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1 Introduction

1.1 Setting the Stage—Genetic Traits

Genetic disorders in the most classical sense, such as Huntington's disease or cystic fibrosis,
are inherited in a “Mendelian” (or monogenic) fashion, that is with only one major genetic
alteration determining the trait of interest. However, with an overall prevalence of about
20/100,000 *, monogenic diseases only account for a small portion of human traits believed to
be influenced by genetic components. In many instances monogenic patterns of inheritance
underlie rare diseases (prevalence less than 1/2000 per definition of the European
Organisation for Rare Diseases?). In the far more prevalent portion of human diseases—the
common diseases—multiple genetic and environmental factors collaborate in bringing about a
specific phenotype (multifactorial diseases).®
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Figure 1.1: Schematic representation of the contribution of genetic variation as well as
epigenetic and environmental factors to monogenic, oligogenic and polygenic diseases
resulting in an overall phenotypic expression of either “red” or “green”. In complex
polygenic diseases, the overall sum of genetic contribution results in the “red” or “green” trait
although alleles predisposing for the opposite trait are also present. Lighter colors depict
variants of smaller effect on a given phenotype and vice versa.



Such factors can include, but are not limited to, DNA modifications such as methylation or
changes in chromatin conformation (epigenetics), aging or environmental influences (Figure
1.2).* Yet, this does not mean that in monogenic diseases additional genetic factors next to the
causal variant, which is both necessary and sufficient to bring about the disease, do not act in
phenotype modification.>” Accordingly, monogenic and polygenic diseases are not likely to
represent completely separate entities but rather two sides of a continuous spectrum (Figure
1.2).

- . isolated GnRH deficiency, Parkinson's disease; .
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Figure 1.2: Spectrum of contribution of genetic and non-genetic factors to different
forms of genetic disease. In complex genetic diseases such as most forms of Parkinson's
disease (or Parkinson disease, PD) or restless legs syndrome (RLS), many genetic variants
alongside a significant contribution of epigenetic and environmental factors are supposed to
bring about and also modify the phenotype. In monogenic diseases, the effect size of the
causal variant is like to be much larger and the effects of external factors less pronounced.
However, the exact contribution of the individual components involved in bringing about the
phenotype are likely to differ from one phenotype to the next but often also within a given
phenotype, creating a genetic framework unique to each (endo-) phenotype. Positioning of the
different diseases on the spectrum of genetic complexity reflects the current best estimation of
the genetic framework in the majority of individuals displaying a given trait and may vary for
individual endophenotypes, such as in the case of monogenic familial PD.
GnRH=gonadotropin releasing hormone

1.2 Variance and Heritability
Especially with regard to non-monogenic diseases, in which several factors act in generating a
given phenotype, it is relevant to understand the degree to which each factor contributes to the

phenotype. Two central concepts in the study of trait-related genetic variation are heritability



and variance. The overall variance of a phenotype (Vp) is the sum of all independent genetic
(V) and environmental (Vg) variation.

Vp =V + Vg
In other words, V¢ is the contribution of genotypic differences among individuals to
phenotypic variation. It can be broken down further to accommodate not only simple additive
genetic effects (V ) but also dominance effects at a given locus (Vp) and interaction effects
(V).
Heritability (H?, h?), on the other hand, describes the proportion of V in a population that is

due to either only additive (allelic, V a) or all (V) genotypic differences among individuals.

H? = Ve/Vp (broad-sense heritability)

h? = Va/Vp (narrow-sense heritability)

In the hypothetical scenario of a purely genetic disease, Vp = Vg = H2. In reality, however,
this scenario is unlikely, as is the assumption that the contributions of Vs and Ve to Vp are
completely independent of each other. Heritability (h?) estimates are usually derived from
family or twin studies under the assumption of shared Ve and solely additive genetic
variance.*®? It is important to note, however, that heritability describes the genetic
contribution to a trait at the population and not the individual level. The contribution of a

specific genetic variant to a phenotype is often given as a percent measure of h?.

1.3 The Spectrum of Genetic Variation
Although nature has invested humans with a number of DNA repair and proofreading

mechanisms*®!

, errors occur during DNA replication at a rate of approximately one every 10
to 100 million bases. Most sequence variation in humans can be attributed to such failures in
DNA damage repair or the correction of replication errors.® Overall, the mutation rate has

12-14 across the entire

been estimated to be approximately 1.1x107® per site per generation
genome or 1.47x10°® per person per generation for non-synonymous changes. Within the
protein-coding regions of the genome (exome), one single nucleotide variant (SNV) is found
approximately every 52 base pairs (bp) when compared to the reference sequence.™

Known genetic variations in humans differ in size and composition (non-structural vs.
structural). Other classifications include the location (within the coding vs. non-coding
regions or intra- vs. intergenic regions), frequency and pathogenicity (also see discussion on

the terminology in sections 1.3.2 and 1.3.3 below).



1.3.1 Different Classes of Genetic Variants

Genomic DNA can differ either with regard to its sequence (non-structural variation) or the
number of copies that are present or an aberrant location or orientation (structural variation) in
the form of so-called copy number variants (CNVs) and chromosomal abnormalities. Sizes
can range from one nucleotide as in the form of most single nucleotide polymorphisms
(SNPs) to CNVs of several thousand kb to duplications or deletions of entire chromosomes
such as in Down or Turner syndrome.

Classically, the genome is divided into coding and non-coding parts—that is those that are
translated into proteins and those that are not. Coding variants, in turn, can be either
synonymous or non-synonymous depending on whether the amino acid sequence of the

translated protein is changed by the variant or not (compare Figure 1.3).
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Figure 1.3: Schematic representation of possible locations of coding

and non-coding genetic variants. UTR=untranslated region e | O1-C00ING

Variants that alter the amino acid sequence can either result from single amino acid
substitutions (missense variants), the introduction of a stop codon and a resulting truncation of
the amino acid sequence (stop-loss variants) or the creation of a codon that does not naturally
code for any amino acid (nonsense variants). Moreover, insertions or deletions (indels) of one
to several hundred thousand nucleotides can also be found.®?

Genetic variation is the norm and not the exception as demonstrated even by the first human
genomes that were sequenced and published in 2001.2"® Compared to the reference
sequence®®, the “Venter genome” supposed to belong to geneticist Craig Venter differed from
the reference sequence in 12,290,978 nucleotide positions including 3.2 million SNVs,
849,000 heterozygous or homozygous indels (ranging from 1 to 82,711 bp), 90 large
inversions and 62 large copy number variants.®*"*8

Furthermore, additional levels of genetic variation have been proposed such as the disruption
of genomic DNA by retrotransposons (mobile genetic elements or “jumping genes™ belonging
to the LINE1 and Alu families)?>?* or the disputed extent of the introduction of sequence



changes at the RNA level (RNA editing)**?°. The notion is that we are currently just
beginning to understand the factors involved in bringing about phenotypes and modifying
them throughout an organism’s lifetime.

1.3.2 Genetic Variation by Frequency

The minor allele frequency (MAF) describes the frequency of the less common allele of two
alleles at a given locus and is generally used to gage how frequently a variant occurs in a
population. While strict definitions are lacking, if divided into two frequency categories—
“common” and “rare”—uvariants in the first category usually have MAFs>5% whereas “rare”
variants exhibit MAFs<5%. In recent years, an additional category of “low frequency”
variants has been added, which most commonly comprises variants of 1%>MAF<5% or
0.5%>MAF<5%2°. Accordingly, some publications only differentiate between common and
rare variants, while others also describe low-frequency variants as a separate category.
Throughout this work, wherever possible, all three frequency categories are addressed
separately.

Although individually rare, variants with MAF < 0.5% represent the most frequent variants
while common variants with MAF>5% account for the largest portion of genetic differences

between individuals'®#’ (Figure 1.4).
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Figure 1.4: Rare variants with MAF < 0.5% represent the proportionally largest
contributor to genetic diversity in humans (taken from ref. *'). AA=African American,
EA=European American



It is important to realize that variant frequencies can differ between populations and that this
can pose specific problems both in the analysis of common but also in the assessment of rare
variants. These will be addressed in section 3.2.2 of the discussion.

1.3.2.1 Common Variants

Common variants are most frequently found as SNPs?®% but can also present as tandem or
interspersed repeats or copy number polymorphisms (CNPs)®. While there are no strict
definitions, SNPs with a MAF>5% are usually described as common. Throughout the human
genome, one SNP is found approximately every 300 bp® and population geneticists project the
existence of around 11 million SNPs with MAF>1% in the human genome®?%. Most SNPs
have persisted from the earliest days of human evolution and most are found across all ethnic
groups although often times at different allele frequencies.®*° They are frequently located in
non-coding regions of the genome where some may serve gene regulatory functions.*
Disease associations are typically identified by means of genome-wide association studies
(GWAS) in which the allele frequencies of currently more than one million SNPs across the
genome are compared in case/control samples comprising tens to hundreds of thousands of
individuals.**

With few exceptions®, the disease-associated common variants identified thus far harbor only
small effect sizes (odds ratio (OR) 1.1 to 1.5)***% (Figure 1.6). According to the original

“common disease, common variant” hypothesis**%’

, common, genetically complex diseases
are caused by a collection of a few dozen loci of moderate effect. Yet, when looking at the
hundreds of GWAS that have been published to date, this statement needs to be modified.
When hundreds of thousands of individuals were examined for highly heritable traits such as
height (heritability estimate = 0.8%%), approximately 180 associated loci of small effect sizes
were identified.***° However, variants at these loci taken together only explain about 10.5 %
of the total variance®. It is a common finding that the associated common variants identified
as part of GWAS efforts across all different phenotypes rarely explain more than 5 to 10 % of

"33 and could

the estimated heritability.** This dilemma has been termed “missing heritability
be the result of a number of things: (1) the heritability estimates are inflated creating
heritability that does not truly exist (so-called “phantom heritability”)**?, (2) synthetic
associations**—that is associations between common variants and a phenotype that in reality
are not due to the common variant but due to (multiple) rare variants on the same haplotype—
in certain constellations, (3) larger numbers of common variants of very small effects that the

26,33,44,45

current GWAS are underpowered to detect , (4) rare variants of possibly stronger



effect that have escaped detection by GWAS because of their low MAFs*®**4 (5) structural

30,31,41 30,31,41 46,47

variants , (6) epigenetic and environmental effects (including parent-of-origin
and transgenerational effects), (7) (phase-dependent) interactions between genes**="*. Since
the genetic architecture differs between diseases, it can be assumed that the “missing

heritability” can be attributed to different causes in different diseases.

1.3.2.2 Low Frequency Variants

In between common and rare variants, low frequency variants, roughly defined by MAFs
between 0.5 and 5 %2° populate the middle ground. These variants have not received very
much attention in the past because they were neither covered by the available SNP arrays
used in GWAS (although some current generation arrays do cover variants down to MAFs of
about 1% and variants of this frequency range can also be analyzed by imputation) nor were
they detectable by linkage analyses*®**. Recently, newer technologies such as next generation
sequencing (NGS, described in section 1.5.4 below) have been used to identify some low-
frequency alleles associated with complex diseases®**%. These so-called “goldilocks” alleles*
may actually prove very valuable to the study of genetic variation in complex diseases.
Although this class of variants will often only account for a minor fraction of the population
attributable risk, they are still frequent enough to be used in high-powered population-based
studies (i.e. GWAS) while at the same time harboring effect sizes large enough to make them
subject to purifying selection and, at the same time, suitable to functional analysis.?®+"+°
The effect of purifying selection is reflected in the fact that they were found to be 1.8 fold
more likely predicted to be non-synonymous and deleterious than synonymous and benign.*’
In one study of 202 drug target genes sequenced in 14,002 people, goldilocks alleles (here
defined as 0.5% < MAF > 2%) were found in 73 genes and about half of the variants were
predicted to be functional, compared to 31% of variants with MAF > 2% and 65% of

singletons (also see section 1.3.2.3 below).>

1.3.2.3 Rare and Very Rare Variants

Variants with a MAF < 0.5% are generally referred to as rare variants. However, this category
is broad, ranging from variants with MAF = 0.5% that can be found in approximately 400,000
German citizens to “singletons”, that is variants that are only found in a single individual or
family.

Generally, rare variants are expected to harbor larger effect sizes than more common variants

(Figure 1.6) and are subject to purifying selection. Purifying selection describes nature’s



tendency to “purify” the genetic pool by selecting against variants that are directly disease-
related and thus deleterious to an individual's fitness to reproduce.* (Figure 1.5) Thus,
comparatively deleterious variants stay rare within a population and reach MAFs near 1%
only occasionally in recessive diseases.*

Overall, an excess of rare variants has been reported®’*°®

with rare variants expected to
effect approximately 1 out of every 2.5 intragenic bp in a linearly extrapolated sample of 1
million individuals.>* This phenomenon has been ascribed to both rapid population growth
over the past 1,400 years and relatively weak purifying selection in modern day societies
(Figure 1.5).2"**8% |n [ine with this, rare variants are also younger™® and more likely to be

54,60

non-synonymous and to harbor (predicted) functional effects® " than more common alleles.

Functional class
504 — MNonsense

Probably damaging
) — Possibly damaging
@ = — Missense
& % 40 — Benign
2o Synonymous
o g — Theoretical Effect of
@ % purifying
g c 304 selection
=
82
T =
@
£3 20
S o
S g
3£ 10 Effect of
= % 1 population
(g growth

0 100 200 300 400
Cumulative number of samples

Figure 1.5: An excess of nonsense, missense and variants predicted to be damaging is
found in human exomes due to the effect of purifying selection. To a lesser extent,
explosive population growth has also sparked an increase in the number of (rare) variants
found in human exomes across all functional classes. (taken from ref. °)

Consequently, this argues for a distinctive value in studying rare variants in any disease
context but also suggests that very large and homogeneous samples will need to be evaluated
to statistically link rare variants to complex diseases.>*®* Many presumably monogenic
diseases are caused by rare variants of large effect. Traditionally, these were identified by
linkage analysis and more recently also by whole-exome sequencing in families in which a
single rare variant segregates with the disease.?®* Under the “common disease, rare variant”

65-67

hypothesis®™", it has also been postulated that rare variants contribute to complex diseases.

Several such rare variants have been identified via the re-analysis of GWAS data and next-

generation sequencing.®®"



1.3.3 Variants vs. Mutations vs. Polymorphisms ?

Generally, the terms “variant”, “mutation”, and “polymorphism” can refer to an alteration in
the nucleotide sequence of the DNA. The three terms are used by different branches of
genetics in different ways. To molecular geneticist, “polymorphisms” are variants with MAF
> 1%, while to population geneticists they are variants that stably coexist in a population at
frequencies that cannot be explained by recurring mutations and to clinical geneticists they
are simply non-pathogenic variants.”® Along the same lines, “mutation” is sometimes used to
describe variants of pathogenic effect but sometimes simply for variants of very low
frequency.’® For the sake of neutrality and lucidity, in this work, the term “variant” will be
used to describe genetic alterations regardless of their frequency or supposed pathogenicity;
“polymorphism” shall only be utilized in the context of SNPs, as defined above. In rare
instances, variants that are accepted as being causal for a disease by the research community

in the field will be referred to as “mutations”.

1.4 Different Effect Sizes

Next to the frequency, genetic variants also differ in the strength of the effect that they bring
to the development of a given phenotype. This effect size is commonly measured as odds ratio
(OR). An OR of 2, for example, would indicate that a carrier of the given variant is twice as
likely to suffer from a given disease or display a given trait than one who does not harbor this
variant.

Apart from a few exceptions, there appears to be an inverse correlation between the
frequency of a given variant in the population and its effect size.?® As explained above, this is
mostly owed to the selective pressure that effects variants of large effect more than those of
small effect. Today, there are strategies in place to examine all variants along this axis—-money
and sample number permitting®* (also see Figure 1.6 below). In contrast, the discovery of rare
variants of small effect (or reduced penetrance), which liably also exist and play a role in
phenotype modification in complex diseases’’, will remain very difficult or impossible by

genetic means.
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26

)

1.5 Methods of Investigating Genetic Variation

Approaches used in evaluating genetic variation vary depending on both the study sample to
be used and the projected frequency and effect sizes of the variants to be analyzed. Also, these
strategies are subject to a constant flux as new technologies become available** and especially
in the field of human genetics, current “next generation” (or “second generation”) sequencing
technologies are vastly different now from what they were 10 years ago.’® The past decade
has seen a paradigm shift from sequence production to, currently, sequence analysis to soon
sequence storage as the rate limiting factors in variant discovery.*""® While rare Mendelian
diseases have proven well-suited to linkage analysis and especially exome sequencing,
GWAS have contributed enormously to the identification of susceptibility alleles for common
complex diseases.” (Figure 1.7)

Yet, as it becomes increasingly clear that not only common variants contribute to the genetic
framework of complex genetic diseases, it has been argued that a “holistic” approach to the
study of complex genetic diseases—combining family, case/control and extreme phenotype
studies and all currently available technical approaches as illustrated in Figure 1.7 below—is
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Figure 1.7: Strategies of analyzing genetic variation. (modified after ref. **)

imperative.** This should become feasible within the next decade as tens to hundreds of
thousands of samples become available through the collaborative efforts of consortia**, the
sequencing costs continue to drop and even newer, “third generation” sequencing
technologies® become available.

In the dissertation work depicted herein, several of the above approaches were utilized to
study the involvement of genetic variants of different frequency and effect sizes in two
genetically complex neurogenetic diseases—Restless legs syndrome (RLS) and Parkinson's
disease (PD).

1.5.1 Association studies

The contribution of common variants to the genetic architecture of a disease is frequently
assessed via association studies, which compare allele or genotype frequencies of genetic
variants between unrelated affected (i.e. cases) and unaffected (i.e. controls) individuals
within a given population. Controls can either be general population controls in which one
can find the phenotype of interest at the same prevalence as in the general population or
disease-free controls, which have been screened for the phenotype of interest (i.e. “super
controls”). The controls used in all aspects of this work belong to the KORA (Kooperative
Gesundheitsforschung in der Region Augsburg) general population cohort®! or the KORA-
AGE sub-survey of KORA, which specifically interrogates individuals born before 1944.%
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A given variant is said to be associated with the phenotype if there is a statistically significant
difference in variant frequency between cases and controls.?** Accordingly, common
variants are more suitable as genomic markers in association studies because they invest
studies with much higher power to detect associations than rare variants.

Although current generation common variant genotyping arrays assess up to 4.3 million
SNPs™, this represents only a fraction of the genetic variation present in a given individual.
However, alleles at genetic loci are not inherited independently but in blocks of 10 to 200kb,

887 and are, therefore, found more

which are often times separated by recombination hotspots
often together than expected by chance as reflected by the linkage disequilibrium (LD; r?
ranging from 0 (no LD) to 1 (perfect LD)) between them®®. Accordingly, tagging SNPs can
be utilized to indirectly evaluate many more genetic variants known to be inherited together
with the genotyped variant. Conversely, this also means that an association between a
genotyped SNP and a phenotype is not necessarily caused by precisely that common variant
but could be dependent upon any number of genetic variants—both common or rare—passed
on together with the genotyped variant.

For genetically complex diseases, where additive effects are usually assumed®, the Armitage
trend test provides a powerful statistical tool which incorporates a suspected genotype-

dependent ordering of effects®* %

and was applied in the statistical analyses of the work
illustrated below. Association studies can analyze either candidate genomic regions in a
hypothesis-driven manner® or variants covering the entire genome in a hypothesis-free
approach® ¢, Association may also be analyzed between genotype and clinical phenotype
directly or via an intermediate phenotype (i.e. a quantitative trait locus (QTL)) such as gene
expression (eQTL) or metabolite levels® *%.

In the work depicted herein, genotyping was performed either using genome-wide SNP arrays
(Affymetrix® Genome-Wide Human SNP Arrays 5.0 and 6.0)"" or on the Sequenom®
MassARRAY system using matrix-assisted laser desorption/ionization time-of-flight

(MALDI-TOF) mass spectrometry with iPLEX Gold chemistry."™

1.5.2 Variant Screening
Next to the analysis of known variants by the genotyping methods outlined above, variant

discovery also represents a central methodology in the study of genetic variants.



13

1.5.2.1 Sanger Sequencing

Since 1975, when Frederick Sanger first described a method of DNA sequencing by in vitro
DNA replication using chain-terminating dideoxynucleotides (ddNTPs) by a DNA
polymerase, “Sanger” sequencing has been the most widely used method in DNA sequence
analysis.'®*% In contemporary Sanger sequencing, an automated format using fluorescently
labeled ddNTPs and polyacrylamide-gel-based size-fractionation in glass capillaries is
employed.® Though arduous compared to other currently available sequencing technologies, it
still counts as the most reliable method in DNA sequence detection and can be used to
identify both known but more importantly also novel genetic variants. Sanger sequencing on
an ABI Prism® 3730 automated sequencer using BigDye chemistry was used in a number of
projects depicted in this work, either for variant discovery"'""* the validation of variants
discovered by medium- or high-throughput approaches such as high-resolution melting curve

X segregation testing in families¥""™

analysis in the evaluation of haplotypes"' or small indels"".

analysis or next generation sequencing or as fragment

1.5.2.2 High-Resolution Melting Curve Analysis

High-resolution melting curve analysis on the LightScanner® system (Idaho Technology,
Inc./BioFire Diagnostics, Inc.) represents an alternative method used in variant screening
studies.’®% As it represents one of the central methods to the work depicted in this
dissertation thesis, it shall be explained below in more detail.

When the melting process is visualized over time, each double-stranded DNA fragment has a
characteristic melting temperature and pattern depending on its nucleotide composition. This
can be utilized to identify DNA fragments with differences in the nucleotide composition by
high-resolution melting curve analysis using the LightScanner® system. Here, PCR
amplification of a genomic region of interest is performed in a 384-well format in the
presence of a fluorescent dye (LCGreen; excitation 440 to 470 nm, emission 470 to 520 nm)
that labels double-stranded DNA. In a second step, the melting of the amplified and labeled
DNA is visualized by laser detection using the LightScanner®. After normalization of the
recorded melting curves to wildtype DNA, DNAs with differing nucleotide composition can
easily be recognized due to their altered melting profile (Figure 1.8).2931% |n order to
determine the exact underlying nucleotide alteration, the PCR product is, in a third step,
sequenced using the Sanger method. Both heterozygous and homozygous variants as well as
small indels can be identified using high resolution melting curve analysis. In a diagnostic

context, where known heterozygous BRCA1 mutations were detected within previously


http://en.wikipedia.org/wiki/Dideoxynucleotide
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optimized PCR amplicons, sensitivity was reported to be 100% with an average specificity of
98%. However, 3.4% of false positives where also seen in the same sample comprising 155
DNAs and only 93% of the known homozygous mutations were found even on repeated

evaluation of multiple amplicons for the same stretch of DNA.'%°

Moreover,
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Figure 1.8: Examples of variant detection using high-resolution melting curve analysis
(LightScanner®). The left panel depicts the position on the 384-well PCR plate (top) as well
as the aberrant melting patterns (bottom) of two different rare variants. The central panel
shows the same for a low-frequency variant present in heterozygous form in 13 out of 188
DNA samples (MAF = 3.5 %) tested. In the panel on the right, both a common variant present
in the heterozygous (green) and homozygous (turquoise) state as well as an additional rare
variant (red) is seen. All samples are run in duplicates for increased assay sensitivity.

additional predicaments specific to the identification of novel variants exist. For example,
sensitivity varies with the location of the variant within the amplicon (peripheral vs. central),
the overall variance within the amplicon, the GC-content (optimal range: 31% to 54%), the
physical distance between the variants, the zygocity state (heterozygous variants, which alter
the shape of the melting curve, are more easily detected than homozygous ones, which may

110

only alter the melting temperature™) and the variant class (single bp exchanges are more

readily detected than indels), 0% personal observation

In the work described here, high-resolution melting curve analysis was used for variant
screening entailing the coding regions and splice boundaries (+ 10 bp) and—in some
instance—the 5°and 3" untranslated regions (UTRs) of a total of 19 candidate genes for PD or

RLS.MX
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1.5.3 Linkage Analysis

Linkage studies detect the co-segregation of genetic loci (as defined by specific genetic
markers such as microsatellites or, more recently, SNPs) and a disease in a given family. A
marker that is located in close physical proximity to a disease-causing genetic variant is
inherited together with the causal variant more frequently than expected by chance because of
the reduced meiotic recombination frequency between the two. Consequently, markers can be
utilized to define candidate genomic regions expected to harbor the disease-causing
variant.®*'* Prerequisites for successful linkage studies include an unambiguous segregation
patter in the family to be evaluated, a family structure resulting in sufficient number of
meioses (i.e. several generations of affected individuals) and an underlying genetic variant of
fairly large effect on disease risk (OR > 4)*"***0_Most often, linkage analyses are
encountered in a primary context in which they are used to highlight genomic regions
suspected to be home to disease-causing genetic variants. In the context of whole exome or
whole genome sequencing studies, however, it has also been shown that linkage signals below
the generally accepted threshold for statistical significance (logarithm of the odds (LOD)
score > 3.3) can be used as secondary analysis to prioritize candidate variants obtained
independently™?*3. As part of this work, parametric linkage analysis using a subset of 12,875
SNPs genotyped on the 500K oligonucleotide SNP array (Illumina) was used to prioritize
variants identified by whole exome sequencing in six members of a family with autosomal
dominant PD* as part of a collaboration with Dr. Darina Czamara and Prof. Bertram Miiller-

Myhsok (both Max-Planck Institut fir Psychiatrie, Munich, Germany).

1.5.4 Next-Generation Sequencing
Starting in 2005, the first instruments of a completely new generation of sequencing
technology became available. The specifics of “massively parallel” or “next generation”

sequencing differ by the company, which developed it (reviewed in ref. *

). In the next
generation sequencing (NGS) studies performed as part of this work, Illumina’s sequencing-
by-synthesis technology was used. Here, in brief, a library of DNA fragments is prepared and
via the addition of adaptors attached to a glass surface where it is amplified in an enzymatic
reaction. A polymerase incorporates fluorescently labeled terminator nucleotides into
growing DNA strands. After each cycle, the fluorescence signal is imaged and the fluorescent
dye and the 3" blocking group that prevents elongation by more than one nucleotide at a time
is chemically cleaved away. After a washing step, the cycle starts over.”**'> DNA libraries

were sequenced as paired-end reads of 100 bp length each, meaning that sequences were



16

determined from both ends of a linear DNA fragment. The three most basic applications of
NGS are whole-genome, whole-exome and targeted resequencing of specific genes or
genomic regions of interest. While per base, NGS is much cheaper and much faster than any
previous sequencing approach, sequencing entire genomes is still costly and time-
consuming.” Accordingly, the vast majority of NGS studies published to date have relied on
whole exome sequencing, that is the analysis of solely those approximately 2% of the genome

that are known to be protein-coding®93°24116

, and only few have assessed whole

genomes 23 | jke targeted resequencing of genomic regions of interest, whole exome
sequencing involves the targeted capture of predefined regions of the genome (i.e. all exons).
In this work, Agilent’s SureSelect Human All Exon 38Mb and 50Mb kits were used for in-
solution enrichment of coding sequences of DNA derived from peripheral blood lymphocytes.
While initially the focus was placed on the study of familial diseases as here as little as one or
a few exomes or genomes are sufficient to successfully identify disease genes, recently, as the
cost of NGS continued to drop, first studies applying a case/control sample design known
from GWAS to whole exome or targeted resequencing have been performed®’%7374118,

While the ability to sequence entire exomes or genomes is one thing, the ability to analyze the
generated sequences is another. First, the generated sequences need to be aligned to a
reference genome, then, deviations from the reference genome can be identified. In the exome

sequencing projects described herein""*

, read alignment was carried out with Burrows-
Wheeler Aligner (BWA, version 0.5.8)'*° to the human genome assembly hg19. SNVs and
indels were detected using SAMtools (version 0.1.7)120, Both exome sequencing and
bioinformatics analysis were performed using the Institut fur Humangenetik's in-house exome
sequencing pipeline established and run by PD Dr. Tim Strom (Institut fir Humangenetik,
Helmholtz Zentrum Miinchen, Munich, Germany).

Currently, 20,000 to 50,000 coding variants that differ from the human reference genome will
be identified per individual in a typical exome.® Accordingly, the next challenge is to dissect
out the one or a few disease-causing alleles from this large number of potential candidates.***

37,64

A number of strategies based on (1) variant class®"*", (2) variant frequency in public

databases (dbSNP*??, 1000 genomes****** NHLBI-ESP exomes*®), the in house exome

database or independent case/control samples, (3) conservation'?® and predicted functional

121,127

relevance and (4), in the case of family studies, segregation with the disease phenotype

have been devised to address this challenge®*#

and to reduce the number of potential variants
to be followed up to a more manageable number. An example of the filtering algorithm used

in the exome sequencing studies depicted in this work is given below (Figure 1.9).
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Although NGS is most frequently encountered in the context of studies seeking trait-
associated genetic variants, additional applications have been developed and are likely to gain
increased importance in the future. These include but are not limited to studies of RNA and
small RNA expression (RNA-Seq), the exact placement of regulatory DNA binding proteins

(e.g. chromatin immunoprecipitation and sequencing (ChlP-Seq)) and genome-wide DNA

78,128

Filter 1: 2754 variants after exclusion of variants
annotated in dbSNP135 with MAF 2 1%

Filter 2: 35 variants hereof found in < 1% of
in-house exomes (n=1739)

Filter 3: 10 , hard variants" (missense, nonsense,

methylation profiles.

stoploss, insertion/deletion, splice site only)

Filter 4: 4 variants not found at similar
frequencies in 975 PD cases/1014 controls

!
|

Figure 1.9: Filtering algorithm to prioritize variants identified by whole exome
sequencing for follow up studies. First, variants common to two affected individuals from a
family with autosomal dominant PD (PARK_0005) were filtered to remove common and low-
frequency variants found in doSNP135 and 1739 in house exomes. Then, variants were
filtered by variant class to include only variant classes likely to comprise disease-causing
variants. Lastly, variant frequency was assessed in a case/control sample and variants found at
similar frequencies in both cases and controls were excluded, thus reducing the number of
potential candidate variants from 28,803 to four.®

1.5.,5 Rare and Low Frequency Variant Statistics

One of the most challenging aspects of all rare variant studies is the statistical evaluation of a
potential link to a given phenotype, as the investigated variants are, by definition, rare and,
accordingly, analyses are chronically underpowered'**3!. According to current estimates,
several tens of thousands of cases and controls—and likely even more—will be needed to
confidently link rare variants to specific phenotypes®”®*. The simplest way of statistically
analyzing a possible contribution of rare variants to a specific phenotype is by simple group
comparisons of the number of occurrences of a specific rare variant in cases vs. controls such

as by Fisher's exact or y? tests.**3* However, in nearly all instances, this approach will be
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unsuccessful due to a lack of power.**? Consequently, alternate statistical analyses tools
needed to be developed. The “collapsing” of variants provides one such tool*>>>*34%* |t was

135 which

first proposed in 2007 in its simplest form as the cohort allelic sum test (CAST)
utilizes standard contingency table-based Fisher's exact or y tests. To increase power,
variants can be collapsed across a specific (1) genomic region, gene(s) or region of a gene, (2)
variant class, (3) variant frequency’®, (4) predicted or experimentally ascertained

62,63,70

function or (5) pathway*****”. A number of extensions of the collapsing method

integrating multivariate analysis (combined multivariate and collapsing method (CMC)**%),
the analysis of variants of different frequencies (weighted sum statistics (WSS)**) or different
predicted functional impact (variable weight test (VWT)*®) or different direction (adaptive

sums test™° 140

) or size (kernel-based adaptive cluster test (KBAC)™™) of effect have been
published and it has been demonstrated that these invest the statistical analysis of rare variants
with more power than CAST*®. However, it has also been shown that for aggregate rare and
low frequency variant analyses the genetic variance for a gene or a genomic region will
always be underestimated because it is highly unlikely that all variants at a given locus will be
disease-relevant and even the disease-related variants will have different effect sizes and
directions.*" With regard to performing rare variant statistics, it is also imperative to note,
that the analysis of the most homogenous samples possible is imperative as population
substructure and admixture play much larger roles in rare variant analyses as these variants
show much larger population diversity than common variants.*>*** Even within European
populations, where common variation is fairly constant, rare variants show large differences™”.
In the work illustrated herein, CAST was used for aggregate analysis of rare and low
frequency variants collapsed across genes, variant class, variant frequency, predicted

functional impact and experimentally determined functionality.""V!""**

1.5.6 Functional Assessment

NGS has opened the door to the discovery of innumerable genetic variants.?! Now, it is no
longer the rate of variant discovery that represents the limiting factor to uncovering the
genetic factors underlying diseases but rather the development of bioinformatics capacities
(Moore's and Kryder's Laws) and the functional analysis of variants.*!

Evidence derived from variant frequency, segregation analyses, variant class, positional
conservation, location directly or from in silico prediction of functionality (using prediction
algorithms such as PolyPhen2'*®, SIFT/PROVEAN*% or MutationTaster**® or a

combination of a number of prediction algorithms such as described in™™) can provide some



19

idea of the likelihood with which a given variant will harbor a functional effect of
pathophysiologic relevance.’** Yet, prediction tools are notoriously inaccurate.™*’
Accordingly, especially with regard to rare variants—where statistical evidence may not be
very convincing due to impeded statistical power and where very rare variants or even

singletons represent the largest fraction®*"*

—experimental functional analysis is vital to
judge the nature of an identified variant.

In the work depicted herein, a number of standard experimental set-ups commonly employed
in molecular biology were used to assess the functional effect of identified variants. These
include the analysis of variant-dependent RNA and protein expression and localization by
PCR, immunocytochemistry or Western blot in primary patient-derived fibroblasts or
transfected HEK-T or SH-SY5Y cells as well as cell death detection by flow cytometry.
However, the analysis of large numbers of variants by conventional cell biological and
biochemical analyses is time consuming and more efficient strategies are needed to facilitate
the evaluation of potentially pathophysiologically relevant variants and genes identified by
various NGS approaches.** In this work, an in vivo complementation assay in zebrafish was
employed as a medium-throughput way to evaluate the functionality of given coding
variants'” and shall, therefore, be described in more depth.

In this assay, translation- or splice-blocking morpholinos (Gene Tools, Inc.) are used to ablate
functional protein of a gene of interest in zebrafish embryos. Morpholinos are synthetic
antisense RNA oligomers of approximately 25 bp in length that either prevent protein
production or pre-mRNA splicing*®'*°. The resulting morphant phenotype is assessed and—
where possible—analyzed quantitatively. To evaluate the effect of individual genetic variants,
human cDNA of the gene of interest is cloned into the pCS2+ Gateway® destination
expression vector. Subsequently, missense mutations are introduced into the open reading
frame of the gene of interest using QuikChange® site-directed mutagenesis (Stratagene) and
confirmed by Sanger sequencing. Morpholinos are injected into wildtype zebrafish embryos
at the two-cell stage along with mRNA transcribed from linearized pCS2+-cDNA harboring
the wildtype sequence or a specific variant. The wildtype mRNA should be able to rescue the
morpholino-induced phenotype. With regard to the variants, however, this rescue capacity
may be lacking (i.e. a null allele), attenuated (i.e. a hypomorphic allele) or uncompromised
(i.e. a benign allele), thus providing information on the impact of a specific variant on the
functionality of the gene of interest (also cf. Figure 1.10 panel A). Rescue capacity is usually
evaluated in two rounds of approximately 100 injected zebrafish embryos each for each

variant and either quantified—if the morphant phenotype allows this—or grouped into
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different severity classes. The actual phenotype developed by the embryos is not necessarily
related to the disease phenotype. Rather, the in vivo complementation assay is designed to test
the impact of a genetic variant on the general function of a gene of interest in a disease-
unspecific yet semi-high-throughput fashion. Figure 1.10 below gives an example of the in
vivo complementation assay as used to assess the functionality of rare variants in the RLS-
associated gene MEIS1. In vivo complementation assays described here were performed in
conjunction with Dr. Maria Kousi and Prof. Dr. Nicholas Katsanis at the Center for Human
Disease Modeling, Duke University, Durham, NC, USA.
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Figure 1.10: (A) Schematic depiction and (B) examples of the in vivo complementation
assay in zebrafish. Injection of zebrafish eggs with a morpholino targeting meisl leads to a
reduction in optic tectum size, which can be restored by co-injection with human wildtype
MEIS1 mRNA. (B, top row) Co-injection of meis1l morpholino and MEIS1 mRNA containing
a number of different non-synonymous variants identified in patients with RLS leads to
variably successful restoration of the optic tectum phenotype suggesting functional effects of
differiR/g severity on MEIS1 (B, bottom row; benign, hypomorphic and null allele left to
right).
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1.6 Restless Legs Syndrome (adapted from book chapters published as ref. X1,XI1)

1.6.1 Clinical Phenotype of RLS

1.6.1.1 Epidemiology

Age- and sex-dependent prevalences around 10% in adult populations of European descent
render RLS one of the most common neurologic disorders overall*****. In populations of
Asian descent, prevelances are lower, ranging from around 1.57% in Taiwan**? to 3.2% in
Turkey™3. However, a female preponderance (female to male ratio approx. 1.4:1.0%) is
found in most populations examined so far. The cause for this overrepresentation of females
in the RLS patient population is unclear to date. One study proposed that it could be related to
the fact that pregnancies are associated with an increased risk of RLS.** The fact that brother-

1%6 also

brother pairs have a higher RLS correlation than brother-sister or sister-sister pairs
argues that non-genetic factors could contribute to the increased prevalence of RLS among

women.

1.6.1.2 Definition

To date, there are no known biomarkers for RLS. During polysomnography, approximately
80% of individuals with RLS show an increased occurrence of periodic limb movements in
sleep (PLMS)™’. PLMS are defined as movements of >0.5s duration, occurring at 4 to 90 s
intervals and of an amplitude of at least 25% of the calibration amplitude®®. However, they
are unspecific and also seen in other sleep disorders such as narcolepsy and rapid eye
movement sleep behavior disorder (RBD) as well as in healthy individuals.** Accordingly,
RLS remains a clinical diagnosis based largely on the patient’s account of his or her
symptoms. The International RLS Study Group (IRLSSG) set forth four essential criteria as
well as supportive and associated diagnostic features to be used in the diagnosis of RLS*®.
The essential criteria include the following: (1) dysesthesias affecting the legs, (2) triggered
by periods of rest or inactivity, (3) relieved by movement and (4) occurring mostly during the
evening and at night. Supportive criteria and associated features complete the current

diagnostic criteria®

. (Text Box 1.1) Specificity of the four essential diagnostic criteria has
been estimated to be about 84%, with most of the diagnostic accuracy ascribed to the first and

fourth criterion®*.
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Essential criteria

1. an urge to move the legs, usually accompanied or caused by
uncomfortable and unpleasant sensations in the legs

2. the urge to move or unpleasant sensations begin or worsen during
periods of rest or inactivity such as lying or sitting

3. the urge to move or unpleasant sensations are partially or totally
relieved by movement, at least as long as the activity continues

4. the urge to move or unpleasant sensations are worse in the evening
or at night than during the day or only occur in the evening or at night

Supportive features
1. positive family history
2. positive response to levodopa or dopamine agonists

3. periodic limb movements in sleep

Associated features
1. a progressive and fluctuating natural clinical course of disease
2. sleep disturbances

3. normal physical examination findings in cases of primary RLS or
findings of underlying conditions in cases of secondary RLS

Text Box 1.1: Essential criteria and supportive and associated features comprising the
RLS diagnostic criteria set forth by the IRLSSG*®.

1.6.1.3 The Clinical Phenotype

Subjectively, patients often times find it very difficult to give an accurate rendition of the
sensory phenomena they experience. The description of dysesthesia qualities is consequently
broad and can vary from “tingeling” and “electrifying” sometimes “painful”” sensations to
“pulling”, “working”, “tensing” and “rumbeling” to “itching” and “pulsations” or
“vibrations” which are classically felt deep inside the affected extremities. Dysesthesias
typically begin after 10 to 20 minutes of rest but the time to the onset of symptoms can vary
with severity and, in very severe cases, symptoms can be present near continuously.
Emblematic accounts usually describe the occurrence of symptoms during periods of rest such

as when falling asleep, during meetings in the afternoon or at night, during visits to the theater
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or cinema or while watching TV at night, long bus, airplane or car rides or immobilization of
the legs after surgery. There is a clear preponderance for the evening and night time, with the
hours between midnight and 2 am representing the symptom maximum®*®#'%®, Moving the legs
and feet or getting up and walking around usually provides prompt symptom relief. Patients
have also reported to benefit from other sensory stimuli such as massaging their legs with
cooling gels or cold showers. Moreover, >90% respond positively to treatment with

dopaminergic drugs™®

. Generally, symptom intensity and frequency increase with disease
duration and it is common to find symptom-free intervals of several weeks or months during
the early stages of disease progressing to quotidian symptoms after a course of several years
or decades.

