Accepted Manuscript =

sleep

REVIEWS

Sleep disorders and Parkinson disease; lessons from genetics

Ziv Gan-Or, MD PhD, Roy Alcalay, MD MSc, Guy A. Rouleau, MD PhD, Ronald B.
Postuma, MD, MSc.

PII: S1087-0792(18)30007-8
DOI: 10.1016/j.smrv.2018.01.006
Reference: YSMRYV 1085

To appearin:  Sleep Medicine Reviews

Received Date: 1 August 2016
Revised Date: 4 October 2017
Accepted Date: 15 January 2018

Please cite this article as: Gan-Or Z, Alcalay R, Rouleau GA, Postuma RB, Sleep disorders
and Parkinson disease; lessons from genetics, Sleep Medicine Reviews (2018), doi: 10.1016/
j-smrv.2018.01.006.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.smrv.2018.01.006

Sleep disorders and Parkinson disease; lessons fragyanetics

Ziv Gan-Or, MD, PhD;*®Roy Alcalay, MD, MS¢, Guy A. Rouleau, MD, PhB?®Ronald B.
Postuma, MD, MSE.

Affiliations

"Montreal Neurological Institute, McGill Universityontréal, QC, Canad&Department of

Human Genetics, McGill University, Montréal, QC, r@aa,*Department of Neurology and
neurosurgery, McGill University, Montréal, QC, Caaa’Department of Neurology and Taub
Institute for Research on Alzheimer's Disease &wedAging Brain, College of Physicians and

Surgeons, Columbia University, New York, NY, USA.
Corresponding author:

Ziv Gan-Or

Montreal Neurological Institute and hospital,

The Department of Human Genetics, McGill University
1033 Pine Avenue, West,

Ludmer Pavilion, room 327

Montreal, QC, H3A 1Al

Tel: +1-514-398-6821

Fax: +1-514 398-8248

e-mail: ziv.gan-or@mail.mcgill.ca

Running head: Genetics of sleep disorders and Parkinson disease

Acknowledgements

We thank Jay Ross for reading the manuscript amviging useful comments. ZGO is
supported by a postdoctoral fellowship from the &han Institutes for Health Research (CIHR)
and received grants from the Michal J. Fox Foumdator Parkinson’s research. GAR holds a
Canada Research Chair in Genetics of the Nervosge®yand the Wilder Penfield Chair in
Neurosciences. RBReceived grants from the Fonds de la Rechercheaate Quebec, CIHR,
Parkinson Society Canada, the Weston-Garfield Fatim, and the Webster Foundation.

Conflict of interests: ZGO received consultation and travel fees from 8gBenzyme. RNA
received consultation and travel fees from Saneinfyme and Prophase, GAR reports no
conflict of interests, RBP received funding for saltancy from Biotie, Roche, Biogen, and
speaker fees from Teva and Novartis.



Summary

Parkinson disease is a common, age-related newpdeggive disorder, projected to afflict
millions of individuals in the near future. Undemstling its etiology and identifying clinical,
genetic or biological markers for Parkinson diseaisget and progression is therefore of major
importance. Various sleep-related disorders arenbst common group of non-motor symptoms
in advanced Parkinson disease, but they can alsar @uring its prodromal phase. However,
with the exception of REM sleep behavior disorders unclear whether they are part of the
early pathological process of Parkinson diseas#,tbey develop as Parkinson disease advances
because of treatments and neurodegeneration psomnedhe advancements in genetic studies
in the past two decades have generated a weaittioofnation, and recent genetic studies offer
new insight on the association of sleep-relatedbrders with Parkinson disease. More
specifically, comparing genetic data between Pamkindisease and sleep-related disorders can
clarify their association, which may assist in det@ing whether they can serve as clinical
markers for Parkinson disease risk or progressionthis review, we discuss the current
knowledge on the genetics of sleep-related diserdierParkinson disease context, and the

potential implications on research, diagnosis, seling and treatment.

Key words: Rapid eye movement sleep behavior disorder; RB3tlI&ss legs syndrome; RLS;

Parkinson disease; Neurodegeneration; GeneticgpGduebrosidase; GBA



Glossary of terms

* Genome-wide association study A case-control study that examines the frequerafies
common single nucleotide polymorphisms across timeeam genome and compares these
frequencies between patients and controls. Sigmifidifferences in frequencies, after
correcting for multiple comparisons, may suggesassociation between genes in the
regions of these polymorphism and susceptibility ttisease.

» Pleiotropy —When a single genetic variant, gene or locus douiei to more than one

phenotype.
Abbreviations
DLB — Dementia with Lewy bodies
EDS — Excessive daytime sleepiness
GWAS — Genome wide association study
MSA — Multiple system atrophy
OMIM - Online Mendelian Inheritance in Man
OR — odds ratio
OSA — Obstructive sleep apnea
PD —Parkinson disease
PLMS - Periodic leg movement in sleep
RBD — REM sleep behavior disorder

REM - Rapid eye movement
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RLS — Restless legs syndrome

SN —Substantia nigra



Introduction

As the world’s population ages, age-related dis@rdach as Parkinson disease (PD) threaten to
become a significant financial and social burdén¢h top of the personal burden carried by the
affected individuals and their families. PD is tlmst common neurodegenerative movement
disorder, affecting 1-2% of the population oldeartt60 years (2-4), and the projected number of
PD patients in 2030 in 15 of the most populousomatiis estimated to be 8.67 million patients
(5). PD is pathologically characterized by degeti@naof the substantia nigra (SN) and the
presence of Lewy bodies, which are aggregatesrajusaproteins, primarilg-synuclein (6). As
such, it is part of a family of disorders colleetiy termed synucleinopathies, mainly including
PD, dementia with Lewy bodies (DLB), and multipistem atrophy (MSA) (7). Other diseases
may also havei-synuclein depositions, and while this is a shdeadure, it does not imply that

a-synuclein is the sole cause for these disorders.

