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Abstract

In humans, narcolepsy is a sleep disorder that is characterized by sleepiness,
cataplexy, and rapid eye movement (REM) sleep abnormalities. Essential hypersomnia
(EHS) is another type of sleep disorders, characterized by excessive daytime sleepiness
without cataplexy. A human leukocyte antigen (HLA) class II allele, specifically the
HLA-DQBI1#06:02, is a major genetic factor for narcolepsy. Almost all narcolepsy
patients possess this HLA allele, while 30-50% of EHS patients and 12% of healthy
individuals in Japan carry this HLA allele. The pathogenesis of narcolepsy and EHS is
thought to be partially shared.

In order to evaluate contribution of common SNPs on narcolepsy onset and
common genetic background among sleep disorders, I conducted a polygenic analysis,
using 393 narcoleptic patients, 38 EHS with HLA-DQBI*06:02 patients, 119 EHS
without HLA-DQB1#*06:02 patients, other neuropsychiatric disorders, including 376
panic disorders, 213 autism and 56 schizophrenia, and 1,582 healthy individuals.
Narcolepsy heritability was estimated as 58.1% (Pyiippsivos0: = 2.30x10%, P, =

others

6.73x10?) including HLA-DQBI1%06:02 effects and 1.3% (P = 2.43x10?) excluding

others

HLA-DQBI1*#06:02 effects. The results also indicated that common small-effect SNPs

contributed to the development of narcolepsy. Reported susceptible SNPs for



narcolepsy in the Japanese population, such as CPTIB, TRA@, P2RY11, were found to
explain 0.8% of narcolepsy heritability (P, = 9.74x107%). EHS with
HLA-DQOBI1#06:02 were estimated to have higher shared genetic background with
narcolepsy than EHS without HLA-DQBI*06:02 even if the effects of
HLA-DQBI*06:02 were excluded (EHS with HLA-DQBI1*06:02: 40.4%, Py, 4 posi+0s.02

= 7.02x10™", P = 1.34x10", EHS without HLA-DQBI*06:02: 0.4%, P

others others —

3.06x10™).

In this study, I have investigated possible associations between rare
large-scale copy number variations (CNVs) and sleep disorders, including 327
narcoleptic patients, 33 EHS with HLA-DQBI*06:02 patients, 104 EHS without
HLA-DQBI1#06:02 patients and 459 healthy individuals. Overall, significant
enrichments of rare large-scale CNVs (frequency < 1%, size = 100 kb) in the patients
were found (narcolepsy: case-control ratio of CNV count = 1.54, P = 5.00x10*, EHS
with HLA-DQB1%06:02: case-control ratio of CNV count = 1.46, P = 3.24x10?, EHS
without HLA-DQBI%06:02: case-control ratio of CNV count = 1.43, P = 2.17x107). In
particular, rare large-scale CNVs in PARK2 showed significant associations with
narcolepsy and EHS without HLA-DQBI*06:02 (narcolepsy: P = 3.07x10°, EHS

without HLA-DQBI1%06:02: P = 2.91x107?).



Abbreviations

ADHD  attention-deficit hyperactivity disorder

bp base-pair

BAF b allele frequency

CDCV  common disease-common variant

CDRV  common disease-rare variant

CNVs copy number variations

CPTIB  carnitine palmitoyltransferase 1B

CTSH cathepsin H

CSF cerebrospinal fluid

EHS essential hypersomnia

FDR false discovery rate

GWAS  genome-wide association study

Hert2 hypocretin (orexin) receptor 2

HLA human leukocyte antigen

HMM hidden markov model

ILIORB  interleukin 10 receptor, beta

LRR log R ratio

MSLT multiple sleep latency test



PARK?2 parkinson protein 2, E3 ubiquitin protein ligase

P2RYI11  purinergic receptor P2Y, G-protein coupled, 11

REM rapid eye movement

SLE systemic lupus erythematosus

SOREMP  sleep onset rapid eye movement period

TNFSF4 tumor necrosis factor superfamily member 4

TRA@ T cell receptor alpha locus

TRB@ T cell receptor beta locus

ZNF365  zinc finger protein 365



I General introduction



Narcolepsy with cataplexy (narcolepsy) is a sleep disorder with characteristics

of excessive daytime sleepiness, cataplexy (sudden loss of muscle tone in response to

strong emotion), and pathological manifestations of rapid eye movement (REM)

sleep—including hypnagogic hallucinations, sleep paralysis, and sleep-onset REM sleep.

Onset of narcolepsy is usually around adolescence, and prevalence rate of the disease in

Japan is 0.16%-0.18%, while the counterpart in the United States and Europe is

0.02%-0.06%: men and women are equally affected[1, 2]. Relative risk of narcolepsy in

first-degree family members of patients with narcolepsy is 10- to 40- fold higher than

that in the general population[1].

Multiple factors are associated with the development of narcolepsy, including

genetic variations at several loci. Initially, it was discovered that narcolepsy was tightly

associated with a human leukocyte antigen (HLA) class II allele, specifically

HLA-DQBI1#06:02[3-7]. Eighty five to one hundred percent of patients carry

HLA-DQBI1#06:02. This HLA allele is thought to be necessary, but not sufficient, for

the development of narcolepsy because 10-40% of individuals in the general population

carry HLA-DQBI1*#06:02. Recent studies, utilizing genome-wide association studies

(GWASS), have identified several narcolepsy susceptibility loci. A locus near CPTIB

(carnitine palmitoyltransferase 1B), which indicated a new pathogenic mechanism



related to fatty acid oxidation, was detected[8]. TRA@ (T cell receptor alpha), TRB@ (T
cell receptor beta), P2RYI1 (purinergic receptor P2Y, G-protein coupled, 11), CTSH
(cathepsin H), TNFSF4 (tumor necrosis factor superfamily member 4), ZNF365 (zinc
finger protein 365) and ILIORB (Interleukin 10 receptor, beta) have been also
identified[9-12]. These discoveries provided the evidence that narcolepsy is caused by
disruption of autoimmunity.

The destruction of hypothalamic neurons that secretes a wake-promoting
neuropeptide hypocretin (orexin) causes narcolepsy[13, 14]. Most of the patients with
narcolepsy have low or undetectable levels of hypocretin-1 in the cerebrospinal fluid
(CSB)[15, 16]. However, it has been reported that mutations and polymorphisms in
prepro-hypocretin and hypocretin-receptor genes cannot explain onset of narcolepsy,
except but rare cases[17-20].

Diagnoses of narcolepsy, according to International Classification of Sleep
Disorders 2™ edition (ICSD-2) (AASM?2005), follows: (i) the patient has a complaint of
excessive daytime sleepiness occurring almost daily for at least three months; (i) a
definite history of cataplexy, defined as sudden and transient episodes of loss of motor
tone triggered by emotions, is present; (ii1) the diagnosis of narcolepsy with cataplexy

should, whenever possible, be confirmed by nocturnal polysomnography followed by an

10



multiple sleep latency test (MSLT); (iv) the hypersomnia is not better explained by

another sleep disorder or neurological disorder, mental disorder, medication use, or

substance use disorder.

Essential hypersomnia (EHS) is another type of sleep disorders, characterized

by excessive daytime sleepiness. However, the patients do not exhibit cataplexy. Both

genetic and environmental factors are considered to contribute to the development of

EHS[15, 21]. EHS was diagnosed based on the following three clinical items in central

nervous system hypersomnias: (1) recurrent daytime sleep episodes that occur basically

everyday over a period of at least six months; (ii) absence of cataplexy; (iii) the

hypersomnia is not better explained by another sleep disorder, medical or neurological

disorder, mental disorder, medication use or substance use disorder[22-25]. The

diagnostic criteria for EHS correspond to narcolepsy without cataplexy and a part of

idiopathic hypersomnia without long sleep time if 1 apply the criteria according to

ICSD-2.

Narcolepsy without cataplexy and idiopathic hypersomnia without long sleep

time do not exhibit cataplexy. Excessive daytime sleepiness of narcolepsy without

cataplexy is typically associated with naps that are refreshing nature. Meanwhile, that of

idiopathic hypersomnia without long sleep time results in unintended naps with or
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without refreshing nature. EHS includes patients with short refreshing naps in idiopathic

hypersomnia without long sleep time. The nocturnal sleep and total amount of sleep are

basically normal in both disorders. MSLT is required for the diagnosis in ICSD-2.

Idiopathic hypersomnia without long sleep time is differentiated from narcolepsy

without cataplexy by the absence of REM-related features, most notably two or more

sleep-onset REM periods (SOREMPs) on MSLT. However, I consider that the nature of

naps (short or long, refreshing or non-refreshing) is more appropriate to distinguish a

group of patients for study than MSLT, because MSLT is not optimized for the

diagnosis of related hypersomnia patients using the number of SOREMPs even though

MSLT is useful for the diagnosis of narcolepsy with cataplexy. In addition, MSLT

requires a whole day and impose an economic burden to patients. Therefore, I focused

on the symptoms themselves and adopted the definition of EHS.

Previous studies have reported that EHS and narcolepsy share some of

susceptibility genes[22-26]. Especially, about 30-50% of EHS patients carry

HLA-DQBI1#*06:02[22, 23]. In addition, EHS 1is associated with narcolepsy

susceptibility SNPs within CPTIB and TRA@[22, 26]. The pathogenesis of EHS is

considered to be partially common with that of narcolepsy[25].

In the first section, I evaluated the contribution of common variants for
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narcolepsy onset. This estimation will be useful for making future strategy, how to

uncover reaming genetic factors[27, 28]. Also I assessed the extent of genetic share

between narcolepsy and EHS. The assessment of the genetic share between narcolepsy

and EHS can provide “phenotypic classification” based on genetic basis.

In the second section of this study, I tried to detect rare susceptible variants,

especially copy number variations (CNVs). Majority of human narcolepsy and EHS

genetic research targeted to discover common susceptible variants based on common

disease-common variant hypothesis (CDCV hypothesis)[8-10, 22, 26, 29]. It was

important to evaluate the possibility that genetic architecture of narcolepsy and EHS

might be based on common disease-rare variant hypothesis (CDRYV hypothesis)[29].
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II Estimating heritability in sleep disorders
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1. Introduction

In this section, I evaluated contribution of common variants for narcolepsy
onset[29]. This will be useful for making future strategy, how to uncover reaming
genetic factors[27, 28]. Also I assessed common genetic background of narcolepsy and
EHS, based on CDCV hypothesis. Previous studies have reported that EHS and
narcolepsy share some of susceptibility genes[22-26]. Therefore, the pathogenesis of
EHS is thought to be partially common with that of narcolepsy. However, the extent of
the shared genetic background has not been investigated, thus this assessment aimed to
estimate the common genetic basis among the sleep disorders.