Consequences of leg discomfort and restlessness are severe disturbances in sleep architecture
and quality including a fragmented sleep profile with frequent changes in sleep stages and
arousals as well increased stage 1 sleep, extended wake periods after sleep onset and
increased latency to sleep onset'®>*®°. Clinically, this results in difficulties in both falling and
staying asleep as well as daytime sleepiness and fatigue'®®. Furthermore, RLS has also been
linked to an increased incidence of depression, anxiety and possibly also increased
cardiovascular diseases'’®*"*. Diagnosis is made solely based on the medical history reported
by the patient accompanied by an unremarkable examination finding, in the case of primary
RLS, or an examination finding in line with the underlying condition in secondary RLS.

RLS is a disorder combining both sensory and motor symptoms on a spectrum that at its
extremes consists of presentations with stark predominance of either one of the two features.
Next to PLMS, paroxysmal myocloniformic hyperkinesias may also occur which can be
severe enough to impair locomotion*™. Sensory symptoms, on the other hand, can be very
painful or cramp-like'”
RLS.

Although the pathophysiologic factors underlying disease development are just starting to be

rendering “leg pain” the chief complaint in some individuals with

uncovered, it is well established that sensory and motor symptoms can be alleviated by

176,177

dopaminergic (levodopa and dopamine agonists ), opioidergic'’®, and antiepileptic drugs

such as alpha-2-delta calcium channel ligands*"

. Additionally, it has been shown that some
individuals with RLS benefit from oral*® and intravenous™" iron substitution. At present, the
mechanism of action of all of these treatments with regard to either the motor or the sensory

components of the RLS phenotype remains unclear.
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1.6.1.4 Endophenotypes—Primary and Secondary RLS

It is important to recognize that RLS can be a primary disorder or secondary to a number of
other medical conditions. Primary RLS can be subdivided further into familial and idiopathic
forms. A positive family history as defined by at least one affected 1% degree relative is
reported by 40 to 90% of patients."®2*®* In 232 individuals with idiopathic or primary RLS,
individuals with a positive family history had a younger age of onset (35.5 vs. 47.2 years,
p<0.05)'®. The age of onset shows a bimodal distribution with a larger suspected genetic
contribution in those who start experiencing symptoms before the age of 30 and a larger
contribution of environmental factors and secondary causes in those with an age of onset after
30 years'®.

Common causes of secondary RLS include pregnancy, iron deficiency and renal failure.
Overall, about a third of all individuals with any one of these conditions also develop
symptoms of RLS.*8¢18°

A number of situations depleting body iron stores such as repeated blood donations™* or
disorders with increased blood loss such as severe myomas (personal observation) can lead to
RLS. In 365 individuals between the age of 65 and 83 years of age, those with the lowest
guantile of serum iron levels (odds ratio (OR)=3.08) and transferrin saturation (OR=5.68)
were more likely to have RLS™.

RLS during pregnancy is a common phenomenon reported by 28.9% of the total collective of
1079 women in three large studies from Norway, France, and Italy.'®**% Symptoms are most
severe during the third trimester. In most cases, RLS symptoms that first manifested during
pregnancy disappear shortly after delivery but are believed to represent a predictor for the
development of primary RLS later in life.

Approximately one third of hemodialysis patients suffer from RLS. Although, it has been
reported that RLS symptoms in uremic patients positively correlate with serum kreatinin
levels by some*®, a trustworthy serological correlate of RLS in hemodialysis patients is still
lacking.

In the clinical setting, individuals with both RLS and polyneuropathy are also frequently
encountered, however, it is unclear which percentage of these patients has RLS symptoms
secondary to underlying polyneuropathy and in whom the two disease, which are both
common in the elderly population, merely co-occur as no large studies have been conducted
to date. Estimates of the prevalence of RLS in individuals with polyneuropathies vary widely
(between 5.2% and 409%)"%41%,
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When compared to its prevalence in the general population, RLS is also seen more frequently
in a number of different conditions ranging from neurologic diseases such as amyotrophic

198 to rheumatoid arthritis'®®

lateral sclerosis'®, Parkinson's disease®®’ and multiple sclerosis
and celiac®® as well as Crohn's disease®™. If the underlying condition can be treated, RLS
symptoms also improve. Finally, a number of drugs affecting dopaminergic, serotoninergic,
histaminergic or noradrenergic neurotransmission can also precipitate or worsen symptoms of

RLS 202-204

1.6.1.5 Pathophysiologic Concepts

The pathophysiology and pathoanatomy underlying RLS are largely unclear. Although the
age-dependent prevalence might suggest otherwise, there is no overt involvement of
neurodegenerative processes.?>>?%’ Functional imaging studies and electrophysiological
studies have seen both cortical and spinal hyperexcitability in individuals with RLS.2%%%

176177 and opioids'®2'® has implicated

The therapeutic benefit derived from dopaminergics
these neurotransmitter systems and the central nervous system (CNS) in the pathogenic
framework of RLS. Yet, both the mechanism and the exact pathoanatomic location remain
subject to speculation. The dopaminergic neurotransmitter system is intriguing because
dopaminergic dysfunction could explain both motor and sensory symptoms?'” as well as the
circadian predilection*®#'°, The nigrostriatal (A9) and diencephalospinal (A11) dopaminergic
systems are most intensively discussed in the context of RLS.?"?° A11 neurons inhibit both
afferent sensory neurons and preganglionic sympathetic neurons and are involved in pain
modulation and the control of autonomic and motor functions and could, in the case of
dysfunction, amount in the spinal hyperexcitability seen in individuals with RLS.??* Their
location close to the suprachiasmatic nucleus, the “control hub” for circadian rhythms in the
human body, further fuels speculations regarding a possible role in RLS.??> Some clinical
aspects of RLS, such as increased locomotion, which is attenuated by dopamine agonists and
augmented by iron deficiency, can be reproduced in controversial mouse and rat models with
A11 lesions.”%® However, in patients with RLS no signs of a neurodegenerative process

could be detected in the A1l region®”’

. With regard to the A9 region, the situation is equally
as uncertain. A number of neuroimaging studies assessing both pre- and postsynaptic
dopamine status in the nigrostriatal system have yielded contradicting results but insinuate a
dys- and possible hypofunction in RLS.?***! However, an involvement of other structures of

the CNS can also not be excluded as these have not been investigated in detail.
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Clinical evidence also points to a role for iron in the pathogenesis of RLS (cf. section 1.7.1.3

above, reviewed in %2

). This is supported by the neuroimaging and transcranial sonography
finding of reduced iron levels in the SN and multiple other brain regions in individuals with
RLS.Z*?%% Moreover, cerebrospinal fluid (CSF) studies revealed decreased ferritin and
increased transferrin indicative of a depletion of body iron stores in the CSF of RLS patients
when compared to controls.?**#*2 The molecular mechanisms responsible for this iron
depletion is not known. Attenuated uptake by dopaminergic neurons of the SN, the
endothelial cells of the choroid plexus and the brain microvasculature or oligodendrocytes has
been postulated, with a dysregulation of multiple players of the iron metabolism seen in these
cells in post mortem neuropathological studies of a limited number of RLS brains.2624%-248
One possible link between the dopamine and iron pathways in RLS is that the rate-limiting
enzyme in dopamine biosynthesis, tyrosine hydroxylase (TH), requires iron as a cofactor.
Accordingly, decreased iron availability in dopaminergic neurons could amount in the

217
S.

dopaminergic hypofunction proposed to exist in RL Yet, animal models of iron

deficiency show increased extracellular dopamine and intracellular TH, while still
recapitulating the dopaminergic alterations seen in RLS patients, at least in part.?*
Overall, significant work remains on the road to fully understanding the pathogenic
mechanisms involved in RLS. Recently, the discovery of the first genetic susceptibility
factors for the disease have, moreover, implicated novel concepts, such as

neurodevelopmental dysregulation, in the underpinnings of RLS."**%%
1.6.2 Genetics of RLS

1.6.2.1 RLS as a Genetic Disorder

During the first half of the 20" century, two of the earliest RLS researchers, Hermann
Oppenheim and Karl Ekbom, already observed a familial aggregation of RLS cases. Ekbom
estimated ‘one-third’ of all RLS cases to be hereditary and described families with an
apparent autosomal-dominant pattern of inheritance.?3%*

Next to an assessment of families, twin studies can be used to further investigate the heritable
component of a disease and to evaluate the contribution of genotype and environment
interactions to a phenotype. The larger the difference in concordance rates between
monozygotic (MZ) and dizygotic (DZ) twins, the larger the genetic contribution to a given
trait. With regard to RLS, three twin studies have been published with concordance rates

ranging between 15% and 45% for DZ twin pairs®>>?>° and 53% and 83% for MZ twin
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pairs®®>?*’. Under the assumption of shared environmental variation (Vg), the narrow-sense
heritability (h?) for RLS was estimated to be between 54% and 69%2°>*° and a collection of
additive genetic effects combined with unique environmental influence proved to be the best
approximation in multifactorial liability threshold modeling.**®

Taken together the twin studies lend support to the perception of RLS as a highly heritable
disease. At the same time, concordance rates among MZ twins fell short of 100% arguing for
the existence of important individual epigenetic or environmental factors.

Genetic factors play a role in bringing about RLS in both primary and secondary cases—
though likely to very different extends. Classically, RLS has been considered to be a complex
genetic disorder. In secondary RLS, this may simply mean that individuals who develop RLS
due to an underlying condition possess genetic variants conferring increased susceptibility to
RLS but without an additional insult such as another predisposing medical condition these
individuals would never develop symptoms of RLS. Some of these genetic risk factors may
be identical to those seen in individuals with primary RLS (e.g. rs3923809 in BTBD9 in

hemodialysis patients with RLS*®

), however, it is also likely that genetic risk factors unique
to secondary forms of RLS exist. On the other end of the spectrum, in familial RLS, mono- or
oligogenic forms may exist in which, in the most extreme scenario, only one genetic alteration
would be sufficient to cause disease. However, it is unclear whether this means that there is a
single genetic variant in a single gene, different variants in a single gene or different variants
in different genes in the affected individuals. Further, as discussed below in more detail,
variable expressivity even within a single family, incomplete penetrance, the existence of

phenocopies and genetic heterogeneity further characterize the genetics of RLS.

1.6.2.2 Family Studies of RLS

The large heritability estimates and the occurrence of large pedigrees with RLS prompted the
first systematic family studies in the 1980s and 1990s'78184%92%0 Here it was noted that in
most pedigrees the recurring pattern of transmission seemed to be autosomal dominant. %2>
This observation was later substantiated by the systematic evaluation of the pattern of
inheritance in 300 individuals with RLS*®. Under the assumption of a single causative gene
playing a role in familial RLS, linkage analyses were used to identify genomic regions shared
by affected individuals from a family.

To date, a total of seven such genomic loci have been identified (Table 1.1). In all but one, a
model of autosomal dominant inheritance with reduced penetrance yielded the highest LOD

scores.**0%1%7 For RLS-1, however, the first RLS linkage locus identified in a French-
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Canadian family on chromosome 12q12-21, an autosomal-recessive model with a high allele
frequency of 0.25, resulting in a pseudodominant mode of inheritance, represented the best
fit264’268.

Next to the seven linkage regions that were found to have genome-wide significant LOD
scores above the conventional threshold of 3.3, a total of 21 linkage regions on 14
chromosomes have also been reported with LOD scores ranging between 1.00 and 2.61°0%%%
265289 'Eor a more in-depth discussion of the RLS linkage loci, please cf.?”°.

Despite this plethora of evidence supporting the existence of single genetic variants of strong
effect that play a role in familial RLS, it is also important to realize, that most of these loci
where only found in single or—in the best case—a few families leaving many more families
where the underlying genetic factors remain obscure.

The recurrent finding in the family studies was that of genetic heterogeneity and complexity
in RLS. Interestingly, a large German RLS family in whom linkage analysis argued for the
existence of two independent linkage loci on chromosomes 4 and 17 also exists, possibly
reflecting an oligogenic mode of inheritance in this family. (Winkelmann et al., unpublished

266,268,269,271-274 and

observation) Also, replication of the above loci has proven very difficult
the maximum LOD scores found fall short of the maximum attainable scores projected by the
pedigree structure. Overall, linkage studies in RLS have failed to the extent that no underlying
genetic factor could be identified for any of the above loci, even when the most up-to-date
technologies such as targeted next-generation sequencing were employed to resolve the

regions®”.



Chr Region Peak Marker Size max LOD Model Replication Reference
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(hg19) (Mb) Status
12q12-21 94176800-104264737 D1251044 10.09 3.59 auto rec + 264
94176800 pseudodominant
14q13-21 34459194-47133518 D145288 12.68 3.23 auto dom + 263
43171519 (1.3
9p24-22 516800-19680020 D9S286 19.18 3.9 auto dom + 156
8043378 (16.60) 3.22 model-free
9p21 22340644-ca. 3225000 D9S147E 9.9 3.6 auto dom - 266
31044744
2033 197566845-208825061 D2S325 11.26 5.5 auto dom (+) 265
207978881 (0.045) reduced pen (0.7)
20p13 82754-5315186 D20S849 5.2 3.86 auto dom (+) 261
5142034 (4.5) reduced pen (0.7)
16p12 22758479-23312075 several 1.18 35 auto dom (+) 262
reduced pen (0.8)
19p13 0-2518075 D19S878 2.5 3.59 auto dom - 267
2310697

Table 1.1: Linkage regions in RLS. For the size of the linkage region, first the originally reported size is given and, secondly, if pertinent, the best
current approximation after additional fine-mapping and replication studies. + = replicated with significant LOD score, (+) = replicated with LOD
score suggestive of linkage, - = not replicated. (published in ref. X1,XII)
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1.6.3 Genome-Wide Association Studies

To date, three genome-wide association studies (GWAS) have been carried out for RLS and
one for RLS and periodic limb movements in sleep (PLMS) (Tables 1.3 and 1.4). The PLMS
GWAS was performed out under the deCODE Genetics umbrella and included 306 cases with
RLS and PLMS and 15,664 controls from Iceland in the genome-wide phase. An intronic
variant in BTBD9 within an LD block on chromosome 6p21.2 showed genome-wide
significant association (Pnomina=2x10"°, OR=1.8) and was replicated in a second Icelandic and
a US-American sample (combined sample (617 cases/17,528 controls): pnomina=3x10™,
OR=1.7, lead SNP=rs3923809).%

Simultaneously, the first RLS GWAS, which included 401 German cases and 1,644 general
population controls in the genome-wide phase as well as 903 German cases and 891 controls
and 255 Canadian cases and 287 controls in the replication samples, also showed association
to the same SNP and the same 115kb LD block on chromosome 6p containing intron 5 of
BTBD9. However, on chromosome 2p, an association signal located within a 32 kb LD block
containing intron 8 and exon 9 of MEIS1 was more strongly associated with the RLS
phenotype in all individuals included in the genome-wide phase as well as the combined
sample (rs2300478, Promina=3.41x10%, OR=1.74). Fine mapping and haplotype analysis in
the German replication sample revealed a haplotype associated with RLS with an increased
OR of up t0 2.75 (95% CI: 2.23-3.41) (Prominai=5.87x10"%, frequency in cases 0.231 vs. 0.102
in controls). A third association signal of genome-wide significance was located within a
48kb locus on chromosome 15q spanning the 3 end of MAP2K5 as well as SKOR1 (formerly
called LBXCOR1) (combined pnominai=6.09x10™").2%

A GWAS-based analysis of the RLS-3 locus encompassing 31 Mb on chromosome 9p23-24
revealed and replicated two independent (r>=0) SNPs within two independent LD blocks in
intron 8 (rs4626664) and intron 10 (rs1975197) of the 5* UTR of PTPRD. In the combined
analysis of discovery and replication samples, both SNPs surpassed thresholds for genome-
wide significance (rs4626664: pPnominai=5.91x10™°, OR=1.44; rs1975197: Prominai=5.81x10",
OR=1.31). No variants in any of the 35 coding and 10 non-coding exons of PTPRD could be
identified in nine affected individuals from an RLS-3 linked family and the common variants
in PTPRD only explain a minor portion of the original RLS-3 linkage signal.**

An increased sample size of 922 cases and 1,526 controls in the genome-wide phase and a
multi-national replication sample of 3,935 cases and 5,754 controls of European descent
revealed two new loci of genome-wide significance: an intergenic region on chromosome
2p14 approximately 1.3 Mb downstream of MEIS1 (rs6747972, Promina=9.03x10™*!, OR=1.23)
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as well as a locus on chromosome 16g12.1 encompassing an LD block of 140 kb containing
both the 5°-end of TOX3 and the non-coding RNA BC034767 (rs3104767, Prominai=9.4x10™*°,
OR=1.35).!

e
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Figure 1.11: Manhattan plot showing RLS GWAS loci. By means of three GWAS, a total
of six genomic loci of genome-wide significance were identified for RLS. (modified after ref.

1)

While the two most recent loci still await replication in independent studies, the first four loci
have been replicated in independent case/control samples?’®?” and the lead SNPs in BTBD9
were also associated with increased susceptibility to RLS in European dialysis patients with
RLS?®. To date, no GWAS in non-European populations or considering specific
endophenotypes have been performed for RLS.

Single SNPs at the RLS-associated loci identified by the above studies bear effect sizes
between 1.23 and 1.68 and risk allele frequencies between 0.19 and 0.82." (Tables 1.2 & 1.3)
Although the conferred risk is large when compared to common variants associated with other
complex traits, when taken together, the most significant SNPs at these loci only explain
about 6.8% of the total heritability of RLS'. The significant portion of heritability that remains

to be accounted for—the so-called “missing heritability”*?

—argues for—most likely—both
the existence of additional independent RLS-related variants within these loci as well as a

number of additional loci.
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Genome-wide  Origin SNP Array Replication Origin Lead SNPs Candidate gene Replication Reference
sample sample(s) status
(cases/controls) (cases/controls)
306/15,633 Iceland  Human Hap300 & Hap300-duo+ 123/1233 Iceland rs3923809 BTBD9 + 22
Bead, Illumina 188/662 USA
401/1,644 Germany 500K, Affymetrix 903/891 Germany rs2300478 MEIS1 + 249
255/287 Canada rs9296249 BTBD9 +
rs1026732 MAP2K5/SKOR1 +
628/1,644 Germany 500K, Affymetrix (n=401+1,644) 1,271/1,901 Germany rs4626664 PTPRD + 2t
Genome-Wide Human SNP 5.0 279/368 Czech Republic rs1975197 PTPRD +
Array, Affymetrix (n=227) 285/842 Canada
954/1,814 Germany Genome-Wide Human SNP 5.0 1,236/1,471  Germany & Austria  rs2300478 MEIS1 + '
& Austria  Array, Affymetrix (cases) 1,104/1,065  Germany & Austria  rs9357271 BTBD9 +
Genome-Wide Human SNP 6.0 351/597 Czech Republic rs1975197 PTPRD +
Array, Affymetrix (controls) 141/360 Finland rs12593813 MAP2K5/SKOR1 +
182/768 France rs6747972 intergenic -
285/285 Canada rs3104767 TOX3/BC034767
556/1,208 USA
Table 1.2: Summary of RLS GWAS. (published in ref. XI,XII)
Locus Chr LD Block (Mb) Lead SNP Risk allele Risk allele freq P ioint Odds ratio
cases/controls (95% CI)
MEIS1 2 66.57-66.64 rs2300478 G 0.35/0.24 3.40x10 1.68 (1.57-1.81)
MAP2K5/SKOR1 15 65.25-65.94 rs12593813 G 0.75/0.68 1.37x10% 1.41(1.32-1.52)
BTBD9 6 37.82-38.79 rs9357271 T 0.82/0.76 7.75x10% 1.47 (1.35-1.47)
TOX3/BC034767 16 51.07-51.21 rs3104767 G 0.65/0.58 9.40x10™ 1.35(1.27-1.43)
intergenic 2 67.88-68.00 rs6747972 A 0.47/0.44 9.03x10™ 1.23(1.16-1.31)
PTPRD 9 8.80-8.88 rs1975197 A 0.19/0.16 3.49x10™° 1.29 (1.19-1.40)

Table 1.3: Summary of RLS GWAS loci. (published in ref. XI,XII)
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1.6.1.3 Following-up on GWAS

The link between the most likely candidate genes at the associated GWAS loci and RLS is not
readily apparent. It is also important to realize that the lead SNPs may not be identical with
the causal genetic variants at these loci, which makes functional follow-up studies
indispensible in order to utilize genetic variants to inform the pathophysiology of RLS.
Functionally, most of the candidate genes highlighted by the GWAS are not well
characterized. Transcriptional regulation especially in developmental processes in the nervous

system seems to be the largest common denominator.

1.6.2.3.1 MEIS1

In the following, GWAS follow-up efforts regarding the MEIS1 locus are portrayed in greater
detail because it represents the currently only candidate gene at its locus, shows the most
significant association with the RLS phenotype in the GWAS performed to date and because
it is the most pertinent to the studies depicted in this dissertation. For a detailed review of the
additional RLS GWAS loci (Table 1.3), please see ref. 2702,

The transcription factor MEIS1 (myeloid ecotropic viral insertion site 1 homolog) belongs to
the family of highly conserved three-amino acid loop extension (TALE) homeobox (HOX)
genes and interacts with PBX and HOX proteins to increase the affinity and specificity of
HOX proteins®' as well as CREB1?%? in DNA binding. In Xenopus laevis, meis1 is known to

28 Murine Meis1 is essential for proximo-distal limb

be involved in neural crest development.
patterning®® and plays a role in defining Hox transcriptional regulatory networks?®” that
specify among others spinal motor neuron pool identity and connectivity?®. In the CNS of
adult mice, Meis1 is expressed in cerebellar granule cells, the forebrain and the SN?®”. While

MEIS1 was initially identified in the context of acute myeloid leukemia®®?%°

, in recent years,
a role in murine heart development has also been recognized®®® and SNPs in intron 8 (but in
weak LD (r*=0.3) with the known RLS SNPs) play a role in determining atrio-ventricular
conduction velocity in both Europeans and African Americans®**?%. Meis1” mice develop
ocular and vascular defects, fail to produce megakaryocytes and display extensive
hemorrhaging. They also die by embryonic day 14.5.%

Several rare non-synonymous variants in MEIS1 have been identified in RLS patients.?*%%
However, coding variants in MEIS1 are very rare in general (13 out of approximately 4300
individuals with a non-synonymous variant in the NHLBI-ESP exomes), possibly owing to

the fact that MEIS1 represents one of the most highly conserved genes in the human genome,
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and, therefore, remain ambiguous with regard to possible causality of the RLS
phenotype.294'295'297
Since the publication of the first GWAS, which identified SNPs in MEIS1 as susceptibility
factors for RLS, two studies have been reported which examine the functional differences
brought about by the RLS-associated intronic variants. In the first, a significant decrease in
MEIS1 mRNA and protein expression was found in lymphoblastoid cell lines and brain tissue
(pons and thalamus) from homozygous carriers of the risk haplotype when compared to
homozygous carriers of the non-risk haplotype.?’ In a second study, knock-down of the
MEIS1 orthologue unc-62 by RNA interference in Caenorhabditis elegans was related to
increased ferritin expression and an extended lifespan. In thalamus but not in pons samples of
RLS patients homozygous for the MEIS1 risk haplotype (n=9), ferritin light and heavy chain
as well as divalent metal transporter 1 (DMT1) mRNA and protein expression were
significantly increased when compared to RLS patients carrying the protective haplotype
(n=7).2%® The authors argue that these data are in support of a disruption of physiological iron
transport into the brain and—in conjunction with the also observed decrease of MEIS1
expression in in vitro cell models of iron deprivation—provide a functional link between the
RLS gene MEIS1 and the iron metabolism.?*®

1.6.2.3.3 BTBD9, PTPRD, MAP2K5/SKOR1 & TOX3/BC034767

BTBD9, PTPRD, TOX3, MAP2KS5, and LBX1, the transcriptional target of co-repressor
SKOR1, have been reported to be—directly or indirectly—involved in transcription regulation
and neuromuscular developmental processes.?***** All of them are expressed in a number of
different cortical and subcortical brain regions.3%>>% Very little is known about the function
of the non-coding RNA BC034767, the second candidate gene at the RLS-associated locus on
chromosome 16. Common SNPs and structural variation in the above genes have also been
related to a range of other neurologic—Tourette syndrome (BTBD9)**°, neuroblastoma
(PTPRD)**3* and attention-deficit and hyperactivity disorder (PTPRD)***—and non-

313 314 and breast

neurologic—type 11 diabetes (PTPRD)>", coronary artery disease (PTPRD)
cancer (TOX3)**—diseases. The only RLS-specific follow-up studies have been performed
with regard to BTBD9. Here, in both drosophila and mice, the knock-down of dBTBD9/Btbd9
leads to hyperlocomotion and changes in sleep architecture such as increased awake time and
number of arousals as well as—in mice—decreased stage 3 and non-REM sleep reminiscent
of RLS.3*38 Although GWAS have written the first real “success stories” in RLS genetics,

the identified genes only represent the most likely candidates at the given loci and one can
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also not exclude that other genetic variants in high LD with the lead SNPs play a role or that
the SNPs hold long-range regulatory function on other genes. Accordingly, ongoing efforts to
functionally link the identified genes to the RLS phenotype will be important to better inform

the nature of the observed associations.

1.7 Parkinson's Disease
1.7.1 The Clinical Presentation of PD

1.7.1.1 Epidemiology
Next to Alzheimer’s disease (AD), PD represents the second most common

neurodegenerative condition known today®*?

. The point prevalence of PD in industrialized
countries is estimated to be 0.3% with an age-dependent increase to 3 to 4% in those over the
age of 80 years.®°322 |n Western Europe, the life time risk of developing PD currently ranges

around 4% in European populations.®?®

Men are more commonly affected than women (m:f =
1.46:1) in Caucasian but not in Asian populations, where men and women develop PD at

equal frequencies.3**

1.7.1.2 Definition and Diagnostics

Clinically, PD is characterized by a tetrad of motor symptoms consisting of (1) a low-
frequency resting tremor (classically 4 to 6 Hz), (2) rigidity, (3) bradykinesia and (4) postural
instability. Next to the motor impairments, non-motor features exemplified by

327,328 and

333

neuropsychiatric symptoms—such as cognitive impairment®*>*?®, depression

psychotic symptoms®*® —, dysautonomia®*** 330,332

334,335

and sleep-wake (reviewed in>*?) as well

as pain disorders also represent debilitating clinical aspects of PD** and can, in
approximately 20% of cases, represent the initial presenting symptom in PD%%".
Internationally, the “UK Brain Bank Criteria”***%* are the most widely utilized diagnostic
criteria for PD (Text Box 1.2) and also represent the criteria employed to ascertain PD cases

in the studies depicted in this work.
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Step 1—Diagnosis of a parkinsonian syndrome

Bradykinesia and at least one of the following:

1. Muscular rigidity

2. Resting tremor (4-6 Hz)

3. Postural instability unrelated to primary visual, cerebellar,
vestibular or proprioceptive dysfunction

Step 2—Exclusion criteria for PD

Repeated strokes or head traumas

Dopamine depleting drugs

Encephalitis or oculogyric crisis

(More than one affected relative)

Sustained remission

Lacking response to large doses of levodopa

Strictly unilateral features after 3 years

Other neurological features: supranuclear gaze palsy,
cerebellar signs, early severe autonomic involvement,
Babinski sign, early severe dementia with disturbances
of language, memory or praxis

9. Exposure to known neurotoxins

10. Presence of cerebral neoplasm or hydrocephalus on
neuroimaging

NG~ wWNE

Step 3—Supportive criteria for PD
Three or more required for the diagnosis of definite PD:

Unilateral onset

Excellent response to levodopa

Rest tremor

Severe levodopa-induced chorea

Progressive disorder

Levodopa response for over 5 years

Persistent asymmetry affecting the side of onset most
Clinical course of over 10 years

ONoGOMWNE

Text Box 1.2: The UK Brain Bank Criteria.>****

Yet, it can be difficult to clinically differentiate PD from other disorders presenting with
parkinsonism and generally a final diagnosis can only be established post mortem. In one
study of 100 individuals prospectively diagnosed with PD, only 76 % to 82 % also showed

neuropathologic features diagnostic of PD. The “misdiagnosed” cases displayed
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neuropathologic characteristics of progressive supranuclear palsy, multiple system atrophy,
AD or vascular disease affecting the basal ganglia.®®

Neuropathologically, PD is characterized by the loss of dopaminergic neurons in the pars
compacta of the SN and the presence of alpha-synuclein deposits in the form of Lewy bodies
and Lewy neurites. In a quintessential study, Braak et al. defined the progression of PD
neuropathology through six stages (I to V1)**°. Under this hypothesis, the first alpha-synuclein
deposits are described to appear in the olfactory bulb and the motor nuclei of the caudal
cranial nerves followed on an ascending path by inclusions in the raphe nuclei, the
gigantocellular reticular nucleus and the locus coeruleus before reaching the amygdala, the
cholinergic nuclei of the basal forebrain and the SN. Stages V and VI see alpha-synuclein-

positive deposits also in various sensory and motor regions of the cortex.**® (Figure 1.12)

Figure 1.12: Braak Stages as applied in the neuropathological diagnosis of PD. (taken
from ref. 3*°)

Because Lewy bodies are generally acknowledged as a neuropathologic hallmark of
idiopathic PD3*"3*? it was a striking finding that no Lewy bodies were found in a number of

individuals who suffered from autosomal recessive PD harboring exonic deletions in the

343,344

parkin gene (for a detailed discussion of the genetic factors involved in autosomal
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recessive PD, please cf. section 1.7.2.2 below). Overall, the neuropathologic findings in
individuals with familial PD—sometimes even due to the same genetic alteration and within
the same family—are very heterogeneous and not always reminiscent of the classical findings
in idiopathic PD*****. For example, four different neuropathologic profiles exist in the family
in whom the p.R1441C missense variant in LRRK2 was first identified, with 50 % of
clinically affected carriers of the variant not showing any Lewy pathology®*®3*.

Yet, despite this apparent discrepancy between the clinical and neuropathologic findings in
idiopathic and familial PD**, it was actually the discovery that Lewy bodies are comprised of
alpha-synuclein®¥®**—encoded by SNCA, the first PD gene reported—that provided the first,

lucid link between the neuropathology and genetics of PD.

1.7.1.3 Pathophysiologic Concepts

According to the current understanding, the loss of dopaminergic neurons in the pars
compacta of the SN (SNpc) is central to the pathophysiology of PD. The loss of
dopaminergeric projections from the SNpc to the striatum leads to a loss of inhibition of the
globus pallidus internus (1) via the dopamine D1-receptor-dependent “direct” pathway and

(2) by an excessive inhibition of the globus pallidus externus and subsequent loss of inhibition
of the subthalamic nucleus and excessive activation of the globus pallidus internus via the D2-
receptor-dependent “indirect” pathway. The result, in both cases, is an over-activation of
inhibitory GABA-ergic projections from the globus pallidus internus to the ventrolateral
thalamus and, thus, starkly decreased activation of glutamatergic neurons projecting to
different cortical regions. (Figure 1.13) Overall, this dysfunction of the basal ganglial motor
loop results in an inability to initiate automated movements. Goal-directed movements, on the

other hand, remain unaffected.*°

On the contrary, the pathophysiology behind the resting
tremor seen in PD is much less well defined. It has been postulated that the lack dopaminergic
inhibition leads to dysfunction of the pallido-thalamic tracts and subsequently the cerebellar-
thalamic innervation of the thalamus, where thalamic neurons turn into autonomous,

synchronized rhythm generators, which further project to the motor cortex.*"3
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pars

dopaminergic

Figure 1.13: The neuroanatomy of PD.
(http://upload.wikimedia.org/wikipedia/commons/9/9e/Basal_ganglia_in_Parkinson%27s_dis
ease.svg (accessed April 22, 2013; open source))

Yet, understanding the neuroanatomy of the cardinal symptoms seen in PD has far from
explained its pathogenesis. The most central question that needs to be answered asks for the
reason of neuronal cell death and the particular susceptibility of the dopaminergic neurons of

the SNpc. The most widely accepted hypotheses revolve around—but are by no means limited

to—oxidative stress and the mitochondria®% **%% dysfunction of lysosomal pathways % %'~

%9 and the ubiquitin-proteasome system ®9-3¢0-%62

€.9.348,363,364

, aggregation and direct toxic effects of

e.g. 365-367 £.0.368-370

alpha-synuclein , neuroinflammation and environmental toxins

Genetics (also see further discussion below) has played a large role in identifying most of
these potential pathomechanisms, 31379 reviewed in 345

Overall, it seems fair to say that the picture remains very much obscure and the true cause of
PD is likely to constitute a mix of a number of interdependent aspects—both genetic and

environmental.


http://upload.wikimedia.org/wikipedia/commons/9/9e/Basal_ganglia_in_Parkinson%27s_disease.svg
http://upload.wikimedia.org/wikipedia/commons/9/9e/Basal_ganglia_in_Parkinson%27s_disease.svg
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1.7.2 Genetics of PD

1.7.2.1 PD as a Genetic Disease
Although less than 15% of individuals with PD report a positive family history®*®, it is likely
that genetic factors contribute to PD development in nearly all cases—to a greater or lesser
extend depending on the nature of the genetic variants involved. The heritability estimate
derived from twin studies ranges around 34%°*°

twin studies (n=193% and n=542%") between 11% and 15.5% and DZ concordance rates

with MZ concordance rates in the two largest

between 4% and 11.1%°°3%. Although both heritability estimates and concordance rates are
higher in RLS (compare section 1.6.3 above), in both diseases, in the large majority of cases,
genetics are complex which a significant contribution of non-genetic factors to the phenotype.
Among the much less common (near) monogenic forms of PD (summarized in Table 1.5),
both autosomal dominant and autosomal recessive patterns of inheritance have been
recognized (reviewed in ref. **>**%). While in most of the autosomal dominant cases reported
so far the phenotype is very similar to that of sporadic PD, autosomal recessive cases are
characterized by a markedly earlier age of onset (mostly between the age of 20 and 30 years),
slow disease progression, an excellent therapeutic response to levodopa but early fluctuations

and dyskinesias, and additional clinical features such as dystonia or hyperreflexia®®.

1.7.2.2 Family Studies in PD
Only in 1996 and 1997, the first PD locus harboring the alpha-synuclein gene (SNCA) was

identified in the large Italian-American Controusi kindred bearing the p.A53T

substitution®***%, Additional missense variants®**3®

372,386-389

as well as duplications and
triplications of SNCA have also been shown to cause monogenetic forms of PD. A
gene-dosage/disease severity relationship has been demonstrated for SNCA, in line with the
hypothesis that increased deposition of abnormal proteins pathomechanistically contributes to
the development of PD by a “toxic-gain-of-function” mechanism®+%93%  The second
autosomal dominant PD gene encoding leucine-rich repeat kinase 2 (LRRK2, PARK8) was
identified by two groups in 2004.3%3% Missense variants in LRRK2 represent the, to date,
most common genetic factor in familial PD***3%%% The most frequent missense variant
p.G20195%%43% s estimated to be responsible for approximately 3.6 % of sporadic and
approximately 10 % of autosomal dominant familial cases of PD in Europe®*” with reported
frequencies of up to 20% in Ashkenazi Jewish®*® and up to 40% in the North African Berber

Arab PD populations®****®°. However, PD-linked variants are also found in 1.8 % of healthy
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controls®®’

and the penetrance of LRRK2 p.G2019S is known to be incomplete with only 51 %
of carriers showing clinical signs of PD by the age of 69°*°. Phenotypically, PD due to
underlying variants in LRRK2 shows a presentation very similar to idiopathic PD with
symptom onset in the 6™ or 7" decade but slightly slower progression and more prominent
resting tremor and dystonia®®. Interestingly, the neurologic phenotype of symptomatic
carriers of LRRK2 variants does not seem to be limited to PD as clinical and neuropathologic
presentations reminiscent of multiple system atrophy or pure dementia have also been
described®**®, The pathomechanism underlying LRRK2 variants in PD has been subject of
intense research efforts over the past decade but still remains very much unexplained. No
gene dosage effect has been observed*®“®*, The fact that LRRK2 holds both GTPase and
kinase activity has sustained the notion that abnormal protein phosphorylation could play a
role in PD pathogenesis. However, results regarding differential kinase activity in LRRK2

402,403

mutants are conflicting and several variants have also been linked to alterations in

404-406

GTPase activity 407,408

or unspecific neurotoxic effects
Linkage analyses have identified a total of four additional genes and two unresolved linkage
regions segregating with the PD phenotype in an autosomal dominant fashion in single or a

few families*0%41°

(compare Table 1.5). Published in 2011, eukaryotic translation initiation
factor 4G1 (EIF4AG1, PARK18) is the newest of these loci and was initially found in a family
from Northern France*®. Since variants in these genes in PD are extremely rare, many of
these loci still await replication.

Most recently, family studies of familial PD have graduated from linkage analyses to the
sequencing of entire exomes. Using whole exome sequencing, vacuolar protein sorting-
associated protein 35 (VPS35, PARK17) was identified simultaneously in a Swiss and an
Austrian familyV""3"83° Here, the pattern of inheritance of the index variant VPS35 p.D620N
was also autosomal dominant with near complete penetrance and the phenotype, as reported
so far, was indistinguishable from “idiopathic” pPDY'!378379416

Next to autosomal dominant forms of familial PD, a number of genetic factors inherited in an
autosomal recessive fashion have been identified. As a group, these lead to a PD phenotype
characterized by an early age of onset and more benign course of disease than seen in
“idiopathic” PD**. Shortly after the discovery of point mutations in SNCA in PD,
homozygous multiple-exon deletions in PARK2 encoding parkin were uncovered as the cause

of juvenile-onset PD in a large Japanese family®™

. Today, homozygous and compound
heterozygous missense variants as well as exonic deletions and rearrangements are estimated

to account for up to 20 % of early-onset PD cases*®***'". Functionally it has been postulated
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that dysfunction of parkin, an E3 ubiquitin ligase, results in insufficient substrate clearance
and, consequently, substrate aggregation*'®. Next to PARK2 variants, homozygous and
compound heterozygous loss-of-function variants (missense variants as well as small
insertions or deletions) in PTEN-induced kinase 1 (PINK-1, PARK®6) are the second most
common genetic factor in autosomal recessive PD identified thus far. Depending on the
population, genetic variants have been reported to be the underlying cause in 0 % to 15 % of
individuals with suspected autosomal recessive PD***%, Clinically, PD related to PINK-1
variants is very similar to the early-onset, levodopa-responsive, slowly progressive form with
additional dystonic features and hyperreflexia, which is seen in carriers of parkin or DJ-1 (see
below) variants. Interestingly, in Asian populations, digenic inheritance of PINK-1 and
parkin*! or DJ-1*?? variants has also been reported. The third uncontested genetic factor
involved in early-onset autosomal recessive PD, DJ-1 (PARKY), was discovered in the form
of homozygous deletions and missense variants in two consanguineous families from the
Netherlands and Italy*”®. A full array of point mutations in coding and promoter regions,
frame-shift and splice-site mutations as well as exonic deletions in DJ-1 have been identified
in PD**. Mechanistically, both PINK-1 and DJ-1 have been linked to neuroprotection from
oxidative stress and have highlighted a potential role of the mitochondria in PD
pathogenesis*?**#*. In addition to these three “canonical” genetic factors in autosomal
recessive PD, several other genes have also been reported to cause autosomal dominant or
recessive parkinsonism (Table 1.5). Yet, in the large majority of cases, a number of other
neurologic features such as ataxia, dementia, supranuclear gaze palsy, dysarthria, dystonia, or
developmental delay differentiate these from “classical” autosomal recessive PD".
Controversy still abounds regarding the significance of heterozygous variants in the known
autosomal recessive factors. Carriers of heterozygous variants in parkin, PINK-1 or DJ-1
show evidence of presynaptic dopamine deficits*?*?°. However, rare heterozygous variants in
these three genes have been found in both PD cases and controls and variant rarity has so far
precluded conclusive statistical evaluation. The current assumption is that these variants

represent susceptibility factors for PD*’

and may modulate the phenotype by, for example,
decreasing age of onset*?®, but are not sufficient to cause overt PD on their own.