The pathogenic process leading to PD begins maansyeefore diagnosis, which is traditionally
based on classical motor symptoms; therefore, dluese of PD can be divided accordingly, to
preclinical PD, prodromal PD (non-motor PD) andicial PD, when motor symptoms appear
(8). This recent division aims to distinguish betwethe different phases of PD, first, when
neurodegeneration started but no symptoms are rgrépeeclinical PD), then when early
symptoms appear but PD is not diagnosed yet (pnoar®D), and lastly when motor symptoms
present (clinical PD{8). Clinical PD occurs when about half of the dop@ergic neurons in the
SN had already been irreversibly degenerated agud] dnd the typical motor symptoms appear
(9). One of the main challenges in PD researcldestifying individuals during the prodromal
phase of PD; when neuroprotective therapy is aviajaearly diagnosis of PD will be crucial to

slow or stop the degenerative process prior to muadkinsonism.



Sleep-related disorders are, as a group, the nwsmon non-motor features of PD.
Insomnia, fragmentation of sleep, and excessiveirdaysleepiness (EDS) are experienced by
more than 50% of PD patients in some stu(li@s 11). During the prodromal phase of PD, rapid
eye movement (REM) sleep behavior disorder (RBR}X%), restless legs syndrome (RI(5))
EDS(17, 18), and other sleep-related disorders ataady be present. If these disorders are
indeed a part of the early pathogenic process oftR&y can potentially help identify individuals
at-risk for PD. While the association between RBI@ &D is well established (15, 19), it is still
under debate to whether people with RLS and ED&amecreased risk for clinical PD (10, 17,
20). Other sleep disorders, including periodic megvement in sleep (PLMS), obstructive sleep
apnea (OSA), insomnia and circadian sleep-wakeecwi$ruption also occur in PD (21).
However, it is not clear if these disorders repnésepart of the intrinsic pathogenic process of

PD, or they simply co-occur due to other factors.

During the recent decades, the rapid developmievearaous genetic methods have led to
a wealth of genetic information on familial and sgtic PD. Mutations in genes such_as GBA,

LRRK2, SNCA, PARK?, PINK1, PARK7, VPS35, SMPD1 amithers can lead to P@2), and

at least 45 additional risk factors in 41 genatid lwere associated with increased or decreased
risk for PD in genome wide association studies (&B)A23, 24). Similarly, genetic studies of
sleep-related disorders have identified multipleegeand loci associated with both increased and
decreased risk for these disorders. For exampleAG3bf RLS cohorts identified genetic loci
that are associated with the risk for RLS (25), aederal studies examined the genetic overlap
between RLS and PD (26-29). Only recently, the fjenetic studies of RBD were performed

(30-32) in order to examine whether RBD and PDeslaasimilar genetic background.



The purpose of this review, is first to brieflynsonarize the clinical associations between
PD and sleep related disorders commonly affectiBgp@tients. This part will map possible
clinical overlaps between PD and sleep relatedrdées, which may suggest possible shared
etiology. Then, we will discuss the available gen&howledge on PD and the various sleep
disorders potentially associated with PD. By cormgathe known genetic factors associated
with PD and sleep disorders, we will discuss onpbiential overlap in genetics, as an indicator
for etiology. We will further discuss the implicatis of these data on our understanding of PD,

its clinical course and future aspects.

Determining the temporal correlates of sleep disorers and Parkinson disease

The majority of PD patients will suffer from a steeelated disorder, whether before or after the
onset of PD (21). Defining the temporal associatietween these sleep-related disorders and
PD is important for determining whether sleep disos can be clinical markers for PD
development and/or progression. Based upon patlawaital considerations, essentially all
sleep-related disorders could occur during prodiofB, yet to determine if they are
pathophysiologically associated with PD or justooour due to other factors or to chance alone,
several approaches can be taken. One approackexamaine if a certain sleep-related disorder is
more common in prodromal PD compared to the gempenadilation. Since it is currently difficult
to identify individuals with prodromal PD, sleedated disorders can be determined
retrospectively, which may be affected by recaldsbiExamining for sleep-related disorders
immediately upon the diagnosis of PD may reducer¢ball bias and have more reliable results
(although this is no longer in prodromal stageshother, more reliable approach is to

prospectively follow-up cohorts of individuals wistheep disorders and to examine whether they



develop PD at higher rates than the general papuolaifhese studies are more difficult to
perform, and therefore less common. Based on tagsmaches, Table 1 summarizes the main
temporal correlates between sleep-related disordes PD, and other important clinical

associations in PD.

Sleep disorders in Parkinson disease — main cliniceorrelates

REM sleep behavior disorder

Thus far, the only sleep related disorder thamisquivocally associated with later development
of PD and other synucleinopathies is RBD. RBDharacterized by lack of atonia during REM
sleep and acting out of dreams (15, 33). Afterittigal report on high conversion rates from
RBD to synucleinopathies (14), various reports badfirmed that individuals with RBD are
likely to progress to an overt synucleinopathy inirae-dependent manner (15, 19, 34-37).
Figure 1 depicts the risk for conversion to a ndagenerative disease among patients with
idiopathic RBD, ranging between 8.5% and 41% db¥olup of less than 5 years, and between
52.4% and 92.5% at follow up of more than 10 ye@he average time from onset of RBD to
onset of synucleinopathy was estimated at 12 y&8% and the prevalence of RBD at the
population level was estimated at 0.3% - 1.15% @9). Similar to PD, male gender is
associated with RBD, with male:female ratio betw2ehup to 8:1 in different studies; whether
this reflects a true biologic association or a pn¢gtion bias (e.g. if men tend to have more
violent dreams than women, which may increase #teation rate in men compared to women)
is unclear(15, 37). Among PD patients, RBD can be found i#2550% (41, 42), and the
presence of RBD is associated with higher and faates of cognitive decline and dementia in
PD (43), hallucinations (44), autonomic dysfunctionjoc vision impairment (45) and higher

doses of L-dopa needed to control motor symptor$. (Bost mortem studies of PD patients



with and without RBD suggest that RBD is associatéti more diffuse spread af-synuclein

aggregation (47).