A large number of GWASs were conducted for various complex diseases and
phenotypes until now, and they discovered a certain number of susceptible SNPs to
many traits. However, discovered SNPs only explained a small proportion of
heritability', which was estimated from family studies[27, 28]. These gaps were called
as “missing heritability”. The potential causes of “missing heritability” were thought to
be as follows: the effect sizes of individual SNPs are too small to reach a genome-wide

significance (P < 5x10®) in GWASs: causal SNPs are not in sufficient correlation with

1 Heritability is the proportion of the phenotypic variance among a group, which is
attributable to genetics.
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SNPs on the commercial arrays to be detected by the association studies: epistasis

effects of SNPs exist. To overcome the problem of small effect size, many researchers

have been making a big effort to enlarge sample sizes in order to discover novel

susceptibility SNPs[30-33]. At the same time, the polygenic risks based on CDCV

hypothesis were assessed, so that the genetic architecture of diseases have been

uncovered, such as extent of missing heritability and shared genetic background among

diseases[34-37]. For example, a recent study provided not only the existence of

substantial proportion of missing heritability in neuropsychiatric diseases, such as

schizophrenia, bipolar disorders, and attention deficit hyperactivity disorder (ADHD),

but also genetic sharing among these disorders[34]. Furthermore, the assessment of

genetic similarity among the diseases could lead to phenotypic re-classification based

on genotypes.

Recent developments in statistical analysis make it possible to estimate

heritability of diseases using GWAS data. There were mainly two new methods to

estimate polygenic effect on diseases. In the first method, an additive polygenic risk

score, which was based on SNPs below a certain P value threshold in a discovery

GWAS, was tested in an independent set of samples, so called “polygenic analysis”[34,

36]. The other was based on pairwise relationship of all samples, which meant

16



genome-wide similarity between all pairs of individuals determined using all SNPs[35,

37]. The concept of this method was that if genetic factor contribute to a phenotype,

case-case pairs and control-control pairs are more similar across the genome than

case-control pairs. In this study, I applied the first method, because, once polygenic

risks of a certain phenotype were defined, polygenic risks could be applied for different

phenotypes. In the other words, I could assess the common genetic background among

different diseases.

The pathogenesis of EHS is considered to be partially common to that of

narcolepsy[25]. Previous studies have reported that narcolepsy and EHS were

associated with the same susceptibility genes[22-26]. Especially, about 30-50% of EHS

patients carried HLA-DQB1*06:02 allele[22, 23]. In addition, EHS was associated with

narcolepsy susceptibility SNPs in CPTIB and TRA@[22, 26]. However, to mention in

detail, only EHS with HLA-DQB1%*06:02 showed a significant association with TRA@

while EHS without HLA-DQBI1*06:02 did not, thus in this study EHS with/without

HLA-DQB1%06:02 were evaluated separately[26].

In this study, in order to evaluate contribution of common variants for

narcolepsy, I conducted a polygenic analysis using Affymetric 6.0 data of 393

narcoleptic patients. In addition, to assess overlap of polygenic risks for narcolepsy and
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EHS, I also analyzed data of 38 EHS with HLA-DQBI1*06:02 and 119 EHS without

HLA-DQBI1%06:02 patients.
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2. Materials and methods

Subject

Participants in the study were 426 narcoleptic patients, 46 EHS with

HLA-DQBI1%06:02 patients, 125 EHS without HLA-DQBI1*06:02 patients, 432 panic

disorders, 246 autism, 66 schizophrenia and 2,072 healthy individuals. Japanese patients

with narcolepsy were unrelated individuals living in Tokyo or neighboring areas. All

patients with narcolepsy carried the allele, HLA-DQBI*06:02. Among 171 EHS

patients, 46 individuals possessed HLA-DQBI1*06:02 (EHS with HLA-DQBI1%*06:02),

while other 125 EHS patients did not (EHS without HLA-DQBI1%*06:02)[22]. Each

patient with narcolepsy or EHS had received a diagnosis at the Neuropsychiatric

Research Institute and diagnosed by specialists for sleep disorders. Data of

neuropsychiatric disorders such as panic disorders, autism and schizophrenia was parts

of previous studies and analyzed in this study[38-41].

Among healthy controls, 562 unrelated healthy Japanese individuals living in

Tokyo or neighboring areas. The rest of the healthy controls were genotyped in previous

studies, and their data was also analyzed in this study[38-42]. The control subjects did

not have a history of narcolepsy, central nervous system (CNS) hypersomnia or other

neuropsychiatric diseases. Age and gender were not matched between cases and

controls. Ethical approval was obtained from the local institutional review boards of all
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participating organizations. All individuals gave written informed consent for their

participation in the study.

Genotyping and quality control

Genomic DNA from all participants was genotyped for 906,622 SNPs by

Affymetrix Genome-Wide SNP Array 6.0 (Affymetrix, Santa Clara, CA)

(http://www affymetrix.com). Genotype calling was done by Birdseed algorithm in

Birdsuite (http://www broadinstitute.org/), except a sample that had less than 90% of

genotyping call rate. Quality control procedures were performed, using PLINK

(http://pngu.mgh.harvard.edu/~purcell/plink/) (Figure 1)[43]. Samples with overall call

rates lower than 97% were excluded. Samples, who were reported to have family

relationship with other participants or PIHAT value greater than 0.125 (PIHAT: mean

probability of being identity-by-descent, calculated in PLINK), were excluded, until

only one sample remained out of reported or estimated family members. Outliers in

principal component analysis were also excluded in order to eliminate population

stratification, using EIGENSOFT (http://www .hsph.harvard.edu/alkes-price/software/)

as described later[44]. SNPs were excluded based on following criteria: (i) minor allele

frequency (MAF) was less than 0.05; (i1) p-value from the Hardy-Weinberg Equilibrium
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(HWE) test either for the patient group or the healthy control group was less than 0.001;

(ii1)) SNP call rate was less than 99%; (iv) SNPs resided within HLA region (chr6:

27,539,703-35,377,701) or sex chromosomes. After the quality controls, 476,446 SNPs

in 393 narcolepsy individuals, 38 EHS with HLA-DQBI1*06:02 individuals, 119 EHS

without HLA-DQBI1*06:02 individuals, 376 panic disorders, 213 autism, 56

schizophrenia and 1,582 healthy individuals were analyzed in this study (Figure 1).

Principal component analysis

In order to eliminate population stratification, a principal component analysis

was performed using EIGENSOFT. In the evaluation, 91 JPT (Japanese in Tokyo,

Japan), 90 CHB (Han Chinese in Beijing, China), 180 CEU (Utah residents with

Northern and Western European ancestry) and 180 YRI (Yoruba in Ibadan, Nigeria),

deriving from Hapmap project (http://hapmap.ncbi.nlm.nih.gov/) were included[45].

HapMap populations and the present study sample populations were combined after the

quality controls procedures as described above.

Statistical analysis

A polygenic analysis principally estimates the capability of common SNPs to

21



explain phenotypic variance in a group[34, 36]. The study design, shown in Figure 2,

was applied. Samples were divided into two groups. One group (discovery-stage) was

used for a genome-wide association analysis in order to calculate narcolepsy risk-effect

of each common SNP. The other group (test-stage) was used for estimation of the

capability of common SNPs to explain phenotypic variance, using collective risk-effects

of common SNPs, which is, in another term, “polygenic risk”. A permutation analysis,

which randomized sample division of narcoleptic patients and healthy controls into two

groups, discover-stage and test-stage, was performed, repeating one thousand times. In

addition, in the test-stage, the same healthy controls across different diseases within one

permutation were utilized.

A genome-wide association analysis for narcolepsy was conducted in the

discovery-stage. Risk-effects of individual SNPs were calculated based on chi-square

values. For an example, suppose that chi-square value based on allelic model is 30 at

SNP-X, the risk-effects of SNP-X, were calculated as 0, 30 and 60, according to the

number of risk allele, 0, 1 and 2. In the test-stage, polygenic risks for each participant

by summing risk-effects of all SNPs were obtained, named as “polygenic risk score”.

Several statistical thresholds for calculation of polygenic risks were employed: (i) SNP

inclusion criteria based on the discovery-stage association analysis; P < 0.001,0.01, 0.1,
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0.2,0.3,0.4 and 0.5; (i1) SNP inclusion criteria based on pruning: rr<0.25,05,0.75,1
within a 200-kb window in order to exclude secondary associations due to linkage
disequilibrium. Polygenic risks were calculated for each threshold. A model of logistic
regression analysis was followed;
1
log(—) =Ly +Bx,
1-m
where x;, was O~1 collective polygenic risk score for each individual. Nagelkerkes’
pseudo R’ was utilized to reflect estimated the capability of polygenic risks to explain
disease onset. Narcolepsy is tightly associated with HLA-DQBI1*06:02, thus so as to
eliminate the HLA effect, the region (chr6: 27,539,703-35,377,701) was excluded from
polygenic risk score[3-7]. Instead, SNP rs7744293, which was in the highest correlation
with HLA-DQBI1%#06:02 (r* = ~0.8), was included into the logistic regression model as a
surrogate maker, so that estimation of the heritability of narcolepsy reflect the effect of
the allele, HLA-DQB1*06:02;
1
log (—) =Py + Bix; + Bx,
-7

where x;, was 0~1, collective polygenic risk score for each individual and x, was 0
or 1, the positivity of the risk allele of SNP rs7744293, which surrogated the positivity

of HLA-DQBI1%*06:02. In addition, to assess the heritability explained by the reported

susceptible SNPs in the Japanese population, CPTIB, TRA@ and P2RYI11, only SNPs
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which reside within 500kb up- and down-stream of the reported SNPs were utilized for

calculation of polygenic risk score[8-10].

Polygenic risks among healthy controls were assessed. Healthy controls were

split into a pseudo-case group and a pseudo-control group. Then, the same analytical

procedures as described above were adopted. One thousands-permutation analysis was

carried out, randomizing both pseudo case-control status and discovery-test stage.