Despite large and successful strides that have been taken over the past two decades in
identifying genes responsible for monogenic forms of PD, the currently identified genes only

explain about 5 to 10 % of familial cases of PD.>*
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PARK1/PARK4 SNCA 4921  auto dom early onset  similar to sporadic PD, often cognitive impairment 3"13"2
PARK2 PRKN 6025  auto rec early onset  early accompanying dystonia, slow progression 314
PARK3 unknown 2p13  auto dom late onset  similar to sporadic PD 429430
PARKS UCHL1/unknown  4pl4  auto dom late onset  similar to sporadic PD 382
PARK6 PINK1 1p35 auto rec early onset  early accompanying dystonia, slow progression 37
PARK? DJ-1 1p36  auto rec early onset  slow progression 376
PARKS8 LRRK?2 12912  auto dom late onset  similar to sporadic PD 346,391
PARK9 ATP13A2 1p36  auto rec early onset  atypical (Kufor-Rakeb syndrome) 31
PARK10 unknown 1p32  auto dom late onset  similar to sporadic PD, to date only in Islandics ~ *3%%%
PARK11 GIGYF2/unknown 2036  auto dom late onset  similar to sporadic PD 41z
PARK12 unknown Xq Unknown late onset  unknown 433
PARK13 OMI/HTRA2 2p13  auto dom late onset  similar to sporadic PD 413
PARK14 PLA2G6 22913  auto rec early onset  atypical (dystonia-parkinsonism, NBIA) 434
PARK15 FBXO7 22912  auto rec early onset  atypical 4%
PARK17 VPS35 16q11  auto dom late onset  similar to sporadic PD VIN,378,379
PARK18 EIF4G1 3927  auto dom late onset  similar to sporadic PD, slow progression 409

Table 1.4: Genomic loci identified in family studies of PD.
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1.7.2.3 Susceptibility Alleles of Intermediate Frequency in PD

The clinical observation that relatives of individuals with Gaucher’s disease, a lysosomal
storage disorder where the dysfunction of glucocerebrosidase (GBA) leads to the
accumulation of glucosylceramide, frequently suffer from PD led to the identification of
heterozygous missense variants in GBA as a risk factor for PD. Initially, this was believed to
be specific to the Ashkenazi Jewish population where the two most common variants, GBA
p.N370S and p.L444P, are found in approximately 15 % of individuals with PD compared to
3 % of controls, resulting in an approximately sevenfold risk increase**®. However, in a
seminal study comprising a total of 5691 PD cases and 4898 controls from 16 centers across
North America, Europe, Israel and Asia, the same two GBA variants were found in 3 % of PD
patients but in less than 1 % of ethnically matched controls, accounting for a five-fold risk
increase and establishing GBA variants as important, population-independent susceptibility
factors for PD%”°. Overall, GBA is the quantitatively most significant genetic factor
contributing to PD that has been identified to date. Clinically, symmetric onset and cognitive
changes seem more frequent in GBA variant positive patients than in individuals with
“idiopathic” PD®".

Notably, low-frequency missense variants in LRRK2 have also been reported as susceptibility
factors for PD. In a large multi-center analysis of exonic variants in LRRK2 in Caucasian
(6995 PD cases/5595 controls) and Asian (1376 PD cases/962 controls) populations, LRRK2
p.M1646T and p.A419V as well as p.G2385R were identified as low-frequency (MAF 1.6%
to 3.3 %) risk alleles in Caucasians and Asians, respectively*’
low-frequency haplotype (MAF 6.6 %) comprising p.N551K-p.R1398H-p.K1423K was

identified*®”. These data along with the GWAS results depicted below argue for the existence

. Additionally, a protective

of a full spectrum of risk and protective, rare and common genetic variants modulating the

expression of the PD phenotype.

1.7.2.4  Genome-Wide Association Studies in PD

To date, a total of four large GWAS and at least four meta-analyses of GWAS have been
performed for idiopathic PD****** (Table 1.6). In these, a total of 21 loci surpassing
thresholds for genome-wide significance in the joint analysis of discovery and replication
samples were detected (Table 1.7, Figure 1.4). Among these are common variants in high LD
with the already established PD genes SNCA and LRRK2 but also with microtubule-
associated protein tau (MAPT), a gene with a well-recognized role in other related

neurodegenerative conditions such as progressive supranuclear palsy** or frontotemporal
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lobar degeneration (FTLD)*’. However, most of the genes implicated hold no easily
discernible role in PD pathogenesis. Particularly intriguing, in this context, is the
identification of an intronic variant (rs3129882) in HLA-DRA with known expression
modulatory effects on HLA-DR and HLA-DQ identified in a GWAS of 2000 individuals with
PD and 1986 unaffected controls**. The identification of this association signal has driven the
afore-little-studied immune response and the major histocompatibility complex into the
context of PD research**,

In general, sample sizes are larger than for the RLS GWAS depicted above. The to date most
extensive study combined genotype information on a total of 15,812 cases and 50,650
controls ascertained by academic institutions across North America and Europe as well as
commercially through the California-based, direct-to-consumer genetic testing company
23andMe, Inc., and either newly identified or replicated a total of 16 loci of genome-wide
significance**. This GWAS is also noteworthy because it represents one of the first ever
performed using an internet-based study design for recruitment of both cases and controls. As
such, it serves as a proof-of-principle that, at least with regard to PD, an individual's self-
reported phenotype is sufficiently accurate to both replicate known associations and to
uncover new ones that can later be replicated in neurologist-ascertained case/control samples.
This finding is important because it opens an avenue to multifold increases in the number of
samples that can be analyzed and, thus, to the detection of variant alleles of even smaller
effect sizes or of very low frequency.

The fact that one of the GWAS was conducted in an entirely Japanese sample (2,011 PD
cases and 18,381 controls in genome-wide and replication phases combined)**® appears
important in light of the commonly reported differences in the genetic architecture of PD in
different ethnic groups*?®. Here, interestingly, the MAPT locus, which is repeatedly one of the
loci of most significant association in European populations, does not show any association
with the PD phenotype®®. This finding argues for the importance of carrying out both GWAS
in samples of different ethnic background and of multi-ethnic GWAS in order to address the
full spectrum of genetic factors important to PD pathogenesis.

Overall, these GWAS detected loci that account for a population attributable risk of more than
60 %***, although this represents a likely overestimation due to inherent biases®®* and is in
stark contrast to the low heritability estimates derived from twin studies (4 to 11 %)%*%°,
Still, as is the case for the vast majority of association signals identified across all phenotypes,
for the largest number of association signals described in the PD GWAS—apart from those

located in or close to genes already known to be involved in PD pathogenesis—, both the
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truly causal genetic factor (or factors) generating the association signal as well as the

functional relevance to the phenotype studied remain completely obscure.
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Figure 1.14: Manhattan plot showing PD GWAS loci as derived from the PDGene
Database. (taken from ref. )
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Genome-wide Origin SNP Array Replication sample(s) Origin Lead SNPs  Candidate gene Replication  Reference
sample (cases/controls) (newly identified) status
(cases/controls)
1,713/3,978 USA & HumanHap 550 1,528/2,044 USA rs2736990 SNCA + 438
Germany beadchip, IHlumina 1,100/2,168 Germany rs393152 MAPT +
824/544 UK
1,078/2,628 Japan HumanHap 550 612/14,139 Japan rs947211 PARK16 + 439
beadchip, IHlumina 321/1,614 Japan rs1994090 LRRK2 +
rs4538475 BST1 +
2,000/1,986 USA HumanOmnil-Quad, none rs3129882 HLA-DRA + 2
beadchip, Hllumina rs11248051 GAK +
3,426/29,624 mostly HumanHap 550plus 6,584/15,470 worldwide rs1053789  MCCC1/LAMP3 + 440
USA custom beadchip, rs6812193 SCARB2 +
(23andMe, Inc.) Illumina rs11868035 SREBF1/RAI1 +
rs823156 SLC41A1 +

Table 1.5: Summary of seminal GWAS performed for PD. In addition to these, four large meta-analyses jointly assessing the above studies or
parts thereof have been conducted and any additionally associated loci are listed in Table 1.6 below.
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Locus Chr  Genomic position Lead SNP Risk allele Risk allele freq Pioint Odds ratio Reference
(hg19) cases/controls (95% CI)

SNCA 4 90678291 rs2736990 T 0.51/0.46 2.24x10%° 1.23 e
MAPT 17 43718893 rs393152 G 0.18/0.22 1.95x107%° 0.77 e
PARKI6/RAB7LL 1 205752415 rs947211 A 0.43/0.48 1.75x10"%  1.30 (1.16-1.63) 49
BST1 4 15737687 rs4538475 A 0.41/0.36 3.94x10°  1.24 (1.16-1.34) 9
LRRK2 12 40428311 rs1994090 T 0.11/0.08 2.72x10%  1.39 (1.24-1.56) 9
HLA-DRA 6 32517508 rs3129882 G 0.45/0.40 1.9x10%°  1.26 (1.17-1.35) 2
GAK 4 848332 rs11248051 T 0.12/0.09 3.2x10° 1.46 (1.29-1.65) 142,450
SYT11 1 154105678 not named T not given 1.02x10° 1.67 o
ACMSD 2 135308851 rs6710823 A not given 1.35x10° 1.38 aa
STK39 2 168825271 rs2102808 T not given 3.31x10™" 1.28 "
MCCC1/LAMP3 3 184303969 rs11711441 G not given 2.10x10°° 0.82 -
CCDC62/HIP1R 12 121862247 rs12817488 A not given 4.43x10” 1.16 “
SCARB2 4 77418010 rs6812193 T not given 7.55x10™"  0.84 (0.79-0.89) o
SREBF/RAI 17 17655826 rs11868035 A not given 561x10°  0.85(0.80-0.90) 0
STBD1 4 77198736 rs6812193 T not given 1.17x10""  0.88(0.84-0.93) e
GPNMB 7 23305770 rs156429 G not given 3.05x10™  0.89 (0.85-0.94) “
FGF20 8 16696841 1s591323 A not given 1.92x10™  0.88 (0.84-0.94) e
STX1B 16 30981975 rs4889603 A not given 6.98x10"°  1.12(1.06-1.18) “
RIT2 18 38927378 rs12456492 G 0.34 2.0x10™  1.19(1.16-1.22) “
ITGAS 10 15691549 rs7077361 T 0.12 151x10°  0.88(0.84-0.92) o
DGKQ 4 954359 rs11248060 T 0.12 3.04x10"  1.21(1.15-1.27) o

Table 1.6: Summary of the currently known PD GWAS loci of genome-wide significance. Associated loci are arranged in
chronological publication order.
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1.8 Aims

GWAS have been successful in identifying common variants associated with increased
susceptibility to both RLS and PD. Moreover, for PD, linkage analyses have also identified
rare variants of strong effect underlying familial forms, whereas for RLS, linkage analyses
have not been equally successful—possibly due to the less intense research efforts in the field
or a different underlying genetic architecture or variable phenotypic expressivity—and no
variant of strong effect has been discovered to date. In both diseases, however, currently
known genetic factors only explain a small percentage of the heritability and many more
factors remain to be discovered. Some of this “missing heritability” could lie in a collection of
many more common variants of relatively small effect such as those identified in GWAS but,
in line with the “common disease, rare variant” hypothesis, rare variants are also likely to
contribute to the genetic make-up of both diseases to a yet-unknown extent.

The aim of this thesis was the identification of genetic factors, which contribute to the genetic
architecture of RLS and PD, two—for the most part—complex genetic neurologic diseases.
Primarily, this was pursued via the study of rare genetic variants. To this end, with regard to
PD, both a hypothesis-free family-based design employing whole exome sequencing"""™* as
well as candidate gene approaches analyzing genes known or projected to play a role in
PDY"' or other neurodegenerative conditions”" was applied. For RLS, on the other hand, the
associated GWAS loci' were analyzed in depth for the existence of functionally relevant rare

""V'in search of an allelic series of variants of the entire frequency

and low frequency variants
spectrum in the same gene contributing to complex genetic diseases. The contribution of
common variants to especially the RLS phenotype was assessed as part of on-going efforts in
the host laboratory by GWAS' and GWAS follow-up studies using intermediate RNA
expression phenotypes (eQTLs)" with the goal of identifying novel common variants as

susceptibility factors for RLS.
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2.1 Winkelmann et al., Genome-Wide Association Study Identifies Novel Restless Legs
Syndrome Susceptibility Loci on 2p14 and 16q12.1, PLoS Genetics, 2011'

Personal contributions: I participated in the Sequenom®-based genotyping and data analysis
performed during the replication phase of the study as well as in the analysis of cis- and trans-
eQTLs dependent on the lead SNPs at the newly identified loci. I also contributed to the
writing and critique of the manuscript.
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Abstract

Restless legs syndrome (RLS is a sensorimotor disorder with an age-dependent prevaence of up to 10% in the general
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Introduction

Restless legs syndrome (RLS) i a common neurological disorder
with a prevalence of up to 10 %, which increases with age [1]. Affected
individuals suffer from an urge to move due to uncomfortable
sensations in the lower limbs present in the evening or at night. The
symptoms occur during rest and relaxation, with walking or moving
the extremity leading to prompt reliel. Consequently, initiation and
maintenance of sleep become defective [1]. RLS has been associated
with iron deficiency, and is pharmacologically responsive to dopami-
nergic substimtion. Increased cardiovascular events, depression, and
anxiety count among the known co-morhidities [1].

Genome-wide association studies (GW)\S) identified geuclic risk
factors within MESST, BTBDS, FTFRD, and a locus encompassing
MAPZES and SKORT [2 4], To identify additional RLS suscep-
tibility loci, we undertook an enlarged GWA in a German case-
control popula,liou, followed by replicaliou in iudeptnd.aul case-
control samples originating from Europe, the United States of
America, and Canada. In doing so, we identified six RIS
susceplibilily loci with geuoluc-wide significauce in the _joiul
analysis, two of them novel: an intergenic region on chromosome
2pl4 and a locus on 16q12.1 in close proximity to 70X3 and the
adjacent non-coding RNA BCO34767.

Results/Discussion

We enlarged our previously reported [2,4] GWA sample to 954
German RLS cases and 1,814 German population-based controls
from the KORA-S3/F3 survey and genotyped them on Affymetrix
5.0 (cases) and 6.0 (controls} arrays. To correct for population
stratification, as a first step, we performed a multidimensional
scaling (MDS) analysis, leading to the exclusion of 18 controls as
outliers. In a second step, we conducted a variance components
analysis to identify any residual substructure in the remaining
samples, resulting in an inflation factor h of 1.025 (Figures 31 and
52). The first four axes of variation from the MIDS analysis were
included as covariates in the association analysis of the genome-
wide stage and all P-values were corrected for the observed k.

Prior to statistical analysis, genotyping data was subjected to
extensive quality control. We excluded a total of 302 DNA samples
due to a genotyping call rate <98 %. For individual SNP quality

PLoS Genetics | www.plosgenetics.org

control, we adopted a stringent protocol in order to account for
the complexity of an analysis combining 5.0 and 6.0 arrays. We
excloded SNPs with a minor allele frequency (MAF) <5%, a
callrate <98%, or a significant deviation from Hardy-Weinberg
Equilibrium (HWE} in controls (P<<0.00001). In addition, we
dropped SNPs likely to be false-positive associations due to
differential clustering between 5.0 and 6.0 arrays by adding a
second set of cases of an unrelated phenotype and discarding SNPs
showing association in this setup (see Materials and Methods).
Finally, we tested 301,406 SNPs for association in 922 cases and
1,526 controls. Based on a threshold level of a nominal L-corrected
Powa<!0% a total of 47 SNPs distributed over 26 loci were
selected for follow-up in the replication study (Figure 1, Table 51}

We genotyped these 47 SNPs together with 29 adjacent SNPs in
strong linkage disequilbrium (LD, =05 0.9) using the Sequenom
iPLEX platform in seven case-control populations of European
descent, comprising a total of 3,935 cases and 5,754 controls. Eleven
SNPswith a call rate <<95% , MAF<<5%, and P<20.00001 for deviation
from HWE in controls as well as 432 samples with a genotyping call
rate <90% were excluded. A set of 47 SNPs, genotyped in 186 samples
on both platforms (Affymetrix and Sequenom], was used to calculate an
average concordance rate of 9924 %,

The combined analysis of all replication samples confirmed the
known four susceptibility loci and, in addition, identified two novel
association signals on chromosomes 2pl4 and 16q12.1 (Table 1)
To address possible population stratification within the combined
replication sample, we performed a fixed-effects meta-analysis. For
four of the replication case-control populations, we included X
inflation factors which were available from a genomic controls
txperimaul ina prcviuus sludy in these puplﬂ.a.tious [‘l-] These
were used to correct the estimates for the standard error. Joint
analysis of GWA and all replication samples showed genome-wide
signiticance for these two novel loci as well as for the known RLS
loci in MEISI, BTBDS, FTFRD, and MAFP2E5/SKORI with a
nominal & -corrected Proper <5% 107% (Table 1). Depending on
the variable power to detect the effects, the separate analyses of
individual subsamples in the replication either confirmed the
assoclation after correction for multiple testing or yielded
nominally significant results (Tables S2 and 53). The differing
relevance of the risk loci in the individual samples is Mustrated in
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Author Summary

Restless legs syndrome (RLS) is one of the most common
neurological disorders. Patients with RLS suffer from an urge to
maove the legs and unpleasant sensations located mostly deep
in the calf. Symptoms mainly occur in resting situations in the
evening or at night. As a consequence, initiation and
maintenance of sleep become defective. Here, we performed
a genome-wide association study to identify common genetic
variants increasing the risk for disease. The genome-wide
phase included 922 cases and 1,526 controls, and candidate
SNPs were replicated in 3935 cases and 5,754 controls, all of
European ancestry. We identified two new RLS-assodiated loci:
an intergenic region on chromosome 2p14 and a locus on
160121 in a linkage disequilibrium block containing the 5'-
end of TOX3 and the adjacent non-coding RNA BC034757.
TOX3 has been implicated in the development of breast
cancer. The physiologic role of TOX2 and BC034767 in the
central nervous system and a possible involvernent of these
two genes in RLS pathogenesis remain to be established.

forest plots (Figure 2). There was no evidence of epistasis between
any of the six risk loc (Prongermon: =0.45).

The association signal on 2pl4 (rs6747972: nominal h-corrected
Flomer = 9.03 %107 ", odds ratio (OR) = 123} is located in an LD

block of 120 kb within an intergenic region 1.3 Mb downstream of
MEIST (Figure 3). Assuming a long-range regulatory function of

the SNP-containing region, @ silico analysis for clusters of highly
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conserved non-coding elements using the ANCORA browser
(http:/ /ancora.genereg. net) identified MEIS! as well as ETAAL as
p()lﬁnlial targel genes [5,6]

The second locus on chromosome 16q12.1 (rs3104767: nominal
hecorrected Piomer =9.4x107 "%, OR =1.35) is located within an
LD block of 140 kb (Figure 3), which contains the 5UTR of
TOXZ (synonyms TNRCY and CAGFY) and the non-coding RNA
BCO34767 fsynonym LOCHE3714). TOXF is a member of the high
mobility box group family of non-histone chromatin proteins
which interacts with CREE and CBF and plays a critical role in
mediating calcium-dependent tanscription in neurons [7]. GWAs
have identified susceptibility variants for breast cancer in the
identical region |8]. The best-associated breast cancer SNF,
rs3803662, is in low LD (r*~0.1, HapMap CEU data) with
rs3104767, but showed association to RLS (A-corrected nominal
Powa =7.29x1077). However, logistic regression analysis condi-
tioned on rs3104767 demonstrated that this association is
dependent on rs3104767 (rs3803662: Powa/condiionea = 0.2883).

BC034767 is represented in GenBank by two identical mRNA
transcripts, BC034767 and BC029912. According to the gene
maodel information of the UCSC and Ensembl genome browsers
(http://genome.ncsc.edu  and  http/ /www.ensembl.org/index.
html), these mRNAs are predicted to be non-coding. Additional
tn stltco 'r'ln}]])f:ill.ﬁ l].ﬁllllg the G(lding Potential Calculator (lll I]]f;"’fc_‘]n_‘.
chipkueduen) supported this by attributing only a weak coding
p()lﬁnlial to this RNA_. .‘sug’g".‘s!ing E |‘f'g||]'f'|lt)r)r function insteacd [Q]
We also searched for rare alleles with strong effects and performed
a mutation screening by sequencing all coding and non-coding
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Figure 1. Manhattan plot of the GWA. Association results of the GWA stage. The x-axis represents genomic position along the 22 autosomes and

the x-chramosome, the y-axis shows -lag10{P) far each SNP assayed. SNPs with a nominal L-corrected P10

doi10.131 journal.pgen.1 002171.g000
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exons of TOX3 and BCH34767 in 188 German RLS cases (Table
S4). In TOX3, a total of nine variants not listed in dbSNP (Build
130) were found, three of which are non-synonymous. Only one of
these is also annotated in the 1000 Genomes project (November
2010 data release). Three additional new variants were located in
putative exons | and 2 of BC0O34767. Analysis of the frequency of
these variants as well as all known non-synonymous, frameshit,
and splice-site coding SNPs in TOX? in a subset of one of the
replication samples (726 cases and 735 controls from the GERI
sample) did not reveal any association to RLS. For a power of
=80%, however, variants with an OR above 4.5 and a MAF
=0.01 would be required. For even lower MAFs, ORs =10 would
be necessary for sufficient power. Furthermore, the described
CAG repeat within exon 7 of TOX? was not polymorphic as
shown by fragment analysis in 100 population-based controls.

Aceording to publicly available expression data (http:// genome.
ucsc.edu), in humans, BC054767 is expressed in the testes only,
while TOXS expression has been shown in the salivary glands, the
trachea, and in the CN3. Detailled in-depth real time PCE
profiling of TOXF showed high expression levels in the frontal and
occipital cortex, the cerebellum, and the retina [10]. To assess a
putative eQTL function of rs6747972 or rs3104767, we studied
the SNP-genotype-dependent expression of TOXY and BCOT4767
as well as onglles known to direcﬂ.y interact with TOX3 (CREB-I.’”
CREBBP/CITEDI) and potential target genes of long-range
regulatory elements at the locus on chromosome 2 (MEISTH/
ETAAD in BNA expression microarray data from peripheral
blood in 323 general population controls [11]. No differential
geuolype-deptud.eul exprtssion variation was found.

To assess the potential for genetic risk prediction, we split our
GWA sample in a training and a test set and determined classitiers
for case-control status in the llaiuiug' set o p;'t:d.icl case-control
status in the test set. Training and test set were independent of
each other not only with respect to included individuals but also
with respect to the genotyping procedure as we used genotypes
generated on different genotyping platforms. As training set, we

Novel Restless Legs Syndrome Susceptibility Loci

used those cases of the current GWA which had been genotyped
on 00K arrays in a previous GWA and the corresponding control
set [2], in total, 326 cases and 1,498 controls. The test set
comprised 583 cases and 1,526 controls, genotyped on 5.0/6.0
arrays as part of the current study. Prior to the analysis, we
removed the six known risk loci and performed LD-pruning to
limnit the analysis to SINPs not in LI with each other. In the end, a
total of 76,532 SNPs were included in the pruned dataset. We
conducted logistic regression with age and sex as covariates. Based
on these association results, the sum score of SNPs showing the
most significaul effects (i.e. the number of risk alleles over all SNPS}
weighted by the In(OR) of these effects was chosen as predictor
variable in the test set. We then varied the P-value threshold for
SNPs included in the sum score. For a P-value <0.6, we observed
a maximum area under the curve (AUC) of 63.9% and an
explained genetic variance of 6.6% (Nagelkerke's R), values
comparable to estimates obtained for other complex diseases such
as breast cancer or diabetes (T'able 35) [12 14]. Inclusion of the six
known risk loci in this analysis resulted in a maximum AUC of
64.2% and an explained genetic variance of 6.8%.

Additionally, we performed risk prediction in the combined
GWA and rep].icaﬂou s;nuplt: iududiug uul)r the six established
RLS risk loci. For this purpose, we used the weighted risk allele
score resulting in ORs of up to 8.6 (95% CI: 2.46 46.25) and an
AUC of 65.1% (Figures 53 and S4).

By increasing the size of our discovery sample, we have
identified two new RLS susceptibility loci. The top six loci show
effect sizes between 1.22 and 1.77 and risk allele frequencies
hetween 19 and 82%, and reveal genes in neuronal transcription
pathways not previously suspected to be involved in the disorder.

Materials and Methods

Study population and phenolype assessment
Ethics statement. Written informed consent was obtained
from each participant in the respective language. The study has

Table 1. Association results of GWA and joint analysis of GWA and replication.

Chr Locus LD block (Mb) SNP Paosition (bp) :;Is;e
Known risk loci (1 SNP per locus)
2 MEIST 66.57-66.64 rs2300478 66634957 G
6 BTBDY 37.82-38.79 rs9357271 38473851 T
9 FTPRD A4.80-888 r51975147 8836955 A
15 MAP2KS/ 65.25-65.94 rs12593813 65823906 G
SKOR1
New genome-wide significant lodi (Pygnr < 5.2X1 0~%)
2 intergenic 67.88-68.00 rs6747972 67923729 A
region
52116050 67926267 G
16 TOX3/ 51.07=51.21 3104767 51182239 G
BCO34767
ri3104788 51196004 T

Risk allele

frequency Odds ratio
cases/controls Pgwa Prcpucation Proint (95% CI)
0.35/0.24 TITXI0 M 439x10 ¥ 340x10 ** 168 (1.57-1.81)
0.82/0.76 674x10 7 201x10 ' 775%10 P 147 (1.35-1.47)
0.19/0.16 494%10 * 107x10 5 349%10 P 1.329(1.19-1.40)
0.75/0.68 149%70 *  154x10 7 137%10 * 141 (132-152)
0.47/0.44 137x10 * 373w10 * 0 903x10 V' 1.23(116-1.31)
0.49/0.47 784510 ° 485%10 * 483%10 7 122(115-1.30)
0.65/0.58 738x10 7 216x10 " 940x10 " 135 (1.27-1.43)
0.65/0.58 109x10 * 242%10 " 16310 "® 133 (1.25-1.43)

Genome positions refer to the Human March 2006 (hg18) assembly.
doi:10.1371journal pgen.1 0021711001

@ PLoS Genetics | www.plosgenetics.org

FL%-associated SNFs with genome-wide significance. Pawa, A-comected nominal F-value of GWA stage. Pazsycaticn, nominal F-value obtained from meta-analysis of the
replication stage samples. Pyqyr, nominal Pwvalue of the joint meta-analysis of GWA and replication stage, J-corrected in samples where ivalues were available.
Mominal P-values in GWA were calculated using logistic regression with sex, age, and the first four components from the MDS analysis of the IBS matrix as covariates.
For nominal Py eanon 3nd Py -values, a fixed-effects inverse-variance meta-analysis was performed. Risk allele frequendies and odds ratios were calculated in the
joint sample. LD blocks were deflined by D' using Haploview 4.2 based on HapMap CFU population data from HapMap release #27. Cl, 95% confidence interval.
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Figure 2. Forest plots of the RLS risk loci {1 SNP per locus). OR and corresponding confidence interval for the GWA sample, all individual
replication samples, the combined replication sample as well as the combined GWA and replication sample are depicted. ORs are indicated by
squares with the size of the square corresponding to the sample size for the individual populations, {A) rs2300478 in MEIST; (B) rs9357271 in BTBDY;
{Q) 11975197 in PTPRD; (D) rs12593813 in MAP2KS/SKORT; (E) rs6747972 in intergenic region on chromosome 2; (F) 153104767 in TOX3/BC0O34767.

dei10.1371/journal.pgen.] 002171.9002

been approved by the institutional review boards of the
contributing authors, The primary review hoard was located in
Munich, Bayerische Arztekammer and Technische Universitit
Miinchen.

RLS patients (GWA and replication phase). A total of
2,944 cases (GWA =954, replication =1990) of European
descent were recruited in two cycles via specialized outpatient
clinics for RLS. German and Austrian cases for the GWA (GWA)
and the replication sample (GER1} were recruited in Munich,
Marburg, Kassel, Gottingen, Berlin (Germany, nin GWA =830, n
in GER1=1028), Vienna, and Innsbruck {Austria, n in
GCWA=124, n in GERI=288). The additional replication
samples originated from Prag (Czech Republic (CZ), n=351),
Montpellier (France (FR), n=182), and Turku (Finland (FIN),
n=141). In all patients, diagnosis was based upon the diagnostic
criteria of the International RLS Study Group [1] as assessed in a
personal interview conducted by an RIS expert. A positive family
history was based on the report of at least one additional family
member affected by RL3. We excluded patients with secondary
RIS due to uremia, dialysis, or anemia due to iron deficiency. The
presence of stcondary RLS was determined by clinical iultwiew,
].rhysical and m:umlogical e:r.a.miuatiou, blood cheu:isL:y, and
nerve conduction studies whenever deemed clinically necessary.

In addition, 1,104 participants (GER2) of the “Course of RLS
(COR-) Study”, a prospective cohort study on the natural course
of disease in members of the German RLS patient organizations,
were included as an additional L'tplicaliuu sam].rlc. After pruvidiug
informed consent, study participants sent their blood for DNA
extraction to the Institute of Human Genetics, Munich, Germany.
A limited validation of the RIS diagnosis among the majority of
members was achieved through a diagnostic questionnaire. Five
percent had also received a standardized physical examination and
interview in one of the specialized RLS centers in Germany prior
to recruitment. To avoid dou].r].els, we checked these subjecls
against those recruited through other German RLS centers and
excluded samples with identical birth date and sex.

556 cases (US) were recruited in the United States at
Departments of Neurology at Universities in Baltimore, Miami,
Huuslou, and Palo Alto. Di.a.gumi.i of RLS was made as mentioned
above.

285 cases (CA) were recruited and diagnosed as above in
Montréal, Canada. All subjects were exclusively of French-
Canadian ancestry as defined by having four grandparents of
French-Canadian origin.

Detailed demographic data of all samples are provided in Table
36.

Conirol populations (GWA and replication phase). Controls
tor German and Avstrian cases were of European descent and
recruited from the KORA 53/F3 and 54 SUIVEYS, gtlmal pupu]a,liuu-
based controls from southem Germany. KORA procedures and
samples have been described [15]. For the GWA phase, we included
1,814 subjects from S3/F3,
suhjec(s from S4.

For rep].ica.ﬂou of the GER2 salmple> we used controls from the
Dortmund Health Study (DHS), a population-based survey
conducted in the city of Dortmund with the aim of determining
the prevalence of chronic diseases and their risk factors in the
general population. Sampling for the study was done randomly

and, for the replication stage, 1,471

PLoS Genetics | www.plosgenetics.org

from the city’s population register stratified by five-year age group
and gender [16]. 597 subjects selected at random from the Czech
blood and bone marrow donor registry served as Czech controls
[17]. French controls included 768 parents of multiple sclerosis
patients recruited from the French Group of Multiple Sclerosis
Genetics Study (REFGENSEP) [18]. Finnish controls comprised
360 participants of the National FINRISK Study, a cross-sectional
population survey on coronary risk factors collected every five
years. The current study contains individuals recruited in 2002,
Detailed description of the FINRISK cohorts can be found at
www.nationalbiobanks.fi.

French-Canadian controls were 285 unrelated  individuals
recruited at the same hospital as the cases.

1,200 participants of the Wisconsin Sleep Cohort (WSC), an
onguiug long'iludinal sludy on the CAusEs, CONSEQUENCEes, and
natural course of disease of sleep disorders, functioned as US
controls [19].

None of the controls were phenotyped for RLS. All studies were
approved by the institutional review hoards in Germany, Anstria,
Czech Republic, France, Finland, the U3, and Canada. Written
informed consent was obtained from each participant. Detailed
demographic data of all samples are provided in Table 56.

Genotyping

GWA. Genotyping was performed on Affymetrix Genome-
Wide Human SNFP Arrays 5.0 (cases) and 6.0 (controls) following
the manufacturer’s protocol. The case sample included 628 cases
from previons GWAs [2,4] and 326 new cases. After genotype-
calling using the BRLMM-F clustering algorithm [20], a total of
475,976 overlapping 3NPs on both Affymetrix arrays were
subjected to quality control. We added 655 cases of a different
phenotype unrelated to RLS, genotyped on 5.0 arrays, to the
aualysis and excluded those SNPs which showed a siguiﬁ._am
difference of allele frequencies in cases (RLS and unrelated
phenotype on 5.0) and controls (6.0) (n=92). Thereby, we filtered
out SNPs likely to be false-positive associations. We excluded SNPs
with a minor allele frequency (MAF) <25% (n=88,582), a callrate
<08% (n=65906) or a significant deviation from Hardy-
Weinberg Equilibrivom (HWE) in  controls (P<<0.00001)
(n =20,060). Cluster plots of the GWA genotyping data for the
best-associated SNPs in Table | are shown in Figure 35.
Genotypes of these SNPs are available in Table S7.

Replication. We selected all SNPs with a h-corrected
Pm..m;m,;p’-'.].l.'.l_'t in the GWA for replication. These SNPs
clustered in 26 loci (defined as the best associated SNP *150 kb
of flanking sequence). We genotyped a total of three SNFPs in each
of the 26 regions. These further associated
neighbouring SNPs with a A-corrected Ppoming< 1077 or, in case
of singleton SNPs, additional neighbouring SNPs from HapMap
with the highest possible r* (at least >0.5) with the best-associated
SNP. We also genotyped the best-associated SNPs identified in the
previous GWAs [2,4].

Genotyping was performed on the Mass ARRAY system using
MALDI-TOF mass spectrometry with the iPLEX Gold chemistry
(Sequenom Ine, San Diego, CA, USA). Primers were designed using
AssayDesign 3.1.2.2 with iPLEX Gold default parameters. Automat-
ed genotype calling was done with Spectro TYPER 3.4, Genotype
clustering was visually checked by an experienced evaluator.

were  either
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Figure 3. New genome-wide significant RLS lodi. a) Risk locus on chromosome 2p14, showing the best-associated SNP rs6747972 and £200 kb
of surrounding sequence. b) Risk locus on chromosome 16p21, showing the best-associated SNP rs3104767 and 200 kb of surrounding sequence.
The left-hand x-axis shows the negative log10 of the nominal A-corrected P-values of the GWA stage for all SNPs genotyped in the respective region.
The right-hand x-axis shows the recombination frequency in cM/Mb. The y-axis shows the genomic position in Mb based on the hg18 assembly. The
r*-based LD between SNPs is colour-coded, ranging from red {r*>0.8) to dark blue {*<0.2) and uses the best-associated SNP as reference. This SNP is
depicted as a violet diamond. Recombination frequency and r* values are calculated from the HapMap Il (release 22) CEU population. Plots were
generated with LocusZoom 1.1 (httpa//csg.sphumich.edu/locuszooms).

doi:10.1371/journal.pgen.1 002171.9003
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SNPs with a call rate=295%, MAF<15%, and P<20.00001 for
deviations from HWE in controls were excluded. DINA samples
with a call rate<<90% were also excluded.

Population stratification analysis

GWA. To identify and correct for population stratification, we
performed an MDS analysis as implemented in PLINK 1.07
(http:/ /pngu.mgh.harvard.edu/ ~purcell/plink, [21]) on the IBS
matrix of our discovery sample. After excluding outliers by plotting
the main axes of variation against each other, we performed
logistic regression with age, sex, and the wvalues of the MDS
components as covariates. Using the Genomic Control approach
[22], we obtained an inflation factor A of 1.11.

Additionally, we performed a variance components analysis
usi.ng the EMMAX software (hl.l].r:ffgcuelics.cs. uc].a..edufcuuuax,
[23]) and, again, calculated the inflation factor with Genomic
Control, now resulting in a A of 1.025. EMMAX uses a mixed
linear model and does not only correct for population stratification
but also for hidden relatedness. We, therefore, decided to base
correction for popular.iou substructure on the EMMAX results.

Replication. Correction for population  stratification  was
performed for the German, Czech, and the Canadian
subsamples. The A-values of 1.1032, 1.2286, and 1.2637 were
derived from a previous Genomic Control experiment within the
same samples using 176 intergenic or intronic SNPs [4]. Here, we
had applied the expanded Genomic Control method GCF
developed by Devlin and Roeder [24]. In the meta-analysis of
all rtplil_'atiou :sa.ulples, the A-corrected standard errors were
included for the German, Czech, and Canadian samples. For the
other replication samples from France, Finland, and the USA, no
such data was available and, therefore, no correction factor was
included in the analysis.

Statistical analysis

Statistical analysis was performed using PLINK 1.07 (http://
prgu.mgh harvard edu/ ~purcell/plink, [21]). In the GWA sam-
ple, we applied logistic regression with age, sex, and the first four
axes of variation resulting from an MDS analysis as covariates.

P-values were h-corrected with the A of 1.025 from the EMMAX
analysis. In the individual analysis of the single replication samples,
we tested for association using logistic regression and correcting for
gender and age as well as for population stratification where possible
(see Poptll:ll.iou Slralifmliou). Each ['tplil:aﬁun sa[uplt Was
Bonferroni-corrected using the number of SNPs which passed
quality control for the respective sample.

For the combined analysis of all replication samples, we
performed a fixed-effects inverse-variance meta-analysis. Where
available, we used h-corrected standard errors in this analysis.
Bonferroni-correction was performed for 74 SNPs, i.e. the number of
SNPs which passed quality control in at least one replication sample.

For the joint analysis of the GWA and the replication samples,
we also used a fed-effects inverse-variance meta-analysis and
again included A-corrected values as far as possible. For the
conditioned analysis, the SNP to be conditioned on was included
as an additional covariate in the logistic regression analysis as
implemented in PLINK.

Interaction analysis was performed using the epistasis option in
PLINK. Significance was determined via Bonferroni-correction
(Le. 0.05/28, as 28 SNP combinations were tested for interaction).

Power calculation

Power calculation was performed using the Cals power
caleulator [25] using a prevalence set of 0.08 and an additive
genetic model (Table 33}, The significance level was set at 0.05/74
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for replication stage analysis and at 0.05/301,406 for genome-
wide significance in the joint analysis of GWA and replication. For
the rare variants association study, the significance level was set at
0.05/12.

Mutation screening of TOX3 and BC034767

All codiug and (1011-00(].1(1?; EXONS i.u(:lud.ing' a.djaceul sp].ice sites
of TOX3 (reference sequence NM_001146188) and BCO34767
(reference sequence IMAGE 5172237) were screened for muta-
tions in 188 German RLS cases.

Mutation scrcuniug was purlbr'mcd with high resolution llltl[illR
curve analysis vsing the LightScanner technology and standard
protocols (IDAHO Technology Inc.). DNAs were analyzed in
doublets. Sa.mples with aberrant melliu.g pattern were stqueuced
using BigDyeTerminator chemistry 3.1 (ABI} on an ABI 3730
sequencer. Sequence analysis was performed with the Staden
package [26]. Primers were designed using ExonPrimer (hep://
ihggstide) or Primer3plus (www bioinformatics. nl/ cgi-hin/pri-
mer3plus/primer3plus.cgl). All identified variants were then
genotyped in 735 RLS cases and 735 controls of the general
population (KORA cohort) on the MassARRAY system, as
described above.

In addition, fragment analysis of exon 7 of TOXZ was performed
to screen for polymorphic CAG trinucleotide repeats. DNA of 100
controls (50 females, 50 males) was pooled and analyzed on an
ABI 3730 sequencer with LIZ-500 (ABI} as a standard. Primers
were designed wvsing Primer3plus, the forward Primer contains
FAM for detection. Analysis was performed using GeneMapper
va5.

Expression analyses

Associations between MEISI/ETAA] RNA expression and
rs6747972 and between TOXI/BOO34767/CREB-1/CREBBP/
CITED! expression and rs3104767 were assessed using genome-
wide SNP data (Affymetrix 6.0 chip) in conjunction with
microarray data for human blood samples (n=323 general
populalion controls from the KORA L:Clllorr., Ilumina Human
WGH v2 Expression BeadChip) [11]. A linear regression model
conditioned on expression and controlling for age and sex was
used to test for association.

Prediction of genetic risk

B d on the perfor of P-value-tl hold selected
SNPs in a training and a test sample.  As training sample, we
used those GWA-cases which had alse been genotyped for our
p;'tvious study [2] We also included the control smuples from this
study. As a first quality control step, we carried out an association
analysis comparing the Affymetrix 500K genotypes of these GWA-
cases to the Affymetrix 5.0 genotypes of the same cases. Significant
P-values would indicate systematic differences in the genotyping
between the different cllips. For further a.ualysis, We oul)r used
those 259,302 SNPs with P-values ==0.10. We performed a second
quality control step in which IDs with a callrate below 98% and
SNPs with a callrate below 98%, a MAF lower than 5%, or a P-
value for deviation from HWE=20.00001 were removed.