Restless legs syndrome

RLS is characterized by an unpleasant sensatitimeitower limbs that typically occurs
at rest in evening hours. This sensation is retldwemovement of the legs, thus disturbing sleep
initiation (48). The association between RLS andi®Dontroversial; several studies suggested
that RLS is more common among PD patients, whileerotstudies demonstrated that the
frequency or RLS among PD patients is similar te tfeneral population (49). Although
dopaminergic treatment helps both conditions, gatiical and imaging data do not support a
pathophysiologic association. The pathologicalrhatks of PD,a-synuclein accumulation in
Lewy-bodies, were absent from post-mortem studfepatients with RLS (50). Furthermore,
iron levels in the SN are reduced in RLS and ireedain PD (51). It was demonstrated that
using sonography in PD patients, it is possiblddtect increased echogenicity of the substantia
nigra, likely due to the cell loss. When comparsanographic findings among patients with
RLS and PD, increased echogenicity of the substamgra was observed only among PD
patients (52). Reduction in putamen uptake of [JF8dpa was observed in RLS patients, but it
was not due to the loss of striatal neurons typicalPD (53). Moreover, there was no clear
decrease in [18 F]-dopa uptake and [123I]-3-CITdimg in RLS, while such decrease is also

typical in PD(54, 55).

Periodic leg movement in sleep

Patients with PLMS have repetitive, stereotypicavdr limb movements during sleep, typically

before the onset of REM sleep, and up to 80% Rliema may suffer from PLMS as well (56).



As in RLS, patients with PLMS respond well to dofraengic treatment. The prevalence of
PLMS among PD patients in most reports is simacdntrols(57), however the occurrence of
PLMS in PD has been associated with PD severity) (88d with the degree of

neurodegeneration (59). In a study of PD patienth and without dopaminergic treatment,
patients had slight and nonsignificant higher fetgies of PLMS than controls. Treated and
non-treated PD patients had similar rates, bugtbaps were relatively small (60). Treating PD
with deep brain stimulation (DBS) could be assedawith PLMS, potentially due to the

reduced intake of dopaminergic treatment in pagigrito underwent DBS (61).

Excessive daytime slegpiness

EDS is a common complaint among patients with Peter EDS is associated with
prodromal PD is still controversial. Two reportsggasted that elderly individuals with
symptoms of EDS such as napping and feeling sleéepwyg the day, had higher PD risk (17,
18). Of note, in these studies EDS was not asséssad objective method, and other common
causes of EDS such as OSA were not ruled out. Byrast, other reports found that in de-novo
PD cohorts, the rate of EDS was similar to the garsopulation(62, 63); if not more common
in clinical PD, it is hard to imagine how it coute a prodromal feature. As the course of PD
progresses, EDS becomes more common, probablyodties tinvolvement of multiple factors
(64), including dopaminergic treatment, sedativagdr neurodegeneration of regions of the
reticular activating system that subserve wakefgnand other co-morbidities that can occur in
PD such as OSA, depression, and dementia (21)rebtiegly, it was demonstrated that
hypocretin cells loss, which is typical in narcdgpmay be common in PD (65), which may
explain some of the narcolepsy-like sleep attadia sometime occur during PD. These

associations should be further studied in additioohorts of PD patients.



Circadian sleep-wake cycle disruption in PD, offeasenting as a combination of EDS
and insomnia, may also be related to various factbat occur in, but not specific to, PD.
Several PD-related symptoms have circadian presemtancluding motor activity, autonomic
dysfunction, gastric function, hallucinations antieys (66), which may suggest that circadian
control is involved. Further supporting this pod#l it was observed that melatonin and

cortisol regulation, which are involved in circadigegulation, can be disrupted in PD (67).

Obstructive sleep apnea

OSA is caused by partial or complete obstructiothefupper respiratory airways during
sleep, leading to multiple episodes of apnea. GS#ssociated with various conditions including
obesity, neurological and neuromuscular disordeiggial dysmorphism and various
environmental factors. There are contradictory ltesegarding the occurrence of OSA in PD.
Several studies suggested that among PD patientsctiurrence of OSA was similar to controls
or even lower(21), which was also the conclusion of a meta-aialpf five studies (68),
possibly due to reduced body mass index in PD. Wewether studies reported that OSA may
be more common in PD patients (69), or that PD @encommon among individuals with

insomnia (70). Therefore the association betweeA &8l PD remains inconclusive.
Insomnia

Insomnia is the most prevalent sleep disorder,isrmobably the most common sleep-
related complaint in PD (71). The classic pattefninsomnia in PD is sleep maintenance
insomnia; patients fall asleep easily but wakernye@?). This may suggest a phase-advanced
dysregulated circadian rhythm. However, like mos$ttloe other sleep-related symptoms,

insomnia is also multifactorial and non-specific D. Found in up to 80% of PD patients, it



may be related to comorbid RLS, Circadian sleepenvakcle disruption, depression, anxiety,
dementia, etc. (21). Insomnia is more prevalentadlvanced and more severe PD, as the
parkinsonian symptoms or adverse effects to amiipsonian drugscan also contribute to

disturbances in initiation or maintenance of sI€&}).

Genetics of Parkinson disease — a brief overview

Once considered a purely sporadic, environmentadadie, PD is known today to have a strong
genetic component. Estimates of the contributiomeredity to the risk for PD range between
27% and 60% in population and familial based swdr@, 75). So far, over 40 genetic loci and
genes have been linked to PD and parkinsonismudirgy variants that are associated with
mildly increased or decreased risk for PD, variahist are strong risk factors for PD, and
mutations that necessarily cause PD.(22, 24) Figutetails the various genes that are known or
suspected to be involved in sporadic PD, autosamalinant and autosomal recessive PD, and

in atypical forms of parkinsonism.