Logistic regression analysis was conducted by PredictABEL packages

(http://www .genabel.org/) provided in R[46]. I also estimated desirable sample size for

detecting remaining genetic factors using “power.prop.test3” function provided in R

(http://aoki2.si.gunma-u.ac.jp/R/power_prop_test2.html). Analytical and quality control

procedures were conducted using PLINK (http://pngu.mgh.harvard.edu/~purcell/plink/)

and R (http://www r-project.org/)[43, 47].
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3. Results

Samples, consisting of 426 patients with narcolepsy, 46 EHS with
HLA-DQBI1*06:02, 125 EHS without HLA-DQBI1*06:02, 432 panic disorders, 246
autism, 66 schizophrenia and 2,072 healthy individuals, were genotyped by Affymetrix
Genome-Wide SNP Array 6.0 and Birdseed algorithm. A principal component analysis
was conducted using EIGENSOFT, and an outlier was excluded (Figure 3). Populations
suffered form different diseases did not clustered separately (Figure 4). After the
quality control procedures, 476,446 SNPs in 393 narcoleptic patients, 38 EHS with
HLA-DQBI1*06:02 patients, 119 EHS without HLA-DQBI1*06:02 patients, 376 panic
disorder patients, 213 autism, 56 schizophrenia and 1,582 healthy controls, remained for
a subsequent analysis (Figure 1).

A genome-wide association analysis on narcolepsy in the discovery-stage was
performed. For each permutation, narcolepsy risk-effects of SNPs were calculated. The
average lamda value of one thousand genome-wide association analyses was 1.004,
when I applied the pruning criteria of r* < 0.25 for SNP inclusion (Figure 5).

Polygenic risk was computed for each narcoleptic patient and healthy control
in the test-stage, using seven different P value thresholds (P < 0.001,0.01,0.1,0.2,0.3,

0.4 and 0.5). As a result of one thousand-permutation analysis, narcolepsy heritability
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was estimated as 58.1%, when a SNP pruning criterion was r* = 0.25 (Pyraposroso2 =

230 x 10, P = 6.73 x 10?) (Table 1). Heritability of narcolepsy other than the

others

HLA region was estimated as 1.3% (P,,,,,= 2.43 x 10?) (Table 2 and Figure 6). It was

others
observed that the estimates of heritability became large until SNPs with P value < 0.5 in
the discovery-stage were included in the analysis (Figure 7). This suggested that
common small-effect SNPs contributed to the onset of narcolepsy.

Next, SNPs pruning criteria were evaluated whether they influenced
polygenic analyses. At the first calculation of polygenic risks, SNPs with r* < 0.25 were
used. Here, the analyses were extended by applying different pruning criteria 0.25, 0.5,
0.75, 1 of r’. Narcolepsy polygenic risk was significantly associated with the onset of
narcolepsy, being concordant across the criteria, 1.3% ~ 2.1% (P,,,,,= 3.54 x 107 ~
2.43 x 10?) (Table 3). In addition, narcolepsy heritability explained by the reported
susceptibility SNPs, was calculated. Using only SNPs residing within 500kb up- and
down-stream of the narcolepsy susceptible SNPs in CPTIB, TRA@ and P2RY11, the
results were 0.7%~1.1% according to the pruning criteria (P, = 3.82 x 107~ 1.19 x
10™") (Table 3).

Next, I aimed to assess the capability of polygenic risk of “narcolepsy” to

explain the onset of EHS with/without HLA-DQBI1*06:02. The risk-effects of SNPs,
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which were calculated in narcolepsy vs healthy control GWASSs in the discovery-stage,
were applied to obtain polygenic risk score of EHS patients. Common genetic
background between narcolepsy and EHS with HLA-DQBI*#06:02 was estimated
including HLA-DQB1*06:02 effects (narcolepsy: 58.1%, Pyiposios0: = 2:30 x 107,

Py = 6.73 x 102, EHS with HLA-DQBI1*06:02: 40.4%, P, posroses = 7.02 x 1074,

others

P, = 1.34 x 10™") (Table 1). This suggested that substantial proportion of heritability

others

was shared between narcolepsy and EHS with HLA-DQBI*06:02. Narcolepsy
polygenic risk, excluding HLA-DQB1*06:02 effects, did not explain the onset of EHS
either with or without HLA-DQB1*06:02 (Table 2 and Figure 6). However, EHS with
HLA-DQBI1%06:02 patients tended to have larger polygenic risk of “narcolepsy” than

EHS without HLA-DQB1*06:02 patients (EHS with HLA-DQB1%06:02: 1.4%, P =

others

1.56 x 10", EHS without HLA-DQB1*06:02: 0.4%, P, = 3.06 x 10™"). (Table 2 and

others
Figure 6).

Polygenic analyses were extended to other neuropsychiatric diseases,
including 376 panic disorder patients, 213 autisms, and 56 schizophrenias. Polygenic
risk of “narcolepsy” did not explain phenotypic variance of these neuropsychiatric

diseases (panic disorder: 0.1%, P,,,,, = 5.20 x 10", autism: 0.2%, P,,,,, = 4.75 x 10",

others others

schizophrenia: 0.5%, P,,,,, = 3.79 x 10" (Table 2 and Figure 6).

others
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I also assessed the possibility that healthy controls in the present study led to
spurious estimations. All healthy controls were divided into pseudo-case and
pseudo-control. Based on pseudo-case and pseudo-control, polygenic risks among
healthy controls were estimated using the same methodology. As a result, there was no
identical heritability among healthy controls (0.2%, P,,,,,, = 5.10 x 10™").

The sample sizes were estimated to detect remaining common small-effect
susceptible SNPs in narcolepsy. It was found that the estimates of heritability became
large until SNPs with P < 0.5 in the discovery-stage were included in the analysis
(Figure 7). In the current GWAS, applying all 393 narcolepsy vs all 1,582 healthy
controls, the ORs of SNPs with P < 0.5 ranged from 1.1 to 1.6 (Table 4). The sample
size was calculated for detecting common small-effect susceptible SNPs with their ORs
ranging from 1.1 to 1.6 (Figure 8). More than 42,000 narcoleptic patients were required
to detect with the genome-wide significant level, when ORs of targeted SNPs was 1.1;
risk allele frequency in controls was 0.2; proportion of case-controls (case/controls) was

0.25; a-level was P= 5x107 )
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4. Discussion

In this study, a polygenic analysis of sleep disorders was performed. After

stringent quality controls, 476,446 SNPs in 393 narcoleptic patients, 38 EHS with

HLA-DQBI1#06:02 patients, 119 EHS without HLA-DQBI*06:02 patients, other

neuropsychiatric disorders, including 376 panic disorders, 213 autism and 56

schizophrenia, and 1,582 healthy individuals were analyzed.

In this study, I evaluated the extent of narcolepsy genetic factors, both

including and excluding the HLA region. Heritability of narcolepsy was accounted as

around 58.1% (Tables 1) and 1.3% excluding the HLA effects (Table 2 and Figure 6).

HLA-DQBI1*06:02 is thought to be essential in narcolepsy because the all patients

possess this allele. However, this allele itself could not fully explain the onset of

narcolepsy, because 15-25% of individuals in the general populations carry

HLA-DQBI1#06:02 whereas the prevalence of the disease is around 0.1%[1].

First-degree relatives of individuals with narcolepsy possess this allele with a more than

50% of possibility, however the risk of the first-degree relatives was 1-2%[48]. Two

thirds of monozygotic twins were discordant for development of narcolepsy[1]. These

reports showed that the onset of narcolepsy was associated with other genetic or

environmental factors. In this study, the effects of genetic factors were evaluated, and

the extent of genetic factors residing outside the HLA region was also estimated.
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Narcolepsy heritability accounted as 58.1% (Pypppsivo6.02 = 2-30 X 10%, P,

= 6.73 x 10?) (Table 1), in which heritability of narcolepsy explained by the region

other than HLA was estimated as 1.3% (P =2.43 x 10?) (Table 2). Previous reports

others
about twin studies in narcolepsy-like symptoms in the Finish twin cohort, including
1,322 monozygotic and 2,463 dizygotic adult twin-pairs, showed that genetic factors
contributed for 35-39% of narcolepsy-like symptom[49]. However, the previous study
diagnosed narcoleptic patients according to questionnaire assessment. The positivity of
HLA-DQBI1#06:02 in each patient was not confirmed. In the heritability assessment,
phenotypic classification influenced the accuracy of estimation critically. Thus, the
previous study possibly underestimated the heritability. In this study, all narcoleptic
patients were confirmed to possess HLA-DQBI1*06:02 and diagnosed by hypersomnia
specialists.

Pruning criteria for SNP inclusion were assessed whether it might influence
the estimation of heritability (Table 3). If SNPs were pruned too strictly, including only
SNPs with less than 0.25 of r in the analysis, it is possible to miss true susceptibility
SNPs, so that the estimation would decrease. If SNPs were not pruned at all, using all

SNPs regardless of their linkage disequilibrium, secondary SNPs, which tended to have

smaller effects than primary susceptible SNPs, would be included in the analysis. In
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such a case, the differences of polygenic risk scores between patients and healthy
controls would decrease because polygenic risk scores were the average of
chi-square-weighed additive risks at each locus. In other words, the effects of the
primary susceptible SNPs became to be weakened by the effects of secondary SNPs.
Thus, appropriate pruning criteria are considered to be important for the accuracy of
heritability assessments. Previous polygenic analysis reports used different pruning
criteria, which ranged from 0.1 to 0.5 of 1’[34, 36, 50] The estimation would be, to
some extent, depending on pruning criteria. Then, I applied the different pruning criteria,
so that the estimation in this thesis could be confirmed. Narcolepsy polygenic risk was
significantly associated with onset of narcolepsy at every criterion.

Narcolepsy heritability explained by the region other than HLA accounted as
2.1%, at the highest value, with the criteria, 0.75 of * (Table 3). This meant that, with
the criteria, 0.75 of r*, the common small-effect SNPs could be efficiently detected
without missing true signals or including redundant signals. This suggested that, when I
targeted to discover common small-effect SNPs in GWAS, I could reduce the number
of tested SNPs by using this pruning criterion and possibly could loosen the stringent
genome-wide significant level. For an example, with the criteria of 0.75 of r*, 228,555

SNPs remained and tested in this narcolepsy GWAS, thus the significant threshold
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adjusted by Bonferroni correction is 2.19 x 107. It is much higher than the current
genome-wide association threshold, 5.00 x 10°®.