Further, we excluded the four already known risk loci as well as
the two newly identified loci and performed LD-pruning to limit
the a.ualysis to SNPs not in LD with each other. This was
performed wsing a window-size of 50 SNPs. In each step, this
window was shifted 5 SNPs. We used a threshold of 2 for the VIF
(variance inflation factor). 76,532 SNPs, 326 cases, and 1,498
controls were included in the final training dataset. We conducted
logistic regression with age and sex as covariates. Based on these
association results, the sum score of SNPs showing the most
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significant effects (ie. the number of risk alleles over all SNPs)
weighted by the In[OR) of these effects was chosen as predictor
variable in the test set, comprising the remaining 583 cases of the
GWA sample and 1,526 controls. None of these cases/controls
were included in the training-sample, ie. the test-sample
constitutes a completely independent sample. Based on this sum
score, we calculated the ROC curve and Nagelkerke's R o
measure the explained variance.

Based on a weighted risk allele score. To evaluate the
predictive value in our sample, we calculated a weighted sum score
of risk alleles in the combined GWA and replication sample. To
this end, we used one SNP from each RLS risk region and also
included markers from the two newly identified regions on
chromosome  16g12 and 2pld4 (MEISI: 2300478, 2pi4
rsb747972, BTRDS: vs0296249, PTPRD: rs1975197, MAPZES:
rs1 1635424, TOX3/BCO34767: rs3104767). At each SNP, the
number of risk alleles was wtig}lled with the curmspoudiug ].n{OR)
for this SNP. The corresponding distribution of the score in cases
and controls is Mustrated in Figure S3. Employing this score for
risk prediction resulted in an AUC of 0.651 (Figure 54).

Supporting Information

Figure 81 MDS analysis plot for GWA. Distribution of cases
{red) and controls (black) along the two main axes of variation
identified in the MI)S analysis. The three visible clouds are due to
a common 3.8 Mb inversion polymorphism on chromosome 8
(described in: Tian C, Plenge RM, Ransom M, Lee A, Villoslada
P, et al. (2008) Analysis and Application of European Genetic
Substructure Using 300 K SNP Information. PLoS Genet 4: ed.
doi:10.137 1/ journal pgen.0040004).

(TIFF)

Figure §2 QQ-plot of GWA results. QQ-plot showing the
P-value distribution before (n’:d] and after (blui:} correction for
population stratification using Genomic Control.

(TIFF)

Figure 83 Weighted risk allele score analysis. Histogram of the
weighted risk allele scores for cases and controls. The correspond-
ing OF. and CI for each category against the median category is
depicted in green. The left y-axis refers to the number of
individuals (in %), the right-axis refers to the OR values,

(TIFF)

Figure 84 ROC curve for weighted risk score analysis. Receiver
operating characteristic (ROC) curve for the weighted risk allele
FC0OTE appmach of risk prcdictiou. The area under the curve (AUC}
is 65.1%.

(TIFF)

Figure 85 Cluster plots of GWA genotyping for the six risk loci.
For the best-associated SNPs at each risk locus, clusterplots were
generated for cases and controls. Intensities of the A and B allele
(based on the Affymetrix annotation of the SNFs) are given on the
x- and y-axes and the respective genotypes are indicated in blue,
green, and orange.

(FDF)

Table §1 GWA results for SNPs with A-corrected Poywa<<10 4
and additional SNPs selected for replication. A star (*) indicates
SNPs which had been identified in previous RLS GWAs [2 4].
P-values of the GWA plme are gi\rtu as A-corrected nominal
P-values. Two different methods for L correction were applied,
multi-dimensional-scaling (MDS)-analysis using PLINK and
variance components (VC}-a.ua.lys'is us'mg the EMMAZX software
with the P-values listed in the respective columns “MDS
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h-corrected Pawa™ and “VC A-corrected Pgwa™. The selection
of SNPs for replication was based on the MDS A-corrected P-
values. r-values based on Hapmap CEU data are given for those
SNPs which were selected for replication based on their LI with
the best-associated SNFP in each region. Genomic position and
gene annotation refer to the hgl8 genome.

(DOC)

Table §2 BReplication stage association results for individual
replication samples. P-values are derived from logistic regres-
sion and correcting for gender and age as well as for
population stratification where possible (see Materials and
Methods). Each replication sample was Bonferroni-corrected
using the number of SNPs which passed qua.lity control for the
respective sample. The OR refers to the minor allele. NA; SNP
could not be analysed due to failing quality control in the
rcspuclivc Samplc.

(DOC)

Table 83 Power analysis for GWA, replication and joint analysis of
GWA and replication. Power calculation was performed using the
CaTs power calculator [25] using a prevalence set of 0.08 and an
additive genetic model. The significance level o was set at 0.05/74 for
replication stage analysis and at 0.05/301,406 for genome-wide
significance in the joint analysis of GWA and replication.

(DOC)

Table 84 Results of TOX3 and BC034767 mutation screening.
*UAY pefers to the mutant allele, “B” to the reference allele.
Position refers to hgl8 genome annotation. Codon numbering
refers to the reference sequence NM_001146188. Data of the 1000
genomes project was obtained from the November 2010 release
via the 1000 genomes browser (http:/ /browser. 1000genomes.org/
index html).

DOC)

Table 83 Prediction of genetic risk; training- and test-set
approach. Inclusion threshold P-values were derived from a
logistic regression with age and sex as covariates in the training
smupla. # SNPs indicates the number of SNPs passiug the
inclusion threshold. Based on these association results, the sum
score of SNPs showing the most significant effects (1.e. the number
of risk alleles over all SNPs) weighted by the In{OR) of these effects
was chosen as predictor variable in the test ser. Based on this sum
score, an AUC and Nagelkerke's R were calculated.

(DOC)

Table 86 Demographic data of GWA and replication samples.
Mean age, mean age of onset and respective standard deviations
and ranges are given in years. N: number of individuals; SD:
standard  deviation; AAO: age of onset. GWA: Genome-wide
association study; CZ: Czechia; FR: France; FIN: Finland; CA:
Cana,da.; US: United States. - indicates that this information is not
applicable for the respective sample.

(DOC)

Table 87 Genotype data of GWA samples. Genotypes of the
GWA samples are given for the eight best-associated SNFs (see
Table 1). SNP alleles are ACGT-coded. Phenotype information
includes gender (1= male, 2= female) and disease status (1 =
unaffected, 2 = affected).

(XLS)
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ABSTRACT

Restless legs syndrome (RLS) is a common neurologic disorder characterized by nightly
dysesthesias affecting the legs primarily during periods of rest and relieved by movement.
Genetically, RLS is a complex genetic disease and susceptibility factors in six genomic
regions have been identified by means of genome-wide association studies (GWAS). For
some complex genetic traits, expression quantitative trait loci (¢QTLs) are enriched among
trait-associated single nucleotide polymorphisms (SNPs). With the aim of identifying new
genetic susceptibility factors for RLS, we assessed the 332 best-associated SNPs from the
genome-wide phase of the to date largest RLS GWAS for cis-eQTL effects in peripheral
blood from individuals of European descent. In 740 individuals belonging to the KORA
general population cohort, 33 cis-eQTL with pnmnml<1073 were identified. Twenty-three
hereof were replicated at p,mmm]<10_3 in 976 individuals belonging to the SHIP-TREND
general population study. Subsequently, the nine of the 23 ¢is-eQTL SNPs, which were not
located at an already published RLS-associated locus, were tested for association in 2449 RLS
cases and 1462 controls. The top SNP, located in the DET! gene, was nominally significant
(p=0.038) but did not withstand correction for multiple testing (p=0.418). Although no new
genetic susceptibility factor for RLS was identified, whole blood ¢is-¢QTL analysis of known
and potential R1.S-associated SNPs adds a novel level of functional assessment to RLS
GWAS data and suggests new potential candidate genes, although it is limited by the lack of
tissue-specificity for RLS.

INTRODUCTION

Restless legs syndrome (RLS) is a common sensory-motor disorder characterized by
dysesthesias affecting the legs, triggered by periods of rest, relieved by movement and
occurring mostly during the evening and at night. [ 1] Consequences are severe sleep
disturbances, depression, anxiety and possibly also increased cardiovascular risk. [2,3] With
age-dependent prevalences of up to 10% in the adult European population, it is on¢ of the
most common neurologic diseases. [4] RLS is a complex polygenic phenotype and genome-
wide association studies (GWAS) have already identified a total of six R1.S-associated
genomic loci associated with the disease. [5-8] Known susceptibility alleles confer relatively
high risk increases when compared to other complex genetic traits (odds ratios (OR) of up to
2.75)[5]. Itis likely that additional risk loci of weaker effect sizes exist that have not yet been
ascertained in the GWAS carried out so far. It has been shown that single nucleotide
polymorphisms (SNPs) associated with complex genetic traits are more likely to have an

effect on gene expression and, thus, represent expression quantitative trait loci (eQTLs).
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[9,10] The use of cis-eQTL analyses in prioritizing sub-threshold association signals for
GWAS follow-up, has already been successtully employed with regard to several complex
discases such as Crohn’s disease [ 11], asthma [ 12], or schizophrenia [ 13]. Accordingly, we
sought to prioritize sub-threshold RLS association signals from an RLS GWAS [7] via cis-
eQTLs in the human blood for follow-up association study seeking to highlight additional

genetic factors involved in RLS.

MATERIALS & METHODS

Ethics Statement

The KORA and SHIP-TREND studies as well as the recruitment of the RLS case/control
sample was carried out in accordance with the recommendations of the Declaration of
Helsinki and was approved by ethics committee of the “Bayerische Landesirztekammer™ and
the Technische Universitit Miinchen (for KORA and the RLS case/control sample) and the
University of Greifswald (for SHIP-TREND). Wnitten informed consent was obtained from

each of the study participants.

Study Design and SNP selection

The objective of the study was to use blood-based ¢is-eQTL analysis as a filter in the
identification of new RLS susceptibility factors from sub-threshold association signals from a
previously-published GWAS. We selected all SNPs with an association signal of
Promina<1x10 3 (’-corrected, n=332) in the genome-wide phase (i.e. discovery phase) of a
recently published RLS GWAS (n=922 cases and 1526 controls) [ 7] for cis-eQTL analysis to
identify SNPs linked to differential mRNA expression (cis-eSNPs). These 332 signals
represent 197 loci containing a single SNP and 101 loci with two or more SNPs in very high
linkage disequilibrium (LD; 1'22(1_8)_ All 332 SNPs with Il,mmi,,a|<lxl(l'3 were analyzed for cis-
eQTLs first in 740 individuals belonging to the KORA general population-based study and
subsequently replicated in 976 individuals belonging to the SHIP-TREND general population-
based studies. The cis-eSNPs with prominai<1x107 not located at loci of published association
with RLS [ 5-8] were replicated in an independent case/control sample (Figure 1) with the

objective of identifying new SNPs associated with the RLS phenotype.

Cohorts and Case/Control Samples

KORA F4 cohort (discovery sample)
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Based in southwestern Germany, KORA (Cooperative Health Research in the Region of
Augsburg) is a regional research platform for population-based surveys and follow-up studies.
Four cross-sectional health surveys have been performed at five-year intervals between 1984
and 2001 with more than 18,000 subjects’ participating. Each of the four survey contained
independent random samples of individuals of German nationality resident in the city of
Augsburg or one of sixteen adjacent communities. Blood samples were collected from 3080
subjects as part of the KORA F4 examination between 2006 and 2008 [14] . The expression
analysis in this study was based on whole-blood samples of 740 KORA F4 participants aged

62 to 81 years [15] and represents the discovery sample.

SHIP-TREND cohort (replication sample)

SHIP (Study of Health in Pomerania in northeastern Germany) is a population-based project
consisting of two independent cohorts, SHIP and SHIP-TREND. SHIP has been described in
detail. [16] For this eQTL analysis, the SHIP-TREND cohort was used where a total of 976
samples, from individuals aged 20 to 81 years, with both imputed genotypes and whole-blood
gene expression data were available. [ 17] SHIP-TREND was used as a replication sample for

cis-eSNPs identified in the KORA discovery sample.

Case/control sample for eSNP association study

The replication sample comprised 2449 German and Austrian individuals with RLS (average
age 48.0x34.7 years, 70.7% female) and 1462 individuals belonging to the S4 survey of the
KORA general population cohort [ 18] (average age 49.9+13.4 years, 51.7% female), who
were not genotyped in the genome-wide phase of the GWAS [7]. Both case and control
populations were entirely of European descent. In all patients, diagnosis was based on the
diagnostic criteria of the International RLS Study Group [1] as assessed in a personal
interview conducted by an RLS expert. We excluded patients with secondary RLS due to
uremia, dialysis, or anemia due to iron deficiency. The presence of secondary RLS was
determined by clinical interview, physical and neurological examination, blood chemistry,

and nerve conduction studies whenever deemed clinically necessary.

Genome-wide genotyping
As described previously [17,20], genome-wide genotyping of the KORA sample was
performed on Affymetrix Genome-Wide Human SNP Arrays 6.0 following the
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5
manufacturer’s protocol. SNPs with minor allele frequency (MAF) <5%, a call rate <98% or a
significant deviation from Hardy-Weinberg Equilibrium (HWE) (p<1x10~) were excluded.
The SHIP-TREND probands (n=986) were genotyped using the [llumina HumanOmni2.5-

Quad arrays. Genotypes were imputed to HapMap v22 using IMPUTE [19].

Determination of cis- and trans-eQTLs

The eQTL analyses were performed based on gene expression data derived from whole-blood
samples as described earlier [20]. Briefly, in both studies blood was taken and stored in
PAXgene blood RNA tubes, RNA was isolated using the PAXgene Blood miRNA Kit
(Qiagen, Hilden, Germany) and reverse transcribed using the Illumina TotalPrep-96 RNA
Amp Kit (Ambion, Darmstadt, Germany). The labelled cRNA was hybridized to the
MMumina HumanHT-12 v3 Expression BeadChip. After quality control there were
altogether 740 KORA F4 and 976 SHIP-TREND samples with gene expression and as well as
genotype data. For KORA F4 and SHIP-TREND raw gene expression intensities were
exported from Illumina’s “GenomeStudio’ software to the R environment. Data were log2-
transformed and quantile normalized. The eQTL analysis was carried out for all 332 selected
sub-threshold SNPs. For ¢is-eQTL analyses, all probes less than 500 kilobases (kb) away
from the 332 selected SNP were used. Associations between the SNP and the respective
mRNA probes were analyzed with a linear model adjusted for age and sex. P-values were
corrected using the Benjamini and Hochberg procedure. For SHIP-TREND, 324 out of the
332 selected SNPs were analyzed directly. For eight SNPs (rs141616460, rs158019569,
1529574363, 1542812468, 155679963, rs78275963, rs89086653 and rs9920066), proxy SNPs
with r’=1 (SNP Annotation and Proxy Search (SNAP), HapMap release 22, CEU panel [21])

were used.

Genotyping of replicated cis-eQTL SNPs in case/control replication sample

Genotyping was performed on the MassARRAY system using MALDI-TOF mass
spectrometry with iPLEX Gold chemistry (Sequenom Inc, San Diego, CA, USA). Primers
were designed using AssayDesign 3.1.2.2 with iPLEX Gold default parameters. Automated
genotype calling was performed with SpectroTYPER 3.4. Genotype clustering was visually
checked by an experienced evaluator. SNPs with a call rate<95%, MAF<5%, and Hardy-
Weinberg p-value < 1x10° in controls were excluded. Known RLS-associated SNPs were not
followed up in the replication. Association was tested using the allelic test as implemented in

PLINK [22].
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RESULTS

RLS-associated SNPs are more likely to be cis-eQTLs

To test whether RLS-associated SNPs are more commonly cis-eQTLs than those not
associated, we compared the number of ¢is-eQTLs among the 332 most significantly
associated SNPs (all with pnomma1<1X10'3) from the latest RLS GWAS [7] to the 332 with the
worst association p-values. Minor allele frequency (MAF) distribution when MAFs were
divided into 3% bins was similar in both groups. Among the associated 332 SNPs, 52 cis-
eQTLs (pnominal<1X10'3) were found while 37 ¢is-eQTLs were present among the 332 not
associated SNPs. After very stringent LD pruning (setting a threshold of P <=0.5 ), which
was necessary as there was significantly higher LD among the potentially associated SNPs
compared to the not associated SNPs, we found evidence for an enrichment of cis-eQTLs
(pnomma1<lxlO'3) in the associated vs. the not associated SNPs (34 cis-eQTLs among 246
SNPs harboring the most significant association signals vs. 28 ¢is-eQTLs among 313 SNPs
showing the least significant association signals; Fisher’s exact test, one-sided, p <0.05, OR

=1.63).

Analysis of specific cis-eQTLs

Among the 332 best-associated SNPs, 52 cis-eSNPs with pnommaleIO'3 resulting in 45
independent cis-eQTLs were found when assessed in whole-blood samples from 740 KORA
controls. These 45 cis-eQTLs represent 33 loci with LD<0.8. Four SNPs (intronic rs17487827
in BARI>I as well as intronic rs6714954, rs7592599 and rs13387588 in SLC4A45) represented
cis-eQTLs of transcriptome-wide significance (pmmma]XmO'g) (Table 1). Also, of the six
known RLS loci [5,6,7,8], only SNPs at loci on chromosome 6p and 13q are cis-SNPs with
pm),r,mldxlO'3 (Table 1). In both cases, the expression change seen, however, did not
primarily affect the candidate genes at these loci but rather genes in the vicinity (Table 2).
Of the 52 ¢is-eQTLs identified in the KORA sample, 23 (44.2%) could be replicated in
peripheral blood mRNA profiles of 976 SHIP-TREND samples with pmmml<1><10'3 and
eleven of these reached transcriptome-wide significance when using a 5% Benjamini-
Hochberg false discovery rate for multiple testing correction. rs17487827 in BARD I was the
only cis-eSNP that reached transcriptome-wide significance independently in both cohorts.
The 23 replicated cis-eSNPs contained nine that were dependent upon SNPs at the known
RLS-associated locus on chromosome [5g (MAP2K5/SKORI) (Table 2). Interestingly, none
of these were dependent upon expression changes of SKOR! and only two (rs4489954 and
rs28670272) affected the expression of MAP2K 5, the two candidate genes underlying the
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GWAS association signal at this locus. Instead, seven cis-eSNPs coincided with differential
expression of CALMI.4, located approximately 400 kb upstream of the known locus.

The remaining 14 cis-eSNPs represented twelve individual loci as three SNPs (rs7592599,
rs6714954 and rs13387588) located in SL.C445 all associated with decreased expression
levels of two neighboring genes, AUP I and MRPL53. Directions of differential expression
only concurred in 42.9% (6 out of 14) of replicated cis-eSNPs (Table 1).

Trans-eQTLs linked to RLS-associated SNP s

In order to examine possible frans-effects of SNPs of known association with the RLS
phenotype, we also assessed transcriptome-wide frans-eQTLs in the whole-blood samples for
13 SNPs known to be associated with RLS [5-8]. However, none of the frans-eQTLs
identified in KORA F4 or SHIP-TREND could be replicated at pnmni,ml<1x10'3 in the

respective other cohort (data not shown).

Replication of sub-threshold SNP s representing cis-eQOTLs

Twelve cis-eSNPs with pnmninal<1073 in both the KORA and the SHIP-TREND study were
selected for replication in an independent sample comprising 2449 German and Austrian RLS
cases and 1462 general population-based controls belonging to the KORA cohort. Due to
technical reasons, intergenic SNP rs6746899 could not be included in the replication. One
SNP in DET! (rs9920066) showed nominally significant association (Ppomina=0.03) but did
not withstand Bonferroni correction (peomrected=0.41) while the other ten SNPs were not

associated with the RLS phenotype in the replication sample (Tablel).

Expression in Brain

The relevance of blood cis-eQTLs or cis-eSNPs —that is ¢is-eQTLs reflecting SNP-
dependent mRNA expression changes in whole blood samples—to neurologic and psychiatric
diseases has been shown. [9] However, differences between blood eQTLs or eSNPs and brain
eQTLs or eSNPs —that is those cis-eQTLs or eSNPs showing SNP-dependent mRNA
expression changes in brain tissue samples— have also been demonstrated. [23] Therefore,
we analyzed the brain cis-eQTL status of all 23 replicated c¢is-eSNPs using the NCBI GTEx
eQTL browser (http://www.nchi.nlm.nih.gov/gtex/GTEX 2/gtex.cgi, accessed August 5, 2012)
and the seeQTL browser (http://gbrowse.csbio.unc.edu/cgi-bin/gb2/gbrowse/seeqtl/, accessed
August 5, 2012). None of the 23 blood cis-eSNPs were also cis-eSNPs with pm,mmldxlO'3 in
the cerebellum, frontal and temporal cortex or pons (n=142 to 144) [24] or in whole brain

(n=193). [25]
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DISCUSSION

Blood cis-eQQTL analysis has been successfully used in enhancing output from GWAS. [11,
12, 13] Here, we evaluated cis-eSNPs and cis-eQTLslinked to (potential) RLS susceptibility
genes identified in previous RLLS GWAS in order to prioritize sub-threshold candidates for
follow-up evaluation. In deoing so, we identified one SNP in the de-etiolated 1 encoding gene
DETI (rs9920066) that reached nominal significance in the replication phase but did not
withstand correction for multiple testing. Re-evaluation of the DET! locus in data from the
genome-wide phase of the last RLS GWAS [7] uncovered three additional SNPs—one in high
LD (+*=0.96) and two in lower LD (+’<0.4) with rs9920066—marginally associated with the
RLS phenotype at ppomina<0.05. A direct functional link between DET! and the RLS
phenotype is not apparent. DET1 is known to endorse degradation of the protooncogenic
transcription factor ¢-Jun via a multi-subunit ubiquitin ligase. [26] It is much better
characterized in the plant Arabidopsis thaliana where it acts in light-dependent transcriptional
repression in the circadian clock. [27] Even if 1s9920066 were a true susceptibility factor, risk
increases conferred by the A allele of rs9920066 would be small (OR = 1.11 (95% confidence
interval: 1.00-1.22)). Statistical power calculation using the Purcell Power Calculator [28]
revealed that in order to replicate an association for one SNP with MAF = 0.30 at a = 0.05,
one would need a minimum of 5,767 cases and 5,767 controls to achieve 80% power for
detecting effects with an OR of 1.11, sample sizes which are currently unattained even by the
world-wide RLS genetics consortium.

Moreover, when drawing conclusions on RLS-specific functions, one caveat has to be that
cis-eQTLs employed in selecting SNPs for replication were evaluated in peripheral blood and
not a more disease-specific tissue. Although the underlying pathophysiology is not entirely
clear, an involvement of the central nervous system in RLS pathophysiology seems most
likely. Evaluation of the 23 replicated cis-eSNPs in two human brain expression data sets
showed that none of the blood ¢is-eQTLs were also found in the brain samples. One reason
could be that the number of brain samples in both studies was smaller than the number of
blood samples evaluated in our study (347 brain samples vs. 1716 blood samples) and the
analysis could, therefore, be underpowered to detect the same effects. Also, it is possible that
cis-eQTLs dependent on (potentially) RLS-associated SNPs in the peripheral blood do not
overlap with those in the brain and are not functionally relevant for disease pathogenesis.
Lastly, it is known that eQTLs can be specific to developmental time points [24,25] and brain

regions [23] and that they were, therefore, not detected in the available data. However, at the
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moment, neither the time point nor the brain region most relevant to RLS pathophysiology
has been identified and can be evaluated specifically.

Although none of the RLS-associated SNPs selected for follow-up could be replicated, two
additional interesting aspects emerged. For one, one of the known RLS susceptibility loci on
chromosome 13q [5-7] comprising RLS candidate genes MAP2K 5 and SKOR ! harbored nine
cis-eQTLs with pnominal<1X10'3. Two of these showed altered MAP 2K 5 expression dependent
on the RLS-risk allele though in different directions in KORA and SHIP-TREND, while none
were related to altered expression of SKOR/. Interestingly, seven RLS-linked SNPs in

MAP 2K 5 were further related to altered expression of calmodulin-like 4 (CALML4), a gene
located approximately 400 kb upstream of the RLS-associated MAP 2K 5/SKOR1 locus.
However, here, too, the direction of differential expression was not the same in both cohorts.
In one study, Calml4 was linked to murine chondrogenesis [29], however, beyond this, data
are lacking. Despite the fact that several studies have been successful in using cis-eQTLs to
fine-map or provide functional support for specific genes at a GWAS locus [12,30,31], here,
the situation is not as clear. It is possible that potential RI.S-associated expression changes in
CALMIL4 are due to SNPs in CALML4, which are in high LD with RLS-associated SNPs at
the MAP 2K 5/SKOR 1 locus. Alternatively, it cannot be excluded that variation in CALAI4
instead of, or in addition to, MAP 2K5/SKOR could play a role in RLS pathogenesis, as has
been postulated with regard to other complex traits such as the body mass index [32] or that
these expression changes are artificial as they do not concur in the two cohorts.

Lastly, one cis-eSNP in BRCA I-associated ring domain, BARID 1, was found with
transcriptome-wide significance independently in both KORA and SHIP-TREND. However,
the SNP’s association with the RLS phenotype could not be replicated in our second
case/control sample and is, therefore, unclear.

Overall, we were unable to establish a new genetic susceptibility factor for RLS, although, at
least in the case of DET ], this may be due to the lack of power to replicate alleles conferring
only a small risk increase. However, our analysis of peripheral blood cis-eQTLs has added a
new level to the functional assessment of GWAS results for RLS and the fact that the best
associated SNPs harbor more blood cis-eQQTLs than the worst associated SNPs justifies this
approach specifically with regard to RLS. DET1 emerged as a new candidate gene of
potential relevance to RLS although our study is challenged by the fact that cis-eQTLs were
evaluated in peripheral blood and not a tissue of more pathophysiologic relevance to RLS. In
the future, as the neuroanatomic correlates of RLS become more defined and more expression

profiles of different brain regions become available, it will be interesting to assess whether
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these also play a role in brain-region-specific, RLS-allele-dependent eQTLs and in disease

development.
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Figure 1: Study Design.
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Table 1: RL.S-associated SNPs representing cis-e(QTLs in peripheral blood.
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Association SHIP- SHIP-
(Prasina from TREND ciss  TREND Association  Association
past GWAS) KORA cis- Major Allele  KORA eQTL major SHIP- Replication Replication
SNP Locted in Gene egﬁressim altered [7] eQTL (Poina) KORA beta [(—— allele TREND ELL (P roguinal) (p, )
1517487827 BARDI BARDI 000021 Lo2x10™% c 0171 9.20x10" c -0.110 0255 NS
156746809 intergenic intergenic 0.00089 1.53x10° A 0172 1.61x10* A -0.130 no assay
56714954 NBCY MRPL53/AUPY 000021 2.22x10% G 0.145 8.50x107 G 0.104 0148 NS
59920066 DET! DET! 0.00053 2.26x10° T -0.071 2.31x10° T -0.054 0038 NS (0.418)
159354792 CR595314 CR595314 000078 3.20x10°* A 0,086 3.36x100 A 0048 0521 NS
56696524 SCMH! SCMH? 0.00084 1.23x107 G 0106
1s2250205 EIFG/ITGB4BF EIFG 0.00033 5.00x107 G 0.141
1517125761 intergenic EROIL 0.00054 9.40x10"7 T -0.091 485x10°% T 0.066 0.965 NS
151076094 GRB2 GRB2/VUP 85 0.0002 1.87x10% ¢ 0142
154646861 ALDHGHI LINS2 0.00071 3.88x10° A 0.071
1511024433 SERGEF SAALT 0.00088 5.58x10° G 0074 1.35x10° G 0,051 0557 NS
187670748 intergenic intergenic 000013 7.86x10°% c 0134 8. 78x101? c 0125 0.499 NS
152250205 EIFG/ITGB4BF EIFG 0.00033 9.26x10° < 0115
152029361 intergenic SMCE 0.00095 9.95x10° c 0.099 0.0003 c 0063 0385 NS
15738415 Intergenic BCO33837 0.00062 1.04x10°* G 0.142 1.49x107 -0.119 0937 NS
54388643 ZNF36¢ ANKRD35 0.00047 1.51x10% G 0072 441x10°% 0055 0533 NS
1512600464 SEAPI CDESRAP3 0.00012 2.30x10° A 0127
1511182236 PUSTL IRAKA 0.0007 3.22x10° G 0124
153127065 intergenic L3MBTL 0.00062 0.00011 A 0.047
1528670272 MAPZES CALBMLS 0.00025 000019 A -0.064 462x10° A 0053
1512593813 MAPZES CALML#/MAP2KS 1.49E-06 000022 G 0059 3.65x10° G 0048
52814888 BTBLO Lol 0.00028 0.0003 T -0.096
151822736 intergenic C12orf23 1.28E-05 0.00034 T 0.051
15683856 KCNC3 NAPSB 0.00013 0.00034 T -0.125 1.64x107 T 0.116 0618 NS
159380748 BTEDQ GLol 0.00054 0.00035 T 0095
52306219 SLC23A19 GRB2 0.0002 0.00058 T 0108
1511231 RCAN3 SRRMI 0.00041 0.00058 ¢ -0.065
17602776 intergenic LOXE3 2.14E-05 0.00061 T -0.049
13799979 SUPT3H intergenic 0.00081 0.00063 T 0241
152025682 Irergenic irtergenic 0.00019 0.0008 A 0.028
1510972919 imergenic MELK 0.00094 0.00081 A 0.027
151555322 MMP24 CPNE! 0.00056 0.00086 G 0116
157916801 XPNPEFI XPNPEF! 0.00075 0.0009 G 0.049

A total of 52 ¢fs-eQTLs dependent upon 45 RLS-associated SNPs were found in KORA
(Pnominal< 1X10'3). These 45 SNPs represent 33 independent loci. The SNP showing the best association
with the RLS phenotype is listed. SNPs for which the cis-eQTL was replicated in the SHIP-TREND

cohort and which were carried further into the replication phase are printed in bold. NS=not significant
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Table 2: cis-eQTLs at known RLS-associated loci.

Gene Association KORA SHIP-TREND SHIP- SHIP-

expression (Prominal fTOmM KORA cis- major cis-eQTL TREND TREND
SNP Located in altered past GYWAS) eQTL (P pomica) allele KORA beta  (Ppeyia) beta major allele
54391830 BTBDR GLOI 0.000377322 0.000283749 T -0.09549 273E-01 0.0183 T
152814888 BTBDR GLOI 0.000284845 0.00030609¢ T -0.09579 1.89E-01 0.0221 T
139380748 BTBDY GLO! 0.000541914 0000358813 T 0.09466 261E-01 00188 T
1512593813 MAPZLS CALML4 1.49E-06 000022361 (<] -0.05267 3.63E-06 0.0484 G
1311635424 AAPZES CALMI4 1.52E-06 0.000226735 G -0.05887 3.59E-06 0.0485 G
13868037 MAFPZES CALMLE FS51E-07 0000267826 G -0.05848 2 62E-06 0.04591 G
154489954 AAPZES CALMI4 826E-06 0000388586 G -0.05767 1.32E-06 -0.0519 G
131026732 MAPZES CALMLL 4.01E-06 0000515309 G -0.05569 3.56E-06 0.0484 G
156494696 MAFZKS/LBXCOR!  CAIMI4 370E-06 0.000424605 G -0.05669 3.23E-06 0.0487 G
1328670272 MAP2KS/LBXCOR!  CALML4 00002593 1.93E-04 A -0.06438 4.62E-06 -0.0531 A
154489954 MAPZXS MAPZKS 8.26E-06 0.0004486 G -0.05767 0.000837691 -0.0351 G
1328670272 MAP2KS/LBXCOR]  MAP2KS 00002593 0.000980145 A -0.04949 7.13E-05 -0.0450 A

15
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2.3 Schulte et al., Variant screening of the coding regions of MEIS1 in patients with
restless legs syndrome, Neurology, 2011""

Personal contributions: | performed LightScanner® high-resolution melting curve analysis
and follow-up Sanger sequencing of the codin% regions of MEIS1, analyzed the
LightScanner® data, participated in Sequenom®-based genotyping and data analysis and
recruited part of the family described. | wrote the manuscript and designed all figures and

tables.
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VARIANT SCREENING OF THE CODING
REGIONS OF MEIS1 IN PATIENTS WITH
RESTLESS LEGS SYNDROME

Restless legs syndrome (RLS) is a common and ge-
netically complex neurologic disease presenting with

in the eve-

an urge to move the legs and dysesthesias
ning and at times of rest. Genome-wide association
studies have linked single nucleotide polymorphisms
in MEIS! and 3 other loci to an increased suscepti-
bility to RLS."* However, to date, only one poten-
tially causal variant has been reported.® Therefore, we
screened the coding regions and exon-intron bound-
aries of MEIS! for variants, which by exerting a
strong phenotypic effect could provide a basis for as-
sessing the function of the gene in RLS.

Methods. Using Idaho LightScanner high-resolution
melting curve analysis, we sereencd DNA of 188 pa-
tients with RLS of a first discovery sample (72.8% fe-
male, mean age 60.0 % 11.2 years), all harboring RLS
risk alleles of MEIST (GIT or GFG for rs2300478), for
aberrant meltng patterns (e-Methods on the Newrol
09 Web site at www.neurology.org). Exons showing
changes suggestive of variants were sequenced on an
ABI Prism 3730 sequencer, and variants identified were
subsequently genotyped in an independent German
sample (henceforth termed “second sample”) consisting
of 735 patients with RLS (70.8% female, mean age
61.5 & 14.2 years) and 735 unrelated control subjects
(74.5% female, mean age 59.8 * 11.3 years) by matrix-
assisted laser desorption ionizadon/tme-of-flight mass
spectrometry. Discase segregation was evaluated in one
family with the p.R272ZH mutation of exon 8 of
MEISI, previously related w RLS RLS in all patients
was diagnosed in accordance with standard diagnostic
criteria’ {e-Methods).

Srandard I 1. .
Fd PP % g

, and patient
consemts. Ethics review hoard approval and partici-

pants’ written informed consent were obtained.

Results. In the discovery sample, we identified 3
novel nonsynonymous nucleotide substitutions in
exons 3 (p.H81Q) and & (p.5204T) and in one tran-
seript containing exon 13 (p.M4353T} of ME/S! in
one patient each. In addition, 2 patients showed the
p-R272H variant.

nterprises,

Clinical/Scientific

Notes

Genotyping in the sccond sample revealed
p.HBIQ in 2 control subjects and p.M453T in 2
case patients and 3 control subjects, whereas
p.5204T was observed in one case patient. p.R272H
was not found in any additional case patients or con-
trol subjects (figure, A).

Segregation analysis performed on 7 family mem-
bers revealed 4 affected individuals who presented the
p-R272H variant (figure, B). One family member
(I11-1) and one married-in individual (111-3) were af-
fected but did not show the p.R272H variant.
p.R272H was not found in one unaffecred individual
(I-1}.

Because all p.R272H patients were of Czech heri-
tage, we further evaluated the presence of a putative
p.R272H founder mutation in 279 Czech patients
with RLS (53.1% female, mean age 55.8 * 14.9
years), but did not find any additional carricrs.

Discussion. Screening of the coding regions of
MEIST in patients with RLS revealed 3 novel vari-
ants. In all cases, patients reported one or more rela-
tives with at least a suspicion of RLS; however,
familics were small and individuals in many instances
not available for further study so thar pathogenicity
of the variants was not evaluated. We also confirmed
the p.R272H variant of MEISI' in 2 patients with
RLS, one belonging to a family in which the RLS
trait seems to be inherited in an autosomal dominant
fashion. As observed previously, the p.R272H vari-
ant is located within the highly conserved TALE ho-
meobox domain, which is essential for dimerization
and transcription activation and disruption of which
is known to be detrimental.* Therefore, this variantis
considered the most likely candidate for an RLS-
linked pathogenic mutation to date. In our sample, it
was only present in RLS-affected individuals. How-
ever, segregation analysis also revealed affected indi-
viduals without the variant, suggesting that because
RLS is a common discase, these cases could represent
phenocopies, that is, similar phenotypes due o dif-
ferent genetic alierations. As opposed to the pheno-
type described in the North American p.R272H family,
disease representation was rather homogeneous in our
family with severe and early onset of symptoms. The

second patient with p.R272H reported only a daughter

anloadtd riny wivw hitrofagy 'oke at MAX PLANCK INST F PSYCHIATRIE on March 27,
S\N fne. L]ﬁinauthonzed reproduction of th
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[ Figure Variants of th

A

e coding regions of MEIS1

Region Genomic position Nuclectide/amino acid substitution First sample Second sample

(chr. 2, NCBI 36/hg18) Cases Controls MAF
MEIS1 exon 3  novel 66,520,482 CA[C/G] - His=GIn Hg1Q 1/186 0/0/722 0/2/717 0.001
MEIS1 exon6 novel 66,523,664 [T/AJCA - Ser=Thr 52047 1/188 0/1/723 0/0/723 <0.001
MEIS1 exon 8 Ref. (4) 66,592,857 CIGIAJT - Arg>His R272H  2/365 0M1/723  0/0/725 <0.001
MEIS1 exon 13 novel 66,652,131 A[T/C]G - Met=Thr M453T 11178 0/2/716 0/3/722 0.002

B

(&) Table llustrating the nucleotide and amino acid substitutions of novel coding variants and pR272H of MEISL as well as their freguency in the first
Imutation carriers/total number of patients with restless legs syndrome [RLS3] tested) and the second sample (homozygotes/heterozygotesfhomozygotes
in case patients and control subjects). (B] Segregation analysiz of the p R272H variant of MEIST in an RLS family Men ararepresented by squares and
women by circles; a diagonal line indicates a deceased individual. For individuals sequenced, mt indicates those carrving the pR272H variant and wt
indicates noncarriers. The arrow denotes the index patient. MAF = minor allele frequency.

CopyrightD(g)“EJ;

with possib]c RIS durirlg pregnancy, which could be
suggestve of variable expressivity of the p.R272H vari-
ant as well as the presence of addidonal modifying fac-
tors. Overall, segregadon analyses remain inconclusive
because of the small size of p@digml yet support the
notion that p.R272H MEIS! could be causally reheed
to RLS.

All addidonal varian s affect amino acids highly con-
served in vertebraess. Although not locared within a
known funcdonal protein domain, bicinformadcs a.lgo-
rithms® predice p.5204T and pH81Q w© be disease-
causing, whereas p.M453T is likcly o be funcl:iona]ly
neural. However, the fact that, as opposed to p-H81Q)
and p.M453T, p.5204T was only found in RLS-
affected individuals renders this varianta second poten-
tdal candidare for a disease-causing genetic alteradon.

However, one limitation of this study is the fact
that the control subjects used are general populadon
conwol subjects and thus we cannot exclude the pos-
sibility that variants also found in conwol subjects
(pH81QQ and p.M453T) are not related to RLS. Ac-
cording]y, these warrant furdher leplication in an in-
dependent daraser.

Our resuls show that exonic variants in MELS7
are not common in RLS. However, it is still possible
that rare exonic variants of strong effect could play a

causadve role in RLS in rare cases, as is known for

aded

RARE
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other complcx discases,” and cheir smdy is imporant
because they could provide significant clues toward

understanding of the disease mechanism.
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CSF COMPLEMENTS SERUM FOR EVALUATING
PARANEOPLASTIC ANTIBODIES AND NMO-lgG

The detection of neural-reactive immunoglobulin
G (Ig3) autcantbodies aids the diagnosis of
organ-specific autoimmune neurologic disorders.
Many paraneoplastic autoantibodies reliably pre-
dict a particular cancer type and are accompanied
by varied neurologic presentations of subacute on-
set.! The detection of neuromyelitis optica
(NMO)-IgS predicts a relapsing inflammatory
demyelinating disorder predeminated by optic
neuritis and transverse myelitis.? ¥When an autolm-
mune neurologic disorder is suspecred, serologic
testing of serum is frequently undertaken before
more invasive CSF evaluaton. However, CSF evalua-
tion can complement testing of serum when suspicion
for an auwimmune etiology persiss despite a negarive
serurn result. Here we TEpOTT, for a 25-year period of
testing by standardized indirect immunofluorescence
protocols, the frequency of neural autoantbody detec-

tion in serum and CSE.

Methods. The immunofluorescence protocols we
used were validared in this laborarory for detscdon of
paraneoplastic antibodies {anti-neuronal nuclear
antibody [AMNDA]-1; ANNA-Z; AMNMA-3; Pur-
kinje cell eytoplasmic antibody [PCA]-1; PCA-2;
PCA-Tr; collapsin response-mediator protein
[CRMP]-5-1gG; amphiphysin antibody; antiglial/
neuronal nuclear antibody [AGNA]-1; NMDA re-
ceptor antibody) and NMO-Ig5. We searched the
Mayo Clinic Meuroimmunology Laboratory data-
base (January 1986 to March 2010) for all patient
samples submitted for service evaluation of para-
neoplastic or NMO-IpG. We included both Mayo
Clinic and non-Mayo patients for whom both se-
rum and CSF were submitred, and reviewed avail-
able oncologic data for patients with antibodies
identified by CSF testing.