The most common PD-associated mutations are four@@BA and LRRK2. Different
mutations in these genes have variable effectsisthfor PD (76-79). In some populations,
including Arab-Berbers and Ashkenazi Jews, the ¢oatbfrequencies of variants in these genes
may reach to 30-40% of all PD ca$86, 81). In other populations, including Japan€senese,
French-Canadian and Spanish, they account for ¥9-&0PD patients, while in others they are
found in less than 10% of PD patieff$, 82, 83). GBAmutations can be divided to severe or
mild mutations, and individuals with severe mutasidnave higher risk for PD and earlier age at

onset than mild mutation carriers. As in sporadi¥, Fhere are more men than women with



GBA-associated PID76). Interestingly, it was demonstrated that theyene encoded by GBA,
glucocerebrosidase, had reduced activity in braoh @eripheral blood from PD patients with or
without GBA mutationg84, 85). Different LRRK2 mutations, which weretially described in
familial PD, also have a differential effect on ttek for PD. Some LRRK2 mutations, such as
the p.G2019S, and the p.R1441C/G/H substitutioosfet higher risk for PD (82, 86), while
other substitutions such as p.G2385R among Asiemsssociated with only mildly increased
risk for PD. Unlike sporadic and GBA-associated RBe male:female ratio in LRRK2-

associated PD is 1:1.(77)

Mutations and copy number variations in other geaes scarce and are probably
responsible for less than 2% of all PD cases (RRjtations in only few genes are known to
cause PD in an autosomal dominant manner, the thirdte discovered are in SNCA (87),
encoding a-synuclein, the protein that accumulates in Lewydies. Point mutations,
duplications and triplications of SNCA were desedbin autosomal dominant, mostly early-
onset PD (88). VPS35 mutations are the only othekwvalidated cause for autosomal dominant,
typical PD, and they are very rare, probably actagrfor less than 0.5% of PD patierf&9).

While there is some compelling evidence that matetiin CHCHD?2 (90), DNAJC13 (91),

TMEM230 (92) and _RIC3 (93) may also lead to autoslodominant PD, more studies are

necessary to fully accept these genes as PD-causititge cases of CHCHD2 and GCH1, only a

few studies demonstrate this association, therefdditional case-control or familial studies are

necessary to determine their role in PD. In theegasf DNAJC13 and TMEMZ230, the main

evidence for association of these genes with PDesofrom the same large family, therefore
additional case-control and familial studies areessary to determine which of them is

associated with PD, if at all. Heterozygous cariad specific_SMPD1 mutations were also



suggested to strongly increase the risk for PD 984, but more case-control and familial studies
in additional populations, as well as functionalds¢s on its potential mechanism, are needed to
demonstrate the association between SMPD1 and R®,ta better understand the role of

SMPD1 in PD.

The most common cause of autosomal recessive Pihataions in PARK2 (Parkin),
leading to early-onset, often juvenile PD, whicle@amt for 8.6% of PD with age at onset < 50
years (96). Homozygous and compound heterozygouations in_PINK1 and PARK7 (DJ1)
are other well validated causes of autosomal reegssarly onset PD or PD-like disease (96).
Heterozygous mutations in PARK2 (97), PINK1 (984 #&ARK7 (99) may be risk factors for
typical, late or early onset disease, but this adedbe confirmed in additional studies. Other
genes that are often cited as autosomal recesBix@bsing genes are in fact leading to atypical

forms of parkinsonism (Figure 1) and their roleyipical PD is still not clear.

A recent PD GWAS included data from a total of 83,0PD patients and 100,833
controls, and identified 24 loci that likely incezaor decrease the risk for PD, and a more recent
GWAS with a total of >25,000 patients and >400,@@btrols identified 17 additional loci
(Figure 2) (23, 24). These loci include genes thate already associated with familial and

sporadic PD such as GBA, LRRK2, SNCA, and GCH1h¢algh rare_ GCH1 mutations in

sporadic PD were reported in only one study (1@@jch requires replications in additional case
control studies of sporadic PD), and genes withatiuts that had not yet been described in PD.

Recently, mutations in VPS13C, one of the genedigated in the GWAS, were identified in

autosomal recessive, severe and rapidly progrepsitensonism (101). The loci of other genes

that cause typical or atypical parkinsonism, incigdPARK2, PINK1, PARK7 and ATP13A2

(22), were not identified in the GWAS meta-analy&8, 24). It is important to note that



although the calculated effects on PD risk assediatith these GWAS markers are small, with
odds ratios (OR) typically ranging between 0.791(83, 24), each loci can harbor genetic

variants with either minor, medium, or major effetthe risk for PD.

Genetic overlap between RBD and PD

Although the association between RBD and PD watiallyi reported 2 decades ago, only
recently genetic studies that specifically focus RBD have been performed. The strongest
genetic association reported thus far, is with mora in GBA (32, 102). Clinically, GBA-
associated PD and RBD-associated PD have manyasime$. Both _GBA and RBD are
associated with rapid motor progression (103, Hiw) the postural-instability-gait-dysfunction
phenotype (105, 106), autonomic dysfunction (43),10ognitive decline and faster progression
to dementia (43, 103, 107). Moreover, both GBA &RBD are associated with DLAS, 37,
108) and MSA(37, 109). Therefore, it is no surprise to findtt@BA mutations were associated
with RBD in cohorts of idiopathic RBD patients (3)2). Moreover, this association was even
stronger than the association with PD in a simpapulation (110), suggesting that GBA
mutations are more specifically associated withRB® subtype of PD. Furthermore, in clinical
PD patients screened with an RBD questionnaire, @Giiations were associated with probable
RBD (32). It was further demonstrated that amorajlddic GBA mutation carriers, as well as
among heterozygous carriers who did not have PLD R&ores were significantly worse than
controls(111). From a pathological point of view, both RBBsociated PD and GBA-associated
PD probably have a more diffused spreadaegynuclein accumulation (47, 112). These are

suggestive leads, but more studies are neededfwmdhe association between GBA and RBD.

While GBA- and RBD-associated PD are clinically gam LRRK2-associated PD typically has

a more benign course, with less rapid cognitivdided113), less hyposmia (reduced sense of



smell) and less autonomic dysfunctidhan sporadic PD (114). Therefore, it was not 1$siny
that LRRK2 mutations were not associated with idibpc RBD (30) nor with probable RBD in
a clinical PD cohort (115). In two studies that mx@ed PD patients and controls with LRRK?2
mutations, RBD was less common in LRRK2 mutatiomiees (116, 117). Our unpublished data
confirms the lack of association between LRRK2 &RBD (Gan-Or et al., unpublished data).

The differences between male : female ratios in KRRssociated PD, in which there is equal

(2:1) ratio(77), and RBD, in which male gender strongly pretates (118), provide further

support for the lack of association between LRRKRations and RBD.