Until now, several genetic factors other than the HLA region were reported in
the Japanese population, including CPTIB, TRA@ and P2RYII. Here, the extent of
these factors to explain the heritability was calculated (Table 3). SNPs, which reside
within 500kb up- and down-stream of the reported SNPs, were included in the analysis.
As a result, heritability was estimated to be 0.7%~1.1%, depending on pruning criteria
(Pers = 3.82 x 107~ 1.19 x 10™"). The differences between heritability explained by the
region other than HLA and heritability explained by CPTIB, TRA@ and P2RY11, were
about 0.5%~1.0%, suggesting that a certain proportion of narcolepsy susceptible genetic
factors was not yet discovered.

EHS with/without HLA-DQB1*06:02 were assessed whether polygenic risks
of “narcolepsy” contribute to onset of the diseases. Narcolepsy polygenic risks did not
explain phenotypic variance of either EHS with/without HLA-DQBI1*06:02. However,
EHS with HLA-DQB1%*06:02 tended to have higher polygenic risks than EHS without
HLA-DQBI1*06:02 (Tables 1 and 2, and Figure 6). If HLA-DQBI1*06:02 was included

in the analysis, in total, about 40.4 % of EHS with HLA-DQBI1*06:02 disease onset

were explained by narcolepsy genetic background (Table 1). This result suggested that
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EHS with HLA-DQBI1*06:02 be more similar to narcolepsy than EHS without

HLA-DQBI1#06:02. This result was concordant with previous studies[8, 9, 22, 26]. In

the reported association between EHS and TRA@, only EHS with HLA-DQB1%06:02

showed a significant association, while EHS without HLA-DQB1*06:02 did not[26].

The definition of EHS with/without HLA-DQB1*06:02 did not follow ICSD-2, indeed.

However, classification of EHS with/without HLA-DQBI1*06:02 seem to reflect genetic

features of the diseases.

Other neuropsychiatric disorders were also evaluated. Narcolepsy polygenic

risk did not explain onset of these neuropsychiatric disorders. In other words,

narcolepsy and these neuropsychiatric disorders did not share genetic background due to

common variants. From the viewpoint of feature of symptoms, it is hardly said that

narcolepsy is similar to other neuropsychiatric disorders, such as autism, schizophrenia,

and panic disorders. Thus, the results were concordant with the expectation.

In studies of heritability, it is essential to assess whether data of healthy

control samples possibly affect estimations of heritability. The genetic feature among

control samples was validated. Control samples were divided into pseudo-case and

pseudo-control, and the same polygenic analysis was performed. There was no

significant identical heritability among healthy controls, indicating that healthy controls
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were unbiased and usable for this analysis.

Furthermore, sample sizes to identify remaining narcolepsy genetic factors

were estimated (Figure 8). In the future, an effort should be made to collect around

42,000 narcoleptic patients. At the same time, sample size for healthy controls should

be 4 times larger than that of the patients in the estimation. Therefore it would be

necessary to make consortium probably by means of large-scale international

collaboration, both the patients and healthy controls.

Relatively small sample size was used in this study as compared to previous

polygenic analysis studies. Previous research analyzed at least 4,000 samples, and the

largest studies utilized ~ 30,000 samples[34-37]. To overcome the weakness of the

small sample size, I applied a permutation procedure, which randomized discovery

GWAS set samples and test set samples. This permutation procedure was reported to be

able to estimate heritability as same as larger sample size[34]. In addition, division of

healthy controls among discovery- and test-stage was contrived. The same healthy

controls in the test-stage were utilized across different diseases within one permutation.

By this design, I could avoid from making sample size of each group smaller when

several diseases were assessed. Also the same controls in the test-stage across different

diseases made it possible to compare heritability directly among them.
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Limitation of this study may be the assumption of the method. This polygenic

analysis assumed additive effects of each SNP across genome. The dominant effects and

epistasis effects were not taken into consideration for the estimation. There were many

reported susceptible SNPs with dominant models in mammal[51-53]. Epistasis effects

were also reported[54]. Therefore, genetic architecture of the diseases attributable to

common variants was not fully described by this method.

In this study, I utilized the data from the biggest collaboration in narcolepsy

research across Japan. The extent of heritability in narcolepsy was estimated. Also the

nominal shared genetic background due to common variants between narcolepsy and

EHS with HLA-DQBI1%06:02 were uncovered. However, many efforts for catching up

with the estimated desirable sample sizes are needed to discover remaining genetic

factors. Therefore, not only the collaboration across Japan but also large-scale

international collaboration would be necessary for the future research.
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I Genome-wide CNV (copy number variation) study of sleep disorders in the

Japanese population®

2 The study in this section has been already published.

Yamasaki, M., Miyagawa, T., Toyoda, H., Khor, SS., Koike, A., Nitta, A., Akiyama, K.,
Sasaki, T., Honda, Y., Honda, M., Tokunaga, K., Genome-wide analysis of CNV (copy
number variation) and their associations with narcolepsy in a Japanese population. J
Hum Genet, 2014. 59(5):p.235-240
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1. Introduction

In this section, I assessed whether any rare variants contributed to the

development of narcolepsy and essential hypersomnia (EHS). Majority of narcolepsy

and EHS genetic research has targeted to discover common susceptible variants based

on common disease-common variant hypothesis (CVCV hypothesis)[8-10, 22, 26]. It

was important to evaluate the possibility that genetic architecture of narcolepsy and

EHS might be based on common disease-rare variant hypothesis (CVRV hypothesis).

Recent technological developments made it possible to conduct genome-wide

studies on copy number variations (CNVs), especially rare large-scale CNVs. CNVs are

insertions, deletions, or duplications of genomic sequences ranging from a kilobase to

multiple megabasepairs in length, which occupy 5-12% of the human genome. Recent

studies have revealed that rare large-scale CNVs are associated with several

neuropsychiatric diseases such as autism, schizophrenia or sever neurodevelopmental

disorders[55-58]. These studies reported that the average number of rare large-scale

CNVs per person in those patients was higher than that of healthy individuals,

indicating that rare large-scale CNVs are involved in the development of

neuropsychiatric diseases. The studies also reported that several neuropsychiatric

diseases were associated with a certain CNV region, suggesting shared genetic
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susceptibility among the different diseases[56, 59-64].

Here, I hypothesized an impact of CNVs on narcolepsy and EHS, because it

has been considered that narcolepsy and EHS has a neuropsychiatric etiology[14-16,

19]. T conducted a genome-wide CNV study in order to identify novel genetic

susceptibility loci for narcolepsy and EHS.
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2. Materials and Methods

Subjects

Japanese patients with narcolepsy (n = 426) were unrelated individuals living

in Tokyo or neighboring areas. All patients with narcolepsy carried the allele,

HLA-DQBI1#06:02. Among 171 EHS patients, 46 individuals possessed

HLA-DQBI1#06:02 (EHS with HLA-DQBI1%*06:02), while other 125 EHS patients did

not (EHS without HLA-DQB1*06:02)[22]. Each patient had received a diagnosis at the

Neuropsychiatric Research Institute. In this study, all patients were diagnosed by

specialists for sleep disorders.

Controls comprised 562 unrelated healthy Japanese individuals living in

Tokyo or neighboring areas. The control subjects did not have a history of narcolepsy

and central nervous system (CNS) hypersomnia. Age and gender were not matched

between cases and controls because narcolepsy and EHS affects men and women

equally. Ethical approval was obtained from the local institutional review boards of all

participating organizations. All individuals gave written informed consent for their

participation in the study.

Preparation of gene chip data
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A genome-wide CNV analysis was performed with DNA samples from 426
narcoleptic patients, 46 EHS with HLA-DQBI*06:02 patients, 125 EHS with
HLA-DQBI1#06:02 patients and 562 healthy controls. The Affymetrix Genome-Wide
Human SNP Array 6.0 (Affymetrix, Santa Clara, CA) was used according to the
manufacturer’s protocols (http://www.affymetrix.com). This array comprises about
906,600 SNP probes and about 946,000 CNV probes. Samples with call rates lower
than 99% were excluded from the CNV analysis because low-quality genotyping is

strongly correlated with inaccurate CNV detection (Figure 9)[65].

CNV detection

PennCNV (http://www.openbioinformatics.org/) was utilized in order to
detect CNVs[66]. This software uses called genotypes and normalized intensity to
create reference cluster positions to compute relative differences in the signal from each
sample in the form of B allele frequency (BAF) and log R ratio (LRR) (Figure 10). BAF
is a normalized measure of relative signal intensity ratio of the B and A alleles in the
SNP array. LRR is a measure of normalized total signal intensity relative to expected
value, (= 10g2(R jpeerved/Rexpectea)» R 18 @ sum of probe intensities). For normalization of

intensity data, Affymertix Power Tools software (http://www.affymetrix.com/) was
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utilized before the CNV detection.

I also made use of Birdsuite (http://www .broadinstitute.org/) in order to detect

CNVs[67]. This software consists of 4 parts: (1) Canary assigns copy number across

regions of common copy number polymorphisms (CNPs) using expectation—

maximization algorithm and a one-dimensional Gaussian mixture model; (ii) Birdseed

calls genotypes of SNPs; (iii) Birdeyes identifies rare CN'Vs via a hidden Markov model

(HMM); (iv) Fawkes generates an integrated sequence and copy number genotype at

every locus (for example, including genotypes such as A-null, AAB and BBB in

addition to AA, AB and BB calls).

Quality control

Quality controls were done after the CNV detection (Figure 9). In the raw

detection data from PennCNV, samples with CNV call counts > 100 were excluded

because an unusually large number of CNVs indicates that a sample contains

low-quality DNA. Then, CNVs that included fewer than 10 probes were removed in

order to increase the reliability of the analysis because CNVs with lower numbers of

probes cause false detection of CNVs[55, 57, 65].
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Statistical analysis

Statistical analyses of the CNV data were performed using PLINK

(http://pngu.mgh.harvard.edu/~purcell/plink/)[43]. Gene information was based on

glist-hg18 list provided by PLINK and NCBI Build 36[68]. In this analysis, rare

large-scale CNVs, that were < 1% in frequency and that were = 100 kb in size, were

targeted. Frequency was defined in each group: (i) narcolepsy patients and healthy

individuals; (i) EHS with HLA-DQB1*06:02 patients and healthy individuals; (iii)) EHS

without HLA-DQB1%#06:02 patients and healthy individuals. In a global burden analysis,

the average number of all rare large-scale CN'Vs per person was on comparison between

cases and healthy controls. A region-based analysis was performed in order to identify

specific CNV-associated regions, targeting CNVs with its size = 30kb. A significant

region identified in the region-based analysis was validated using a TagMan assay as

described later (Applied Biosystems) (http://www .appliedbiosystems.jp/).