X PLANCEK INST FPS
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Results. Testing was performed on a clinical service
basis for a median of 12 years (ranpe 2—25 vears). The
antibody detection rare in all specimens ranged from
0.01% for PCA-Tr to 7% for NMO-TgG (mble].

In patients for whom paired serum and CSF sam -
ples were tested, the antibody detection rate ranged
from 0.08% (PCA-TT) to 9% (NMDA receptor an-
tibody). One or more neural auroantibodies were de-
tected in 462 patients (497 antibodies detected). In
405 of those 462 parients, bath serum and CSF
vielded a positive result (88%). In 57 patients, serum
or CSF alone was positive (12%). Ameong those pa-
tients, serum alone vielded a positive result in 31
{(54%) and CS8F alone in 26 (46%). For classic para-
ncoplastic antibodies, C5F alone yiclded 4 positive
result in 20 patients, twice as commonly as serum
alone (10 patients). For NMO-IgG, serum zlone
vielded a positive resultin 21 patients 3.5 times more

commonly than CSF alone (& patients).

Discussion. From our review of a 25-year experi-
ence with immunoflucrescence testing on a service
basis in the Mayo Clinic Neuroimmunology Lab-
oratory, we found thar the rate of clinica.lly pert-
nent autoantibody detection was highest when
both serum and CSF were tested. It is plausible
that this finding may reflect a preater likelihood
of physicians deciding to test both serum and CSF
in patients with the highest index of clinical
suspicion.

When both serum and CSF were tested, CSF was
more commonly informative than serum for paranco-
plastic antibody detecrion. This raises concern that clin-
ically impormnt neural andbodies may be missed when
only serum s tested. This finding was most prominent
for NMDA receptor-specific Ip. Consistent with this
finding, Kumar et al? recently reported 3 patients, each
of whom had NMDA recepror 1gG detected in CSF

but not in serum. Where there is a high suspicion for

CHIATRIE on March 27, 2011 —_—
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2.4 Schulte et al., An excess of rare loss-of-function alleles substantiates MEIS1 as a
genetic factor in restless legs syndrome, in preparation'¥

Personal contributions: | designed the study and performed LightScanner® high-resolution
melting curve analysis of the coding regions of all seven genes as well as of MEIS1 in the
large case/control sample, follow-up Sanger sequencing and all data analyses. | designed the
multiplex PCRs for Sequenom®-based genotyping and analyzed all genotyping data. | carried
out part of the statistical analyses used in burden testing. Moreover, at the laboratory of Prof.
Nicholas Katsanis at the Center for Human Disease Modeling, Department of Cell Biology,
Duke University, Durham, NC, USA, I cloned all mutagenized constructs used in the in vivo
complementation assay in zebrafish, made all mMRNA for injections, participated in the
injections of morpholino and mRNA into zebrafish embryos and performed most of the
staining, imaging and image analysis as well as the statistics. | wrote the manuscript and
designed all figues and tables except for Supplementary Figure 2 and Figure 3 B.
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INTRODUCTORY PARAGRAPH

Restless legs syndrome (RLS) is a common neurologic disorder characterized by nocturnal
dysesthesias and an urge to move affecting the legs. Genetically, it is a complex disease and
genome-wide association studies (GW AS) have identified common susceptibility alleles at six
genomic loci. Performing a fine-mapping analysis, we identified low-frequency and rare
coding variants at these six risk loci and observed an excess of rare variants both across all
loci but also for A/EIS] alone. The rarer the variants, the more likely they were found in
individuals with RLS. In MEIS], functional assessment in zebrafish embryos revealed an
excess of loss-of-function alleles among the rare non-synonymous variants. At the MFEIS/
locus, the whole spectrum of genetic variation with regard to frequency and effect sizes

contributes to the genetic framework of a complex genetic phenotype such as RLS.

MANUSCRIPT BODY

Restless legs syndrome (RLS, OMIM*102300) is one of the most common neurologic
disorders with an age-dependent prevalence of up to 5-10% in Europe and North America’.
RLS is characterized by an irresistible urge to move the legs accompanied by disagreeable,
often painful sensations in the lower limbs at night. Moving the affected legs or walking leads
to a prompt but only temporary relief'. As a consequence, patients suffer from insomnia
leading to an impairment of quality of life and mental health. RLS is genetically complex and
a highly familial trait with estimates of heredity between 54% and 69% as derived from twin
studies™.

For RLS, susceptibility alleles at loci identified by current genome-wide association studies
(GWAS) explain only about 6.8% of the estimated heritability*. Some of the ,,missing
heritability“5 in RLS and other complex genetic diseases may lie hidden in a collection of rare
and very rare variants of strong effect, which cannot be identified by means of GWAS®’. For
a few other complex genetic diseases such as diabetes or chronic inflammatory bowel disease,
rare variants contributing to disease development have recently been identified within known
GWAS loci®’, thus supporting the concept of allelic series in complex genetic disorders.
Although one potentially causal rare variant has been described in A/EIS'"!, to date, no
variants of strong effect are established for RLS.

In order to assess low-frequency (1% < minor allele frequency (MAF) < 5%) coding variation
at the known RLS susceptibility loci entailing candidate genes MEISI, BTBDS, PTPRD,
MAP2KS, SKOR], TOX3 and the non-coding RNA BC0347674’12'14, we screened the coding
regions and exon-intron boundaries (+ 10 bp) using high-resolution melting curve analysis

(LightScanner, Idaho Technology, Inc.) and Sanger sequencing in 188 German individuals
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with RLS (demographics to be added, also see Online Methods) and 188 controls belonging
to the KORA general population cohort'® based in Southern Germany (demographics to be
added). A total of 50 variants with MAF < 5% were identified in both cases and controls
(Supplementary Table 1). When collapsed across all seven loci, low-frequency synonymous
and non-synonymous variants combined occurred more frequently in cases than in controls
(78 cases with a variant vs. 46 controls; p=0.004, McNemar test, odds ratio (OR)=2.19 (95%
confidence mterval (CI): 1.41-3.40)). Non-synonymous variants alone also showed a trend
towards being more frequent in cases than in controls (40 in cases vs. 24 in controls; p=0.045,
McNemar; OR=1.85 (95% CI: 1.06-3.21)). Within MEIS], synonymous or non-synonymous
low-frequency variants were present in 9 cases but only 1 control (p=0.011, McNemar;
OR=9.4 (95% CI: 1.18-74.97)) while no difference in the amount of low-frequency variation
was obvious in any of the other genes (Supplementary Table 1). Variants did not seem to
cluster within specific regions of the examined genes (Figure 1). To assess a possible
association with the RLS phenotype, we next genotyped 40 of the 50 identified variants in
3265 German and Austrian RLS cases (65.2+11.3yrs; 29.3% male) and 2944 KORA controls
(56.1+£13.3yrs; 48.7% male). 10 of the 50 variants could not be included for technical reasons.
While low-frequency variants—either all together or only non-synonymous ones—with MAF
< 5% where not significantly more frequent in RLS cases than controls, there was a distinct
excess of rare variants with a KORA-derived MAF < 1% (total: 200 vs. 136 individuals with
variants, p=0.008, XZ test, OR=1.35 (95% CI: 1.08-1.65); non-synonymous only: 156 vs. 48
individuals with variants, p=3.71x10™"%, 4 test; OR=3.02 (95% CI: 2.18-4.20)) and even more
so with MAF < 0.1% (total: 51 vs. 12 individuals with variants, p=5.84x10, 3* test; OR=3.88
(95% CI: 2.06-7.28); non-synonymous only: 35 vs. 5 individuals with variants, p=9.16x10°°,
2 test; OR=6.36 (95% CI: 2.49-16.27)) in individuals with RLS compared to controls (Figure
1). At the MEIST locus alone but not at any of the other six loci, the same held true. Here, too,
rare variants with MAF<1% (total: 116 vs. 67 individuals with variants, p=0.002, xz test;
OR=1.58 (95% CI: 1.17-2.15); non-synonymeous only: 39 vs. 14 individuals with variants,
p=0.002, ¥* test; OR=2.53 (95% CI: 1.37-4.67)) and MAF<0.1% (both total and non-
synonymous only: 9 vs. 1 individuals with variants, p=0.01, XZ test, OR=8.15 (95% CI: 1.03-
64.25)) were seen more frequently in cases than in controls. Permutation analysis (n=5000)
substantiated this finding (total: p=0.0037, OR=18.62 (95% CI: 2.48-139.44), non-
synonymous only: p=0.0072, OR=30.48 (95% CI: 2.34-395.87)) (Figure 1). No low-
frequency coding variants with 1%<MAF<5% were found in MFEIS]. Several individual rare

variants in MEIS! (p.R272H and p.M4353T), TOX3 (p.A233A), and PTPRD (¢.551-4 C>G,
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p.P278P and R1898C) were nominally associated with RLS in the large case/control sample
but associations did not withstand correction for multiple testing (Supplementary Table 1).
The excess of low-frequency and rare variants at RLS-associated GWAS loci was most
pronounced for MEIS]. Accordingly, we sought to expand our analysis to a more
comprehensive investigation of genetic variation both with regard to frequency and location
within MEIS] by screening the coding regions £ 10 bp as well as the 3 and 3 untranslated
regions (UTRs) + 100 bp for variants with MAF<5% in 3760 German and Austrian RLS
cases of German and Austrian origin (demographics to be added) and 3542 KORA controls
(demographics to be added) by means of LightScanner® high-resolution melting curve
analysis (Online Methods). We identified a total of 89 such variants (Supplementary Tables 2
and 3), 22 of these coding in either isoform 1 (ENSP00000272369) or isoform 2
(ENSP0O0000381518) of MEIS!. Overall, there was an excess of variants with MAF<5%
across all examined regions of MEIS] (1451 occurrences of a variant in cases vs. 649 in
controls, p=3.22x10°, % test; OR=2.35 (95% CI: 2.13-2.60)) although this was largely
dependent on rs11693221 in the post-3° UTR region (MAF t35s=13.55%, MAF oniro1s=3.58%;
p=8.79x10", %* test; OR=4.16 (95% CI: 3.61-4.80)) (Supplementary Table 3). Without this
variant, the overall numbers of individuals with low-frequency and rare variants across all
regions of MEIS] were similar in cases and controls (432 vs. 396; p=0.68, Xz test). However,
stratification of variants according to their localization showed an excess of rare variants with
MAF<1% in the 5° UTR (16 cases vs. 2 controls; p=6.2x10"*, logistic regression of the
phenotype on number of variants of each type, OR=7.62 (95% CI: 1.75-33.19)) and among
non-synonymous coding variants in isoform 2 (34 vs. 15; p=0.005, logistic regression;
OR=2.31 (95% CI: 1.24-4.32)) in individuals with RLS compared to controls (Figure 2). Non-
synonymous coding variants in isoform 1 also showed a trend towards being more frequent in
the cases than in the controls (18 vs. 9; p=0.11, logistic regression; OR=1.88 (95% CI: 0.85-
4.21)). Low-frequency and rare variants located in the 3 UTR collectively showed a trend
toward being protective (240 vs. 275; p=0.03, logistic regression; OR=0.84 (95% CI:0.71-
0.99)) (Figure 2).

Because it is likely that a locus associated with a complex genetic phenotype will harbor not
only disease-linked variants of different frequency and statistical effect sizes, we next
investigated the functional effects of the identified non-synonymous coding variants of
MEIS!. The morpholino-based knock-down of meis! is known to result in a reduction of
optic tectum size in zebrafish embryos 72 hours post fertilization (hpf)!’. Co-injection with
human MFEIST wildtype mRNA can rescue this phenotype (Figure 3) while co-injection with
MEIST mRNA harboring a variant predicted to ablate DNA binding ability
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(p-R276A+N325T) serving as a positive control cannot (Supplementary Figure 2). Of note,
the morpholino-dependent knock-down of map2k5, another putative RLS gene identified in
the GWAS (also see above), yvields a very similar phenotype with regard to the size of the
optic tectum, which is likely to be specific because it can be rescued by co-injection with
human MAP2K5 mRNA (Figure 3). The fact that the knock-down of other genes of known
involvement in neurodevelopment, such as, for example, myst3/MYST3, which showed no
association with the RLS phenotype in previous GWAS (data not shown), supports the
relevance of this phenotype to genes believed to be involved in RLS and not merely
neurodevelopment as the whole.

All 13 non-synonymous coding variants identified in isoform 1 as well as the four non-
synonymous variants, which are coding solely in isoform 2, observed in the 3760 RLS cases
and 3542 controls (Figure 3 and Supplementary Table 3) were analyzed using this in vivo
complementation assay in zebrafish embryos (n = at least 150 per variant). Incomplete rescue
by human mRNA harboring non-synonymous variants is indicative of dysfunctional
hypomorphic or null alleles (Online Methods). Among the 13 alleles of isoform 1, we
identified two benign, six hypomorphic and five null alleles (Figure 3). There was an excess
of complete loss-of-function alleles (i.e. null alleles) in individuals with RLS compared to
those without (13 in cases vs. 2 in controls; p=0.006, y* test; OR=6.14 (95% CI: 1.38-27.23))
(Figure 3). When assayed in isoform 2, however, none of the four non-synonymous variants
coding only in isoform 2 nor two variants shown to be functional nulls in isoform 1 (p.S204T
and p.R272H) showed any effect on tectum size in isoform 2 (Supplementary Figure 2). As
overexpression of AMJEIS! mRNA harboring the 13 variants identified in isoform 1 also had no
effect on optic tectum size (Supplementary Figure 2), loss-of-function represents the likely
mechanism underlying the invelvement of rare coding variants in MEIST in RLS.

Previous GWAS have established the genomic locus encompassing MEIS] as the most
significant susceptibility region for RLS*'. The most likely candidate gene in this region is
MEISI, a TALE homeobox transcription factor known to be involved in specifying spinal
motor neuron pool identity and connectivity'® as well as proximo-distal limb patterning'”
during embryonic development. Recent studies in the context of RLS have also suggested a
link to the iron metabolism in the central nervous system”**!.

The excess of rare alleles of functional effect in RLS patients compared to controls shown
here substantiates MEIS] as the causal genetic factor underlying the observed associations.
Moreover, it implicates loss-of-function as the mechanism underlying this association, at least
with regard to rare variants. Interestingly, we also observed a new association with a low-
frequency variant (rs1169322) located approximately 70 bp downstream of the 3° UTR of
MEIST in its current annotation, that represents the largest genetic risk factor for RLS
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identified to date. Its haplotypic relation to known common variants associated with RLS is
currently unknown (linkage disequilibrum (r°<0.6)).

Nonetheless, this finding in conjunction with the observed excess of rare in the 5 UTR (and
to a much lesser extend also the decreased amount of rare variation in the 3° UTR) of MEIS]
in individuals with RLS implicates the UTRs in disease pathogenesis. The excess of rare non-
coding variants in the 100 bp surrounding the exons of nine genes associated with asthma®®
and the fact that fine-mapping studies located about 22 % of 36 GWAS association signals for
celiac disease to either the 5 or the 3" non-coding regions (UTRs and several kb up- or
downs‘[ream)24 could indicate that these regions are indeed important in the context of
complex genetic diseases and might be overlooked by the current surge of whole-exome
sequencing studies.

Recent studies have implicated allelic series of variants of different frequency and effect sizes
at loci identified in the context of GWAS in complex genetic diseases. In single cases,

92526 1 .1 -
2= while in other

individual rare variants were shown to be associated with the phenotype
cases it was either the collective of rare variation within a single gene8 or across a number of
GW AS-identified loci*”®. Our data substantiate this role of the whole of genetic variation
from common to low-frequency to rare and very rare variation at a GW AS-identified locus in
the genetic architecture of a complex genetic disease, such as RLS.

We were unable to establish a single rare variant of large effect involved in RLS at the
examined loci possibly due to a lack of power in sight of the large amount of rare and very
rare genetic variation and the excess of singletons known to exist in the human gen0m629'31.
Alternatively, it is, of course, also possible that no such variant exists within the coding
regions of MFEIS] or any of the other R1LS-associated genes that were investigated. Still, we
observed a clear tendency across all investigated loci that the rarer the genetic variant, the
more likely it was found in an individual with RLS. This extends the previous general
observation that the rarer a genetic variant, the more likely it is functionally relevant™ to a
disease context. Moreover, the follow-up of two null alleles which primarily or only in cases
(MEISI p.R272H and p.Q353H) and are located in the homeobox and transcription activation

domains, respectively, in murine models could prove worthwhile to establish their relevance

to the RLS phenotype and to further explore the pathophysiology underlying the disease.



85

REFERENCES

1

10

11

12

13

14

Allen, R. P. et al. Restless legs syndrome: diagnostic criteria, special considerations,
and epidemiology. A report from the restless legs syndrome diagnosis and
epidemiology workshop at the National Institutes of Health. Sleep medicine 4, 101-
119 (2003).

Desai, A. V., Cherkas, .. F., Spector, T. D. & Williams, A. I. Genetic influences in
self-reported symptoms of obstructive sleep apnoea and restless legs: a twin study.

Twin research : the official journal of the International Society for Twin Studies 7,
589-595, doi:10.1375/1369052042663841 (2004).

Xiong, L. et al. Canadian restless legs syndrome twin study. Neurology 68, 1631-
1633, do1:10.1212/01.wnl.0000261016.90374.1d (2007).

Winkelmann, J. et al. Genome-wide association study identifies novel restless legs
syndrome susceptibility loci on 2p14 and 16q12.1. PLoS genetics 7, e1002171,
doi:10.1371/journal.pgen. 1002171 (2011).

Mabher, B. Personal genomes: The case of the missing heritability. Nature 456, 18-21,
doi:10.1038/456018a (2008).

Gibson, G. Rare and common variants: twenty arguments. Nature reviews. Genetics
13, 135-145, doi:10.1038/nrg3118 (2011).

Manolio, T. A. et al. Finding the missing heritability of complex discases. Nature 461,
747-753, do1:10.1038/mature08494 (2009).

Bonnefond, A. ef al. Rare MTNRI1B variants impairing melatonin receptor 1B
function contribute to type 2 diabetes. Nafure genetics 44, 297-301,
doi:10.1038/ng. 1033 (2012).

Rivas, M. A. et al. Deep resequencing of GWAS loci identifies independent rare
variants associated with inflammatory bowel disease. Nature genetics 43, 1066-1073,

doi:10.1038/ng.952 (2011).

Schulte, E. C. ef al. Variant screening of the coding regions of MEIS1 in patients with
restless legs syndrome. Neurology 76, 1106-1108,
doi:10.1212/WNL.0b013e318211¢366 (2011).

Vilarino-Guell, C. et al. MEIS1 p.R272H in familial restless legs syndrome.
Neurology 73, 243-245, doi:10.1212/WNL.0b013e3181ae7c79 (2009).

Schormair, B. ef al. PTPRD (protein tyrosine phosphatase receptor type delta) is
associated with restless legs syndrome. Naiure genetics 40, 946-948,
doi:10.1038/ng.190 (2008).

Stefansson, H. ef al. A genetic risk factor for periodic limb movements in sleep. The
New England journal of medicine 357, 639-647, doi:10.1056/NEJMoa072743 (2007).

Winkelmann, J. ef al. Genome-wide association study of restless legs syndrome
identifies common variants in three genomic regions. Nature genetics 39, 1000-1006,
doi:10.1038/ng2099 (2007).



86

15

16

17

18

19

20

21

22

23

24

25

26

27

28

Wichmann, H. E., Gieger, C., Illig, T. & Group, M. K. S. KORA-gen--resource for
population genetics, controls and a broad spectrum of disease phenotypes.
Gesundheitswesen 67 Suppl 1, $26-30, doi:10.1055/5-2005-858226 (2005).

Jonsson, T. et al. A mutation in APP protects against Alzheimer's disease and age-
related cognitive decline. Nature 488, 96-99, doi:10.1038/nature 11283 (2012).

Erickson, T., French, C. R. & Waskiewicz, A. J. Meis1 specifies positional
information in the retina and tectum to organize the zebrafish visual system. Neural
development 5,22, doi:10.1186/1749-8104-5-22 (2010).

Dasen, I. S., Tice, B. C., Brenner-Morton, S. & Jessell, T. M. A Hox regulatory
network establishes motor neuron pool identity and target-muscle connectivity. Cell
123, 477-491, doi:10.1016/.cell.2005.09.009 (2005).

Mercader, N. et al. Conserved regulation of proximodistal limb axis development by
Meis 1/Hth. Nature 402, 425-429, doi:10.1038/46580 (1999).

Catoire, H. er al. Restless legs syndrome-associated MEIS1 risk variant influences
iron homeostasis. Annals of neurology 70, 170-175, doi:10.1002/ana.22435 (2011).

Xiong, L. ef al. MEIS1 intronic risk haplotype associated with restless legs syndrome
affects its mRNA and protein expression levels. Human molecular genetics 18, 1065-
1074, do1:10.1093/hmg/ddn443 (2009).

Schulte, E. C. K., M_; Schormair, B.; Winkelmann, J. Iron in Restless Legs Syndrome.
International Review of Neurobiology in press (2013).

Torgerson, D. G. ef al. Resequencing candidate genes implicates rare variants in
asthma susceptibility. American journal of human genetics 90, 273-281,
doi:10.1016/.ajhg.2012.01.008 (2012).

Trynka, G. et al. Dense genotyping identifies and localizes multiple common and rare
variant association signals in celiac disease. Nature genetics 43, 1193-1201,
d0i:10.1038/ng.998 (2011).

Holm, H. et al. A rare variant in MYHG6 is associated with high risk of sick sinus
syndrome. Nature genetics 43, 316-320, doi:10.1038/ng.781 (2011).

Raychaudhuri, S. ef al. A rare penetrant mutation in CFH confers high risk of age-
related macular degeneration. Nature genetics 43, 1232-1236, doi:10.1038/ng.976
(2011).

Diogo, D. et al. Rare, low-frequency, and common variants in the protein-coding
sequence of biological candidate genes from GWASs contribute to risk of rheumatoid
arthritis. American journal of human genetics 92, 15-27,
doi:10.1016/.ajhg.2012.11.012 (2013).

Johansen, C. T. ef al. Excess of rare variants in genes identified by genome-wide
association study of hypertriglyceridemia. Nature genetics 42, 684-687,
do0i:10.1038/ng.628 (2010).



87

29

Fu, W. et al. Analysis of 6,515 exomes reveals the recent origin of most human
protein-coding variants. Nafure 493, 216-220, doi:10.1038/nature11690 (2013).

Kiezun, A. et al. Exome sequencing and the genetic basis of complex traits. Nature
genetics 44, 623-630, doi:10.1038/ng.2303 (2012).

Tennessen, J. A. ef al. Evolution and functional impact of rare coding variation from
deep sequencing of human exomes. Science 337, 64-69, doi:10.1126/science. 1219240
(2012).

Nelson, M. R. ef al. An abundance of rare functional variants in 202 drug target genes
sequenced in 14,002 people. Science 337, 100-104, doi:10.1126/science. 1217876
(2012).

Project, N. G. O. E. 8. The NHLBI GO ESP Exome Variant Server,
<http://evs.gs.washington.edw/ EVS/> (2013).




88

FIGURES

A

P278P |c.961+7 T781A N1380N c.4948-4
g g 54318 (13%)
= 14257 R1898C
g ¢ Fasse R1536H
TPRD |K5m =
(et W T Ieddws T T yrosine phosphatase |
- 1912 AA
g VB92A
£
8 g c5514 @9
g L psage | T7B1A A1885A
g 144T (10x) N1380N G1812E
8 chr16:52640843, chr16:52624969,
g g C>T =T
wl chr16:52640520,
a
- G=A (3x)
Iﬂmﬁﬁm 7
A
2
£
H
g 1= chr16:52640520,
¥ G=A
P 123M S193N A2334 N351N 14731
5 g (3x) |R1aTW I(3%)
ST Pa28P R513C
E‘ = T161T (4x)
(4x)
TOX3
| HMG box/DNA bndg. ]
P |T161T 576 AA
£ L (4x) ‘
58 123M Rs13C
g 2z L122F 14731
) (3x) (2x)
8
38 v23gv
gL
(4
| BmBrEozy __ BACK(ETE ]
g 612 AA
&
H
é = c.550-9 \v2agv
b 4
P R81Q 52047
3 g E246E
i 43310 (3x) M453T
at R272H
z (2x)
MEIS1
| TALE homeohex " transcrip. activ. |
s 463 AA
£
H
s A122v
; g c218C D283D F346S
= (4x) (4x)
2t
(4
2 448 AA
£
EH
g 13 c218¢C DZZ;&!D
=] 29 (20
i Q 860 V615G
2 ek
w L 4x) j@s3a D662E
2 RE77C
REBEW
f&pn 1 (5x)
g oW 921.AA
§8 x
g L Qe3q 244G P536P 7A 1885V
x



89

900
800
T00
600
500
400
300
200
100

Occurence of variants

120

100

a0

40

Occurence of variants

20

80

I8

p=0.008 p=5.8x10"¢

OR=1.35 OR=380
(@5 CT 1081 68)  (95% CT° 206.7.28)

A1
12
MAF<5% MAF<1%0 MAF<0,1%
p=0.002 p=0.002 p=0.01
OR=145%8 OR=1 58 OR=f 15

(959 CL1L17-2.15)  (95% CL 1.17-2.15) (95% C1: 1.03-64.25)

MAL<5%

1

MAF<1% MAF<0.1%

ns p=3.7x10°1 p=9.2x10*
400 OR=302 OR=6.36
(95% CT- 2 184 20)  (95% CT- 249.16.27)
350
300
250
200 Woases
]
150 controls
100
50
5
0
MAF<5% MAF<1% MAF<(0.1%
p=0.002 p=0.002 p=0.01
OR=253 OR=253 OR=515
(95% CT. 1.37-4.6T)  (55% CT 1.37-4.67) (95% CL. 1.03-64.25)
4‘(’] -
35 9
30 -
W cases
= ¥ controls
2() -
15 7
10 4
5
1
0 o
MAF<5% MAF<1% MAF<0.1%

Figure 1: Low-frequency and rare variants identified in the coding sequences of seven

genes associated with RLS in GWA

41214
S

in 188 cases and 188 controls. (A) Schematic

representation of identified low-frequency variants in PTPRD, BCO34767, TOX3, MEIS],
BTBD9, MAP2KS and SKORI. When asscssed in 3265 cases and 2944 controls, there was an
excess of both overall (B) and non-synonymous (C) variants with MAF<1% and MAF<0.1%
across all examined loei. The same held true for the combined (D) and solely the non-
synonymous (E) variants at the MEIS! locus individually.
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Figure 2: Variant screening of the coding regions and UTRs of MEIST in 3760
individuals with RLS and 3542 KORA controls. Stratification according to variant
localisation shows an excess of rare variants in both the 5° UTR and among non-synonymous
coding variants. Low-frequency and rare variants in the 3° UTR showed a trend towards being
protective, No difference was observed in the number of individuals carrying synonymous
coding or (near-) splice variants between cases and controls.
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Figure 3: Functional assessment of rare non-synonymous variants in MEIST by in vivo
complementation in zebrafish embryos. (A) Location and frequency of non-synonymous MEZS/!
variants examined by in zebrafish. Variants found in cases are given above the gene, those found in
controls below. (B) At 72 hptf, zebrafish larvae were stained as whole mounts using an antibody against
acetylated tubulin and the size of the optic tecta was measures for phenotypic read out. Control,
morpholino injection and rescue by human wt mRNA are shown in the upper panels. The lower panels
illustrate the effects of different alleles tested. (C) Quantification of optic tectum area in zebrafish
larvae at 72 hpf (n=at least 150 per genotype). Benign alleles show a significant difference with regard
to the MO injection, hypomorphic alleles a significant difference with regard to both the MO injection
and the rescue (MO plus wt) injection and null alleles are significantly different from the rescue only.
Asterisks denote significance sevels as determined by student’s t-test; black=allele vs. MO, red=allele
VS. rescue.
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ONLINE METHODS

Participants

Both case and control populations were entirely of German and Austrian descent. In all
patients, diagnosis was based on the diagnostic criteria of the International RLS Study (iroup1
as assessed in a personal interview conducted by an RLS expert. We excluded patients with
secondary RLS due to uremia, dialysis, or anemia due to on deficiency. The presence of
secondary RLS was determined by clinical interview, physical and neurological examination,
blood chemistry, and nerve conduction studies whenever deemed clinically necessary.
Participants’ written informed consent were obtained prior to the initiation of the study.
Written informed consent was obtained from each participant in the respective language. The
study was approved by the institutional review boards of the contributing authors. The
primary review board was located in Munich, Bayerische Arztekammer and Technische

Universitit Miinchen.

Variant screening

In a first step, we used Idaho LightS canner” high-resolution melting curve analysis (Biofire,
Inc.) to screen the coding regions and exon/intron boundaries of PTPRD, BTBD9, TOX3,
BC034767, MAP 2K 5 and MEIS] for variants. Due to the very high GC-content, the coding
regions = 10bp of SKOR! could not be subjected to Ligh‘[St.:a.nnf:r® analysis and were Sanger
sequenced instead.188 German RLS cases and 188 general population controls belonging to
the KORA cohort” based in Southern Germany were included in the screening. Of the188
cases used to screen MEISI (60.0111.2 years, 72.8% female) and BTBD? (demographics to
be added) half were homozygous and half were heterozygous for the published risk alleles
(152300478 and 1s3923809)**. The same set of case (demographics to be added) and controls
(demographics to be added) was used for all other screening experiments. In the case of an
altered melting pattern suggestive ol variants, Sanger sequencing ensued to identify the
underlying variant. The same method was used to screen the coding regions of MEIS]
isoform 1 and 2 + 10 bp as well as the 5" and 3" UTRs + 100 bp in 3760 RLS cases of
German and Austrian descent (demographics to be added) and 3542 general-population
controls (demographics to be added) belonging to the S4 and F4 surveys of KORA®.

Group comparisons between cases and controls were performed for each gene and each

variant separately using McNemar, % ? ests and logistic regressions as appropriate.
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Genotyping

Genotyping was performed on the MassARRAY system using MALDI-TOF mass
spectrometry with the iPLEX Gold chemistry (Sequenom Ine, San Diego, CA, USA). Primers
were designed using AssayDesign 3.1.2.2 with iPLEX Gold default parameters. No assay
could be designed for seven variants, largely those located in the extremely GC-rich gene
SKORI. Three assays failed two or more times and were, therefore, not pursued further.
Automated genotype calling was done with SpectroTYPER 3.4, Genotype clustering was
visually checked by an experienced evaluator. SNPs and DNA samples with a call rate<90%
were excluded. The genotyping sample consisted of 3265 cases auf German and Austrian
descent (65.2+11.3yrs; 29.3% male) and 2944 general population controls (56.1+13.3yrs;
48.7% male) from the KORA F4 survey’.

It vivo complementation in zebrafish embryos and whole-mount immunostaining

A translation-blocking morpholino (MQ) against meis1 was designed and obtained from Gene
Tools, LLLC. We injected Inl of diluted MO (4 ng) and/or RNA (75 pg) into wildtype
zebrafish embryos at the 1-to 2-cell stage. Injected embryos were fixed overnight at 72 hpf in
4% paratormaldehyde (PFA) and stored in 100% methanol at —20°C. For acetylated tubulin
staining embrvos were fixed m Dent’s fixative (80% methanol, 20% DMSQ) overnight at
4°C, The embryos were permeabilized with proteinase K followed by post-fixation with 4%
PFA, washed in PBSTX (PBS+0.5% Triton X-100). After rehydration in PBS, PFA-fixed
embryos were washed in IF buffer (0.1% Tween-20, 1% BSA in PBS 1X) for 10 minutes at
room temperature. The embryos were incubated in the blocking buffer (10% FBS, 1% BSA in
PBS1X) for 1hr at room temperature. After two washes in IF Buftfer for 10 minutes each,
embryos were incubated in the primary antibody solution (anti-acetylated tubulin (T7451,
mouse, Sigma-Aldrich), 1:1000) in blocking solution, overnight at 4°C. After two washes in
IF Buffer for 10 minutes each, embryos were incubated in the secondary antibody solution,
1:1000 Alexa Fluor rabbit anti-goat IgG (A21207, Invitrogen) in blocking solution, for lhr at
room temperature.

For RNA rescue and overexpression experiments, the human wild type mRNAs was cloned
into the pCS2 vector and transcribed in vifro using the SP6 Message Machine kit (Ambion).
All the experiments were repeated three times and significance of the morphant phenotype

was judged using student’s t-test.
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SUPPLEMENTARY FIGURES

g

Melting-curve-based screening of MEIST in 3760 cases
& 3542 controls

g

Functional screening of identified MEIST varants in
zebrafish embryos

Supplementary Figore 1: Study Design.
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Supplementary Figure 2: Rescue of the meis! morpholino knock-down phenotype by co-
injection with human MEISI wildtype mRNA. (A) Schematic depiction of the in vivo
complementation assay in zebrafish embryos. (B) 50 zebrafish embryos from pooled batches
were injected per condition and immunostained using an antibody raised against acetylated
tubulin at 72 hpf. MO=morpholino, wt=wildtype

SUPPLEMENTARY TABLES






gene exon  genemic posifion variant class reference Frequency total (all/non-syn) [requency p-value MAF

(hgl19) 188 cases 188 controls  cases controls 3265 cases 2944 controls  nominal dbSNP137 NHLBI-ESP®
PTPRD 4 chr9:8 528,700, C>T T144T syn novel 1 no assay no assay not found
PTPRD 6 chr9:8,526,648, C>G c.551-4 nearsplice rs142871508 1 1/12/3196 0/4/2923 0.03 no data 21/8165
PTPRD 9 chr9:8,521,404, T>G P278P syn novel 1 0/5/3210 0/0/2922 0.03 not found
PTPRD 9 chr9:8,521,270, T>G c.961+7 nearsplice novel 1 0/4/3210 0/0/2853 0.05 not found
PTPRD 10 chr9:8,518,098, G>T S431R non-syn rs145325302 2 0/6/3185 0/10/2924 0.24 no data 7/8599
PTPRD 11 chr9:8,507,364, T>C P538p syn rs147878183 2 2 0/16/3173 0/20/2914 0.35 no data 15/8598
PTPRD 12 chr9:8,504,356, A>T K5771 non-syn novel 1 0/1/3210 0/0/2927 0.33 1/8599
PTPRD 15 chr9:8,497,250, T>C T781A non-syn rs72694737 13 10 4/180/2985  5/175/2737 0.51 1.90% 256/8344
PTPRD 17 chr9:8,486,142, T>C V8924 non-syn rs151005956 2 0/30/3165 0/38/2896 0.18 no data 36/8564
PTPRD 25 chr9:8,404,607, C>T NI380N syn rs138755135 1 1 assay failed  assay failed no data 1/8599
PTPRD 26 chr9:8,389,343, A>G Y1425Y syn rs75966719 1 0/0/3192 0/0/2934 n/a 1.50% not found
PTPRD 28 chr9:8,375,990, G=A R1536H non-syn 15142960593 2 0/4/3188 0/0/2934 0.05 no data 6/8592
PTPRD 30 chr9:8,341,272, A>G c.4948-4 nearsplice novel 1 0/5/3201 0/3/2924 0.56 9/8591
PTPRD 33 chr9:8,331,681, G>A GI1812E non-syn novel 1 0/0/3212 0/1/2928 0.29 1/8599
PTPRD 34 chr9:8,319,846, T>G AlIS85A syn novel 1 0/0/3215 0/1/2926 0.29 not found
PTPRD 35 chr9:8,317,921, C>T R1898C non-syn 15150063446 1 26/19 19/13 0/8/3205 0/0/2930 0.006 no data 1/8597
BC034767 1 chr16:52,640,843, C=T non-coding novel 1 no assay no assay
BCO34767 1 chrl6:52,640,520, G>A non-coding rs78030692 3 1 0/27/3183 0/21/2905 0.58 0.70%
BC034767 2 chr16:52,624,969, C>T non-coding novel 1 S~ 1/- assay failed  assay failed
TOX3 3 chr16:52,497,872, G=A  VI123M non-syn rsl6951186 3 1 0/60/3155 0/69/2858 0.18 2.70% 80/8166
TOX3 3 chr16:52,497,869, C>T  LI122F non-syn novel 3 0/5/3167 0/9/2921 022 10/8226
TOX3 4 chr16:52,484,428, C>T RI147W non-syn novel 1 0/2/3214 0/0/2925 0.17 not found
TOX3 4 chrl6:52,484,384, C>T T161T syn rs147678931 4 4 0/49/3144 1/42/2878 0.92 no data 53/8411
TOX3 4 chr16:52,484,286, G>A  S193N non-syn novel 1 0/1/3195 0/0/2933 0.33 not found
TOX3 5 chrl6:52,480,113, T>C A2334A syn novel 1 1/3/3186 0/0/2934 0.03 not found
TOX3 7 chrl6:52,473,815, T=C N35SIN syn novel 1 0/1/3207 0/0/2926 0.22 not found
TOX3 7 chr16:52,473,584, C>T P428P syn rs148327560 4 0/61/3126 0/59/2872 0.78 no data 84/8502
TOX3 7 chrl6:52,473,449, G>T 14731 syn rsl17772184 3 2 1/65/3148 1/55/2872 0.7 027% 92/8444
TOX3 7 chr16:52,473,331, C=T _ RS513C non-syn novel 1 1 19/6 11/5 No Assay Nno assay 55/8343
BTBDY 5 chr6:38,560,469, C>T V239V syn rs41303370 1 1 0/22/3177 0/19/2904 0.85 0.30% not found
BTBDY 5 chr6:38,560,625, C>T c.550-9 nearsplice novel 1 1/0 2/0 0/0/3192 0/3/2931 0.07 not found
MEIS? 3 chr2:66,666,978, C>G H81Q non-syn novel 1 0/1/3218 0/0/3218 0.34 not found
MEIST 6 chr2:66,670,160, T=A S204T non-syn novel 1 0/1/3210 0/02918 0.34 not found
MEIS? 8 chr2:66,739,353, G>A R272H non-syn rs61752693 2 0/7/3187 0/1/2933 0.04 no data 4/8520
MEIS? 13 chr2:66,798,627, T>C M453T non-syn novel 1 1/28/61 0/13/2921 0.02 n/a
MEISI 5 chr2:66,668,536, A>G c.433-10 nearsplice rs41285949 1 0/21/3180 0/16/2906 0.58 no data not found
MEISI 7 chr2:66,691,348, G-A E246E syn rs1135875 3 0/56/3136 0/37/2897 0.11 no data 89/8279
MEIS! 3 chr2:66,667,100, C>T Al122V non-syn novel 1 9/5 1/1 0/0/3192 0/0/2934 n/a not found
MAP2KS 11 chrl5:67,938,728 C219C syn rs56254481 4 2 0/50/3147 0/51/2864 0.57 1.40% 101/8469
MAP2KS 14 chrl5:67,984,818 D283D syn rs55966838 4 4 1/83/3133 1/67/2860 047 0.30% 80/8516
MAP2KS 16 chr15:67,995,739, T=C  F346S8 non-syn novel 1 9/1 6/0 0/1/3190 0/0/2934 0.33 not found




SKORI 2 chr15:68,118,924, A>G  D244G non-syn novel 0/0/3215 0/0/2929 n/a not found
SKORI 3 chr15:68,119,906, G=A P536P syn novel no assay no assay not found
SKORI 3 chr15:68,120,154, T>G V619G non-syn novel 0/1/3191 0/0/2920 0.34 not found
SKORI 3 chr15:68,120,205, C>T  P636L non-syn novel no assay noe assay not found
SKORI 3 chr15:68,120,267, A=G ~ T657A non-syn novel 0/0/3205 0/1/2921 0.29 not found
SKORI 3 chr15:68,120,284, C>A  D662E non-syn novel no assay noe assay 6/8250

SKORI 3 chr15:68,120,329, C>T Ro77C non-syn novel no assay no assay not found
SKORI 3 chr15:68,120,354, C>T  R686W non-syn novel no assay noe assay not found
SKORI 6 chr15:68,125,577, A>G 1885V non-syn rs143419968 9/9 6/5 1/3/3186 0/2/2919 0.47 no data 7/8589

