPL analysis was per-
formed using Genecards Suite version 5.84 and the
reactome pathway knowledgebase version 79.*® An
overrepresentation analysis (a hypergeometric distribu-
tion test) was used to determine whether certain reac-
tome pathways were over-represented (enriched) in the
submitted data from significant genes in the pseudo-
marker analysis and from the CHP-NPL analysis (Sup-
plementary Data). None of the pathways were
significant after correction by FDR, however we did
observe overrepresentation in the following pathways
for significant genes identified in the Pseudomarker
analysis including: 1) ROS and DNA repair: nuclear
receptor transcription pathway (R-HSA-383280), Defec-
tive HDR through Homologous Recombination (HRR)
due to Partner and localizer of BRCA2 (PALB2) loss of
function (R-HSA-9701193), Defective HDR through
Homologous Recombination (HRR) due to PALB2 loss
of BRCA1 DNA repair associated (BRCA1) binding func-
tion (R-HSA-9704331), Defective HDR through Homol-
ogous Recombination (HRR) due to PALB2 loss of
BRCA2 DNA repair associated (BRCA2)/RAD51 recom-
binase (RADs51)/RADs1 paralog C (RADs51C) binding
function (R-HSA-9704646), ROS and RNS production
(R-HSA-1222556) 2) EGFR-PIK3-AKT signalling:
Growth factor receptor bound protein 2 (GRB2) events
in EGFR signalling (R-HSA-179812), EGFR interacts
with phospholipase C-gamma (R-HSA-212718), SHC
adaptor protein 1 (SHCI1) events in EGFR signalling (R-
HSA-1250347), PI3K events in erb-b2 receptor tyrosine
kinase 4 (ERBB4) signalling (R-HSA-1250342), PI3K
events in ERBB2 signalling (R-HSA-1963642), Met
proto-oncogene, receptor tyrosine kinase (MET) acti-
vates PI3K/AKT signalling (R-HSA-8851907), negative
regulation of the PI3K/AKT network (R-HSA-199418),
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PI3K/AKT signalling in cancer (R-HSA-2219528), PI5P,
Protein phosophatase 2 phosphatase activator (PTPA),
and Immediate early response 3 (IER3) regulate PI3K/
AKT signalling (R-HSA-681158), PIP3 activates AKT sig-
nalling (R-HSA-1257604), 3) GABAergic signalling:
Activation of GABAB receptors (R-HSA-991365),
GABAB receptor activation (R-HSA-977444), GABA
receptor activation (R-HSA-977443)and 4) RNA binding
and regulation of RNA processes: Regulation of PTEN
mRNA translation (R-HSA-8943723), rRNA modifica-
tion in the mitochondrion (R-HSA-6793080), FGFR2
alternative splicing (R-HSA-6803529), RNA polymerase
II transcription (R-HSA-73857).

Discussion

Linkage and association analyses in 104 multi-genera-
tional ET families with multiple family members
affected by ET identified several novel regions with sug-
gestive linkage and association to ET. These regions
contain functionally relevant candidate ET genes. We
also observed possible overlap of loci identified from the
Pseudomarker analysis (Supplementary Table 1) with
previously reported linkage loci, ETM2 (Chr2p2s5-22)
and ETMj5 (Chriiqig).

Among the gene regions identified in the Pseudo-
marker analysis, causal or risk variants are located in
regulatory regions that may impact transcription factor
binding sites or chromatin state during development.
Our analysis suggests that genetic factors impacting
neurodevelopment may be a risk factor for ET.

Four genes (BTC, COLgA2, DIAPH3 and SOXS$)
identified also are involved in the EGFR-PI3K-AKT or
ERK-mediated signal transduction pathways. The major
functions of the regulatory proteins in these pathways
includes cell survival, motility, transcription, metabo-
lism and progression of cell cycle’° Disruption of
EGFR-PI3K-AKT or ERK-mediated signalling contrib-
utes to the pathogenesis of several neurodegenerative
diseases including ET.#9° BTC is a member of the epi-
dermal growth factor (EGF) family of proteins, a neuro-
trophic factor, involved in the EGF/EGF-Receptor
pathway. The leucine rich repeat and Ig domain con-
taining 1 (LINGO-1) gene, a risk factor for ET identified
from GWAS studies,® can bind EGFR and induce
downregulation of the activity of EGFR-PI3K-AKT sig-
nalling pathway, leading to decreased Purkinje cell sur-
vival in the cerebellum. Increased cerebellar
LINGO-1 expression and elongated LINGO-1-positive
ponceau processes have been observed in ET brains, sug-
gesting a role for this pathway in ET disease pathogene-
sis.”® A similar mechanism may involve genetic variants
in EGFR in ET patients leading to downregulation of the
activity of EGFR-PI3K-AKT signalling pathway and Pur-
kinje cell death. In addition to BTC, linkage signals at
three genes (COLgA2, DIAPH3 and SOX8) were also
identified with a known function in ERK signalling