A pathway analysis was designed to discover disease-related functional

pathways, basically according to previous studies[57, 69, 70]. Any gene-sets, which are

more frequently affected by rare large-scale CN'Vs in the patients compared with that of

healthy controls, were searched. CNV with its size = 100k were included in this

analysis[55, 69, 70]. Gene sets were derived from the Gene Ontology
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(http://www .geneontology.org/) and from KEGG (http://www.genome jp/kegg/)[71, 72].

The analysis was conducted wusing Perl (http://www.perl.org/) and R

(http://www r-project.org/)[47]. Gene-sets with sizes > 700 genes or with sizes < 5

genes were excluded, because large and small gene-sets are less likely to produce useful

biological meaning.

Functional clusters were created to interpret the relation of a large number of

significant gene sets. Cytoscape (http://www.cytoscape.org/) was used to create

functional clusters of significant gene sets[73]. Edge indicates that two gene sets share

“support-genes”, which are more frequently affected in the patients. Edge width is the

proportion of the shared support-genes versus the total number of genes within two gene

sets. Node indicates a gene set. Node size is proportional to the number of genes in a

gene set.

The global burden analysis and the region-based analysis were evaluated

using one-tailed 100,000-permutation tests. False-discovery rate (FDR) was applied to

correct for multiple testing in the pathway analysis. To estimate FDR,

10,000-permutation tests were also used to correct for the dependency of gene sets

because an individual gene could fall into more than one gene set. Corrections for

multiple testing were not applied to the region-based analysis. All programming and file
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conversions were done with Perl or R script.

CNV validation by quantitative PCR

Quantitative PCR (qQPCR) was performed on LightCycler 480 System (Roche

Applied Science). TagMan Copy Number Assay (Applied Biosystems) was selected via

Life Techonologies website (http://www.appliedbiosystems.jp/). As a reference gene, I

used commercially available TagMan Copy Number Reference Assay RNase P. Each

sample was examined in 10 pl reaction mixture (TagMan® Genotyping Master Mix:

Sul, TagMan® Copy Number Assay 20x working stock: 0.5x1, TagMan Copy Number

Reference Assay 20x: 0.5ul, Nuclease-free water: 2ul and 5Sng/ul genomic DNA: 2ul).

The qPCR thermal cycling conditions were as follows: initiation at 95 °C for 10 minutes

for hot start, followed by 40 cycles of 95 °C for 15 seconds and 60 °C for 1 minute. The

PCR efficiency of each assay was extracted from the calibration curves of mixed DNA

from three different samples with normal copy numbers, serially diluted from 40 ng to

2.5 ng of genomic DNA. The data analysis was further performed using the AACT

method. CNV ratio was normalized ratio of AACT, based on the calibration samples

/AACT

with normal copy numbers (=AACT ). Experiments in triplicate were

sample’ calibration

repeated 4 times. Differences in CNV ratio between each case and a control group were
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tested using t-test.
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3. Results

SNP Gene chip data were used to detect CNVs within the genomes of 426
Japanese narcoleptic patients, 46 EHS with HLA-DQBI1*06:02 patients, 125 EHS
without HLA-DQBI1*06:02 patients and 562 healthy controls. Each sample with an call
rate of <99% was excluded from further analysis before detection of CNVs was
performed; consequently, the samples including 345 narcoleptic patients, 37 EHS with
HLA-DQBI1#06:02 patients, 111 EHS without HLA-DQBI*06:02 patients and 470
healthy controls were used for CNV detection (Figure 9). PennCNV was applied to
detect CNVs; after the detection step, whole samples or individual CNVs were
eliminated during the ensuing quality control steps. The CNV call count threshold was
set to >100 for sample exclusion; this step left 327 narcoleptic patients, 33 EHS with
HLA-DQBI1#06:02 patients, 104 EHS without HLA-DQBI*06:02 patients and 459
healthy control samples. Individual CNVs that included fewer than 10 probes were
removed from subsequent analyses. Then, all small CNVs and all common CNVs were
excluded to target only rare large-scale CNVs (frequency: <1%, CNV size: 2100 kb).

The global burden of rare large-scale CNVs, which were stratified by size and
CNV type, among narcoleptic patients was compared with that among control subjects
(Table 5). Overall, a significant enrichment of rare large-scale CNVs in the patients was

observed (case-control ratio of CNV count = 1.54, P = 5.00x10™). In particular, a higher
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occurrence of duplications with sizes between 100 and 200 kb in the patients was
detected (case-control ratio of CNV count = 1.93, P = 2.00x107) (Table 5). An excess
of rare large-scale deletions with sizes between 500 kb and 1Mb was evident in the
patients (case-control ratio of CNV count = 3.12, P = 2.18x10?) (Table 5). The number
of genes disrupted by rare large-scale CNVs was significantly higher in the patients than
in control subjects (case-control ratio of number of genes disrupted by CNVs = 2.18, P
= 5.75x107) (Table 6). Especially, gene disruptions by duplications with sizes of 200 to
500 kb were more frequent in the patients in the same manner of Table 5 (case-control
ratio of number of genes disrupted by CNVs =2.62, P =9.70x10*) (Table 6).

The global burden of rare large-scale CNVs was assessed between EHS with
HLA-DQBI1%06:02 and healthy controls (Table 7). In total, a significant enrichment of
rare large-scale CNVs in the patients was found (case-control ratio of CNV count = 1.46,
P =3.24x10?) (Table 7). Particularly, deletions with sizes between 100 and 200kb were
more frequently detected in the patients than control individuals (case-control ratio of
CNV count = 2.13, P = 1.35x10?) (Table 7). In terms of the number of genes disrupted
by CNVs, I did not found any significant enrichments (Table 8).

The global burden of rare large-scale CNVs was compared between EHS

without HLA-DQBI1*06:02 and healthy controls (Table 9). Overall, a significant
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enrichment in the patients was found (case-control ratio of CNV count = 143, P =
2.17x107) (Table 9). Especially, a significant higher occurrence rate with sizes smaller
than 200kb, was seen, regardless of CNV types (Table 9). The number of genes
disrupted by rare large-scale CNVs was significantly higher in the patients than in
control individuals (case-control ratio of number of genes disrupted by CNVs = 1.80, P
= 3.25x10?%) (Table 10). In detail, only gene disruptions by duplications with sizes
between 100kb and 500kb were more recurrent in the patients than in controls
(100kb-200kb: case-control ratio of number of genes disrupted by CNVs= 251, P =
8.02x107, 200kb-500kb: case-control ratio of number of genes disrupted by CNVs =
2.98, P =4.12x10") (Table 10).

A region-based analysis was performed to identify regions associated with
narcolepsy susceptibility (Figure 11). In this analysis, the definition of rare large-scale
CNVs was CNVs with its size = 30kb and with its frequency < 1%, so that the
possibility to miss true associations could be reduced. The PARK? (parkinson protein 2,
E3 ubiquitin protein ligase) region (Chr 6: 162,685,167-162,762,467) was detected as a
region of nominal significant association in narcolepsy (P = 3.07x10?) (Figure 11). A
significant association in EHS without HLA-DQBI1*06:02 was also detected, using

CNVs deriving from different CNVs detection software, Birdsuite (P = 2.91 x107?)
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(Figure 11). Four narcoleptic patients and two EHS without HLA-DQB1*06:02 carried

duplications with copy numbers = 3 within the PARK? region, but no controls carried

duplications in this region. In order to ensure reliability of the duplications in the

PARK? region in these four patients, these CNVs were validated using qPCR (Figures

12 and 13).

To assess the overall influence of rare large-scale CNVs in the pathogenic

narcolepsy, a pathway analysis was conducted because association studies that involve

only individual rare CNVs and a limited number of samples often have insufficient

power to detect disease-causing variants. Comprehensive collections of gene-sets were

derived from KEGG and the Gene Ontology, and then each gene-set was assessed

whether they were more frequently affected by rare large-scale CNV in narcoleptic

patients than in healthy controls. A total of 32 gene sets showed significant associations

when the FDR was set to 5% (Figure 14 and Table 11). Four functional clusters were

created using these 32 gene sets: immune responses, acetyltransferase activity, cell

cycle regulation and regulation of cell development.
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4. Discussion

In this study, a genome-wide CNV analysis was performed using data

comprising 327 narcoleptic patients, 33 EHS with HLA-DQB1%*06:02 patients, 104 EHS

without HLA-DQBI1*#06:02 patients and 459 healthy control samples. Both narcoleptic

patients and EHS with/without HLA-DQB1%#06:02 patients were found to carry a larger

global burden of rare large-scale CN'Vs compared to controls (Tables 5, 7 and 9). The

number of genes disrupted by rare large-scale CNVs was also higher in narcoleptic

patients than that in controls (Table 6). EHS with HLA-DQBI1*06:02 did not show

significantly higher number of gene disrupted by rare large-scale CNVs, however the

overall tendency of larger number of gene disruption in the patients could be still

observed (Table 8). EHS without HLA-DQBI1*06:02 were found to have more genes

disrupted by rare large-scale CNVs (Table 10). However, the manner was different from

CNYV burden in EHS without HLA-DQBI1*06:02 (Tables 9 and 10). Case-control ratio

of CNV count in deletions was larger compared to that of number of genes disrupted,

while case-control ratio of CNV count in duplication was smaller than that of number of

genes disrupted. This might be because the density of genes is different at each region.

These results were confirmed by using another CNV detection software, Birdsuite. At

this moment, a further replication study is needed to confirm these results because the
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sample size of this study was relatively small.

In this study, two kinds of software were utilized to detect CNVs, PennCNV

and Birdsuite. At this moment, accuracy of rare and large-scale CNV detection has

some space for improvement. For an example, the recovery rates, that are the ability to

call previously identified CNVs, were reported to be 55% for PennCNV and 70% for

Birdsuite, when CNVs were detected by more than 20 probes[74]. However, they also

reported that, when number of probes used in CNV calling increased, the recovery rate

also increased. In this study, I focused on CNVs with larger than 100kb in size, thus the

expected number of probes used in CNV calling in this study was 100. Hence I could

anticipate that the recovery rate in this study was higher than the reported statistics in

the point of probe number. In addition, when CNV frequency was under 20%, the

recovery rates were reported to be 85% for PennCNV and 80% for Birdsuite[74].