Supplementary Table 1: Variants identified within the coding regions £ 10 bp in seven genes that have been associated with RLS
via GWAS**®, The table also displays the detailed results of the frequency assessment of the identified variants in a case/control sample

consisting of 3265 individuals with RLS and 2944 control individuals belonging to the KORA general population cohort. Bold print
denotes non-synonymous variants. n/a=not applicable
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region number of eccurrence of varianis occurrence of variants
uniqite variants in cases (n=3760) in controls (n=3542)
coding 22 67 41
1101-SYILON I 0us 13 18 9
SYNONYIMOoUs 9 49 32
nearsplice (+10bp) 6 29 25
S'UTR 7 16 2
IUTR 36 253 287
intergenic (UTRs +100bp) 1 1019 253
all 89 1451 649
NHLBI-ESP exomes (EA oniy) n=4300
coding 12 112
NON-SYNONymous 7 13
SYIONYINous 5 99

Supplementary Table 2: Variants with MAF < 5% identified in the coding
regions T 10bp as well as the UTRs * 100bp of MEIS!. The overall number of
variants detected by LightScanner high-resolution melting curve analysis is
comparable to the genetic variance in METS] detected by whole-exome sequencing
and annotated in the NHLBI-ESP exome variant server’. EA=European American



gene iocation 8enom. pos. variant AA [requency dbSNPI137 category  PoiyPhen2 NHLBI-ESP

substitution  cases  controly (n=4300)
MEIS! S'UTR chr2:66662563 ¢.1-426 G=C 1 novel STUTR
MEIS! S'UTR chr2:66662566 c.1-423 G=A 1 novel SUTR
MEIS! S'UTR chr2:66662686 c.1-302 C>T 1 novel STUTR
MEIS! S'UTR chr2:66662695 ¢.1-294 T>C 3 novel STUTR
MEIS!T S'UTR chr2:66662902 c.1-87 G-A 1 novel SUTR
MEIS!T S'UTR chr2:66662932 c.1-57 A>T 1 novel SUTR
MEIS! S'UTR chr2:66662948 c.1-41 A>G 9 1 rs71411941 {0.10%) SUTR
MEIS!H intron 5 chr2:66668536 ¢433-10 A>G 23 25 rs41285949 (n/d) nearsplice
MEIS! intron 6 chr2:66691237 €.631-4 A>G 1 novel nearsplice
MEIS! intron 7 chr2:66739271 €.743-10 A>G 1 novel nearsplice
MEIS! intron 9 chr2:66794579 €.966-6 T>C 1 novel nearsplice
MEIS! intron 10 chr2:66795790 €.1025-9 C>T 2 novel nearsplice
MEIS! intron 11 chr2:66796175 c.1115-7 C>A 1 novel nearsplice
MEIS! exon 2 chr2:66664947 c91 A>C R3IR 1 novel syn 6/8438
MEIS! exon 2 chr2:66664984 c128 C>T PA3L 1 novel non-syn  benign not found
MEIS! exon 2 chr2:66665029 ¢173 C=G A58G 1 novel non-syn  benign not found
MEIS! exon 2 chr2:66665031 ¢175 A>G M59V 4 novel non-syn  benign not found
MEIS! exon 2 ¢chr2:66665063 ¢.207 C>T D69D 1 2 novel syn not found
MEIS! exon 3 chr2:66666978 €243 C>G H81Q 1 novel non-syn  prob dam not found
MEIS! exon 3 chr2:66666994 €259 T>C L87L 1 novel Syn not found
MEIS! exon 3 chr2:66667100 €365 C>T Al22V 1 novel non-syn  pos dam not found
MEIS! exon 5 chr2:66668552 c439 C>A QL47K 1 novel non-syn  prob dam not found
MEIS! exon 6 chr2:66670039 c.489 C>T H163H 1 novel syn not found
MEIS! exon 6 chr2:66670074 €.524 G=A S175N 1 novel non-syn  benign not found
MEIS! exon 6 chr2:66670157 ¢.607 A=G R203G 1 novel non-syn  benign 1/8241
MEIS! exon 6 chr2:66670160 ¢.610 T=A S204T 1 novel non-syn  pos dam not found
MEIS! exon 7 chr2:66691270 ¢.660 G=A T220T 2 novel Syn not found
MEIS! exon 7 chr2:66691325 €715 C>T H239Y 1 novel non-syn  benign not found
MEIS! exon 7 chr2:66691333 €723 G=A G241G 1 novel syn not found
MEIS! exon 7 chr2:66691348 c.738 G=A E246E 43 27 rs13005707 (0.50%) syn 89/8279
MEIS! exon 8 ¢chr2:66739300 ¢.762 T>C 52548 1 novel syn not found
MEIS! exon 8 chr2:66739353 ¢.815 G=A R272H 7 1 rs61752693 (n/d) non-syn  benign 4/8520
MEIS! exon 8 chr2:66739405 ¢.867 G=A A289A 1 novel syn not found
MEIS! exon 11 chr2:66795833 ¢.1059 G=C Q353H 4 novel non-syn  prob dam not found
MEIS! exon 11 chr2:66795870 ¢.1096 A>T M366L 1 novel non-syn  pos dam not found
MEIST exon 13,3 UTR chr2:66798455 ¢.*115 C=T, ¢1186 C>T Q398X 1 novel non-syn/stop, 3'UTR
MEIS! exon 13,3UTR chr2:66798458 ¢.*118 C>T, c.1185 C>T P3998 1 novel non-syn, 3'UTR
MEIS! exon 13,3'UTR chr2:66798472 ©.*132 C>G, ¢.1204 C>G P403P 2 novel syn, 3'UTR
MEIS! exon 13,3'UTR chr2:66798496 c.*156 G=A, 1227 G¥A G411G 1 novel syn, 3'UTR
MEIST exon 13,3'UTR chr2:66798627 ¢.*287 T>C, ¢.1359 T=C M455T 15 4 novel non-syn, 3'UTR
MEIS! exon 13,3'UTR chr2:66798654 c.*314 C>T, ¢.1385 C>T Ad64V 1 1576963732 (1.83%) non-syn, 3'UTR
MEIS! IUTR chr2:66798698 1 novel IUTR
MEIS! IUTR chr2:66798701 1 1 novel IUTR
MEISI FUTR chr2:66798743 2 novel IUTR
MEISI IUTR chr2:66798789 1 novel IUTR

15111248476

MEIS!T IUTR chr2:66798823 ¢. %483 T>-C 8 13 (0.05%) 3UIR
MEIS!T IUTR chr2:66798844 5 novel 3UIR
MEIS! IUTR chr2:66798902 1 novel IUTR
MEIS! IUTR chr2:66798910 ¢ *570 C>T 1 novel IUTR
MEIS! IUTR chr2:66798924 1 novel IUTR



rs140870220

MEISI 3JUTR chr2:66798932 c.*592 A>T 20 13 (0.02%) IUTR
MEISI 3IUTR chr2:66758936 1 novel JUIR
MEISI 3JUTR chr2:66798939_940 2 novel IUTR
MEISI 3IUTR chr2:66799129 1 1 rs149727570 (n/d) JUIR
MEISI 3IUTR chr2:66799130 2 novel JUTR
MEISI 3JUTR chr2:66759132 1 novel JUIR
MEISI 3IUTR chr2:66759143 1 novel JUIR
MEISI 3JUTR chr2:66799145_154 1 novel IUTR
MEISI 3IUTR chr2:66759162 1 novel JUIR
MEISI 3IUTR chr2:66759193 1 novel JUTR
MEISI 3JUTR chr2:66799195 1 novel JUIR
MEISI 3IUTR chr2:66759394 ¢.*1054 A>G 3/184 1/214 rs72824830 (1.95%) JUIR
MEISI 3UTR chr2:66799420 1 novel JUIR
MEISI 3JUTR chr2:66799458 1 novel JUIR
MEISI 3UTR chr2:66799471 1 novel 3TUTR
MEISI 3UTR chr2:66799499 2 2 novel JUIR
MEISI 3IUTR chr2:66759613 1 novel JUIR
MEISI 3UTR chr2:66799682 4 novel JUIR
MEISI 3JUTR chr2:66759782 1 novel JUIR
MEISI 3UTR chr2:66799788 3 novel 3TUTR
MEISI JUTR chr2:66759828 c.*1488 T>G 10 6 novel JUTR
MEISI post-3'UTR. chr2:66799986 44/931 5/243 rs11653221 (2.09%) post-3'UTR, intergenic

Supplementary Table 3: Rare and low-frequency variants indentified by screening the coding regions 10 bp and the 5’ and 3 UTRs +
100 bp of MEIST in 3760 individuals with RLS and 3542 general population controls. The coding variants below the dashed line are only
coding in isoform 2 of MEIS] (ENSP00000381518). AA=amino acid, n/d=no data.
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ABSTRACT

Background: Genetic variation in the glucocerebrosi-
dase {GBA) gene is strongly associated with Parkin-
san's disease (PD). Transport of glucocerebrosidase to
the lysosome involves the protein encoded by the
SCARB2 gene. An association between the common
SNP rs6812193, upstream of SCARB2, and PD has
been reported previously. The role of exonic variants in
the SCARBZ2 gene in PD has not been examined.
Methods: We studied the role of exonic variants in
SCARB2 and tried to replicate the association between
the SNP rs6812193 and PD in a German and Austrian
sample. Screening of all SCARBZ exons by high-resolu-
tion melting curve analysis was performed in 376 Ger-
man PD patients. The SNP rs6812193 was analyzed in
984 PD patients and 1014 general population contrals.
Results: We identified no novel exonic variants in
SCARB2 but confirmed the association between SNP
rsG812193 and PD (OR, 0.86; P=02). © 2013 Move-
ment Disorder Society

Key Words: genetics; Parkinson's disease
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Homozygous mutations in the glucocerebrosidase
{GBA) gene cause Gaucher disease (GD), whereas
heterozygous mutations have been identified as
genetic risk factors for PD.' Lysosomal membrane
protein 2 (LIMP2) encoded by the SCARB2 gene
mediates GBA rrafficking from the endoplasmic
reticulum to the lysosome. a-synuclein, a key mole-
cule in PD pathogenesis, is degraded in lysosomes.
In model systems, impaired GBA function leads to
reduced lysosomal protein degradation and accumu-
lation as well as aggregation of a-synuclein. Further-
more, it has been shown that a-synuclein inhibits
the lysosomal activity of normal GBA in neunrons
and brain tissue of patients with idiopathic PD, sug-
gesting that GBA depletion contributes to the patho-
genesis of sporadic synucleinopathies.”?
Genomewide association studies have identified an
association between the single-nucleotide polymor-
phism (SNP) rs6812193, upstream of SCARB2, and
PD. "5 Whether rare exonic variants in SCARB2 are
associated with PD has not been investigated. The
aim of the current study was to assess the genetic
contribution of exonic variants in SCARB2 to PD
and to replicate the recently reported association
between the SNP rs6812193, upstream of SCARB2
in an intron of FAM47E and coding for a transcript
with unknown function, and PD in a German/Aus-
trian PD sample.

538 Movermant Disorders, Vil 28, No. 4, 2013



107

r SCARBZ2 IN FPD

Patients and Methods

Patient and Control Samples

Variant screening of the 12 exons and the exon—
intron boundaries of SCARB2 was performed in 376
unrelated German PD patients {mean age, 71.1+9.4
years; 68.4% male). The case—control sample used to
replicate the association berween rs6812193 and PD
comprised 984 German and Aunstrian  patients
(63.7210.5 years; 34.6% female) including the 376
patients screened for mutarions in the SCARB2 gene
and 1014 controls (76=6.6 years; 50.1% female).®
Controls were of European descent and were recruited
in the KORA-AGE surveys from the general popula-
tion living in or near the city of Angsburg, Germany.”
All PD patients were diagnosed according to the
United Kingdom Brain Bank criteria. Ethics review
board approval and participants’ written consent were
obtained.

Mutation Screening of SCARB2
PCR  primers were designed using ExonPrimer
{hup:/fihg.gsf.de) or Primer3plus (htp:/fwww.bioinfor-
matics.nl/cgi-bin/primer3plus/primer3plus.cgi). The
mutation screening was performed using high-resolu-
tion melting curve analysis {HRM) employing Light-
Scanner technology and standard protocols (IDAHO
Technology Inc., Salt Lake City, UT).® Samples with
aberrant melting patterns were sequenced using Big-
Dye Terminator Chemistry 3.1 on an ABI 3730

sequencer (Life Technologies, Carlsbad, CA).

Analysis of SNP rs6812193

Genotyping was performed by matrix-assisted laser
desorption ionization/time-of-flight mass spectrometry
using iPLEX chemistry on the Sequenom platform
{Sequenom, San Diego, CA). Statistical analysis using
logistic regression was performed using PLINK v1.07
with correction for age and sex.

Results

The mutation screening revealed no novel unknown
variants in the exonic regions of SCARB2. Already
known annotated variants (dbSNP [vs.135] rs894253,
rs3853 189, rs61598131, rs116738729, 517001633,
rs2289512) were detected in the patients but not fol-
lowed up any further because the allele frequencies
were comparable to those found in dbSNP for white
populations.'®

There was no deviation from Hardy—Weinberg equi-
librium for SNP rs6812193 in either patients or con-
trols. We found a significant association between SNP
rs6812193 and PD in the logistic regression analysis
with correction for sex and age (P.o..=.02; MAF[T]-
casess 0.33; MAF[Tloonwats, 0.36; OR, 0.86; 95% CI,
0.75-0.98; Table 1).

L

TABLE 1. Association results of rs6812193 in our current
study compared with 2 previous studies™$

Dads ratio Minor allele Cases, Controls,
Study {95% Cl) frequUeNcyicontol” n n
Current study  0.86 (0.75-0.98) 0.36 984 1014
IPDGC? 0.90 {0.86-0.94) 0.36 12386 21,026
Do et al, 0.84 (0.79-0.89) 0.37 3426 29,624
23andve®

*Minor allele frequencies in controls were not available for all studies.

Discussion

Our findings indicate that exonic variants in SCARB2
do not play a major role in the development of PD in
our German PD sample. A validation study of HRM
showed an average specificity of 98%, indicating a low
incidence of false-positives. Nevertheless, uncertainty
remains about whether all variants present in the
patients were detected.® We confirmed the association
between the common variant rs6812193, located
upstream of SCARB2, and PD in our German and Aus-
trian sample. The minor allele frequencies in controls
were comparable to previous studies (Table 1).%° In
conclusion, our results do not support a major role of
rare exonic variants in SCARB2 in the pathogenesis of
PD in Germany but confirm the association between
SNP rs6812193, upstream of SCARB2, and PD. How-
ever, it remains unclear if and how this SNP influences
the SCARB2 gene. After completion of our smdy, an
association between SNP rs6825004, in an intron of
SCARB2, and PD has been reported, supporting the
notion that common genetic variants in the genomic
region of SCARB2 are associated with PD."' m
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ABSTRACT

Background: Functional movement disorders (FMDs)
are thought to be rare in the elderly. Clinical character-
istics of the elderly people who develop FMDs are
rarely reported. The objective of this study was to
highlight the clinical characteristics of FMD in the
elderly and compared these with a cohort of patients
with a younger age of onset.

Methods: The authors performed a retrospective
review of the clinical records of patients with FMD who
were seen at their center in the last 5 years and had
consented to be included in research studies. Patients
fulfilling currently accepted diagnostic criteria for FMD
as documented, clinically established, or probable
were included.
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Results: Of 151 patients with FMD who were identified
and had sufficient information, 21.0% (n=33) had an
onset after age 60 years {elderly group). The mean age of
onset of FMD was 63.5 years {standard deviation, 5.2
years) in the elderly group and 35.5 years (standard devi-
ation, 12.6 years) in the younger group. Tremor was the
most common movement disorder in both groups
{elderly group, 33.3%; younger group: 38.9%). Fixed
dystonia was not observed in any patient who had an
FMD onset after age 60 years. Gait abnormalities were
significantly more commeon in the elderly group (69.7%)
than in younger patients {23.5%; P<0.001). Associated
psychogenic nonepileptic seizures tended to be more
comman in elderly patients {18.2%) compared with
younger patients {13%; P=0.08).

Conclusions: Contrary to common perceptions, FMDs
are not uncommon in the elderly, and 1 in 5 patients in
the current cohort, onset of FMD occurred after age 60
years. Gait abnormalities and psychogenic nonepileptic
seizures may be more common in older patients.
© 2013 Movement Disorder Saciety

Key Words: functional movement disorders; elderly;
psychogenic; gait; psychogenic non epileptic seizures
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Functional movement disorders (FMDs) are clinically
challenging and phenotypically diverse.! There are inter-
nationally accepted diagnostic criteria for FMD,” high-
lighting the importance of positive clinical signs in
making a diagnosis." FMDs often are not suspected in
the elderly, and previous studies have confirmed that
most patients are young.” The mean age at FMD onset
ranges from 36.9 to 50.0 years in large cohort stud-
ies.”**7 Although some patients with an FMD onset
after age 60 years have been included in previous
cohorts, ™% specific evaluaton of an older onset group
or comparison in detail with a younger onset group
have not been performed. We retrospectively reviewed a
large cohort of patients with FMD at our center to
assess how commonly FMD begins after age 60 vears
and whether the clinical features of these patients differ
from those who have FMD onset at a younger age.

Patients and Methods

We retrospectively reviewed the clinical records of
patients with FMD who had given their consent for
inclusion in clinical research and were recruited from
the movement disorders clinics of K.P.B. from 2006 to
2012 and ML.J.E. from 2009 to 2012. Patients who ful-
filled the currently accepted diagnostic criteria for FMD?
as documented, clinically established, or probable were
included. Patients with pending investigations or evi-
dence of any significant imaging or laboratory abnor-
mality were excluded. A pro forma procedure was used
to record clinical characteristics. For comparison, the
patients were divided into 2 groups based on age at
onset before or after 60 years, in line with other studies
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Abstract Recently, mutations in ewkaryotic translation initi-
ation factor 4G1 (EIF4G1) were reported as a rare cause of
familial Parkinson's discase (PDY). We screened the 33 exons of
EIF4G 1 by high-resolution melting curve analysis for variants
in our Central European cohort of 376 PD cases. Variant
frequency was assessed in a total of 975 PD cases and 1,014
general population controls. Eight novel nonsynonymous and
four synonymous variants were identified. In our cohont, novel
and previously identified nonsynonymous variants were very
rare. Although it is possible that our general population con-
trols also comprise individuals who have or could develop PD
in the future, the presence of the original mutation (ELF4G]
p.Argl 205 His) in three controls only, raises questions about
the causality of this variant with regard to PD.
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Introduction

Genome-wide association studies and linkage analyses have
identified at least 19 genes associated with idiopathic Par-
kinson's disease (PD). Most recently, variants in enkaryotic
translation initiation factor 4G1 (EIF4GI) were implicated
in familial PD, linking dysfunctional mRNA translation
initiation to PD pathogenesis. [1] Here, we assess the role
of EIF4G1 variants in our Central European PD cohort.
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Methods

Using Idaho” melting curve analysis, we screened the 33 exons
and exen intren boundaries of EfF4GT i a discovery sample of
376 German PD patients (71.1+9.4 years, 31.6 % female). When
altered melting patterns suggested variants, Sanger sequencing
ensued. To assess variant frequency, we genotyped the novel as
well as four of the five variants previously described in PD
(EIF4G1 ¢.1505C > T (p.Ala502Val), ¢.2056G > T
(p.GLy686CYs), ¢.3490A > C (p.Serl164Arg), and ¢.3614G > A
(p-Arg1205His)) [1] in 975 farnilial and sporadic PD cases fiem
Augtria (r=486, 58.7+11.3 years, 35.4 % female, family history
known in #=413, 334 % thereof positive for PD in a fist or
gecond degree relative), Germeany (=450, 376 of which com-
prised the discovery sample, 70.2+9.7 years, 32.2 % female,
family history known in #= 105, 24.7 % thereof postive for PD
in a first or second degree relative), and Himgary (n=39, 504+
1G.8 years, 53.9 % female, family history known ina=39, 28.2 %
thereof positive for PD in a first- or second-degree relative) and
1,014 general population controls belenging to the KORA-AGE
cohort (76.0+6.6 years, 50.1 % female) [2] by matrix-assisted
laser desorptionficnization time-of-flight mass spectrometry on
the Sequenom plaform. The KORA-AGE cohart is a follow-up
study of the initial surveys, erriched for older individuals. ndi-
viduals known to take dopaminergic medication where excluded
from the contrel sammple. All individuals included in this study
were Caucasian. German and Austrian PD samples and KORA
controls eriginate from the same geographic region The small
number of Hungarian patients either have an early age of onset or
are index patients of larger PD families and were, therefore,
genotyped as well. Fer technical reasons, four novel variants
could not be included in the genotyping assay. Haplotype analysis
in carriers of the original c. 3614G > A (p.Argl205His) variant
was performed using haplotype-tagging SNPs rs4912537,
182178403, 12293605, 181879244, and rs2230571 and poly-
morphic markers D3S3609, D383578, and D3S2583 by Sanger
sequencing, All subjects were diagnoesed according to the UK
Brain Bank criteria by a senior neurclogist specializing in

o}
o

movement diserders. Ethics review board approval and partici-
pants” written informed consent were obtained.

Results

In addition te several common and rare synonymous variants,
we identified seven nonsynonymons variants, not previously
reported in PD, in six individuals. These inchade ¢ 47C > T
(pProléLeu), c211C> T (p.Pro7 1Ser, rs1 13810847), ¢.553C
> T (p.Thr318le),c.1622T = G (p.Val541 Gly), ¢.1648G > C
(p.Ala550Pro, rs111924994), ¢.2083G > C (p.Gly698Ala),
and ¢.2149G > C (p.Ala717Pro, rs11396765) ag well as
¢.1456C > T (p.Pro4868er, rs112545306) previously reported
in two individuals suffering from PD [3] (Fig. 1). Similar to
the phenotype described [1], all individuals presented with
classic PD with an age of onset at 64.5+5 5 years and positive
response to dopaminergic therapy. Where available, family
history was negative (Table 1).

Overall, the identified variants were very rare in our popu-
latien. Four ¢.47C > T (p.ProléLeu), ¢.953C > T
(p.Thr318Ile), ¢.1622T > G (p.Val541Gly), and ¢.2093G > C
(p.GlytS8Ala) were validated in the PD individual in whom
they were first identified but sere not found in any additional
PD subjects. Of these, ¢.953C > T (p. Thr318Ile), c.1622T > G
(p.Val541Gly), and ¢.2093G > C (p.Gly698Ala) were not
present in controls, while ¢.47C > T (p.Prol6Leu) was identi-
fied inn thres controls. Of the previously reported [1] variants,
¢.1505C = T (p.Ala502Val) and ¢.3490A > C (p.Serl164Arg)
were not seen in the 1989 individuals assessed. Five cases and
three contrels, on the other hand, were heterozygous for
¢.2056G > T (p.Gly6é86Cys). Surprisingly, the original muta-
tion, ¢.3614G > A (p.Argl205Hig), which had, so far, only
been identified in PDy cases [1], was only present in three
controls. In the original publication, all eight PD probands
heterozygous for c. 3614G > A (p.Argl205His; out of 4,708
cases and 4,576 controls) shared the same minimal haplotype
[1]. Genotyping of five haplotype-tagging SNPs and three

p.Pro16Leu p.Pro486Ser
p.Val541Gly
p.Pro71Ser p.Thr318lle p.Ala550Pro
p.GlyG98Ala
p.AlaT17Pro
PABP elF4E elF4A elF3 elF4A MnK1
binding binding binding  binding binding

Fig. 1 EIF4(r] sheme depicting novel and previously described [1] missense variants in individuals with PD and their relative location in relation
te known and predicted functional demains, P4BP polyadenylate binding protein, &/F eukaryotic translation initiation factor
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microsatellite markers indicated that two of our three ¢.3614G
> A (p.Argl 205His) controls could share this minimal haplo-
type (Table 2). Seven out of the 12 variants identified in our PD
cohort were also found in the approximately 3,500 European
American exomes pettaining to the NHLBI exome sequencing
project [4] (Table 1).

Discussion

Of the newly identified variants, ¢.47C > T (p.ProléLeu),
¢.211C = T (p.Pro718er), ¢.953C = T (p.Thr31RIle),
¢.1622T = G (p.Val341Gly), and ¢.2093G = C (p.Gly698Ala)
are predicted to damage protein structure, while ¢.1456C > T
(p.Pro486Ser) and ¢.2149G > C (p.Ala717Pro) are likely
functionally neutral [5, 6] (Table 1). Of these, ¢.2093G = C
(p.Gly698Ala) emerges as the best potentially pathogenic
candidate. Contrary to most other amino acids affected, the
glycine In position 698 1s conserved in all vertebrates. The
variant, moreover, was ranked most likely to be damaging by
two prediction algorithms [35, 6] and is located in the elF3/
ell'4A binding domain necessary for formation of the transla-
tion initiation complex (Fig. 1). However, caution is mandated
as a neatby variant (¢.2056G > T (p.Gly686Cys)), previously
only found in two individuals with PD [ 1], was present in five
cases and three controls in our much smaller sample, suggest-
ing that population-specific effects can misconstrue frequency
assessment especially with regard to rare genetic variation.
Consequently, further assessment of the role of EIF4G1 var-
iants in PD is warranted.

Haplotype analysis in the three control subjects harboring
c. 3614G = A (p.Arg1205His) supports the idea of an ances-
tral founder mutation. Linkage analysis and segregation in the
original family [1] back pathogenicity of this variant and this
1s not necessarily disparaged by the presence of the variant in

Table 2 Haplotype of EIFYGI p Argl205His carriers

Marker ID KORA_315 KORA 330 KORA_944
DAS3609 163/179 163/167 163/165
154912537 T TC TIC
152178403 G G/d G

rs 2293605 T TC TC
p.Argl205His AG AG AG
151879244 T TC T
152230571 c c T
D383578 2400240 2307240 230/240
D383583 262/272 268270 268270

Since phase is unknown for all three individuals, where necessary, both
alleles are given (with the one pertaining to the described haplotype in
bold). Variants comprising the reported minimal haplotype [1] are in italics

) Springer

our controls. First, we used general population controls and it
is not unlikely that some of the controls may have or may
develop PD. Second, it is possible that this mutation shows
incomplete penetrance or that other protective factors exist.
However, the presence of ¢. 3614G > A (p.Arg1205His) in our
control cohott could also indicate that its role in PD patho-
genesis is questionable as has just now also been suggested for
the EIF4GI p.Ala502Val variant initially also reported by
Chartier-Harlin et al. [1, 3]. Overall, the EIF4GI locus natu-
rally holds a lot of genetic variance [1, 3]. Accordingly, much
larger case—control samples than those used in either the
original [1], a follow-up [3], or our study will be necessary
to answer this question.

Although not common, it still cannot be excluded that rare
exonic EIF4G 1 variants of strong effect could play a causative
role in PD in rare cases. And their study is important as they
can provide significant clues in understanding disease mech-
anism. This idea is supported by the fact that LRRK 2, which
harbors both rare and common genetic variation contributing
1o PD development [7, 8], has recently also been implicated in
dystunctional mRNA translation initiation [9].

Accession numbers

NCBI accessions NM 198241.2 and NP 937884.1 were used
to number all variants within the EIF4(G] gene and elF4G1
protein. Functional domains were assessed using UniProtKB/
Swiss-Prot Q04637 (accessed January 24, 2012).
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ABSTRACT

Many individuals with Parkinson's disease (PD) develop cognitive deficits and phenotypic and
molecular overlap between neurodegenerative conditions exists. We investigated the contribution of
rare variants in 7 dementia genes (4APP, PSEN1/2, MAPT, FUS, GRN, TDP-43) to PD and PD plus
dementia (PD+D). PD+D cases harbored more rare variants across all 7 genes than PD individuals
and rare variants in APP were more common in PD cases than either Alzheimer’s disease cases or
controls. CSF parameters differed for AMMAPT and APP variants and one variant altered the AP
spectrum. Our data suggest a possible role for APP in bringing about or modifying the PD
phenotype.

INTRODUCTION

Linkage analyses as well as genome-wide association and exome sequencing studies have
uncovered at least 20 genes associated with idiopathic Parkinson’s disease (PD). Still, to date, the
identified genes only explain a small portion of the genetic burden in PD. It is likely that genetic
factors involved in bringing about the PD phenotype comprise both genetic variants of strong effect,
which alone are causative, as well as variants of weaker effect, which contribute to disease risk or
phenotypic modification.

Significant overlap between different neurodegenerative diseases has been described on the
neuropathologic, the genetic and the phenotypic level. Neuropathologically, the neurodegenerative
overlap is exemplified by the coexistence of hallmark features of both Alzheimer’s disease (AD)
and PD in individuals with dementia with Lewy bodies.’ On the genetic level, common genetic
variants in myelin-associated protein tau (AMAPT) represent risk factors for PD? while, at the same
time, rare variants of strong effect in AYAP7T have long been recognized as a cause of frontotemporal
dementia (FTDY. Phenotypically, it is known that at least 30 % of individuals with PD develop
dementia®. Accordingly, we sought to assess the contribution of genetic factors known to be

involved in dementias such as AD*® or FTD**!! to the PD phenotype.

METHODS

Participants, Variant Screening and Genotyping

We used Idaho™’s LightScanner melting curve analysis to screen the coding regions and exon-
intron boundaries of 3-amyloid precursor protein (APP), presenilin 1 and 2 (PSENI, PSEN2), tau
(MAPT), TAR DNA binding protein 43 (TDP-43), granulin (GRN) and fused in sarcoma (FUS) in
376 individuals with PD (188 with solely PD, 188 with PD plus dementia and 376 KORA-AGE
controls (APP and MAPT only). In the case of altered melting patterns suggestive of variants,
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Sanger sequencing ensued. Variants indentified during the screening phase were genotyped in 975
PD cases, 93 neuropathologically confirmed cases of Lewy body disease, 613 AD, 182 FTD cases
and 1014 controls using Sequenom™ MALDI-TOF mass spectrometry. For technical reasons, MAPT
p-R546H and PSEN2 p.R71W were not included. Two 3-base pair (bp) deletions in APP were
assessed by fragment analysis as described previously'%. One variant (4PP p.E599K) which showed
significant association in the first sample was also assessed in a second sample of 715 PD cases and
948 controls. Significance was judged using the % test. Ethics review board approval and
participants’ written informed consent were obtained. For a detailed description, please cf.

supplement.

AB40, AR42, Tau and phospho-Tau Determination in Cerebrospinal Fluid (CSF)
Total tau, phospho-tau, B-amyloid (AB)1-40 and AB1-42 in CSF were measured by commercially
available validated ELIS As and protein detection kits as described in the supplement.

Immunochistochemistry
Cortical and midbrain sections of the individual harboring the APP p.E599K variant were stained

for AP and alpha-synuclein. Staining procedure and antibodies can be found in the supplement.

Cloning, Transfections and Analysis of AB-Spectrum
c¢DNA of the pCMV/betaAPP695sw vector containing all identified APP variants were transiently
transfected into HEK 293 cells and the AP spectrum was analyzed by mass spectrometry as depicted

in the supplement.

RESULTS

Variant screening of “dementia genes” in individuals with PD

Within the coding regions and exon-intron boundaries (=10 bp) of APP, PSENI, PSEN2, MAPT,
FUS, TDP-43 and GRN, we identified a total of 27 rare variants with minor allele frequency (MAF)
< 5 % in 376 individuals with PD (n=188) or PD+D (n=188). Interestingly, more individuals with
PD+D (10.11%) than solely PD (4.26%) harbored a rare variant with MAF < 5 % in any of the
seven “dementia genes” (19 PD+D individuals with a variant vs. 8 PD individuals with a variant;
p<0.05, Xz test). Four individuals harbored the GRN p.R433W (rs63750412) variant and one GRN
p-G35R. One novel variant in PSEN/ (p.1148W) within two amino acids of known pathogenic
mutations as well as three previously reported variants in PSENZ (p.R62H (rs58973334), p.R71W
(rs140501902), p.S130L (rs63750197)) were found. No variants were identified in either 7DP-43 or
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FUS. 9 were also found by the NHLBI-GO exome sequencing proj ect', (Tab 1) For a detailed
discussion of the phenotype of variant carriers, please cf. supplement. (Suppl Tab 2)

For APP and MAPT, the screening was performed in the above 376 PD cases and 376 KORA-AGE
controls. In APP, 11 rare variants with MAF < 5 % (7 missense, two 3-bp deletions, 2 nearsplice
variants) were seen. In total, 10 cases but only 4 controls carried a rare APP variant. None of these
variants have previously been reported in individuals with a neurodegenerative condition. In MAPT,
we identified a total of 10 rare variants (9 missense, 1 stop). Overall, 7 cases and 5 controls
harbored a rare MAPT variant. (Tab 1, Suppl Tab 1). As is frequently the case, analysis by common
prediction algorithms yielded contradicting results for most variants (Tab 1), thus warranting

additional frequency assessment and functional study.

Frequency Assessment in Individuals with PD, AD and FTD

Frequency assessment for 25 of the 27 variants identified in the screening phase was carried out in a
sample consisting of 975 PD patients (including the 376 used above), 613 AD patients, 182 FTD
patients, 93 neuropathologically confirmed cases of Lewy body disease and 1014 controls (also
including the 376 used above). 68.0% of the variants were very rare with MAF < 0.1 % in the
control sample. When compared to controls, the APP p.E599K variant was significantly more
frequent in the PD phenotype than in controls (p<0.01, 3* test) prior to correction for multiple
testing. When data from the NHLBI-ESP exomes were added as controls, the finding remained
significant even after correction for multiple testing (14 out of 1068 cases vs. 12 out of 3310
controls; Prominat=3.8x107, Peomected=9.5x10°%, %% test). However, when trying to replicate this finding
in a Spanish PD case/control sample, we did not find any APP p.E599K carriers in either cases or
controls, possibly suggesting a population-specific finding. APP p.E599K was the only variant
identified in the 93 Lewy body disease cases. Clinically, this individual had suffered from classical,
levodopa-responsive PD with an age of onset at 60 years. Her mother had also had PD. Histology
revealed both Lewy bodies in the substantia nigra and some amyloid plaques in the frontal and
parietal cortex and the hippocampus, in line with a diagnosis of idiopathic PD.(Fig 1)

Burden tests analyzing the load of rare variants were performed for both APP and MAPT. This
revealed an access of rare variants with MAF < 5 % in APP in PD (27 individuals with a variant out
of 975) when compared to either controls alone (13 out of 1014, p<0.02, % test), AD cases alone (4
out of 613, p<0.01, %* test) or the combined sample of controls, AD and FTD cases (p<0.001,

test). The frequency of rare variants in AM/APT was similar is all groups.
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Rare Variants in MAPT and APP Influence CSF Levels of AB and Tau

In order to evaluate a possible functional effect of the identified variants, we analyzed
neurodegeneration markers in the CSF of the PD individuals in whom the variants were identified.
Interestingly, comparison between those carrying rare MAPT variants (n=4) and those carrying rare
APP variants (n=5) uncovered comparatively elevated total tau (311.2+122.1 vs. 114.5+44.1 pg/ml;
p=1.0x10*) and pathologically elevated (normal <75 pg/ml) mean phosphorylated tau (78.3+23.9
vs. 40.615.0 pg/ml; p=0.005) levels in those with ALAPT variants. Carriers of rare APP variants, on
the other hand, showed a comparative increase in AB1-42 load (982.2+170.0 vs. 704.0£65.1 pg/ml
p=0.009) and AB42/40 ratio (1.32+0.18 vs. 0.68%0.19, p=5.9x10'4) and attenuation of AB1-40 levels
(7754.0£1585.0 vs. 10967.313047.2 pg/ml; p=0.03, all Student s t-test) when compared to ALAPT
variant carriers.(Fig 2) There was no difference in the four CSF parameters when carriers of rare
APP or MAPT variants were compared to PD individuals of the screening sample without a rare

variant (n=333) or between the 188 individuals with PD and PD+D. (data not shown)

Impact of Rare Variants in APP on A} Processing

AP spectral analysis was performed to further evaluate a potential functional effect of the identified
coding variants in APP. In all but one, the AP spectrum reflected the wildtype situation. However,
APP p.G7028, located within the A} domain, shifted the spectrum from AB40 as the main species
to APB39 and—to a lesser extend—AP37 (Fig 2, Suppl Fig 1).

DISCUSSION

Screening of seven genes known to be strong genetic factors in AD or FTD in a sample comprising
both individuals with PD and PD+D revealed a number of rare variants not previously described.
Interestingly, identified variants in APP were more common in PD than in either controls or AD.
Next to a mere chance occurrence, there are several possible explanations for this finding. For one,
rare variants in known dementia genes could represent phenotype modifiers in PD. This is
supported by the fact that in the screening sample, rare variants were more frequent in the PD+D
group than in the PD group when all seven genes were analyzed together. Also, the “dementia
gene” variants could contribute to the overall “neurodegenerative burden” that an individual carries
which reflects an increased susceptibility for neurodegenerative conditions in general. In this
scenario, an access of genetic alterations in a specific pathway plus additional non-genetic factors
could then tip the balance towards one neurodegenerative phenotype or the other or create

phenotypes in which features of multiple neurodegenerative diseases coexist. Alternatively, this
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could also mean that the phenotypic spectrum of AD or FTD is broader than previously recognized
and could include PD-like aspects.

The boldest proposal would be that rare variants of strong effect in APP or MAPT alone could cause
PD. M apt'/' mice have recently been shown to develop not only memory deficits but also PD-
specific features such as loss of neurons in the substantia nigra and reduced locomotion.’* Common
variants in MAPT are an established risk factor for PD? and the relevance of allelic series—that is
both commeon variants of weak effect and rare variants of strong effect in one gene—to PD has
already be shown®®. Yet, in our sample, rare variants in APP, not MAPT, were enriched in PD.
However, since a physical interaction between MAPT and APP and a role of MAPT in trafficking

14,16 - : i
d ™7, rare variants in APP could have a similar effect

APP to the cell membrane has been reporte
with regard to PD as MAPT variants.
Based to the CSF findings and the AP spectra, some of the variants we identified appear to harbor
functional effects on the protein. Yet, from our data we cannot conclude that this function is truly
relevant to PD nor which function of the proteins would be relevant to a potential (modifying) role
in PD. Next to its role in amyloid production, APP's ferroxidase'’ and amine oxidase'® activities

could even more plausibly fit a potential role in PD pathogenesis or phenotype modification and

could be explored further.
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Gene Genomic dbSNP137 Variant Cases Controls Frequency Assessment NHLBI-ESP'  Predictions

position (hg19) PD PD+D (975PD:613AD:182FTD:1014KORA)  (EAonly)  PolyPhen2  Mutation SIFT

(n=188) (n=188) (n=376) Taster

APP  chr21:27,423,376, C>T r$149995576 A201V 1 2:0:0:1 A=3/G=8597 N/S
APP  chr21:27,394,297-299, delCTT N7A C.722_724delCTT 1 4:1:0:4 not found n/a _ n/a
APP  chr21:27,354,793, A>G N7A ¢.1091-3 1 1:0:0:0 not found n/a [
APP  chr21:27,347,438, C>T N7A R468H 1 0:0:0:1 notfound N I e
APP  chr21:27,328,030, C>T rs201547894 AS00T 1 0:0:0:2 notfound N I e
APP  chr21:27,284,167, G>A r$140304729 E599K 1 2 1 13:3.0:3 T=gic=sse1 L e
APP  chr21:27,284,163, G>A rs200088099 TE00M 1 0:0:0:1 notfound N N e
APP  chr21:27,269,955-957 delTCC NiA c.1992_1994delGGA 1 4:01:0 not found g | ]
APP  chr21:27,269,961, G>A rs200260102 T663M 1 1:0:0:0 notfound L N e
APP  chr21:27,264,120, C>T rs201269325 G709S 1 1:0:0:0 notfound [
APP  chr21:27,254,092-093, delAA N/A €.2212-10_-11delTT 1 1:0:0:1 not found v TR
GRN  chri7:42,426 635, G>A N/A G35R 1 1:0:0:0 notfound Y N e
GRN  chr17:42,429 500, C>T rs63750412 RA33W 1 3 2:0:0:0 homo 8.6:5:2:6 hetero T=24/c=8576 | S
MAPT chr17:44,039,716, C>T N/A R5C 1 1:0:0:0 notfound N R
MAPT chri7:44,039,717, G>A rs63750959 R5H 1 0:0:0:1 notfound N S
MAPT chri7:44,039,824, G-A rs115239819 AMT 1 1:0:0:0 notfound I N e
MAPT chr17:44,067,341, C>T rs143956882 S427F 1 1 2:4:0:3 T=18/C=8562 N T e
MAPT chr17:44,067,403, C>T r$200099007 R448X 1 2:4:03 T=2/C=8598 na
MAPT chr17:44,068,850, G>A rs143624519 A469T 1 1 2 3:4:0:5 A=23/G=8577 T e
MAPT chri7:44,071,314, C>G NIA P511R 1 1:0:0:2 notfound L[ e
MAPT  chri7:44,073,840, G-A NIA R546H 1 nfa notfound T e
MAPT chr17:44,096,064, A>G NiA 1695V 1 1:0:0:0 notfound [T s
MAPT chri7:44101,491, C>T r$63750991 T762M 1 1:0:0:0 notfound T
PSENT chr14:73,640,377, A>G N/A 1148W 1 1:0:0:0 notfound s
PSEN2 chri:227,071,449, G>A r$58973334 R62H 1 4:3:05 a=2ic=e572 [
PSEN2 chri:227,071,475, C>T r$140501902 R7TIW 1 n/a T=32/c=8568 T e
PSEN2 chr1:227,073,271, C>T rs63750197 s130L 1 2:2:0:4 T-oic=ese1 | R e




123

10

Table 1

Rare variants in “dementia genes™ identified in variant screening. Gray boxes in the controls column symbolize that the given gene was not screened
in controls. Orange = probably damaging (PolyPhen2), disease causing with a score = 0.9 (Mutation Taster) or damaging (SIFT); yellow = possibly
damaging (PolyPhen2), disecase causing with a score < 0.9 (Mutation Taster) or damaging with low confidence (SIFT); light green = polymorphism
with a score < 0.9 (Mutation Taster); dark green = benign (PolyPhen2), polymorphism with a score 2 0.9 (Mutation Taster) or tolerated (SIFT). N/A
= not annotated, N/S = not scored, n/a = not available because this class of variants cannot be tested using the given prediction algorithm. 'Exome
Variant Server, NHLBI GO Exome Sequencing Project (ESP), Seattle, WA (URL: http://evs.gs.washington.edu/EEVS/) [accessed December 1,
2012]
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FIGURES

Figure 1

Location of rare variants in APP, GRN, MAPT, PSEN] and PSEN2 and histological features of an
individual harboring the p.E599K variant of APP. (A) Variants with minor allele frequency (MAF) <
5% found in PD cases are depicted above the schematic illustration of each gene, those found in
controls—if the gene was analyzed in controls—below the gene. If variants were present more than
once in the discovery sample, the number of ocourrences is given in parentheses. Domain annotations
were taken from Uniprot (accessed December 12, 2012). PD = Parkinson’s disease, Hep = heparin, AA
= amino acids. (B) Depiction of a classical nigral Lewy body (left, antibody: anti-alpha synuclein
KMS51, 1:1000, Novocastra/NCL-ASYN, counter stain: hematoxylin-eosine) and cortical A plaques
(right, antibody: 4G8, 1:2000, Signet) found in an individual with classical idiopathic PD and the APP
p-E599K variant.