In an initial screening of 9 loci that were prawsty associated with PD, an association

between markers at the SCARB2 and MAPT loci as doimidiopathic RBD patients, and

additional markers at the GAK and SNCA loci demmatsd a marginal association (31). An

additional study, in a smaller population, also gagjed that MAPT may be associated with
RBD (119). However, this association need to befimord in larger studies. The association
with SCARBZ2 is of special interest to the RBD/GB#saciation, since this gene encodes the
transporter responsible for glucocerebrosidasespan, from the endoplasmic reticulum and the
lysosome (120). Recently, it was demonstrated thatDLB-associated gene, APOE, is not
associated with RBIPL21). However, larger scale GWASs are needed amae whether other

PD-associated loci are specifically associated \VRBD or whether RBD might have unique

genetic risk factors that were not detected in leesed PD GWASs. Whether RBD is associated
with other genes that cause familial PD remainsterthined, however various studies reported

RBD in patients with mutations in SNGA22) and PARKZ123).

Hexanucleotide expansions of C9orf72, which caasagotrophic lateral sclerosis and

fronto-temporal dementia, have a minor or no raléD (124). However, one report identified



two C9orf72 expansion carriers in 2 RBD patien®b(1 To determine this was a random finding
or whether a true association exists, studies thitiadal populations are necessary. Another
gene that was suggested to be involved in PD, lagtlater refuted, is the melanoma-associated
gene_ MCI1R (126, 127). It was recently shown thaiawés in this gene are also not associated

with RBD(128).

Overall, it seems that the genetic background BDRind PD overlap considerably, but
perhaps not fully, suggesting that RBD-associatBdh@s its own genetic background. It is
possible that some markers seen in GWASs of PDpartcularly markers of RBD-associated
PD that become significant due to the high freqyesfcRBD in PD cohorts. If so, selecting
specifically RBD patients (or patients with otheankers of disease subtype) may increase the
power of GWAS to find important associations. Topntae genetic risk loci in RBD, two
approaches can be taken: 1) performing GWAS on R8librts and 2) re-analyzing data from

the PD GWASSs only in PD patients who also have RBD.

Preliminary data suggested that some genetiorachay affect the rate of progression
from RBD to the defined synucleinopathy diseasdy. (Bhis issue should be studied in larger
cohorts, since it may have important implicatioos fliture clinical trials. If genetic factors can
predict the rate of progression from RBD to synimdpathies, RBD patients who carry specific
variants that are associated with more rapid pssgoe could be prioritized for clinical trials of

drugs that aim to stop the progression of the disea

Restless legs syndrome, periodic leg movements dwgi sleep and Parkinson disease

genetics



The largest published RLS GWAS included 922 casdsla526 controls in the discovery phase
and 3,935 cases and 5,754 controls in the remitgghase.(25) While this is not as large as the
PD GWASs (24), it is large enough to provide rdkatesults. Thus far, six genes and genetic

loci were associated with RLS in GWASs: MEIS1, BTBRIPTPRD, MAP2K5/SKOR1, TOX3

and the intergenic rs6747972 on chromosome 2 @vgn the strong clinical overlap between
RLS and PLMS, it is not surprising that five of tB&VAS loci associated with RLS, were also
associated with PLMS (129). None of these loci vessociated with PD, and none of the 24 PD
GWAS loci were associated with RLS (24). When exang the online database PDgene
(www.pdgene.org), which provides meta-analyzedltedtom various GWASSs, five of the six
RLS markers, rs2300478 (MEIS1), rs9357271 (BTBDS)1975197 (PTPRD), rs12593813

(MAP2K5/SKOR1) and rs6747972 (intergenic), have aetaranalysis p-value>0.05,

demonstrating that these markers are not assoamtbd®D. However, one RLS marker in the
TOX3 locus, rs3104767, had an OR of 1.07 (95% demice interval [Cl] 1.04-1.1(0=5.03x10
®) in a meta-analysis of 15 PD studies (PDgenethéniargest RLS GWAS it had an OR of 1.35,
95% Cl 1.27-1.43p=9.40x10" (25). Of note, this marker is not significant metPD GWAS
meta-analysis after correction for multiple compans, so it requires further study. Two studies
specifically examined the RLS GWAS markers in PBecaontrol cohorts, and no evidence for

association with PD was found (26, 29).

Several studies of familial RLS have found gendtici that may be involved in
autosomal dominant or recessive RLS. Table 2 ddiadse loci as well as those identified in the

RLS GWAS. Some of these familial loci, which reezvthe aliases of RLS1 — RLSS8

(OMIM.org), include genes that were implicated ihSRGWAS (RLS3 includes PTPRD, RLS6

includes_BTBD9, and RLS7 includes MEIS1), while thteer loci were not associated with a




specific gene. It remains undetermined whether ethiegi indeed represent true genetic
determinants of RLS, since most were replicateevatimes at most, or not at all (130). When
comparing these loci to known PD loci, there isyvidtle evidence for any potential overlap
between these RLS loci and PD loci and known gefles.PD-associated gene LRRK?2 is found
within the RLS1 locus, however this locus include®re than half of the long arm of

chromosome 12 (OMIM.org), which contains a few menldgenes. RLS2, RLS3, RLS4, RLS5,

RLS7 and RLS8 do not include PD-associated geneS6Rontains the HLA genes, some of

which were associated PD (24), but it also incluB&8D9 (131). Additional candidate gene
studies in RLS suggested the involvement of MAOA&2)1land_NOS1 (133), and while these

genes are awaiting replication studies, they ae abt associated with PD (PDgene) (24).

Other studies specifically examined PD-associ@edes or genetic markers in RLS.
There was no association between one of the stsbmigé factors for PD, the MAPT associated
SNP rs1052553, and RLS in a case-control study. @&idies of families that presented both
with PD and RLS also provided no evidence for germterlap between PD and RLS. PARK?2
mutations did not segregate with RLS and did ntgcafthe phenotype of RLS in two families
with PARK2-associated PD (134). The Rep1l allel&WCA which is more frequent in PD than
controls, was in fact less frequent in RLS, demmatisty opposite directionality of effect in PD
and RLS (27). Therefore, there appears to be ndeaee of a true overlap between PD- and

RLS-associated genes and genetic loci.