1
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pathways. Development of therapeutics targeting activa-
tion of the EGFR-PI3K-AKT pathway or inhibition of the
ERK pathway may be beneficial in treatment of ET.
Ageing is a leading risk factor for neurodegenerative
disease and cancer.”” Several studies have suggested
that several major signalling pathways and molecular
targets are modulated in aging including oxidative
stress and DNA repair. ROS cause oxidative damage in
cellular macromolecules, including DNA, proteins and
lipids leading to decreased biochemical and physiologi-
cal function though aging.”” The cerebellum is particu-
larly vulnerable to disorders of DNA repair, and ataxia
and tremor are clinical features often observed in these
disorders. Numerous studies, from clinical to neuroim-
aging to pathological, provide evidence that the cerebel-
lum is of prime importance in the disease
pathophysiology of ET.® '® In our study, significant
linkage peaks were identified within or near to four
genes, NGAMT1, EYA1, SCARB2 and MAPT that may
contribute to increased ROS and defects in DNA repair.
NGAMT1 may play a role in the modulation of arsenic-
induced toxicity by mediating the conversion of mono-
methylarsonous acid to the less toxic dimethylarsonic
acid.’" Arsenic, one of the most common environmental
pollutants, is a known toxic metalloid that contributes
to ROS production, DNA damage and mitochondrial
dysfunction.”” EYA1, a member of the EYA class of pro-
teins is critical for Shh-dependent hindbrain growth
and development”? and mediates symmetric cell divi-
sion of cerebellar granule cell precursors.”* EYA1 also
plays a role in DNA repair. EYA1 can dephosphorylate
the c-terminal phosphotyrosine 142 (pY142) of H2AX, a
histone protein and an essential regulator of the DNA
damage response.”>”® SCARB2, which acts as a lyso-
somal receptor for glucocerebrosidase (GBA) targeting,
and plays a role in w-synuclein aggregation, may also
contribute to ROS and oxidative stress. More recent
studies have proposed that protein aggregates of a-synu-
clein can directly cause DNA breaks”” and DNA repair
defects.”” A similar mechanism may also involve the
MAPT gene, which was also identified in the current
study. MAPT encodes a cytoskeletal protein, tau, which
interacts with microtubules and has a role in neuron
morphogenesis, axonal transport and is a major mis-
folded aggregated protein found in Alzheimer’s disease
(AD) and frontotemporal dementia and Parkinsonism
linked to chromosome 17.°° Studies suggest tau can
bind DNA, is recruited to the nucleus where it binds to
chromatin during heat stress and plays a role in genome
stability. In animal models of genetic tauopathy, signifi-
cantly higher levels of aneuploidy were observed in
mice expressing human tau carrying the p. P3oiLl or
P3o1S pathogenic variants respectively, compared to
control mice.”® Several lines of evidence also point to
abnormal tau biology in ET. Although there have been
inconsistent reports of genetic association of the MAPT
Hr haplotype with ET,”° % which may reflect sampling

issues or clinical heterogeneity, neurofibrillary tangle
(NFT) positive neurons and a higher tau burden has
been reported in post mortem ET studies.**® In two of
three families contributing to significant linkage at
chrryq21.31 (MAPT), we identified the heterozygous
missense variant, NM_oo1007532.3, c.20A>G (p.Q7R)
in exon 1 of the Saitohin (STH) gene (nested within
MAPT) The STH QR risk variant has previously been
reported as a risk factor for neurodegenerative disease
including Parkinson’s disease and Alzheimer’s disease.
STH is involved in the positive regulation of mRNA
splicing via the spliceosome and located in the nucleus
and perinuclear region of the cytoplasm and may play a
role in alternative splicing of MAPT and an increase in
4R/3R MAPT ratio.

Other linkage signals identified in the current study
are implicated in the GABAergic system and in RNA
binding and RNA processing. Linkage signals at two
genes, PCDH9 and NRXN3, encode cell adhesion mole-
cules that are members of the Protocadherin and Neu-
rexin gene families respectively. Pathogenic variants in
NRXN3 and PCDHg have been identified in patients
with autism spectrum disorder (ASD)°> and the
GABAergic system is implicated in the aetiology of
ASD. Similarly, a disturbance of the GABAergic system
has been strongly implicated in ET.5® 5