According to the report, when frequency of CNV decreased, the recovery rate increased.

CNVs with less than 1% of frequency were a main target in this study. I could assume

that the recovery rate in this study was higher than the reported statistics from the

viewpoint of frequency. Thus, in total, the CNV detection in this study was reliable.

To identify the influence of rare large-scale CN'Vs at specific loci on sleep

disorders, a region-based analysis was conducted. Rare large-scale CNVs in the PARK?2
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region were found to be significantly associated with narcolepsy and EHS without

HLA-DQBI1%06:02 (Figures 11, 12, and 13). Previous reports have shown that EHS and

narcolepsy share some of susceptibility genes. About 30-50% of EHS patients carry

HLA-DQBI1#06:02 allele[22-24]. Narcolepsy associated SNPs in CPTIB and TRA@

identified by GWAS were also associated with EHS[22, 26]. The pathogenesis of EHS

is thought to be partially identical to that of narcolepsy[22, 23, 26, 75]. Nonetheless the

replication study will be necessary to validate the result.

Interestingly, the PARK2 region is associated with other neuropsychiatric

diseases such as Parkinson disease, autism and ADHD (attention-deficit hyperactivity

disorder). A large number of PARK2 mutations have been reported in patients with

Parkinson disease: these mutations include point mutations, small insertions or deletions,

and single or multiple exon copy number variations[76]. According to reports, eight

patients with autism were found to carry PARK?2 deletions, and three patients with

autism carry a duplication of PARK2[56, 62, 77]. A study reported the same PARK2

region as the candidate region for ADHDI[59]. They found three deletions and nine

duplications in ADHD patients. Taken together, these findings indicate that variations in

the PARK2 region may result in shared genetic susceptibility across multiple

neuropsychiatric diseases.
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PARK?2 encodes for parkin, a ubiquitin ligase. Animal studies confirmed that

knockout of this gene in mice disrupted dopaminergic transmission[78, 79]. Altered

central dopaminergic synaptic transmission has been implicated in several neurological

and psychiatric disorders, such as Parkinson’s disease, schizophrenia, and

ADHDI[80-82]. Individuals with these diseases demonstrate sleep abnormalities[83-85].

A study demonstrated that partial dopamine depletion causes disturbances of REM sleep

without affecting motor functions. Then dysfunction of PARK2 might lead to sleep

symptoms across neuropsychiatric diseases. However, reported variants in

neuropsychiatric diseases other than Parkinson diseases were rare, thus PARK?2 itself

might explain only small part of genetic contribution to sleep symptoms in these

diseases.

In the previous studies on other neuropsychiatric disorders such as intellectual

ability, schizophrenia, autism and bipolar disorders, some of the regional CNVs were

found to be associated with these diseases [86]. For an example, 16p11.2 duplication

was reported in intellectual ability, schizophrenia, autism and bipolar disorder and one

of the most recurrent rare and large-scale CN'Vs across the disorders. In this study, no

rare and large-scale CNVs overlapped with previously reported pathogenic CNVs other

than PARK?.
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A pathway analysis was carried out to assess the influence rare large-scale

genic CNVs throughout genome on narcolepsy. Using a false-discovery rate of 5%, 32

gene sets were significantly associated with narcolepsy (Figure 14 and Table 11).

Functional clustering of these 32 gene sets revealed four groups of gene sets: immune

response, acetyltransferase activity, cell cycle regulation and regulation of cell

development.

Narcolepsy is well known to be associated with HLA and TRA@[3-6, 9], and

autoantibodies against Tribbles homolog 2 (Trib2) have been recently detected in some

patients with narcolepsy[87-89]. An enrichment of CNVs disrupting functional

gene-sets involved in immune response was observed; supporting the hypothesis that

narcolepsy is caused by an immune attack on hypocretin-producing neurons. The largest

group of gene sets in the functional map contained genes within the acetyltransferase

activity pathways. Associations between schizophrenia and histone deacetylase genes

were reported in a Chinese and a Korean population[90, 91]. To my knowledge, no

published reports document a relationship between narcolepsy and alterations in

acetyltransferase activity; nevertheless, modified acetyltransferase activity might be an

unrecognized component in the pathogenesis of narcolepsy. Novel observations

included gene sets involved in cell cycle arrest, cell development and cell
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morphogenesis functional groups. Further studies will be needed to interpret the relation

between narcolepsy and these pathways.

The finding of this study provided the first insight of the involvement of

multiple rare large-scale CNVs, both genome-wide and at specific loci, in the

pathogenesis of sleep disorders, even though the replication study would be necessary.

Moreover, these findings revealed new genetic and functional targets in narcolepsy that

may lead to an integrated understanding of the pathogenic mechanism of narcolepsy.

Although several genetic factors leading or contributing to sleep disorders have been

identified, it is necessary to develop a more comprehensive understanding of the genetic

underpinnings, especially the role of CN'Vs, in the diseases.
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IV Conclusion
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In the first section, I evaluated the contribution of common variants for
narcolepsy onset. As a result, Narcolepsy heritability was estimated as 58.1%
others —

(Pysposroso: = 2.30x107%, P, .= 6.73x107) including HLA-DQBI*06:02 effects and

1.3% (P = 2.43x10?) excluding HLA-DQBI*06:02 effects. Reported susceptible

others

SNPs for narcolepsy in the Japanese population, such as CPTIB, TRA@, P2RY11, were

found to explain 0.8% of heritability (P = 9.74x107). If we undertake a further

others
research to detect narcolepsy genetic susceptibility factors, over 42,000 patients were
required. Therefore, not only the collaboration across Japan but also large-scale
international collaboration would be necessary for the future narcolepsy research.

Also I assessed the extent of genetic share between narcolepsy and EHS.
EHS with HLA-DQBI*06:02 patients were estimated to have higher shared genetic
background with narcolepsy than EHS without HLA-DQBI1%#06:02 patients even if the
effects of HLA-DQBI1*06:02 were excluded (EHS with HLA-DQB1*06:02: 1.4%, P

others

= 1.56 x 10", EHS without HLA-DQBI*06:02: 0.4%, P = 3.06 x 10"). The

others
assessment of the genetic share between narcolepsy and EHS can propose “phenotypic
classification” based on genetic architecture.

In the second section of this study, I tried to detect rare susceptible variants,

especially copy number variations. Overall, significant enrichments of rare large-scale
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CNVs (frequency < 1%, size = 100 kb) in the patients were found (narcolepsy:
case-control ratio of CNV count = 1.54, P = 5.00x10*, EHS with HLA-DQBI1%*06:02:
case-control ratio of CNV count = 146, P = 3.24x10% EHS without
HLA-DQBI*06:02: case-control ratio of CNV count = 143, P = 2.17x107). In
particular, rare large-scale CNVs in PARK? region showed significant associations with
narcolepsy and EHS without HLA-DQBI*06:02 (narcolepsy: P = 3.07x10°, EHS
without HLA-DQBI1%06:02: P = 2.91 x10?). The result indicated that variations in the
PARK?2 region might result in genetic susceptibility to multiple neuropsychiatric
diseases. In total, the findings threw light on the possibility that common disease-rare
variant hypothesis (CDRV hypothesis) were included in the pathogenesis of narcolepsy
and EHS. In the future, devoted collection of samples will be essential for a replication

study.
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Tables

Table 1: Phenotypic variance explained by narcolepsy polygenic risks, including HLA-DQB1%*06:02 effects

P <0.001 P <0.01 P<0.1 P<0.2 P<0.3 P<0.4 P<0.5

Nagelkerke_R? 57.8% 57.9% 58.1% 58.1% 58.1% 58.1% 58.1%
Narcolepsy Pria-poB1%06:02 2.31E-48 2.31E-48 2.55E-48 2.36E-48 2.40E-48 2.23E-48 2.30E-48
Pothers 2.32E-01 2.05E-01 9.79E-02 8.00E-02 7.11E-02 6.78E-02 6.73E-02

EHS with HLA- Nagelkerke_R? 39.9% 39.9% 40.1% 40.2% 40.3% 40.3% 40.4%
DOB1*06:02 PrLa-poB1#06:02 7.91E-14 7.65E-14 7.08E-14 7.02E-14 7.01E-14 7.02E-14 7.02E-14
Pothers 2.84E-01 2.92E-01 1.99E-01 1.64E-01 1.48E-01 1.38E-01 1.34E-01

HLA-DQBI1%*06:02 effects were reflected by including SNP rs7744293, which was in the highest correlation with

HLA-DQB1%*06:02 (x> = ~0.8), into the regression model. Pura-ngsiosoz and Poers were P values for regression
coefficients of HLA-D@QBI1*06:02 and individual polygenic risk scores other than the HLA region, respectively.
Nagelkerkes’ pseudo R? reflected coefficient of determination. Nagelkerkes’ pseudo R? and P values were the averages
of one thousand-permutation analysis, randomizing sample division of narcoleptic patients and healthy controls into

discovery- and test-stage. These results were based on the pruning criteria of r2 = 0.25 for SNP inclusion.

N
o0



Table 2: Phenotypic variance explained by narcolepsy polygenic risks for each disease

P < 0.001 P <0.01 P < 0.1 P<0.2 P<0.3 P<0.4 P<0.5
Narcolens Nagelkerke_R® 0.7% 0.7% 1.1% 1.2% 1.3% 1.3% 1.3%
Psy Pythrs 1.66E-01 1.41E-01 4.78E-02 3.37E-02 2.72E-02 2.51E-02  2.43E-02
EHS with HLA-  Nagelkerke_R? 1.0% 1.0% 1.1% 1.2% 1.3% 1.4% 1.4%
DQB1*06:02 Pothers 2.93E-01  3.03E-01  2.34E-01  1.93E-01  1.74E-01  1.61E-01  1.56E-01
EHS without HLA-  Nagelkerke_R? 0.3% 0.4% 0.4% 0.4% 0.4% 0.4% 0.4%
DQB1*06:02 Pothers 4.50E-01  3.70E-01  3.15E-01  3.12E-01  3.07E-01  3.08E-01  3.06E-01
. Nagelkerke_R? 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1%
Panic disorder
Pothers 5.04E-01  4.98E-01  4.95E-01 5.02E-01  5.12E-01  5.20E-01  5.20E-O1
Autism Nagelkerke_R® 0.2% 0.1% 0.1% 0.1% 0.1% 0.1% 0.2%
Pothers 5.09E-01  5.31E-01  5.45E-01 5.17E-01  4.95E-01 4.81E-01  4.75E-01
. . Nagelkerke_R? 0.3% 0.3% 0.3% 0.4% 0.4% 0.5% 0.5%
Schizophrenia
Pothers 4.83E-01 5.08E-01  4.90E-01  4.40E-01 4.11E-01  3.88E-01  3.79E-01

HLA-DQBI1#*06:02 effects were not taken into account. Powers was P values for regression coefficients of individual

polygenic risk scores other than the HLA region. Nagelkerkes pseudo RZ and P values were the averages of one

thousand-permutations, randomizing sample division of narcolepsy and healthy controls into discovery- and test-stage.