Obstructive sleep apnea genetics and Parkinson desse



Studying the genetics of OSA is complicated by cdndities that can predispose to OSA and
are also heritable. These comorbidities can bedddiinto four major groups: 1) obesity and
metabolic disturbances 2) craniofacial and uppevagi morphology 3) ventilation control and
4) sleep and circadian rhythm control. It is aldeely that other genes unrelated to these
conditions may also be risk factors for OSA. Foaraple, family studies that demonstrated that
first-degree relatives of OSA patients were mokelyi to have OSA after adjusting for body

mass index (135).

OSA is a common condition often with familial aggaéion, and although there are still
not enough genetic studies, in recent years magress has been made. Various candidate gene

studies have highlighted genes including LPAR1, RIETGER3(136) TNF(137), CRP (138),

GDNF (139), HTR2A (140), PPARGCI1B (141), NRG1 (14EYO (143), TRABD2B (144),

SLC6A4 (145) and LEPRL46), most of which have not been replicated;dfuee at this point

they should be considered with caution. Possibbejgtions are TNF, LEPR and HTR2A, which

has some evidence for association with OSA in mitv@n one study. A meta-analysis
demonstrated an association between a varianeiprismoter of TNF and risk for OSA (137),
and another meta-analysis suggested that variahfSPR are associated with a reduced risk for
OSA (146). Interestingly, it was demonstrated #aINF polymorphism was associated with
increased TNFe levels in children with OSA, and significant inase in excessive daytime
sleepiness symptoms was observed in associatidntng polymorphisn{147). Therefore, the
association with TNF may be explained by increadedpiness which makes them more likely
to present. Meta-analysis of HTR2A variants suggesassociation with OSA only in men (140).
However, none of these genes were replicated iecant, large GWAS meta-analysis that

included a total of 12,558 participants of Hispamiigin (144). Another GWAS-level significant



locus for OSA was suggested in this study, arolnedGPR83 gene (144). However, this study
did not include a replication population, and thessociations should be considered with
caution. None of these genes or genetic loci weidicated in PD (PDgene) (24), suggesting
that the genetic background of the two conditiangiiobably distinct. However, since more
genetic studies are necessary in OSA, it cannadebermined with certainty that there is no true

genetic overlap.

Circadian sleep-wake cycle disruption genetics andarkinson disease

Many of the genes and proteins regulating the diesaclock are well characterize, including

PER1, PER2, PER3, CRY1l, CRY2, CLOCK, ARNTL, ARNTLZSNK1D, CSNKIE,

TIMELESS, NPAS2,NR1D1, DBP, FBXL3, BHLHE40, BHLHE41 and others thaere

thoroughly reviewed (148-150). It important to nttat most of the knowledge on the function
of these genes and proteins is derived from angnalies (151), therefore the role of human
genetic variations in these genes and their patieatiects on sleep patterns require more study.
However, variants in some of these genes were stej¢o be involved in circadian clock
patterns or related disorders. However, often thege not replicated in additional studies, and
none of these genes and variants were also assbeigth risk for PD (24). For example, one of
the most studied genetic variants is a SNP in_th®CK 3’ untranslated region, which was
associated with diurnal preference (152), but #ssociation was not replicated (153). This
variant was also suggested to be involved in stegplation in various psychiatric disorders, but
also with inconsistent results.(154, 155) Likevatiants in the CLOCK locus, this variant is not
associated with PD in the meta-analysis of PD GW&33gene) (24). Similarly, other variants

in these genes that were suggested to have effectthe circadian cycle or sleep related



measures, such as PERP735611 (156), PER2 rs2304672, PER3 rs228697 A&ONL2
rs922270 (157), are also not associated with PEhign meta-analysisp£0.05 for all SNPs).
Similar observations, i.e., possible associatioth wircadian sleep cycle and lack of association
with PD, are true for other variants in these ggié8, 159). Since some variants in these genes
may also be associated with affective disordersir thotential effect on common psychiatric

symptoms in PD such as depression and anxiety gth@udurther studied.

Recently, three large GWASs examined the assoniatf genetic markers with

chronotype, with substantial genetic overlap. Altatf 9 genes (RGS16, PER2, FBXL13, AKS5,

HCRTR2, HTR6, TNRC6B, APH1A and ERC?2) were ideetifiin two or three of the studies,

thus well validated160-162). As the other genes associated withitibadian sleep-wake cycle,

these two are not associated with PD.
Genetics of insomnia and excessive daytime sleesee

Genetic studies of both insomnia and EDS are caaigd by the various factors that are
associated with these two conditions. Thereforentilying genes and variants specifically
associated with insomnia and EDS is challengingchvimay explain the relatively low number
of genetic studies of these conditions (163). SIBBS can be related to circadian sleep-wake
cycle disruption, PLMS and other sleep disordeet there reviewed here, the same genes
involved in these disorders can also be involve&Dt (164). Several twin studies suggested
that heritability is indeed a contributing factor insomnia (165, 166), but most of these studies
did not control for the heritability of comorbid8 that may cause secondary insomnia. Two
GWASs(167, 168) and several candidate gene cagetstudies were performed in attempt to
identify genetic markers of insomnia. While severahdidate genes were suggested, including

ROR1, PLCB1 (167), CACNALC (168), CLOCK (169), SL&5(170) and_GABRB3 (171),




they are still awaiting proper replication studiasorder to determine their role in insomnia.

None of these genes was previously associatedRiith

Conclusions

Generally, the genetic study of sleep related dmar still lags behind other medical fields,
although in recent years some progress has beee. @atly a few GWASs have been performed
in sleep disorders, and while basic genetic twid familial studies had been performed in the
past, there are very few studies that applied gereration sequencing technologies on families
with sleep-related disorders. So far, there iswidence for overlap in genetic predisposition for
PD and either insomnia, EDS, OSA or circadian sleake cycle disruption. In addition, there is
no known overlap between RLS/PLMS genetic markadsRD, although this should be further

studied.