STAU2 and RBFOX1 belong to a class of RNA bind-
ing proteins (RBPs) that are involved in the regulation
of various RNA processes such as RNA stability, alterna-
tive pre-mRNA splicing, mRNA decay, translocation,
post-translational nucleotide modifications and RNA
localization.®* The importance of RBPs and posttran-
scriptional regulation is highlighted by the severe neu-
ropathologies caused by defects in RBPs, such as
mental retardation or epilepsy, and motor defects such
as ALS.> ®® STAU2 mediates the degradation of
mRNA containing complex secondary structures in
their 3" untranslated region (UTR) through a pathway
known as Staufen-mediated mRNA decay.* In the
brain, STAU2 is an RNA binding protein that is
involved in regulation of neuronal target mRNAs and
dendritic spine morphogenesis and function.”° In a
Stauz downregulation (Stau®’) cerebellar Purkinje cell
mouse model, an increase of glutamate receptor iono-
tropic delta subunit 2 (GLUD2) in Purkinje cells was
observed when animals performed physical activity
(wheel running) compared to age-matched wildtype
control mice.”° Furthermore, Stau®" mice also showed
lower motor coordination abilities but increased motor
learning capacity in the rotarod test.”° The importance
of GLUD2 as a key component of the Purkinje cell post-
synapse has been previously reported. GLUD2 knockout
mouse models have prominent motor dyscoordination
and cerebellar ataxia®"°* and mice with GLUD2 insuffi-
ciency and climbing fiber-Purkinje cell synaptic pruning
deficits develop ET-like tremor.”> RBFOX1 is an Rbfox
family member. Rbfox RBPs are expressed in adult
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mammalian brain and are required for proper brain
development and function.”* Studies in mice and
humans have implicated Rbfox1/RBFOX1 in autism,
neuronal excitation and epilepsy. Mouse models
demonstrate a role for Rbfox1 in neuronal migration
during cortical development™ and in the adult zebra-
fish brain, Rbfoxil shows restricted expression in the
dorsal telencephalon and cerebellum in the Purkinje
cell layer.* In yeast 2 hybrid assays, Rbfoxr was
shown to interact with Ataxin-2, the protein mutated
in spinocerebellar ataxia 2 (SCA2),”° suggesting a
role for Rbfox proteins in cerebellar development,
function and motor movements.

In one Family (Family F), contributing to the linkage
peaks on chromosome 16p13.3, we identified a likely
pathogenic heterozygous canonical splice acceptor vari-
ant in exon 2 of RBFOX1 (ENSToo000547372; C.4-
2A>G), that co-segregated with the ET phenotype in
the family. Further studies will be needed to determine
the functional significance of this variant in ET. Rare
(MAF<1%) coding variants (SNV/Indels, CNV/SVs or
repeat expansions) were not identified in any of the
other 8 families analyzed that contribute to the linkage
peaks on chromosomes 4q21.1, 8q13.3, 8q21.1, 16p13.3
and 17q21.31. Further sequence analysis of susceptibility
variants and variants in non-coding regions in these
families may help pinpoint ET genes in the regions.

Of the significant genes (LOD>3.8) identified in the
CHP-NPL analysis, many of the genes impact the same
pathways identified using pseudomarker analysis.
These genes cluster in ROS and DNA damage repair
pathways (PDPR,°> STEAP1B and CCDC94%%), neuro-
genesis and cortical development pathways (TUBB2A®
and TBCiD3%), lysosomal/endosomal and protein
metabolism pathways (VPS33B,°° ZRANB:® and
ARL174), and EGFR-PI3K-AKT and ERK signalling
(VPS33B,°® ETS2°° and BLK) providing further evi-
dence for the involvement of these pathways in ET dis-
ease pathogenesis.

We acknowledge potential limitations of the study.
Firstly, our study represents a discovery stage one
cohort and we did not include an independent stage 2
replication cohort. This was due in part to the limita-
tions in recruitment and meticulous phenotyping, costs
associated with WGS and the genetic heterogeneity of
ET. Future large scale genetic analyses of WGS datasets
(e.g. NIHs All of Us) or of other neurological datasets
with a tremor phenotype (e.g. the Michael J. Fox Foun-
dation Global Genetic Parkinson’s Disease Study
Group®®) may be the most effective way of replicating
findings. Secondly, pseudomarker and CHP-NPL do
not deal with population stratification. However, one of
the advantages of family-based studies is their robust-
ness to population stratification. To limit population
stratification in genetic analyses, we carefully sampled
pedigrees and restricted analysis to white participants
with European and N. American ancestry.
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A strength of the study is the identification of linkage
to genes implicated in the EGFR-PI3K-AKT signalling
and ERK pathways in ET. Therapeutic strategies target-
ing these pathways may offer potential treatments for
ET patients. Drug repurposing of the human anti-
LINGO-1 antibody Li81 (opicinumab, Phase 2 for MS,
ClinicalTrials.gov, NCTo3222973), which blocks
LINGO-1 function and is upstream of the EGFR-PI3K-
AKT signalling pathway offers an opportunity to help
accelerate the search for a treatment for ET patients.

In summary, our study provides evidence for a possi-
ble overlap in the genetic architecture of ET, other neu-
rological diseases, cancer and ageing. The possible
involvement of EGFR-PI3K-AKT signalling and ERK
pathways in ET paves the way for functional studies and
development of therapeutic strategies targeting these
pathways.
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