These results were based on the pruning criteria of r2 = 0.25 for SNP inclusion.
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Table 3: Narcolepsy heritability explained by the region other than HLA and by CPT1B, TRA@ and P2RY11, estimated

based on different pruning criteria.

pruning Narcolepsy heritability explained by the region other than HLA Narcoepsy heritability explained by CPT1B, TRA@ and P2RY11
criteria P<0.1 P<0.2 P<0.3 P<0.4 P<0.5 P<0.1 P<0.2 P<0.3 P<0.4 P<0.5
2025 Nagelkerke_R?® 1.1% 1.2% 1.3% 1.3% 1.3% 0.9% 0.9% 0.8% 0.8% 0.8%
Pothers 4.78E-02  3.37E-02 2.72E-02  2.51E-02 2.43E-02 | 8.28E-02 8.72E-02 9.33E-02 9.52E-02  9.74E-02
5 Nagelkerke_R? 1.0% 1.2% 1.2% 1.2% 1.3% 1.0% 0.9% 0.9% 0.9% 0.8%
r<0.5 Pothers 3.03E-02 2.03E-02 2.49E-02 1.73E-02 1.77E-02 | 6.55E-02 7.02E-02 7.70E-02 7.89E-02  8.02E-02
220,75 Nagelkerke_R*  1.8% 2.0% 2.0% 2.0% 2.1% 1.4% 1.3% 1.2% 1.2% 1.1%
Pothers 7.16E-03  4.91E-03  4.06E-03  3.69E-03  3.54E-03 | 2.28E-02 2.94E-02 3.48E-02 3.70E-02 3.82E-02
’ Nagelkerke_R?® 1.3% 1.5% 1.6% 1.6% 1.7% 0.9% 0.8% 0.7% 0.7% 0.7%
< Pothers 2.67E-02  1.45E-02 1.06E-02 9.01E-03 8.31E-03 | 8.79E-02 1.02E-01 1.11E-01 1.16E-01 1.19E-01

SNP inclusion criteria of r2 were assessed, ranging from 0.25 to 1. HLA-DQBI*06:02 effects were not taken into
account. Ppers was P values for regression coefficients of individual polygenic risk scores other than the HLA region.
Narcolepsy heritability explained by CPTIB, TRA@ and P2RY11, were calculated, using only SNPs residing within 500kb up- and

down-stream of the narcolepsy susceptibility SNPs.
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Table 4: The characteristics of common small-effect SNPs in the GWAS, using 393 narcolepsy vs 1,582 healthy controls

OR of SNPs
Cut off P
value # of SNPs Median Mean
0.001 1364 1.54 1.80
0.01 6222 1.32 1.44
0.1 53106 1.21 1.25
0.2 103465 1.18 1.21
0.3 153086 1.16 1.18
0.4 202955 1.14 1.16
0.5 252106 1.12 1.15

The summary statistics of ORs of SNPs were calculated based on the GWAS, utilizing all 393 narcoleptic patients and
all 1,582 healthy controls.
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Table 5: Narcolepsy global burden of rare large-scale CNVs by PennCNV

No. of CNVs

. Case Control Average ratio Permuted

CNV'Type  Size range (n=327) (n =459) (case Mo::o_v P value

Total Average Total Average

All 555 1.70 506 1.10 1.54 5.00x10™
Deletions  100kb-200kb 277 0.85 242 0.53 1.61 4.40x10*
and 200kb-500kb 209 0.64 186 0.41 1.58 2.85x107
duplications  500kb-1Mb 50 0.15 46 0.10 1.53 5.35x107?
>1Mb 19 0.06 32 0.07 0.83 7.55%10
All 265 0.81 239 0.52 1.56 4.35x107
100kb-200kb 138 0.42 141 0.31 1.37 8.34x1072
Deletions  200kb-500kb 96 0.29 79 0.17 1.71 4.52x1072
500kb-1Mb 20 0.06 9 0.02 3.12 2.18x107

>1Mb 11 0.03 10 0.02 1.54 2.80x10™
All 290 0.89 267 0.58 1.52 4.20x10*
100kb-200kb 139 0.43 101 0.22 1.93 2.00x10°
Duplications 200kb-500kb 113 0.35 107 0.23 1.48 8.52x1073
500kb-1Mb 30 0.09 37 0.08 1.14 3.45x10"

>1Mb 8 0.02 22 0.05 0.51 9.73x10™

The table shows total burden for rare large-scale CNVs in narcoleptic patients (n = 327) compared to controls (n = 459).

Pvalues were estimated in 100,000 permutations.
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Table 6: Narcolepsy global burden of genes disrupted by rare large-scale CNVs by PennCN

No. of genes disrupted by CNVs

CNV Type Size range Case Control Average ratio Permuted

(n=327) (n =459) (case /control) P value

Total Average Total Average

All 1170 4.70 768 2.15 2.18 5.75x107°
Deletions  100kb-200kb 411 1.43 260 0.67 213 2.42x107
and 200kb-500kb 569 2.14 265 0.72 2.98 3.60x10*
duplications  500kb-1Mb 216 0.78 150 0.36 2.14 8.90x107
>1Mb 109 0.36 151 0.40 0.89 5.64x10"
All 528 2.02 310 0.81 2.49 8.44x10%

100kb-200kb 186 0.62 146 0.36 1.74 1.19%x10"
Deletions  200kb-500kb 240 0.86 82 0.23 3.73 4.19%10%2
500kb-1Mb 124 0.43 37 0.08 5.25 7.88x1072

>1Mb 34 0.10 60 0.14 0.75 6.61x10"
All 763 2.67 502 1.34 2.00 6.85x107°
100kb-200kb 230 0.80 115 0.31 2.59 1.90x10*
Duplications 200kb-500kb 374 1.28 189 0.49 2.62 9.70x10*
500kb-1Mb 104 0.34 113 0.28 1.22 3.53x10™

>1Mb 83 0.25 116 0.26 0.97 4.99x10"
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The table shows total burden for genes disrupted by rare large-scale CNVs in narcoleptic patients (n = 327) compared
to controls (n = 459). Genes were defined by glist-hg18 file, based on NCBI Build 36 and provided in PLINK. P values

were estimated in 100,000 permutations.



Table 7: EHS with HLA-D@B1*06:02 global burden of rare large-scale CNVs by PennCNV

No. of CNVs
. Case Control Average ratio Permuted
CNVType  Size range (n=33) (n =459) (case \Wo::o_v P value
Total Average Total Average
All 52 1.58 496 1.08 1.46 3.24x1072
Deletions  100kb-200kb 30 0.91 245 0.53 1.70 1.57x1072
and 200kb-500kb 17 0.52 174 0.38 1.36 1.59x10""
duplications  500kb-1Mb 2 0.06 48 0.10 0.58 8.53x10""
>1Mb 3 0.09 29 0.06 1.44 3.63x10"
All 29 0.88 228 0.50 1.77 4.67%x107
100kb-200kb 22 0.67 144 0.31 2.13 1.35%x1072
Deletions  200kb-500kb 7 0.21 68 0.15 1.43 2.26x10""
500kb-1Mb 0 0.00 9 0.02 0.00 1
>1Mb 0 0.00 7 0.02 0.00 1
All 23 0.70 268 0.58 1.19 2.51x10™
100kb-200kb 8 0.24 101 0.22 1.10 4.49x10"
Duplications 200kb-500kb 10 0.30 106 0.23 1.31 2.63x10"
500kb-1Mb 2 0.06 39 0.08 0.71 7.68x10™
>1Mb 3 0.09 22 0.05 1.90 2.29x10™

The table shows total burden for rare large-scale CNVs in EHS with HLA-DQBI1%*06:02 patients (n = 33) compared to

controls (n = 459). Pvalues were estimated in 100,000 permutations.
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Table 8: EHS with HLA-DQB1#*06:02 global burden of genes disrupted by rare large-scale CNVs by PennCNV

No. of genes disrupted by CNVs

CNV Type Size range Case Control Average ratio Permuted
(n=33) (n =459) (case /control) P value
Total Average Total Average
All 80 2.58 782 2.19 1.18 2.98x10"
Deletions ~ 100kb-200kb 27 0.85 261 0.68 1.25 2.98x10"
and 200kb-500kb 35 1.06 268 0.71 1.49 1.66x10
duplications  500kb-1Mb 11 0.33 152 0.37 0.91 3.96x10
>1Mb 11 0.33 159 0.43 0.77 5.29x10"
All 32 1.06 311 0.81 1.31 2.63%x10"
100kb-200kb 25 0.79 148 0.39 2.01 1.19x10
Deletions  200kb-500kb 9 0.27 81 0.21 1.32 2.74x10"
500kb-1Mb 0 0.00 37 0.08 0.00 1
>1Mb 0 0.00 58 0.13 0.00 1
All 48 1.52 520 1.38 1.10 3.56%x10"
100kb-200kb 2 0.06 114 0.29 0.21 9.52x10"
Duplications 200kb-500kb 26 0.79 196 0.51 1.56 1.71x10
500kb-1Mb 11 0.33 115 0.29 1.17 3.26x10"
>1Mb 11 0.33 127 0.31 1.09 3.93x10
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The table shows total burden for genes disrupted by rare large-scale CNVs in EHS with HLA-DQB1%*06:02 patients (n
= 33) compared to controls (n = 459). Genes were defined by glist-hg18 file, based on NCBI Build 36 and provided in
PLINK. Pvalues were estimated in 100,000 permutations.