In contrast, there is convincing evidence thatgéeetic basis of PD and RBD overlap, at
least partially. Since we now know that the vastomity of cases of RBD have in fact a
synucleinopathy in progress, this is not surprisi@f note, although not surprising, these
observations linking some PD genetic markers an® Ri&y have importance for future studies
and clinical trials. For instance, when asymptomatarriers of_GBA mutations are being
followed up, screening for RBD should be considei@dearly detection of conversion to a
synucleinopathy. Such population of GBA mutatiorrieas with RBD could be ideal for future
clinical trials, since they are highly likely to roeert to PD or another synucleinopathy. More
genetic studies on RBD are required to identifyitalthl genetic factors that are either shared

with PD or unique to RBD, which will allow betteharacterization of this population.



Practice points

1. Little is known about the genetics of most sleglpted disorders, especially those

with multiple comorbidities such as insomnia, ED& aOSA. Identification of

genetic markers that specifically affect these dists is challenging, and adjusting
for factors that affect the predisposition for #aelsorders (for example, controlling

for BMI in genetic studies of OSA) is necessaryoider to identify such genetic

markers.

2. While sleep-related disturbances are probably mthest common non-motof

symptoms in PD, the genetic evidence, as well ast mibthe clinical, imaging and

pathological evidence suggest that only RBD is éjpatly associated with PD

14

Although it is possible that RLS and EDS occur marPD, it is most likely not due

to shared genetic predisposition.

3. RBD is manifesting as a sleep disorder, but instmoases it is in fact a

neurodegenerative synucleinopathy in early sta@s should be considered as su

by sleep specialists.

ch



Research agenda

1. More genetic studies are needed in sleep-retliseniders, whether candidate-gene| or
GWAS approaches in case-control cohorts, or studfefamilial cases with next
generation sequencing. Large collaborations will teeded to overcome the

difficulties arising from the multiple comorbidigeinvolved in most of thes

1%

disorders.
2. Although the current genetic evidence suppork lafcpleiotropy between RLS and
PD, more studies are needed, specifically of thex3@ocus but also others, tp
conclusively elucidate this possibility.

3. To better understand the progression from RBDheodifferent synucleinopathies

large and preferably prospective genetic studiasdkamine how genetic variants dre
associated with RBD progression are needed. Suchestshould examine both the
rate of progression, and to which synucleinopatBpRorogresses into, and if there
are genetic markers that are specific to RBD anet wet detected in PD studies.
4. Future clinical trials focusing on RBD patienit®sld be among the leading strateg|es

to identify drugs for PD. Such studies can be i$iedt by the genetic status of the

174

patients. For example, studying drugs that aim édifig the enzymatic activity of the
enzyme encoded by GBA would ideally be performedRBD patients with GBA

mutations.
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Figure legends.

Figure 1. Risk for progression from REM sleep behawer disorder to synucleinopathies

according to follow-up time.

Studies that examined the risk for progression fr&EM sleep behavior disorder to

synucleinopathies are depicted, with follow-up ticieided to < 5 years (blue bars), between 5
and 10 years (orange bars) and above 10 years(gees). In all studies follow-up-dependent
increase in risk is observed, with risk >80% in treisdies that calculated the risk in follow-up

> 10 years. Postuma et al. 2015a refers to ref @) Postuma et al. 2015b refers to ref (36).

Figure 2. Summary of Parkinson disease genetics.

Genes that are known or suspected to be involveagpical or atypical Parkinson disease (PD)
are depicted, according to the level of confideinctheir involvement, and according to the type
Parkinsonism they are associated with: sporadic &psomal dominant PD, autosomal

recessive PD, and syndromes that include atypa&impsonism.



Table 1

Summary of temporal and clinical correlates of slggrelated disorders and Parkinson’s disease

Sleep disorder

Prodromal PD

Motor PD

Other clinicalcorrelates in PD

REM sleep
behavior disorder

- More than 80% of RBD patients will
develop a synucleinopathy in a time
dependent manner.

- Dream enactment and RBD are
common in newly diagnosed PD
patients.

- RBD can occur after the onset of PD
and the rates of PD patients with RBLO
increases with disease duration.

- 25%-50% of PD patients have RBD.
- Possibly associated with faster moto
progression and higher doses of
levodopa.

- REM sleep without atonia, which dog
not fulfil all criteria for RBD, is also
more common in PD than in controls.

,- Associated with cognitive decline,
) dementia and hallucinations.

- Associated with autonomic
dysfunction.

Restless legs

- No evidence that individuals with

- Contradictory results, some studies

- RLS was associated with depression in

\=J

y

syndrome longstanding RLS develop PD at highesuggest higher rates of RLS in PD, PD.
rates than individuals without RLS. | while others demonstrate similar rates - associated with DBS, possibly due tt
- Late-onset RLS possibly may be to controls. reduction of dopaminergic treatment.
prodromal sign of PD. - Estimates may be confounded by ngn-Duration of antiparkinson therapy m:
- Contradictory results in newly specific motor symptoms strongly contributes to of RLS in PD,
diagnosed PD. - When PD and RLS co-occur, PD could be related to “wearing off”.
symptoms usually precede RLS - Patients with RLS did not have
symptoms. synuclein pathology.
- RLS patients did not have increased
echogenicity of the substantia nigra on
sonography, a finding that is typical of
PD.
- Other imaging studies in RLS patients
did not support overlap with PD
Periodic leg - No evidence that PLMS precede PDj - Similar frequency of PLMS in PD - PLMS associated with severity of PD

movement in sleep

and similar PLMS index in newly
diagnosed PD patients vs. controls.

patients and controls.

- Can occur after reduction in
dopaminergic treatment following dee
brain stimulation surgery.

-Possibly associated with striatal

o

symptom, sleep disturbance, and
decreased quality of life.




dopaminergic nerve loss.

Obstructive sleep
apnea

- OSA can mimic RBD symptoms, but
no evidence for increased rate of
progression to PD.

- No increased OSA in newly diagnos
PD.

- Most studies did not show an

association between OSA and PD.

- A meta-analysis of 5 studies sugges
ethat PD patients have reduced risk for

OSA.

- Other studies suggested that PD is

more common among individuals with

insomnia.

- Even coincidental OSA, if present, ¢

still be cause of somnolence and may,

tedarrant treatment.

Excessive daytime
sleepiness and slee
attacks

- Contradictory results regarding the
pinvolvement of EDS in prodromal PD.
- Case control studies of newly
diagnosed PD demonstrated similar
frequencies of EDS in patients and
controls.