125

v c.1091-3 599K (3x)
722724 o c 1992_1904deiGGA
™ G702S
’;&: 12
10_-11deTT
770 AA
lasooT
ES99K
|RAW (3x)
gl 1T T granuin 17 TT T T ]
593 AA
27F
5 g - Ra48X T7EM
g 1T
B= )

12



126

13

Figure 2

Functional effect of rare A PP variants. (A) Differences in CSF total tau levels and tau phosphorylation
as well azs AP1-42 and AP1-40 levels between PD individuals carrying rare variants in either 42~ or
MAFT. (B) When overexpressed in HEK293 cells, the A~ G7025 variant shifts the A spectrum from
APA0 to AB39 and AB37.
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SUPPLEMENTARY METHODS

Description of case/control samples

All 376 PD cases (71.1+9.4 years, 31.6% female; 188 PD and 188 PD+D) used in variant screening
were recruited at Paracelsus-Elena Klinik, a hospital specializing in Parkinson’s disease (PD), in
Kassel, Germany. Cases used in genotyping included a total of 450 cases from Kassel (age 70.2 +
9.7yrs, 32.2% female, including the 376 cases using in variant screening), 486 cases (age 58.7
+11.3yrs, 35.4% female) collected at the Departments of Neurology at Wilhelminenspital and
Allgemeines Krankenhaus in Vienna, Austria, and 39 cases (age 50.4 £10.8yrs, 53.8% female)
collected at the Department of Neurology, Semmelweis University, Budapest, Hungary, for a total of
975 cases. The Hungarian cases were included because they are either individuals with a very early age
of onset or probands of large PD families. All PD cases used in variant screening and genotyping have
been deseribed prcviml.ﬂ.lyl_ PD diagnosis was made in accordance with the UK Brain Bank Criteria by
a senior neurologist specializing in movement disorders.

The Spanish replication sample consisted of 715 individuals (72.6 = 11.2 years, 40% female) diagnosed
with PD originating from the Spanish regions of Catalonia and Navarra and 948 general population
controls (38.6 = 11.5 years, 55% female).

Samples of 93 neuropathologically diagnosed cases of Lewy body disease were collected by BrainNet
Europe and archived at the Department of Neuropathology, Ludwig Maximillians Universitit, Munich,
Germany.

613 individuals diagnosed with Alzheimer's disease (AD) were recruited at the department of
Psychiatry, Klinkum rechts der Isar, Technische Universitiat Miinchen, Munich, Germany, and were
included in the genotyping.

The frontotemporal dementia (FTD) sample included 146 cases from the department of Psychiatry,
Klinikum rechts der Isar, Technische Universitit Miinchen, Munich, Germany, as well as 36 cases from
the department of Psychiatry, Albert-Ludwigs Universitat, Freiburg, Germany.

The 1014 controls used in genotyping (age 76 + 6.6yrs, 50.1% female) belong to a large general
population cohort (KORA) based in the region around Augsburg in Southern Germany and have been
described previously.? KORA-AGE represents a subset of the KORA cohort collected in 2009 as a
gender- and age-stratified subsample of the KORA® $1-84 studies comprising participants born before

1944, All individuals taking dopaminergic medication were excluded from the control sample.
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Variant Screening

The following transcripts were used in primer design and variant annotation: APP—NM_000484.3,
PSEN1—000021.3, PSEN2—NM _000447.2, FUS—NM_004960.3, GRN—NM _002087.2, MAPT—
NM 001123066.3, TDP-43—NM 007375.3. Primer sequences are available upon request.

Immunohistochemistry

Cortical and midbrain sections of the individual carrying the APP p.E399K variant were rehydrated and
pre-treated with 80% formic acid for 1 h. Subsequently, sections were incubated over night at 4°C with
a monoclonal primary antibody directed against AP (Signet, clone 4G8, dilution 1:2000) or a
monoclonal primary antibody directed against alpha-synuclein (Novocastra/NCL-ASYN, clone KMS51,
dilution 1:1,000). The reaction product was visualized using the Zymed Lab-SA detection system
(Zymed, San Fransisco, CA, USA) with the use of Biosource Romulin AEC as chromogen (Biocare

medical, Walnut Creek, CA, USA).**

Determination of AR40, AB42, Tau and phosphorylated Concentrations in Cerebrospinal Fluid
(CSK)

Commercially available assays from Innogenetics, Ghent, Belgium, were used to quantify total tau
protein, phospho-tau 181 protein as well as AB1-42.5 AB1-40 was measured by a commercially
available assay from ABETA GmbH, Heidelberg, Germany, as described previously®. The assays were
performed at the CSF diagnostics lab of the Department of Neurology, Georg August Universitiit,

Gottingen, Germany, where they are routinely used in clinical practice.

Cloning and Transfections

All identified coding variants in APP were introduced into the pCMV/betaAPP6935sw vector' by
QuikChange mutagenesis (Stratagene) using oligonucleotide primers encoding the respective point
mutations. Human embryonic kidney (HEK) 293 cells were cultured in Dulbecco's modified Eagle's
medium supplemented with 10% fetal calf serum and penicillin/streptomyein on poly-L-lysine-coated
plates. Cells were plated at a density of 1,000,000 cells/6-well plate, and the following day, cells were
transiently transfected with the indicated APP c¢DNAs using Lipofectamine 2000 (Invitrogen)

according to the manufacturer's instructions.
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Mass Spectrometry Analysis of AR

As described previouslyg, AP species were immunoprecipitated from conditioned medium from each
cell line with antibody 82E1 for 4 h at 4 °C. Immunoprecipitates were washed four times with
immunoprecipitation-MS buffer (0.1% N-octylglucoside, 140 mM NaCl, 10 mM Tris, pH 8.0) and two
times with distilled water. Immunoprecipitated peptides were eluted with 0.3% trifluoroacetic acid in
40% acetonitrile saturated with a-cyano-4-hydroxy cinnamic acid. The dissolved samples were dried on
a stainless plate and subjected to MALDI-TOF MS analysis using Voyager DE STR (Applied

Biosystems).

SUPPLEMENTARY RESULTS and DISCUSSION

Clinical phenotypes of variant carriers

Clinical details of variant carriers are depicted in Suppl Table 1. Most individuals suffered from classic
idiopathic PD with or without dementia with an age of onset at 64.1+7.9 years and an average disease
duration of 9.0+6.0 years. Occuring in 65% of patients with a rare variant (minor allele frequency
(MAF) < 5%), unilateral resting tremor was the most common initial symptom. In a few individuals
diagnoses other than idiopathic PD had been discussed in the past (Suppl Table 1) because of the
presence of additional symptoms such as prominent dementia or vertical gaze palsy. However, in the
end, in all cases idiopathic PD was considered the most likely diagnosis by a senior movement
disorders specialist. Upon administration of 200mg levodopa, no improvement of symptoms was seen
in one carrier of an APP and one carrier of a MAPT variant and two carriers of GRN as well as one
carrier of a PSENZ variant showed less than 20 % improvement in the motor section score of the
United Parkinson's Disease Rating Scale (UPDRS IIT). This could be attributed to either advanced
disease or an underlying diagnosis other than idiopathic PD. Transcranial sonography of the substantia
nigra was performed in six out of 26 cases and demonstrated either uni- or bilateral nigral
hyperechogenicity in all cases. Seven out of 26 cases underwent polysomnography. In six, results

suggested REM-sleep behavior disorder (RBD) and in three of these, an increase in periodic limb
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movements in sleep (PLMSs) was also present suggesting the presence of restless legs syndrome
(RLS). One individual suffered from RLS but not RBD. Magnetic resonance imaging (MRI) was
unremarkable or showed only unspecific microangiopathic changes in most individuals (9 of 22).
However, in 7 out of 22 cases, signal alterations classified by the attending neuroradiologists as likely
calcifications or iron depositions were present in the basal ganglia. In four cases, these changes were
accompanied by some degree of temporal, hippocampal and/or mesencephalic atrophy (compare Suppl
Tab 1). Further, the phenotypes of carriers of some previously described variants are noteworthy in

light of what can be currently found in the literature and are described below in more detail.

MAPT p.R5C and p.RSH

One individual with idiopathic PD carried the AMAPT p.R5C variant. His dizygotic twin brother was
reported to have suffered from essential tremor all his life but was not available for detailed clinical
examination or genotyping. The MAPT p.R5C variant was not previously descripted in the literature.
However, two different variants affecting the same codon (AMAPT p.R5H and p.R5L) are listed in the

AD-FTD mutation database (www.molgen.ua.ac.be/ADMutations, accessed Dec 1, 2012) as

pathogenic. These were linked to two different neuropathologically confirmed phenotypes—FTD for
MAPT p.R5H and progressive supranuclear palsy (PSP) for MAPT p.R5L—and both impair
microtubule assembly in vitro”'. Resting tremor and bradykinesia as the presenting symptoms as well
as a relatively long disease course of currently 12 vears substantiate idiopathic PD as the primary
diagnosis in our patient. Accordingly, one could speculate about a potential role of the p.R5C variant
with regard to the PD phenotype. However, this remains a speculation as long as there is not functional
or statistical genetic evidence to support it. Interstingly, however, we also identified the p.R5H variant
of MAPT but in a control individual. We cannot exclude that the control individual belonging to our
general population cohort has or could develop a neurodegenerative phenotype, vet, this could also

suggest reduced penetrance or variable expressivity of this variant.

GRN p.G35R

The PD individual who harbored the GRN p.G35R variant reported the onset of a Parkinson syndrome
at the age of 56 with bradykinesia. Resting tremor was never present and levodopa response was
limited. Dementia was present at the time of inclusion into the study (MMSE 19/30) and LBD and

MSA-P were considered as differential diagnoses during the 18-year course of disease but the final
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diagnosis was idiopathic PD. The GRN p.G33R variant was previously observed in an individual with

late-onset sporadic AD' but its pathogenic nature is unclear.

PSEN2p.R62H

PSEN?2 p.R62H was identified in one case of idiopathic PD with good response to levodopa and
anosmia. However, a connection with the PD phenotype is questionable because when analyzed by a
recently suggested algorithm to be used in the analysis of AD variants, PSEN2 p.R62H is not
pathogeniclz. This is further supported by the fact that is was found with a MAF of approximately 9%
in a cohort of 130 individuals from seven African populations'? and 22 of approximately 4300

individuals in the NHLBI-ESP exomes'? and it does not alter the production of AB1-42'.

PSEN2 p.R7TIW

The individual carrying the PSEN2 p.R71W variant presented with resting tremor and developed
idiopathic PD with only moderate responsiveness to levodopa as well as cognitive impairment (mini
mental state exam (MMSE) 24/30). Polysomnography was in line with REM sleep behavior disorder
(RBD) and restless legs syndrome (RLS). The PSEN2 p.R71W variant has previously been reported in
one individuals with idiopathic AD"'* and one individual with LBD and his brother who also suffered
from dementia'®. According to the proposed pathogenicity algorithm'?, it was classified as possibly
pathogenic and it has been recognized to affect PSEN2 protein stability and its function in Notch
signaling’®. Yet, the fact that ist is also found in 32 out of approximately 4300 individuals examined as

part of the NHLBI-ESP*?, makes a causal role unlikely.

PSEN2p.S130L

An 85-year-old individual in whom symptoms had begun at age 73 with bradykinesia carried the
PSEN2 p.S130L variant. At presentation, the phenotype consisted of bradykinesia, resting tremor,
rigor, postural instability, and pronounced dementia (MMSE 10/30). In CSF, Ap42/40 ratio was within
normal limits (0.9). PSEN2 p.S130L has previously been reported in one family with AD" and one
individual with sporadic AD'® but also in two families with dilated cardiomyopathy and heart failure'®.
Interestingly, in the family of the ,sporadic® AD patient with the PSEN2 p.S130L genotype, the father
and sister suffered from PD but were not available for genotyping'®. PSEN2 p.8130L does not change
APB1-42 produc‘rion14 and was also found in 9 individuals out of approximately 4300 evaluated as part

of the NHLBI-ESP".
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Supplementary Table 1: Phenotype of carriers of rare variants.
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gene  diagnosis variant Ac0 DD family IS -] R RT P! D L-Dopa TCS PSG hyposmia MR DiffiD
history test
APP PD+D A201V 70 8 nfa B,RT + + + + + nfa n/d  RBD, RLS n/d nfa PSP
temp & hippocampal atrophy, punctate
APP PD+D €.722_724delCTT 56 15 + grandmother with PD RT + + ++ + + + + nfd + signal alterations BG
APP PD c.1091-3, ES99K 60 1 (+) father with D n/a + + - + - - n/d nfd + chalky depaosits in GP bilaterally
APP PD+D E599K 76 3 - n/a + + + + + + n/d nfd nfd NPH, slight gen atrophy
APP PD E599K 69 7 - B + + {+) + - + n/d nfd nfd microangiopathy
APP PD+D €.1992_1994delGGA 59 8 n/a RT + + {+) + + + n/d nfd nfd slight gen atrophy, microangiopathy
APP PD+D TE63M 64 5 + 3 aunts with PD B,D + + - + ++ n/d + n/d + microangiopathy LBD
APP PD+D G7098 84 8 + uncle with PD RT + + (+) + + + n/d nfd nfd microangiopathy
APP PD+D ¢.2212-10_-11delTT 45 24 nfa n/a + + (+) + + nid n/d RLS nfd nfa
GE signal diminished dorsal of putamen,
some frontotemp atrophy, slight thining  LBD,
GRN PD+D G35R 56 18 nfa B ++ + - + ++ (+) n/d nfd nfd of brain stem MSA
GRN PD+D R433w 88 5 nfa RT + ++  (+) + + (+) n/d RBD, RLS nfd BG calcifications, microangiopathy
GRN PD+D R433w 67 10 n/a n/a + ++ - + n/d n/d nfd nfd NPH, slight microangiopathy
GRN PD+D R433W 50 21 - B,RT + + (+) + + + n/d n/d n/d unremarkable
GRN PD R433W 64 2 - B + + + (+) - + + nfd nfd nfa
dizygotic twin with
MAPT PD+D R5C 83 12 (+) ET B, RT + + + ++ + ni/d n/d RBD nfd slight frontal atrophy, microangiopathy
MAPT PD A41T 76 ) nfa RT + + ++ + (+) + n/d nfd nfd iron deposits in dorsolateral putamen
MAPT PD+D S427F 55 14 n/a B + + - + + + n/d nfd nfd microangiopathy
MAPT PD R448X 67 2 - RT + + + + ++ + + RBD nfd nfa
MAPT PD+D A489T 64 10 nfa RT + + ++ + + + n/d nfd nfd slight mesencephalic and temp atrophy PSP
mesencephalic atrophy, loss of GE
MAPT PD A489T 83 4 - RT ++ + ++ + - - + nfd + signal bilat putamen and pallidum PSP
MAPT PD 1695V 64 é - n/a + + + + - + + nfd nfd iron deposition in BG AD
MAPT PD T762M 66 2 nfa RT + + + + - + n/d n/d nfd microangiopathy
PSEN1 PD+D 1148W 62 16 - n/a ++ + (+) + + ni/d n/d nfd nfd temp & hippocampal atrophy
PENS2 PD+D R62H 81 3 - B + + - + + + n/d RBD ++ microangiopathy
PSEN2 PD+D R71W 65 10 n/a RT + + + + + +) n/d RBD, RLS nfd microangiopathy
PSEN2 PD+D S130L 73 12 n/a B + + + + ++ n/d n/d nfd n/d temp atrophy, bilat. calcifications BG

AoO = age of onset, DD = disease duration, n/a = not available, D = dementia, ET = essential tremor, IS = initial symptome, B = bradykinesia, R =
rigor, RT = resting tremor, PI = postural instability, n/d = not done, TCS = transcranial sonography of the substantia nigra, PSG =
polysomnography, RBD = REM sleep behavior disorder, RLS = restless legs syndrome, MRI = magnetic resonance imaging, BG = basal ganglia,
GE = gradient echo, NPH = normal pressure hydrocephalus, GP = globus pallidus, DiffD = differential diagnosis considered, LBD = Lewy body
dementia, MSA = multisystem atrophy, PSP = progressive supranuclear palsy, AD = Alzheimer's disease
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A Mutation in VP535, Encoding a Subunit
of the Retromer Complex, Causes
Late-Onset Parkinson Disease
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To identify rare causal variants in late-onset Parkinson disease (PD), we investigated an Austrian family with 16 affected individuals by
exome sequencing. We found a missense mutation, ¢.1858G>A (p.Asp620Asn), in the VP535 gene in all seven affected family members
whoare alive. By screening additional D cases, we saw the same variant cosegregating with the disease in an autosomal-dominant mode
with high but incomplete penetrance in two further families with five and ten affected members, respectively. The mean age of onset in
the affected individuals was 53 years. Genotyping showed that the shared haplotype extends across 65 kilobases around VPS35.
Secreening the entire VPS35 coding sequence in an additional 860 cases and 1014 controls revealed six further nonsynonymous missense
variants. Three were only present in cases, two were only present in controls, and one was present in cases and controls. The familial
mutation p.Asp620Asn and a further variant, ¢.1570C=T (p. Arg524Trp), detected in a sporadic PD case were predicted to be damaging
by sequence-based and molecular-dynamics analyses, VPS35 is a component of the retromer complex and mediates retrograde transport
between endosomes and the trans-Golgi network, and it has recently been found to be involved in Alzheimer disease.

Parkinson’s disease (PD [MIM 168600]) is the second-most
common neurodegenerative disorder; it affects 19-2% of
the population above the age of 60." It is characterized
by degeneration of dopaminergic neurons in the nigro-
striatal pathway and other monoaminergic cell groups in
the brainstem. This degeneration leads to bradykinesia,
resting tremor, muscular rigidity, and postural instability
as well as nonmotor symptoms. Up to 209 of cases with
PD are reported to be familial,>* but extended pedigrees
with clear Mendelian inheritance are rare. Genetic studies
have so far revealed mutations in five genes causing auto-
somal-recessive (PARK2 [MIM 602544], PINKI [MIM
608309], PARKY [MIM 602533]) or autosomal-dominant
(SNCA [MIM 163890], LRRK2 [MIM 609007]) forms of
PD.** Whereas the autosomal-recessive forms with
early onset and SNCA missense mutations or duplica-
tions'” are rare, a single LRRK2 mutation (RefSeq number
NM_198578.3: ¢.6055G=A [p.Gly20195er]) accounts for
approximately 1% of sporadic cases of European
origin.'"* A recent study revealed a strong association
of PD with glucocerebrosidase (GBA) mutations in carriers

iDeg of Neurology, Medizinische U

[ o

for Gaucher [MIM 230800] disease, thus implicating a lyso-
somal enzyme in the pathogenesis of PD.'*'% Genome-
wide association studies revealed several low-risk suscepti-
bility loci, among them LAMP3 [MIM 605883] and HIPIR
[MIM 605613], which have been reported to be implicated
in the lysosomal pathway.'®'*

We identified an Austrian family in which 16 members
were affected by PD (family A, Figure 1). PD seemed to be
inherited in an autosomal-dominant mode with high
penetrance. Seven affected members were available for
clinical and DNA investigations, Six of them exhibited at
least three of the four cardinal signs of PD (akinesia, resting
tremor, rigidity, and postural instability) and showed
improvement after dopaminergic treatment. A single
affected individual had displayed action tremors since
childhood but developed L-Dopa-responsive resting
tremors and akinesia only at the age of 62 years. The
mean age of onset was 53 years (range 40-68 years) (Table
1). The clinical diagnosis of idiopathic PD was made by
movement-disorder specialists who used UK brain bank
criteria for PD.'® All participants gave written informed
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Figure 1.
Unaffected family members are indicated by open symbols, affected members by closed symbaols. Asterisks denote individuals genotyped
for p.Asp620Asn. To maintain confidentiality, we have not shown genoty pes of unaffected individuals. A question mark within a symbaol
denotes an unknown phenotype. Diagonal bars through symbols denote deceased individuals.

Pedigrees of Families A, B, and C

consent. The study was approved by the institutional
review board of the Medizinische Universitit Wien and
the Hessische Landesdrztekammer Wiesbaden.

Ter identify the disease-causing variant, we selected two
second cousins (#3017 and #3020) for exome sequencing.
We assumed that any rare variants common in both indi-
viduals would be disease-causing candidates. Selecting
distantly related members of the pedigree should minimize
the proportion of alleles shared by descent. Exome
sequencing was performed on a Genome Analyzer Ilx
system (Illumina) after in-solution enrichment of exonic
sequences (SureSelect Human All Exon 38 Mb kit, Agilent).
We sequenced two lanes of a flowcell for both samples, each
as 54 bp paired-end runs. Read alignment was performed
with BWA (version 0.5 8) to the human genome assembly
hg19 (Table S1, available online). Single-nucleotide variants
and small insertions and deletions (indels) were detected
with SAMtools (v 0.1.7). We filtered called variants to
exclude those present in 72 control exomes from patients
with other unrelated diseases. We further excluded all vari-
ants that were present in dbSNFP 131 and had an average
heterozygosity of more than 0.02. Variant annotation was

performed with custom scripts. This approach left ten
heterozygous nonsynonymouns variants shared by both
affected individuals (Table 2; see also Table 52).

Only asingle heterozygous variant in the VPS35 gene (Re-
fSeq number NM_018206.4: ¢.1858G>A [p.Asp620Asn])
fulfilled two further criteria of being possibly causative: (1)
it was found in all seven affected members investigated
and (2) was absent in approximately 680 KORA 5S4
general-population samples (Tables 2 and 3).>° We next
screened 486 unrelated PD patients from Austria for the
p-Asp620Asn variant by MALDI-TOF mass spectroscopy
{Sequenom MassArray system). We detected two additional
index patients carrying this mutation (families B and C;
Figure 1 and Table 1). The variant was detected in all eight
affected individuals investigated in both families. It was
not present in a second set of 554 Austrian controls or in
an additional 1014 KORA-AGE controls (Table 3). The
variant was further detected in three clinically unaffected
family members in families A, B, and C. Because the
unaffected individuals are all vounger than 60 years of
age, either they are all presymptomatic or the mutation is
nonpenetrant in these subjects.
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Table 1. Clinical Findings for PD Patients Carrying Variants in VP535
Family Patient Varlation Aa0 DD 15 B R RT Pl L-Dopa/DA Other Features
A 3017 pAspa20Asn 48 7 B + + - + +
A 3019 P Aspa20AIn 40 5 B + + + + +
A 3020 p.Asp620Asn 46 7 PI + + - + +
A 3021 P Aspa20AIn a8 16 Fl + + + + +
A 3049 p.Asp620Asn 49 4 RT + + + - +
A 3044 pAsp620Asn 2] 3 PI 4 + + +
A 3045 p.Asp620Asn 63 1 RT + - + - + action tremor since
childhood
B 2056 pAspa20Asn al 15 RT + + + + + fluctuations, dyskinesias
B 2057 pAspa20Asn 56 & RT + + + + + flucruations, dyskinesias
B 2098 pAspa20Asn 46 0.5 RT - - + = untreated depression, action tremor,
pathelogic DAT SPECT
B 2099 pAspa20Asn 51 5 B + + + - + fluctuations, pathologic
DAT SPECT
C o2z pAsp620Asn 3} 5 ET + + + - + dyskinesias
C 3055 P Aspa20AIn 46 12 RT + + + = +
C 3054 pAsp620Asn 53 9 B + + - - + dyskinesias
C 3056 P Aspa20AIn 43 10 B + + + + + dyskinesias
211 p.Arg524Trp 37 9 MG + + + - + mild action tremor since
youth; 75% motor
improvernent on
levodopa-test; DBS for
flucruations and
dyskinesias; pathologic
DAT SPECT
524 p.Leu774Met 51 7 ET + + + - + marked postural tremor
243 p.Leu774Met 73 9 ET i + b i dyskinesias, pathologic
DAT SPECT
806 p.lle241Met 72 2 Postural i + hyposmia (6/12 sniffing
tremor sticks), DAT SPECT
pathelegic, pathelogic
crying
G005 p-Met571e az 13 RT + + + + + dementia (MMSE 23),

dysphagia and dysarthria,
hyposmia by history,
depression

Abbreviations are as follows: A2Q, age at onset; DD, disease duration in years; 1S, initial symptoms; B, bradykiesia; R, rigidity; RT, resting tremor; Pl, postural insta
bility; L-Dopa/DA, response to L-Dopa and/or dopamine agonist; MG, micrographia; DBS, deep brain stimulation.

Cross-species alignment of VPS35 from plants, fungi,
invertebrates, and vertebrates showed complete conserva-
tion of amino acid Asp620 (Figure S1). The likely conse-
quence of the p.Asp620Asn variant was predicted to be
damaging by PolyPhen2,”" SNAP,”* and SIFT.*® We there-
fore concluded that the variant p.Asp620Asn is indeed
very likely to be causative for PD in families A, B, and C.

To determine whether the variant p.Asp620Asn occurred
on the same haplotype, we genotyped 20 individuals
from families A-C with oligonucleotide SNP arrays
(HumanOmni2.5-Quad, Mlumina). Haplotyping and
linkage analysis were performed with the Merlin soft-
ware.”* The haplotypes carrying the variant p.Asp620Asn
in families A-C are depicted in Table S3. Family A and B

sharedacommon haplotype across 21 Mbbetween markers
151072594 and rs4444336. Family C, however, showed only
a comman region of 65 kb across VPS35. Different alleles
were located at markers rs56168099 and rs74459547,
25 kb upstream and 11 kb downstream of VPS35, respec-
tively (Table $3). Because the two intragenic markers did
not differ, we could not determine whether the three fami-
lies shared an old common haplotype or whether the muta-
tion has recently arisen on two different haplotypes.

To assess the prevalence of other VPS35 mutations
among PD cases and the general population, we screened
all 17 coding exons for variations by dye-binding/high-
resolution DNA melting curve analysis (LightScanner HR
I 384, Idaho Technology) in 860 cases (484 Austrian and

170
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Table 2. Exome Sequencing: Rare, Heterozygous, Nonsynonymous Variations Shared by Twe Individuals of Pedigree A
Variations Contrel Cenotypes

Gene Position {(hg19) dbSNP Transcript MNucleotide  Amino Acid 11 1/2 2/2 Segregation
PLES chrl:4527035% NM_004073.2 c.1543T=A pSer515Thr aa% L1} 0 4ot 7
C8A chrl:37383357 A 1285938 NM_000562.2 c1723C=>T p.Pros758er Sof7
ADCYIO  chrl: 167787479 rsd 1270737 NM 0184174 cA313A=0G pAsn14385er 2ot7
LAME2 chr3:49166460 NM_ 0022923 c1724G=A  pAg5S75GIn 647 28 0 Sof7
NOM1 chr7:156762317 NM_135400.1 c2503G>A  p.AlaS35The 670 0 0 Jof7
Kr22 chrl6:29816237 NM_007317.1 c1780G=A  pAsp5O4Asn 665 & 0 6of7
SEZ6L2 chrl6:29899021 NM_012410.2 c947G=A p-Arg316His 660 4 0 Tof7?
VPS3s chrla:46696364 NM_018206.4 . 18538G=A PAspoe2iAsn 1069* LI} 0 Job7
NLRP! chrl7:5421150 NM_001033053.2  c3985G=A  pVall3290le 666 4 0 3of7
NEURL4  chrl7:7221197 NM_001005408.1  c4109G>A  p.Argl370GIn Jof7

Rare variations revealed by exome sequencing were checked in 670 controls (KORA 54) by MALDI-TOF analysis. The variant allele was denoted as “2,” the refer

ence allele as “1.*

* This number includes additional 554 Austrian control individuals investigated by a TagMan genotyping assay. Segregation shows the number of affected pedi

gree A individuals who carry the variant allele.

376 German cases) and 1014 controls. For controls, we
used a population-based cohort (KORA AGE) with
a mean age of 76 years but excluded eight individuals
known to be on medications for PD (Table 3). Exons 2
to 12 are located within a region that is duplicated 12
Mb upstream. Primers were designed to specifically
amplify these exons (Table S4). The screening revealed

Table 3. Summary of the Samples Used in This Study

Cohort Sample Size Mean Age (5D) Females/Males
Austrian PD cases® 486 58.7 (11.3) 172/314
German PD cases” 376 71.1 (9.4} 119/257

KORA 84 controls® 680 54.7(11.9) 280/400
KORA-AGE controls® 1014 76.00{6.6) 508/505
Austrian controls® 554 46 (15.2) 254/300

Patients presenting with atypical or secondary (e.q., vascular) parkinsonian
disorders as well as patients with known mutations were excluded.

* The Austrian cases were recruited at the Department of Neurology,
Medizinische Universitat Wien, Vienna, as well as in affiliated departments on
a consecutive basis, A positive family history for PD was reported from 131
patients. A positive family history was defined by at least one other affected
first- or second-degree related family member.

" The German PD population originated from the Paracelsus-Elena Klinik,
Kassel, a hospital specializing in movement disorders.

© This control population was recruited from the KORA 54 survey, comprising
individuals who were aged 25-74 years and were examined during 1999-
2001,

9 The KORAAGE samples were collected in 2009 as a gender- and age-
stratified subsample of the KORA 51-54 studies comprrising participants born
before 1944, KORA 51-54 surveys comprise four independent cross-sectional
population-based studies in the region of Augsburg, Southern Germany, and
were conducted in 5 year intervals. Patients for whom PD was suspected on
the basis of questionnaire data were excluded.

® These control samples were recruited through the Department of Neurology,
Medical University of Vienna, as subjects without known history of a neurolog
ical disorder and induded, for example, blood denors or unrelated compan-
ions or spouses of patients,

six further rare coding SNVs in addition to p.Asp620Asn
(Table 4). Including p.Asp620Asn, we identified four
different nonsynonymous missense variants only present
in cases, two only present in controls, and one present in
cases and controls. Two of the variants unique to PD cases
were predicted to be damaging by all three methods
(c.1858G=A [p.Asp620Asn]; ¢.1570C=>T [p.Argh24Trp]),
and one was predicted by PolyPhen2 to be possibly
damaging (¢.723T>G, p.lle241Met). The other variants
were predicted to be benign by all methods. Family infor-
mation was only available for the patient carrying the
p-Arg524Trp variant. The only available family member
was her mother, aged 74 vears. She was found to also carry
the wvariant and showed mild extrapyramidal signs,
including intermittent resting tremor of the left fingers
and mild postural tremor of both upper limbs, but no bra-
dykinesia. However, a DAT SPECT examination showed
normal striatal binding, excluding the possibility of an
early stage of PD in this subject. Of note, the screening
did not reveal any common nonsynonymous coding
SNVs. Furthermore, common nonsynonymous coding
SNVs were not found in the 72 control exomes from
patients with other unrelated diseases, nor were any re-
corded in the dbSNP database (version 131).

VPS35 is a component of the retromer complex and is
involved in retrograde transport from the endosomes back
to the trans-Golgi network.” This multi-protein complex
consists of the cargo-recognition VPS26-VPS29-VPS35
heterotrimer and a membrane-targeting heterodimer or
homodimer of SNX1 and/or SNX2 (vps5).2%%¢ All proteins
involved are evolutionarily conserved and have been
previously described in Saccharomyces cerevisiae. The best
characterized cargo proteins of the retromer complex are
the cation-independent mannose 6-phosphate receptor
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Table 4. Rare VP$35 Variants in Cases and Controls

Heterozygous Predicted Genomic :g:::l:
KORA AGE Nucleotide Amino Acid Impact Exon/ Position —
1D Cases Controls Change Change on Protein Intren  (hg19, chri6) 1/1 /2 2/2
Nonsynonymous (i) (i) (i)
1 c.151G=A p.Gly515er + + t 3 46,716,039
D005 - c171G=A p-Met571le + + + ki 46,716,01% 670 1] ]
- 1 C.245C=G p.Thre2Arg + + + 4 46,715,367
806 c.723T>G plle241Met t 4 t 7 46,711,308 667 O o
211] - c1570C>T pAgS24Tp - - - 13 46,702,919 671 0 [}
[Families A-C) c 1858G =A pAsp620Asn 15 46,696,364 669 0O o
243, 524 2 c.2320C=A pleu?7dMet 4 + 17 46,694,455
Synonymons
53097 - cA92A=G p.GluladGlu 5 46,714,597 671 0O o
1 c.954A=T p.Gly315Gly 9 46,708,542
53496 - c. 1881C=T p-Ala627Ala 15 46,646,341 668 5 ]
45,117, 53626 1 c.2145A=G p.Leu7l5Llen 16 46,695,696 666 2 o
53667 - c.2241CT plle7471le 17 46,694,534 667 2 o
53063 - c.2346A=0 pGluTE2GIn 17 46,6404 429 671 1] 1]
1 c.2361G=A p.Glu787Glu 17 46,694,414
Noncoding
2212 2 €. 1-35C=T S'UTR 46,723,080 667 2 o
- 2 c.1-29C=T S'UTR 46,723,074
95, 2206 3 CI+24A>G 1 46,723,019 662 6 o
154, 528 1 e 102+433G A 2 46,717 387 668 2 ]
[157, 2023] - c.103-77T=C 3 46,716,164 668 0O o
- 1 c 199409 =G ki 46,715 8952
213 - c.506+4+6T>C 5 46,714 577 644 1] 1]
53093 €.720418C>T [ 46,712,773
1 c.914438T=>C 8 46,710,457
52824 - c.1161-87A=C 10 46,706,471
52791 c1161-70G=A 10 46,706,454 668 0O o
1 ¢ 1368416C=T 11 46,706,161
[2025] - c.1369-11G=A 12 46,705,783 6aw 1] 0
- 1 . 1525-17delT 12 46,702,985
1 €.1647414T=C 13 46,702,828
320 - C.2212-45T=C 16 46,694 6085 67l 1] 0
[352] - €.23914T7A=G IUTR 46,694 377
- 1 C.2391+8A=G JUTR 46,094,376

Variants for 863 cases and 1014 KORA AGE controls were determined by dye-binding/high-resolution DNA melting curve analysis and confirmed by Sanger
sequencing. The table lists the case | and the number of detected variant alleles of the cases and KORA AGE samples, respectively. Genotypes of identified vaniants
were further investigated by MALDI-TOF analysis in approximately 680 KORA 54 controls. For the KORA 54 samples, the variant allele was denoted as “2,” the
reference allele as “1.” cDMNA numbering is based on reference gene NM_018206.4 for VPS35, where +1 corresponds to the A of ATG start translation codon.
Familial cases are given in square brackets, Three methods were used for predicting the impact of SNPs on the protein. (1) PolyPhen2, (2) SNAF, and (3) SIFT;
"+ indicates a benign impact, ” + " indicates a possibly damaging impact, and " =" indicates a damaging impact. We detected a further nonsynonymous variant
(c.1093C=T [p.Arg365Cys], genomic position 46,708,293 in a patient carrying two PARKIN variants (c.exon3_ddel and p.Arg275Trp). This variant was not
present in 670 KORA 54 and 1014 KORA AGE controls. Itis predicted to be possibly damaging by all three methods. This patient’s brother is also affected by
FD. He carries the 2 PARKIN variants but not the VPS33 variant.
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Figure 2. Hydrogen-Bonding Capacities for Wild-Type Asp620
and Arg524 and the Variants p.Asp620Asn and p.Arg524Trp
Hydrogen honds (HB) are shown as red dashed lines. Asp60 and
Arg524 are in green; p.Asp620Asn and p.Arg524Trp are in orange.
(A) Asp620 forms a HB to Lys622 and shows an additional salt-
bridge interaction. p.Asp620Asn forms fewer HBs, and no electro-
static interaction is possible.

(B) Arg524 forms a HB network with Asp483 and Asp486. This
network is broken by the p.Arg524Trp substitution.

(CI-MPR)Y? and Vps10p in mammals and Saccharoniyces
cerevisiae, respectively; these proteins transport hydroxy-
lases to the lysosomes or lysosomal vacuoles. Recently, addi-
tional cargo proteins and functions of VPS35 have heen
described.?®*® Most interesting in our context is the
involvement of the retromer into the retrograde transport
of SORL1, a VP510P-domain receptor protein that has
been implicated in Alzheimer disease.**>! The crystal struc-
ture of the C-terminal part of VPS35 has been resolved.’”
The three variants p.Asp620Asn, p.ArgS24Trp, and
p.Leu774Met are located in this part of the protein, and
we have investigated their impact on protein stability by
using molecular dynamics (MD) simulations. We manually
introduced the mutations to the crystal structure and
modeled the side chains by using scwrl 4.0.33 All MD simu-
lations were performed via GROMACS 4.5,** with the all-
atom force field AMBERO3™ and the water model TIP3P*®
as parameters. All three proteins are found on the edge of
helices interacting with VPS29. Wild-type residue Asp620
forms frequent hydrogen bonds (HBs) to Lys622, but these
bonds are less frequent in the p.Asp620Asn variant
(Figure 2A). Similarly, Arg524 is involved in a triple HB
network together with residues Asp483 and Asp456, but
this network is broken by the introduction of p.Arg524Trp
(Figure 2B). Both changes result in the loss of salt bridges
and cause the protein to be locally more flexible, as shown
by root-mean-square fluctuation (RMSF) profiles (Figure S2).
In contrast to the effect predicted for p.Arg524Trp and
p-Asp620Asn, the p.Leu774Met variant was not predicted
to have a strong impact on protein stability.

In summary, we identified rare VP535% missense variants
that are potentially pathogenic. One of these variants,
P.ASp620Asn, cosegregates with late-onset PD in three

unrelated families. The observation that the three families
share only a small common haplotype across VPS335, the
high conservation of VPS35, the predicted structural
changes, and the protein’s known involvement in lyso-
somal trafficking together provide strong support for the
P-Asp620Asn variant’s being causative for late-onset PD,
although we identified only a single familial mutation.
The penetrance of p.Asp620Asn is high but not complete
and might be lower for the other variants. The proportion
of PD caused by VPS35 variants is expected to be low.
Although exome sequencing provides perfect access to
rare-variant detection, both large families and large collec-
tions of cases and controls remain a crucial resource for the
identification of disease genes.

Supplemental Data

Supplemental Data include two figures and four tables and can be
found with this article online at http:/fwww.cell.com/AJHG/.
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Abstract Approximately 20 % of individuals with Parkinson's
disease (PD) report a positive family history. Yet, a large
portion of causal and disease-modifying variants is still
unknown., We used exome sequencing in two affected
individuals from a family with late-onset PD to identify 15

Electronic supplementary material The online version of this article
{doi:10. Tis10048-013-0383-8) contains supplementary material,
which is available to authorized users.

E. C. Schulte - J. Winkelmann

Klinik und Poliklinik fiir Neurologie, Klinikum rechis der [sar,
Technische Universitit Mimchen, Ismani 22, 81675 Mumich,
Germany

E. C. Schulte - B. Schormair - E. Graf - 8. Eck - P. Lichtner -
T. Meitinger - J. Winkelmann

Institut fiir H ik, Helmholtz Zentrum Milnch,
Germany

Munich,

D. C. Ellwmger - H-W. Mewes
Department of Genome-Onented Bioinformatics, Technische
Universitit Miinchen, Freising, Germany

5. Dihanich - C. Manzoni - P. A, Lewis
Department of Molecular Neuroscience, UCL Institute of Newrology,
University College London, London, UK

K. Stangl - H. H. Kliinemann
Klinik und Poliklinik fiir Peychiatrie, Peychosomatik und

Paychotherapie, Universitit Regensburg, Regensburg, Germany

B. Schormair - P Lichtner - T. Meitinger - J. Winkelmann
Institut fir Humangenetik, Technische Universitit Miinchen,
Munich, Germany

B. Mollenhauner - C. Trenkwalder
Paracelsus Elena Klinik, Kassel, Germany

B. Mollenhauer

Neurochirurgische Klinik, Georg Augnst Universitit Gottingen,
Giottingen, Germany

Published online: 16 November 2013

potentially causal variants, Segregation analysis and frequency
assessment in 862 PD cases and 1,014 ethnically matched
controls highlighted variants in EEFID and LRRK] as the best
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non-synonymous variants in both genes in cases and controls.
An in silico multi-model] bioinformatics analysis was used to
prioritize identified variants in LRRK] for functional follow-
up. However, protein expression, subcellular localization, and
cell viability were not affected by the identified variants.
Although it has vet to be proven conclusively that variants in
LRRK]I are indeed causative of PD, our data strengthen a
possible role for LRRK] in addition to LRRK2 in the genetic
underpinnings of PD but, at the same time, highlight the
difficulties encountered in the study of rare variants identified
by next-generation sequencing in diseases with autosomal
dominant or complex pattems of inheritance.

Keywords Parkinson's disease - LRRK] - EEFID - Exome
sequencing

Introduction

Characterized by resting tremor, bradykinesia, rigidity, and
postural instability, Parkinson's disease (PD) is a prominent
neurodegenerative disorder. Genetic factors contribute to the
risk of PD—both sporadic and familial. Although up to 20 %
of PD cases are believed to be familial [1, 2], thus far, rare
genetic variants in only a few genes have been unequivocally
shown to underlie these familial forms. They include P4RK2/
PARKIN, PINKI, PARK7/DJ-1, SNCA4, and LRRK?2 [3-R].
While all of these were identified by classical linkage analysis
in large, multi-generation families, recently, next-generation
sequencing has enabled the identification of disease-causing
variants in smaller families and—what is especially important
with regard to the investigation of neurodegenerative
conditions with an onset late in life—without the need of
genotypic information from more than one generation of
affected individuals. Recently, exome sequencing was used
to identify FPS35 as an additional gene involved in late-onset
familial PD [9, 10]. Stll, to date, the identified genes only
explain a small portion of the genetic burden in familial PD. It
1s likely that genetic factors involved in bringing about the PD
phenotype comprise both genetic variants of strong effect as
well as variants of weaker effect which contribute to discase
risk or phenotypic modification. A thorough understanding of
the entire spectrum of genetic alterations implicated in the
disease is necessary to better understand disease pathogenesis
and to provide more specific treatment options in the future.

Here, we describe whole exome sequencing in a German
family with autosomal dominant late-onset PD in whom
known PD-linked mutations has previously been excluded in
an attempt to pinpoint the disease-causing genetic variant.
Two variants in leucine-rich repeat kinase 1 (LRRKI) and
eukaryotic translation elongation factor 1 delta (EEFID)
emerged as the best candidate variants.

) Springer

Materials and methods
Participants

The family was evaluated by neurologists specializing in
movement disorders. All family members received a detailed
neutrologic exam. Information on deceased family members
was gathered from medical and family records. Cases and
controls used in genotyping and variant screening have been
reported previously [9, 11] and are deseribed in more detail in
the supplement. Ethics review board approval and
participants’ written informed consent were obtained prior to
the initiation of the study.

Analysis of copy number variation

Genome-wide copy number variant (CNV) analysis was
carried out using Affymetrix Whole-Genome 2.7 M Auray in
conjunction with the Chromosome Analysis Suite with a
confidence index of 85, a minimum homozygous region size
of 10 kb and a minimum probe count of 5.

Exome sequencing

Exome sequencing was performed on a Genome Analyzer [Tx
(Mumina) after in-solution enrichment of exonic sequences
(SureSelect Human All Exon 38 Mb kit, Agilent). For both
samples, two lanes of a flow cell were sequenced, each as 54-
bp paired-end runs. Read alignment was carried out with
BWA (version 0.5.8) to the human genome assembly hgl9.
Single nucleotide variants (SNVs) and small insertions and
deletions (indels) were detected with SAMitools (version
0.1.7). Prior to exome sequencing, presumably causal
mutations in known Parkinson's disease genes (SNCA,
PARK2, DJI, PINKI, and LRRK2 (p.G2019S only)) had
been excluded. Moreover, no known PD-linked variants were
identified in either V:8 or V:17 by exome sequencing.

Genotyping

All 15 candidate variants were genotyped in 862 cases (376 of
German (age 71.1+£94 years, 31.6 % female) and 486 of
Austrian (age 38.7+11.3 years, 35.4 % female) origin) and
1,014 population-based controls pertaining to the KORA-
AGE cohort (age 76+6.6 vears, 50.1 % female) using
MALDI-TOF mass spectrometry on the Sequenom®
platform. Association was tested using the allelic test in
PLINK.

Variant screening

We used Idaho®'s LightScanner high-resolution melting curve
analysis to screen the eight coding exons of EEFID for
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variants in the same set of 862 cases and 1,014 confrols. For
technical reasons, a patt of exon 3 of EEFID could not be
evaluated. For LRRK], the ras of complex proteins (ROC,
p.631 to 826), the C-terminal of ROC (COR, p.827 to 1241),
and the kinase (p.1242 to 1525) domains as determined by an
InterproSean sequence search or extracted from the literature
[12] were screened. In the case of altered melting pattems
suggestive of variants, Sanger sequencing ensued.
Significance was judged using the %~ test.

Bioinformatic prioritization of variants

We collected a set of reference SNVs known to impair
LRRK! function. Afier computing a multiple sequence
alignment using ClustalW based on LRRK!/LRRK2 pairs in
18 organisms, we introduced mutations into LRRKT which
mimic non-synonymous LRRK2 mutations related to PD
(rs33939927 (p.Argl441Gly), rs35801418 (p.Tyrl699Cys),
1s34637584 (p.Gly20198Ser), rs35870237 (p.le2020Thr)),
and added LRRK[ variants with a reported functional impact
[12] to the set of reference SNVs. An in silico approach was
applied to determine the disease potential of reference SNVs
and the novel, non-synonymous LRRE] variants. To reduce
the error rates of single models in predicting the functional
effect of a given variant on the protein, we implemented a
multi-model ensemble combining prediction results of six
publically available prediction algorithms into a combined
Pscore (Fig. 3a, online methods). Additionally, a Dscore was
computed, scoring the severity of structural changes between
the wild type and the variant peptide based on the mean square
deviation (online methods). By combining the Pscore and the
Dscore, we computed a single overall mutation score
(Mscore), rating the discase potential of an SNV between 0
(harmless polymorphism) and 1 (disease mutation) (online
methods). SNVs were then ranked by their Mscore, and
hierarchical clustering was conducted by Ward's minimum
variance agglomeration method and Euclidean distance
matrix and analyzed in R; p values were calculated by
multi-scale bootstrap resampling [13]. Also see supplement.

Cellular analyses

Cellular analyses were carried out as previously described
[14]. For a detailed description, see supplement.

Results

Pedigree and clinical phenotype

We describe a five-generation family from Southern Germany

in which six members were affected by PD and the pattem of
inheritance seems to be autosomal dominant with reduced

penetrance (Fig. 1). Clinical assessment revealed a tremor-
dominant, levodopa-responsive Parkinson's syndrome with an
age of onset at 36.7+1.15 years in all living affected
individuals (V:8, V29, and V:17, Online Resources Tabl 1).
Further, all three affected individuals also showed positive
Babinski signs and suffered episodes of depression. Mild to
moderate cognitive impairment especially with regard to
visuoconstruction, memory, and attention was present in all
individuals. Dopamine transporter SPECT (DAT-SPECT)
performed in two affected individuals (V:8 and V:17) revealed
reduced tracer uptake in the putamen and asymmetrically in
the caudate nucleus, in line with a diagnosis of PD.

The affected parent and aunt (IV:5 and I'V:7) of the proband
died before initiation of the study. An additional cousin, V:1,
had Parkinson's syndrome but also suffered from multiple
sclerosis. She also died before initiation of the study. Lastly,
asecond cousin removed by four generations is also known to
suffer from late-onset PD. The prevalence of PD in the general
population is approximately 1 % [15]. Accordingly, we
expected to find at least one phenocopy in this extended
pedigree of 114 individuals. Since no additional family
members on her side of the family showed signs of PD and
since she shared none of the candidate variants common to the
other three affected individuals examined, we concluded that
it is unlikely that PD in her case is due to the same genetic
variant as in the other affected individuals.

Identification of candidate variants by exome sequencing
and segregation analysis

A genome-wide CNV scan revealed no structural variation=
10 kb common to two affected members of the family (V:8
and V:17, Fig. 1). Exome sequencing was performed for the
same individuals. This generated 6.57 gigabases (Gb) of
alignable sequence for V:8 (average coverage=70.93, >8=
coverage=90.65 %) and 6.67 Gb for V:17 (average
coverage=76.29, =8 coverage=92.23 %). All detected
variants shared by the two affected individuals (16,283
variants) were filtered against variants annotated in dbSNP132
as well as in-house exomes (n=1076) of individuals with
unrelated diseases and variants with a minor allele frequency
(MAF)=0.01 were excluded from the follow-up, leaving 71
coding variants. Of these, 36 variants were predicted to alter
the amino acid sequence (i.e., missense, nonsense, stop-loss,
splice site, or frameshift variants and indels) and were
genotyped in a third affected individual (V:9) (Online
Resources Fig 1). Fifteen variants in 15 genes were present
in all three affected individuals and were pursued further by
Sanger sequencing-based testing for segregation in 32
members of the family belonging to generation V. Under the
assumption that a given variant would be causal for PD,
penetrances ranged between 30 and 50 %, with variants in
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Fig. 1 Pedigree of family used for exome sequencing. Open symbols indicate unaffected family members; affected individuals are denoted by closed
symbols. An arrow denotes the proband. Sex was obscured and birth order was altered to protect privacy. A diagonal line indicates a deceased individual

LRRKI, EEFID, and ARHGAP39 reaching the highest
predicted penetrances (Table 1).

Frequency assessment of candidate variants in a case/control
cohort

We genotyped the remaining 15 variants in a case/control
sample, consisting of 862 individuals with PD and 1,014
KORA-AGE general population controls (Table 1). Two
assays (UGT149 p.Vall67Ala, TUBB6 p.Thr275Ala) did
not meet quality control thresholds and were excluded from
the analysis. The remaining 13 variants were, overall, very
rare. Six (EEFI1D p.Ala549Val, MUCI7 p.GIn4310X,
CCDC60 p.Argl55His, NAAA p.Arg211Trp, PTPRN2
p.Glu317Lys, and GLP2R p.lle61Met) were validated in the
proband but were otherwise not found again in the 1,876
individuals tested. FCGBP p.Glud4657fs was present in one
additional PD patient but not in controls, and ZNF438
p.Thr4541le was found in the proband and one control. Four
additional variants annotated in dbSNP132 were identified at
similar frequencies in cases and controls (ARFHGAP39
p.Arg667GIn and MFSD3 p.Met311Thr) or were more
common in controls than in cases (A0P4 p.Met202Thr and
BRCA2 p.Thel524Val). LRRK1 p.Argl261GIn was found in
eight controls and in four cases of our case/control sample
(MAF 0.23/0.40 %). However, in four other control samples
(680 additional KORA general population controls (0.07 %),
1,076 in-house exomes (0.05 %), 1,000 genomes (0.00 %),
and NHLBI-ESP exomes (0.09 %)), MAFs were significantly
lower, and the variant was, therefore, also analyzed further.

Mutational screening of EEFID and LRRK]1 in case/control
cohort

While no single clear candidate for a causal variant emerged,
two genes—FEEFID and LRRKI!—were interesting with
regard to functional considerations and predicted penetrance
for PD in the family. The translation machinery has recently
been implicated in PD pathogenesis [16, 17]. Also, the
EEFID p.Ala549Val variant was not found again in 3,064
individuals (genotyping cohort plus in-house exomes) and
was also not annotated in the 1000 Genomes database.
LRRK1, the paralog of the well-established PD gene LRRK2,

@ Springer

has been shown to regulate endosomal protein transport, thus
linking it to the lysosomal pathway [I18] which may be
compromised in PD [19, 20]. Formation of heterodimers
between LRRK1 and LRRK2 has also been reported [21,
22]. We screened the coding regions of these genes in 862
Austrian and German PD cases and 1,014 controls searching
for additional variants. This cohort comprised the same
individuals used for the above frequency assessment of exome
variants. We identified seven (six non-synonymous, one del)
novel variants predicted to change the amino acid sequence of
EEFID. These were rare and occurred with similar
frequencies in cases (five individuals with a variant) and
controls (four individuals with a variant) (p=0.5, )(1 test,
Online Resources Tab 2). Variants did not cluster in a specific
part of the gene (Fig. 2). The ROC, COR, and kinase domains
of LRRK! harbored a total of 20 novel amino acid sequence-
changing variants (19 non-synonymous, 1 del) and 2
previously reported non-synonymous variants (rs56003881,
rs41531245). Variants were found at similar frequencies in
both groups (30 in cases, 31 in controls) (p=>0.5, xz test,
Online Resources Tab 2). While small numbers preclude
quantitative analyses, it is noteworthy that within the first
20 bp of the kinase domain, variants were present in both
cases and controls, while beyond p.1262, all non-synonymous
variants identified in the kinase domain occurred in cases only
(Fig. 2). None of the individuals harboring LRRK/ variants
were also positive for known LRRK2 variants p.Argl1441Cys,
p.Tyr1699Cys, p.Gly2019Ser, or p.11le2020Thr.

Prioritization of LRRK! variants using a novel bioinformatics
algorithm

Since heterodimer formation between LRRK/ and LRRK?2 has
been described [21, 22], we decided to further assess the
identified variants in LRRK/. To this end, we used a novel
bioinformatics algorithm based on a multi-model ensemble of
prediction algorithms and structural analysis to select variants
in LRRK1 for functional follow-up. Mutation scores were
calculated for the 19 novel, non-synonymous LRRK{ variants
identified in both cases and controls, the LRRK/I variants
(p.Lys746Glu, p.Phel022Cys, p.Glyl411Arg and
p.lle1412Thr) corresponding to four known pathogenic
LRRK2 mutations (p.Argl441Gly, p.Tyr1699Cys,
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Fig. 2 Location of EEFID and P Alaba4ayal®
LRREKT variants identified p Gly280Arg F.nla:k;zc'»Tl'l

variant screening in relation to
known functional domains. An
asterisk denotes the variant
identified by exome sequencing
Variants printed in blue and
annotated above the gene were
found in cases, variants in green
and below the gene were found in
controls

¢.B13_830dal18bp

|p Pro6015er
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p-Gly2019Ser, and p.I1e2020Thry and three artificial variants
known to abolish LRRKT GTP-binding (p.Lys651Ala) and
kinase activity (p.Lys746Gly and p.Lys1270Trp) (Fig. 3a)
[12]. Hierarchical clustering showed that three of the novel
variants (p.Arg631Trp, p.Argl271His and p. Tyr1410Asp)—
present only in PD cases

clustered with the LRRK!

-1-]
pls.re)

Fig. 3 Prediction of pathogenic potential of newly identified vanants. a
For each variant {colored lines) the predicted score s of an individual
algorithm, its reliability 7, and the transformed score p(s, 7, ¢ ) are shown.
Variants holding a predicted disease-causing potential (class=1) were
respectively marked with an asterisk. The diverse results among each
single algorithm motivated the calculation of one combined score
(Pscore ), which was adjusted by additional structural analyses (Dscore)
resulting in a mutation score (Mscore). The highest scoring variant is
pTyrl410Asp (Mscore=0.839), a variant only present in PD cases,
followed by the LRRE? equivalent of Gly20198er (Mscore=0.771), the

q
8 r

Q) Springer

p.Ala1313Th

ASPBESASN
H Tyri410Asp

ASPBEBASH | ¢ 3110_3122dal

P ASPEEEASK
p.Gly14A1g

equivalents of LRRK2 p.Argl441Gly, p.Tyr1699Cys,
p-Gly2019Set, and p.lle2020Thr as well as the kinase- and
GTP-binding dead amino acid substitutions (Fig. 3b).
Accordingly, these three variants in addition to the initial
variant identified by exome sequencing (p.Argl1261GIn) were
selected for functional follow-up.

Cluster dendrogram with AU/BP values (%)

e

ALl value = 100

Distance: sucl
Cluster BP value =100

Idean
mathod: ward

loss of autophosphorylation mutation Lys1270Trp (Mscore=0.768), and
two variants abolishing kinase activity: Ile 1412 Thr (Mscore=0.728) and
LysT746Gly (Mscore=0.723). b Hierarchical clustering with Ward's
minimum vaance agglomeration method and Euclidean distance matrix
shows that three of the novel variants which were only found in
individuals with PD (p.Arg631Trp, p.Argl271His, and p.Tyrl410Asp)
cluster with the LRREL equivalents of LRRKZ p Argl441Gly,
p.Tyrl699Cys, p.Gly2019Ser, and p.Ile2020Thr as well as the LRRKS
kinase- and GTP-binding dead aminoe acid substitutions
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Functicnal assessment of LZRRK]I variants

[n SHSYSY neuroblastoma cells, levels of protein expression
as assessed by Western blot were not changed by any of the
four newly identified variants or the artificial variants ablating
GTP-binding (p.Lys651Ala) or kinage activity
(p.Lys1270Trp) (Fig. 4a). Likewise, the presence of these
variants was not associated with significant toxicity as
measured by MTT assay (Fig. 4b) and did not alter
cytoplasmic localization of myc-tagged LRRK1 (Fig. 4¢).
Like others [23, 24], we could not detect LRRK1 kinase
activity above the background and could not determine
whether activity was altered by the variants.

Fig. 4 Cellular expression of a
LREK] and nmutant variants. a o S

¢ T o0
Westem blot analysis of myc- _\b“}‘ ¥ fé? ,g}r{g; & QS’
tagged LRRK] expression in S i‘§‘

SHSYSY cells with beta actin-
loading control. b Analysis of
LRRK] toxicity as measured by
MTT assay in SHEY3Y cells. No
significant toxicity was associated

with wild-type LRRK1, artificial 50 — = — s

mutations in TRRK 1, or disease-
associated coding changes. Data is
expressed as percentage of
untransfected control cells, mean,
and standard emror measurement
displayed ¢ Immunocytochemistry
analysis of myc-tagged LRRK1 c

constucts. Staining for myc is LRRK1 Wild type
shown separately and merged. All
tagged constructs displayed a
diffise cytoplasmic staining patten.
Scale bar =20 pm

LRRK1 K650A

LRRK1 K1296W

Discussion

In an unbiased, whole exome approach, we identified a variant
in LRRKI (p. Argl261Gln) as a candidate for a potentially
causal variant in familial PD. Although this finding is
intriguing and functicnally plausible, wea are unable to
conclude that this is indeed the cause of PD in our farnily.
For one, the variant was found in both cases and controls in
our larger case/control sample. Yet, the actual variant
frequency in controls appears to be lewer than that found in
the KORA-AGE cohort (8 in 1,014 KORA-AGE vs. 0 in 1,
000 genomes, 1 in 1,076 in-house exomes, and 1 in additional
680 KORA controls), and it could be possible that KORA-
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AGE is enriched for the LRRKT p.Argl1261GIn variant due to
a founder effect or that is also present in controls because its
PD-related nature depends on a specific genetic context.
Secondly, the other 14 identified rare variants shared by all
three affected individuals also represent potential candidates.
Especially, EEFID p.Ala349Val, which was not found again
in any individual genotyped (n=3064, case/control sample
and in-house exomes) or the 1,000 genomes or the NHLBI-
ESP exomes, represents another good contender. In general,
these findings draw attention to the fact that in many cases,
very large populations will need to be evaluated to
conclusively judge the disease-related nature of a rare variant
such as those identified by exome sequencing. Most recent
studies show that while the power to detect associations for
genes harboring rare variants varies widely across genes, only
<5 9% of genes achieved 80 % power even assuming high odds
ratios (OR) of 5 when tested in 400 cases and 400 controls
[25]. Ultimately, it is also possible that the truly causal variant
was not picked up in this study because it lies outside the
targeted regions of the exome.

The fact that both the LRRK! and EEFID variants were
also found in three unaffected members of the family each per
se does not contradict potential causality as it is known from
other autosomal dominant forms of PD that even among
members of a single family, penetrance of known PD
mutations can vary widely. Of individuals who harbor the
LRRK2 p.Gly2019Ser mutation, for example, only 28 % will
develop PD by the age of 59 years [26]. Thus, predicted
penetrances of the variants identified in our family are in line
with what is reported in the literature for other forms of
autosomal dominant PD.

Both LRRK1 and LRRK2 belong to the Roco family of
proteins. These proteins are likely to perform a number of
different functions as they are not only characterized by a
conserved Ras-like GTPase domain called ROC and a
characteristic COR domain of unknown function but also
harbor kinase and protein—protein interaction domains [27].
While a contribution of mutations in LRRK2 to discase
development in PD seems firmly established, the role of
LRRK?2 paralog LRRK] is unclear. It is known that LRRK1
and LRRK2 form heterodimers in HEK293T cells [21, 22]
and that both proteins are expressed in similar tissues.
Accordingly, a hypothetical role for LRRK1 in addition to
LRRK?2 is plausible.

The precise role of LRRK2 in PD pathogenesis, however,
has not been fully established. Accordingly, even if one were
to assume a similar role of LRRK1 in disease development,
exactly which function of the protein would be involved in the
disease is uncertain. Therefore, the lack of a functional effect
on protein expression levels, subeellular localization, and cell
viability of the LRRK] variants we identified does not equate
to a definitely missing role of LRRKT in PD. Interestingly,
Lkl has also been implicated in a quantitative trait locus for

& springer

dopaminergic amacrine cell number in the murine retina [28].
Further, the recent link between LRRK1 and endosomal
protein trafficking [18, 29] is also very intriguing in light of
the fact that one of the postulated pathomechanisms for
LRRK2 in PD invelves aberrant lysosomal function or
localization [20, 30, 31].

However, studies addressing the role of both common and
rare genetic variants in LRRKT with regard to PD do not seem
to substantiate the conception of LRRKT as a “PD gene™ |21,
32-34]. While none of these studies found a common or rare
variant clearly linked to PD, nonetheless, across three studies
([32, 34] and our study), the p. The967Met variant has only
been identified in seven out of 1,552 cases but not in any of 1,
535 controls (P pomina=0.01, x? test; not significant after
correction for multiple testing, OR=14.90 (95 % confidence
interval=0.85 to 261.18)). Yet, in a family with multiple
individuals with PD, the variant did not segregate with the
phenotype [34]. Evidence also suggests that variants in
LRRK! are able to modify the PD phenotype. Tunisian
individuals with LRRK2 p.Gly2019Ser showed a trend
towards a G-year earlier age of onset when they also carried
LRRKI p.LeudloMet [20]. In line with this, it has been
demonstrated for other genetic disorders that genetic variants
at related loci can both drive and modify a given phenotype
depending on the variant and the genetic context [35]. At the
moment, both functional and genetic data addressing a role of
LRRKI as a PD gene are inconclusive. Nonetheless, it is
interesting that in our unbiased whole exome approach, one
of the top candidate variants for a genetic factor underlying or
contributing to the PD phenotype in our family is a non-
synonymous variant in the kinase domain of LRRK [ and that
other individuals suffering from PD harbor LRRK! variants
(p.Tyr1410Asp) only with one amino acid away from the
location which is equivalent to the prominent p.Gly2019Ser
mutation of LRRK?Z .

In summary, all variants shared by the three affected
individuals in our family represent potential causal or
maodifying alleles in PD. As is the case for all rare and very
rave variants, establishing definitive causality is difficult, and
only the identification of additional PD families harboring
these variants or their analysis in sufficiently powered case/
control studies will tell whether these variants do indeed hold
arole in bringing about PD.
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Abstract

Approximately 20% of individuals with Parkinson's disease (PD) report a positive family histary. Yet, a large portion of causal
and discase-modifying variants is still unknown. We used exome sequencing in two affected individuaks from a family with
late-onset familial PD followed by frequency assessment in 975 PD cases and 1014 ethnically-matched controls and linkage
analysis to identify potentially causzl variants. Based on the predicted penetrance and the frequencies, a variant in PLXNA4
proved to be the best candidate and PLXNA4 was screened for additional variants in 862 PD cases and 940 controls,
revealing an excess of rare non-synonymous coding variants in PLXMA4 in individuals with PD. Although we cannot
conclude that the variant in PLXNA4 is indeed the causatwe varlant. these findings are interesting in the light of a surfacing
role of axonal guidance mechani Jers but, at the same time, highlight the difficulties
encountered in the study of rare variants identified by next-generation sequencing in diseases with autosomal dominant or
complex patterns of inheritance.
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multi-generation families, recently, next-generation sequencing
has enabled the identification of disease-cansing variants in smaller

Introduction

Characterized by resting-rremor, bradykinesia, rdgidity, and
postural instability, Parkinson's disease (PD)) is one of the most
prominent neurodegenerative disorders, Genetic factors contribute
significantly to the risk of developing PIM-both sporadic and
familial. Although up to 20% of PD cases are believed to be
familial [1,2], thus far, variants in only a few genes have been
unequivocally shown to underlie familial PD. These include
PARR?, PINKY, PARKT, SNCA, and LRRK? [3-8). While all of
these genes were identified by classical Enkage analysis in large,
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families and with an onset later in life without the need of
genotypic information from more than one generation of affected
individuals. By exome sequencing, VPS35 was identificd as a gene
involved in late-onset familial P} [9,10], Stll, to date, the
identified genes only explain a small portion of the genetic
“burden” in PD. However, a thorough understanding of the
genetic alterations implicated in diszase development is necessary
to better comprehend disease pathogenesis and to provide more
specitic and, thus, more effective treatment options in the foture.
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Here, we describe exome sequencing of a German family with
autosomal dominant late-onset PD in an attempt to pinpoint the
disease-causing genetic variant.

Methods

Ethics Statement

Ethics review board approval was obtained from the ethics
review board at Klinikum rechts der Isar, Technische Universitat
Miinchen, and Bayerische Landesirztekammer, both Munich,
Germany, Hessische Landesiarztekammer, Frankfurt, Germany,
the ethics review board at Medical University Vienna, Vienna,
Augstria, and the ethics review board at Semmelweis University,
Budapest, Hungary. Participants’ written informed consent was
obtained.

Participants

All living family members received a detailed neurclogic exam
by neurologists specializing in movement disorders. Cases and
controls used in genotyping and variant screening have been
reported previously [10,11] and are described in more detail in the
supplement.

Exome Sequencing

Exome sequencing was performed with DNA isolated from
lymphozytes of IV:11 and IV:18 on a Genome Analyzer Ilx
system (Illumina) after in-solution enrichment of exonic sequences
(SureSelect Human All Exon 38 Mb kit for IV:11 and 50 Mb kit
for IV:18, Agilent) as 76 bp paired-end runs. Read alignment was
carried out with BWA (version 0.5.8). Single-nucleotide variants
and small insertions and deletions (indels) were detected with
SAMtools (version 0.1.7). Raw sequencing data are available upon
request.

Genotyping

All ten candidate variants tested for segregation by Sanger
sequencing were genotyped in 975 cases and 1014 population-
based controls pertaining to the KORA-AGE cohort using
MALDI-TOF masspectrometry on the Sequenom® platform.
Demographic data are given in the supplement. Association was
tested by allelic statistics as implemented in PLINK.

Linkage Analysis

We genotyped six family members (IV:11, IV:14, IV:16, IV:18,
IV:20 and IV:21) with oligonucleotide SNP arrays (500 K,
IMumina). Parametric linkage analysis was performed using a
subset of 12,875 SNPs using MERLIN and an autosomal
dominant model with incomplete penetrance of 70%.

Variant Screening

We used Idaho®s LightScanner high-resolution melting curve
analysis to screen the coding regions and exon/intren boundaries
of PLXNA4 for variants. 862 cases and 940 population-based
controls pertaining to the KORA-AGE cohort were included in
the screening. Demographic data are given in the supplement. In
the case of an altered melting pattern, Sanger sequencing ensued
to identify the underlying variant. Group comparisons between
cases and controls were performed for each gene and each variant
separately using Fisher’s Exact and y” tests as appropriate.

Cell Viability and Immunocytochemistry

Cultured primary fibroblasts from IV:11 and an offspring were
stained using a live/dead staining (Invitrogen) and analyzed by
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FAGS and stained with anti-PLXNA4 (1:100, Sigma) and
analyzed by fluorescence microscopy. Details are given in the
supplement.

Construction of a Qualitative Systems Biological Model

To investigate the role of PLXNA4 in the PD biological system,
we applied an integrative modeling approach to construct a
qualitative multifactorial interaction network linking PLXNA4 and
genetic factors associated with FD. An interactome with known
and predicted interactions of PLXNAZ and its direct neighbors was
prepared based on four commonly used databases and integrated
to known FPD pathways from KEGG and CIDeR as well as a
manual literature search. For a detailed description see supple-
ment.

Results

Pedigree and Clinical Phenotype

We describe a five-generation family from Central Germany in
which four members were affected by PD and the pattern of
inheritance seems to be autosomal dominant with reduced
penetrance (Figure 1). Clinical assessment revealed tremor-
dominant, levodopa-responsive parkinsonism with an age of onset
at 60 and 67 years of age in the two affected individuals examined
{Table S1 in File S1). Both individuals also reported subjective
cognitive impairment. Restless legs syndrome was present in IV:11
as well ag one of her children. Transcranial ultrasound showed
bilateral hyperechogenicity of the substantia nigra in IV:18 but
was not performed in IV:11. MRI was in line with a diagnosis of
PD in both. The affected parent (III:7) and aunt (I11:5) of TV:11
were deceased before initiation of the study, so that no detailed
phenotype information is available. Morecover, another aunt (I11:2)
on the same side of the family was reported to have suffered from
an unclassified form of dementia.

Identification of Candidate Variants by Exome
Sequencing and Frequency Assessment of Candidate
Variants in a Case/Control Cohort

Exome sequencing was performed using DNA from two second
cousing (IV:11 and IV:18, Figure 1A). This generated 11.68
gigabases (Gh) of alignable sequence for IV:11 (average cover-
age = 108.46, base pairs with =8 reads = 93.67%) and 15.02 Gb
for patient IV:18 (average coverage = 154.13, base pairs with >8
reads = 94.74%). All 28,803 detected variants shared by the two
affected  individuals were filtered against in-house exomes
n=1739) of individuals with unrelated diseases. Here, variants
were allowed to be present in =1% of exomes. Moreover,
synonymous and non-coding varfants as well as all variants
annotated in dbSNP135 with a minor allele frequency (MAF)
=0.01 were excluded from the follow-up (Figure S1). No known
variants believed to play a causative role in PD were found in
either IV:11 or IV:18.

All ten remaining missense, nonsense, stoploss, splice site or
frameshift variants and indels were genotyped in 975 cases and
1014 population-based controls (Table 1). The variants were,
overall, very rare. Two (PLXNAZ p.Ser657Asn and OGN
p-Leul24fs) were validated in the individual in whom they were
first identified but were otherwise not found again in the 1989
individuals tested. CEPNE] p.Ser1831Thr was present in the index
case as well as one additional control individual and GOLGA4
p-GIn425Arg was identified in one additional PD patient. The
other six variants (RBM28 p.Asp300Gly, IMPDHT p.His296Arg,
ARPF21 p.Alab76Thr, PHFZ2 p.3er840Asn, SLC22413 p.Argl6His
and SPANXE p.Leud?Ile) were not as rare (MAF=0.03%) and
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Figure 1. Pedigree and Linkage Analysis. (A) Pedigree of family used for exome sequencing. Open symbols indicate unaffected family members,
affected individuals are denoted by closed symbols. An arrow denotes the individuals whose exomes were sequenced. Sex was obscured and birth
arder was altered to protect privacy. A diagonal line indicates a deceased individual. (B) 25 genomic regions on 12 chromosomes with logarithm of
the odds (LOD) score=0.5 were identified by linkage analysis. Green boxes represent genomic regions with LOD=0.5, yellow stars represent the
location of the four candidate genes remaining after frequency assessment (GOLGA4-chr3, PLXNA4-chr7, OGN-chr9, CPNEI-chr20). PLXNA4 on
chromosame 7 represents the only of the four genes overlapping a genomic region with LOD=0.5.
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found at similar frequencies in both cases and controls and were,
therefore, regarded to be unlikely candidates (Table 1).

Segregation Analysis and Genotyping of Additional
PLXNA4 Variants

The remaining four variants shared by the two affected
individnals (Table 1) were pursued further by Sanger-sequenc-
ing-based testing for segregation in 6 family members belonging to
generation IV, Under the agsumption that a given variant would
be causal for PD, penetrance ranged between 40.0 and 66.6% in 6
individuals belonging te generation IV. Moreover, on careful
scrutiny of the exome data, both index patients were found to
harbor one additional, variant of PLXNAZ (p.Phe40Len
(rs145024048, 111/8489 in NHLBI-ESP exomes) for IV:11 and
p.Arg302His (rs143813209, 3/8597 in NHLBI-ESP exomes) for
IV:18). These two variants were also genotyped in 15 additional
members of the family. PLANA4 p.Phed40Leu was found in 5
additional individuals and p.Arg302His was found in 7 additional
family members. Importantly and contrary to the exome
sequencing data, by Sanger sequencing, IV:11 was also found to
harbor the PLXNA4 p Arg302His variant. The combination of the
PLXNA4 index variant and p.Phe40Leu was present only in IV:11,
while the index variant and PLXNA4 p.Arg302His were found in a
total of 7 individuals belonging to the pedigree. None of the three
additional candidate genes harbored additional non-synonymous
coding variants in either IV:11 or IV:18.

Linkage Analysis

In order to further prioritize genes for follow-up, we performed
parametric linkage analysis. In doing so, we identified 25 genomic
regions with a suggestive linkage signal (LOD=0.5) (Figure 1B).
Only one of these regions, located on chromosome 7
(chr7:106,254,234 to 134,663,67]; maximum two-peint LOD
score = 0.76), contained one of the four candidate genes identified
during exome sequencing, lending further support to the potential
causality of variants in PLXNA4.

Mutational Screening of PLXNA4 in Case/Control Cohort

Linkage analysis highlighted the wvariant in PLXNAZ as a
potentially causal or modifying variant for the PD phenotype in
our family. Also, the affected amino acid in PLXNAZ is highly
conserved In all vertebrates and two of three commonly used
prediction algorithms [12-14] predicted it to be “damaging”.
Accordingly, we screened the 32 coding exons as well as the exon/
intron boundaries of PLANAZ in 862 Austrian and German cases
and 940 controls in order to assess a fuller spectrum of rare genetic
variation found. For the most part, this cohort comprised the same
individuals used for the above frequency assessment. In PLXNA4, a
total of 38 novel (37 non-synonymous, 1 deletion) and 6 known
variants (rs143813209, rs113830939, rs112682233, rs62622406,
rs117458710 and rs73155258, all non-synonymous) resulting in a
change in the aminc acid sequence were identified (Table 32 in
File S1). The large majority (86.21%) of variants were very rare,
with MAF=0.2% in controls. Overall, a similar number of cases
m=107) and controls (n=117) harbored at least one variant
predicted to result in a changed amino acid sequence (p>>0.05, %2
test). The same held true when only variants with MAF=1.0% (46
cases vs. 52 controls, p>0.05, ” test) were evaluated. Very rare
variants with MAF=0.2%, however, were more common In cases
(n=33) than controls {n = 18) (p<<0.02, % ” test). Three cases but no
controls were compound heterozygous for a non-synonymous
variant in PLXNA4. Variants were located throughout the entire
gene (Figure 2A).
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Of the individuals harboring a rare non-synonymous variant in
PLXNA4, information regarding family history was available for 17
individuals: 3 reported a first or second degree relative with PD
and a positive history of essential tremor was present in the mother
and a maternal uncle in one additional individual. The only
brother of the individual harboring the PLXNA4 p.Arg302Cys
amino acid change was also found to have PD and to harbor this
variant. However, the family was too small for formal segregation
analysis.

‘When analyzed by means of three commonly used prediction
algorithms (PolyPhen2, MutationTaster, SIFT) [12-14], the
number of non-synonymous single nuclecide variants (SNVs)
classified as functionally “damaging” (SNVs dassified as “prob-
ably damaging” by PolyPhen?2, “disease causing” by Mutation-
Taster and “damaging” by SIFT) was greater in cases than in
controls. This was especially prominent and statistically significant
for PolyPhen2 when only very rare variants with MAF=0.2% in
controls were analyzed (PolyPhen?:19 variants in cases vs. 9
variants in controls, p=0.033, %7 test, MutationTaster: 26 in cases
vs. 14 in controls, p=0.028, 1* test; SIFT/PROVEAN: 10 in
cases vs. 2 in controls, p=0.018, Fisher's Exact test) (Figure 2B).
Deletions, which were only found in cases, cannot be assessed by
PolyPhen2 and were, therefore, omitted from the analysis using
this algorithm.

Functional Assessment of PLXNA4 p.Ser657Asn in
Fibroblasts

In fibroblast cell lines generated from both the index patient and
an offspring who does not harbor the PLXNA{ p.Ser657Asn
variant (other variants not given to protect privacy) cell viability
was similar (Figure 3A). Based on the results from the above
mutation screening as well as the fact that PLXNA4 is known to be
expressed in the brain [15] and a role for axonal guidance factors
similar to PLXNA4 already postulated in PD [16], we further
analyzed subcellular localization of the protein in the two cell lines
but could not detect a difference (Figure 3B).

Modeling a Potential Role of PLXNA4 in the PD Network

Beyond a proposed general role of axonal guidance pathways in
the development of neurodegeneration [16,17], it is interesting to
note that PLXNA4 can be place into a network containing several
firmly established PD genes (SNCA, PARK?, DF-I, LRRED),
although both known and less reliable projected interactions have
to be utilized (Figure 4).

Discussion

In an unbiased, whole-exome appreach, we identified a variant
in PLXNA4 (p.Ser657Asn) as a candidate for a potentially causal
variant in familial PD. Although this finding is intriguing and
functionally plausible, we cannot conclude that this variant in
PLXNA4 is indeed the canse of PD in cur family. Also, it is
interesting that both affected individuals were found to harbor two
or three non-synonymous variants in PLXNAZ, thus, highlighting
the possibility that a “multi-hit” model within the same gene or
pathway could play a role with regard to phenotype expressivity.

Three of the final four variants (PLXNAZ p.Ser657Asn, OGNV
p.L124fs and CPNE! p.Ser183Thr) are extremely rare and were
only found in other family members but not in approximately
8,978 other individuals of European descent (genotyping sample
(n =1989), in-house exomes (n=1739), 1000genomes (n = 1000)
and NHLBI-ESP exomes (n = 4250)). This is interesting in light of
the fact that-with regard to drug target genes—it was recently
shown that the rarer a given variant the more likely it is
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lunctonally relevant [18]. Yet, on the other hand, this rarity also rale in the PD phenotype. Further, even taken together additional
means that from a genetic standpoint, at the moment, one can evidence highlighting PLYXNAY p.Ser637Asn [suggestive linkage
neither confirm nor exclude the possibility of a causal or modifying signal, high conservation and predicted pathogenicity, excess of
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