- Other studies suggested that EDS m
precede PD.

- EDS and sudden onset of sleep are
common in PD, in some studies more
than 50% of patients.

- Frequency of EDS increases with
disease progression, severity of PD
symptoms and levodopa dosage.
ayincreased hypocretin loss was
observed with advanced PD.

- All dopaminergic agents can cause
somnolence. Some studies suggest t
dopamine agonist treatment may be
particularly associated with EDS in PL
while others did not.

- Associated with dementia.

hat

Insomnia

- Insomnia is not common in newly
diagnosed PD patients.

- Possible slight increase in insomnia
prodromal PD.

- Some studies suggested that the

frequency of insomnia increases with
irPD progression.

- Other studies demonstrated that the

frequency of insomnia remains stable

through follow up, and may fluctuate

during the course of PD.

- Insomnia is associated with depress
in PD, but significance of association
unclear, since insomnia is often a
component of depression in general.

on
S

Circadian sleep-
wake cycle
disruption

- Analysis of newly diagnosed PD
patients suggested that disruption of t
circadian sleep-wake cycle may occur
early in the disease. It was not clear if
this disruption precedes the motor
symptoms of PD.

hamplitude in PD patients compared to
control.

- The lower melatonin levels were not
associated with disease duration,
levodopa doses and UPDRS scores.
- However a previous study suggeste
that melatonin levels were affected by

- Circadian melatonin levels had lower

- Hallucinations in PD are associated
with altered rest-activity rhythm.

dopaminergic treatment.




Table 2.

Genetic loci and genes associated with restlesslegs syndrome

L ocus Chromosomal Implicated Comments

name region genes

(OMIM)

RLSOMIM loci

RLS1 12g12-g21 Yet to be Large locus that includes more than half of the large arm of chromosome 12. The PD-

identified. associated gene LRRK2 isin thislocus, but thereis no evidencethat it hasarolein
RLS.

RLS2 14913-g21 Yet to be This locus represents about one quarter of the long arm of chromosome 14, and it

identified. includes dozens of genes, none of which was associated with PD.

RLS3 9p24-p22 PTPRD Thislocus encompasses about half of the short arm of chromosome 9, and it includes
the PTPRD gene, which isawell validated GWAS marker. Thereis no evidence that in
the familiesin which this locus was identified there are mutations in PTPRD that can
explain the association.

RLHA 2033 Yet to be This locus includes dozens of genes, none of which was specifically associated with

identified. RLS

RLS5 20p13 Yet to be Thislocus represents about afifth of the short arm of chromosome 20, and includes

identified. dozens of genes, none of which was specifically associated with RLS

RLS6 6p21 BTBD9 Thislocus was identified in a genome wide association study, with variants around the
BTBD9 gene. This region contains the HLA genes that may be involved in PD.
However, sinceit isvery likely that BTBD9 is responsible for RLS in thisregion, there
is no suggested genetic pleiotropy in thislocus between RLS and PD.

RLS7 2pl4-p13 MEIS1 Thislocusiswas identified in case-control studies and GWAS, and includes the
strongest genetic risk factor for RLS detected to date.

RLS8 5031 PCDHAS, While the most plausible candidate in this region was reported to be PCDHAS, it is still

WWC2, possible that any of the other genesis associated with RLS in this locus, and additional
ATRN, FAT2 | studies are required to determine the association of thislocus with RLS.

Genome-wide association study loci

NA

| Chromosome 2

| MEIS1

| The GWASS associated marker was rs2300478, and the minor alele was associated with




an increased risk for RLS (OR 1.68). Also called RLSY.

NA Chromosome 2 Intergenic The GWAS associated marker was rs6747972, and the minor allele was associated with
region anincreased risk for RLS (OR 1.23).
NA Chromosome 6 BTBD9 The GWAS associated marker was rs9357271, and the major allele was associated with
an increased risk for RLS (OR 1.47). Also called RLSG.
NA Chromosome 9 PTPRD The GWAS associated marker was rs1975197, and the minor allele was associated with
an increased risk for RLS (OR 1.29). Found in the RLS3 locus.
NA Chromosome 15 | MAP2KS5, The GWAS associated marker was rs12593813, and the major allele was associated
SKOR1 with an increased risk for RLS (OR 1.41).
NA Chromosome 16 | TOX3 The GWASS associated marker was rs3104767, and the major allele was associated with

anincreased risk for RLS (OR 1.35).

OMIM, Online Mendelian Inheritance in Man; RLS, restless legs syndrome; GWASS, genome-wide association study; OR, odds ratio.
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Level of confidence

Sporadic, typical PD

Atypical Parkinsonism

&
Y

Risk
factors

Autosomal
dominant

Autosomal
Recessive

Atypical
Parkinsonism

\ 4

GBA
LRRK2
GWAS loci: GBA, RAB29-NUCKS1,
SIPA1L2, ACMSD-TMEM163, STK39,
MCCC1, TMEM175-GAK-DGKQ,
BST1, FAM47E-SCARB2, SNCA, HLA-
DQB1, GPNMB, FGF20, INPPSF,
MIR4697, CCDC62, GCH1, VPS13C,
BCKDK-STX1B, MAPT, SREBF1-RAIL,
RIT2, DDRGK1, ITPKB, IL1R2, SCN3A,
SATB1, NCKIPSD, CDC71, ALAS1,
TLR9, DNAH1, BAP1, PHF7, NISCH,
STABI, ITIH3, ITIH4, ANK2,
CAMK2D, ELOVL7, ZNF184, CTSB,
SORBS3, PDLIMZ2, C80rf58, BIN3,
SH3GL2, FAM171A1, GALC, COQ7,
TOX3, ATP6VOA1, PSMC3IP, TUBG2

SMPD1

Chr. 22q11.2 deletion
GWAS loci: USP25, NMD3, ITGA8

PARK10
MCIR
UCHL1

GIGYF2

LRRK2
SNCA
VPS35

CHCHD2
DNAJC13
RIC3
TMEM230

EIF4G1

PARK2 (Parkin)
PINK1
PARK?7 (DJ-1)

VPS13C

ATP13A2
SYNJ1
PLA2G6
ATP6AP2
DNAJC6

RAB39B
FBXO7