Table 9: EHS without HLA-DQBI1*06:02 global burden of rare large-scale CNVs by PennCNV

No. of CNVs

. Case Control Average ratio Permuted

CNV'Type  Size range (n=104) (n =459) (case /control) P value

Total Average Total Average

All 166 1.60 512 1.12 1.43 2.17x107
Deletions  100kb-200kb 94 0.90 246 0.54 1.69 3.30x10*
and 200kb-500kb 56 0.54 187 0.41 1.32 6.29%1072
duplications  500kb-1Mb 10 0.10 49 0.11 0.90 6.70x10"
>1Mb 6 0.06 30 0.07 0.88 6.86%10™
All 87 0.84 238 0.52 1.61 8.79x107
100kb-200kb 56 0.54 146 0.32 1.69 9.58x107

Deletions  200kb-500kb 24 0.23 75 0.16 1.41 1.18x10""
500kb-1Mb 4 0.04 10 0.02 1.77 2.48x10"

>1Mb 3 0.03 7 0.02 1.89 2.78x10™
All 79 0.76 274 0.60 1.27 7.18x1072
100kb-200kb 38 0.37 100 0.22 1.68 7.35x10°

Duplications 200kb-500kb 32 0.31 112 0.24 1.26 1.81x10"
500kb-1Mb 6 0.06 39 0.08 0.68 8.60x10"

>1Mb 3 0.03 23 0.05 0.58 8.89x10™

The table shows total burden for rare large-scale CNVs in EHS without HLA-DQB1*06:02 patients (n = 104) compared

to controls (n = 459). Pvalues were estimated in 100,000 permutations.
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Table 10: EHS without HLA-DQBI1*06:02 global burden of genes disrupted by rare large-scale CNVs by PennCNV

No. of genes disrupted by CNVs

CNV Type Size range Case Control Average ratio Permuted

(n=104) (n =459) (case /control) P value

Total Average Total Average

All 404 4.07 784 2.26 1.80 3.25x1072
Deletions  100kb-200kb 135 1.32 263 0.69 1.91 1.16x1072
and 200kb-500kb 182 1.82 270 0.76 240 4.21%10%2
duplications  500kb-1Mb 36 0.35 158 0.38 0.91 5.02x10"
>1Mb 61 0.59 159 0.43 1.36 2.90x10™

All 101 0.97 314 0.85 1.14 3.49x10™

100kb-200kb 62 0.60 150 0.40 1.48 1.77x10™

Deletions  200kb-500kb 29 0.28 84 0.24 1.16 3.78x10"
500kb-1Mb 4 0.04 37 0.08 0.46 5.90x10"

>1Mb 6 0.06 58 0.13 0.46 7.11x10™"
All 308 3.10 521 1.41 2.20 3.30x1072
100kb-200kb 73 0.72 115 0.29 2.51 8.02x107
Duplications 200kb-500kb 156 1.54 196 0.52 2.98 4.12x10%2
500kb-1Mb 32 0.31 121 0.30 1.03 4.23x10™

>1Mb 55 0.53 127 0.31 1.73 2.23x10"
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The table shows total burden for genes disrupted by rare large-scale CNVs in EHS without HLA-DQB1*06:02 patients
(n = 104) compared to controls (n = 459). Genes were defined by glist-hg18 file, based on NCBI Build 36 and provided in
PLINK. Pvalues were estimated in 100,000 permutations.



Table 11: Gene-sets significantly associated with narcolepsy

No. of genes  Fisher's P No. of sample
No. Pathway name .
in pathways value Case Control
1 regulation of immune response 667 1.93x10™ 26 10
2 peptidyl-lysine modification 148 1.94x10™ 12 1
3 cell cycle arrest 421 2.00x10™ 19 5
4  peptidyl-amino acid modification 639 3.47x10™ 20 6
5 G2/M transition checkpoint 40 3.50x10™ 9 0
6  synaptic vesicle 104 3.50x10™ 9 0
7  negative regulation of cell differentiation 422 3.67x10™ 15 3
8  positive regulation of immune response 445 3.84x10™ 18 5
9 covalent chromatin modification 302 4.01x10™ 17 4
10  histone modification 294 4.01x10™ 17 4
11 negative regulation of developmental process 532 4.01x10™ 17 4
12 response to molecule of bacterial origin 214 4.40x10™ 11 1
13 protein acetylation 132 4.40x10™ 11 1
14  response to lipopolysaccharide 194 4.40%x10™ 11 1
15  protein acylation 145 4.40x10™ 11 1
16  rhythmic process 206 4.40x10™ 11 1
17 negative regulation of cell cycle 505 6.03x10™ 20 7
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18 negative regulation of transcription from RNA polymerase 468 6.28x10™ 19 6
Il promoter
19  sex differentiation 283 7.40x10™ 14 3
20 cellular aromatic compound metabolic process 308 7.47x10™ 16 4
21  response to abiotic stimulus 618 8.45x10 27 13
22 negative regulation of cell development 109 8.53x10™ 8 0
23 response to hydrogen peroxide 81 8.53x10™ 8 0
o4 187 8.53x10™ 8 0
cellular response to fibroblast growth factor stimulus
25 response to fibroblast growth factor stimulus 187 8.53x10™ 8 0
26 protein transporter activity 96 8.53x10™ 8 0
adaptive immune response based on somatic 194 9.90x10™ 10 1
27 recombination of immune receptors built from
immunoglobulin superfamily domains
28 internal protein amino acid acetylation 120 9.90x10™ 10 1
09 173 9.90x10™ 10 1
regulation of cell morphogenesis involved in differentiation
30 histone acetylation 113 9.90x10™ 10 1
31 internal peptidyl-lysine acetylation 115 9.90x10™ 10 1
32 peptidyl-lysine acetylation 118 9.90x10™ 10 1
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The table shows the list of 32 significant gene-sets from both KEGG and the Gene Ontology with FDR 5%. P value was
calculated using 1(i,j)) score. Define indicator I(i,7)) = 1 if a sample i carries a CNV overlapping at least one gene in
gene-set j, and zero otherwise. The total I(i,j) score for gene set jis obtained by summing over i. For testing, this sum is
partitioned between cases and controls, shown in the column of the number of sample. The number in the first column

1s index used in gene-set index in Figure 14.
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Figures

2,072 healthy controls
426 narcoleptic patients
46 EHS with HLA-DQB1*06:02 patients
125 EHS without HLA-DQB1*06:02 patients
432 Panic patients
246 Autism patients
66 Schizophrenia patients

Quality controls before genotyping
Sample QC:
< 90% of genotyping call rate

2a narcolepsy sample were excluded

Genotyping by Birdseed algorithm

Quality controls after genotyping

Sample QC:

<97 % of call rate

Outliers in principal component analysis

Family samples (IBD:PI_HAT>0.125 & report)
SNP QC:

MAF < 0.05

HW < 0.001

SNP call rate < 99%

located within HLA region or chr XY
were excluded from

1,582 healthy controls
393 narcoleptic patients
38 EHS with HLA-DQB1*06:02 patients
119 EHS without HLA-DQB1*06:02 patients

376 Panic patients
213 Autism patients

56 Schizophrenia patients

&
476,446 SNPs

Polygenic analysis

Figure 1: Overflow of quality controls and genotyping. Blue number indicates samples

remained after the each step.
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Healthy control samples

1,582 healthy controls
Sleep disorders samples

393 narcoleptic patients

38 EHS with HLA-DQB1*06:02 patients

119 EHS without HLA-DQB1*06:02 patients
Other neuropsychiatric disorders samples

213 Autism patients

56 Schizophrenia patients

376 Panic patients

Discovery-stage Test-stage l
A 4
791 healthy controls 791 healthy controls
'A) A
197 narcoleptic patients 196 narcoleptic patients

38 EHS with HLA-DQB1*06:02 patients
119 EHS without HLA-DQB1*06:02 patients
213 Autism patients
56 Schizophrenia patients
376 Panic patients

Figure 2: Study design and sample division. One group (discovery-stage) was used for a
genome-wide association analysis in order to calculate risk-effects of each common
variant. The other group (test-stage) was used for estimation of the capability of
common variants to explain phenotypic variance, using collective effects of narcolepsy
polygenic risks. Narcoleptic patients and healthy controls were randomly divided into
two groups from each permutation. Healthy controls in the test-stage were same across

different phenotypes within one permutation.
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Figure 3: Quality control by a principal components analysis, excluding an outlier. 91 JPT, 90 CHB, 180 CEU and 180 YRI were

derived from Hapmap3. (a) The plot of all samples and HapMap samples in the first two principal components. (red: sample populations,

light green: JPT, blue: CHB, purple: CEU, mint green: YRI) (b) The plot of all samples and JPT + CHB in the first two principal

components. (red: sample populations, light green: JPT, blue: CHB) Black arrow is a sample excluded in the analysis. (c) After

excluding an outlier, the plot of all samples and JPT + CHB in the first two principal components. (red: sample populations, light green:

JPT, blue: CHB)
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Figure 4: A principal component analysis for each disease. Individuals with each disease and healthy controls were plotted. (a) The

result of narcolepsy, control + JPT & CHB. (b) The result of EHS with HLA-DQBI1*#06:02, control + JPT & CHB. (c) The first two

principal components of EHS without HLA-DQBI1*06:02, control + JPT & CHB. (d) The result of panic disorder, control + JPT & CHB.

(d) The result of autism, control + JPT & CHB. (f) The result of schizophrenia, control + JPT & CHB
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Figure 5: Examples of quantile-quantile plots for 1,000 permutation GWASs in
discovery-stage. The GWASs were after quality controls, without the HLA region and
based on the pruning criterion of r* < 0.25. The average lamda of 1,000 permutation

GWAS was 1.004, showing no population stratifications.

99



Variance explained by narcolpesy polygenic risks, excluding HLA-DQB1*06:02 effects
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Variance explained by narcolepsy polygenic risks, excluding HLA-DQB1*06:02 effects
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Figure 6: Phenotypic variance explained by narcolepsy polygenic risks, excluding
HLA-DQBI%#06:02 effects. Nagelkerkes’ pseudo R* was utilized to reflect the capability

of polygenic risks to explain disease onset.
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Narcolepsy heritability
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Figure 7: Polygenic feature of narcolepsy. Red dots line was 0.5 of P value.
Nagelkerkes’ pseudo R* was utilized to reflect the capability of polygenic risks to

explain disease onset.
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Sample size estimation
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Figure 8: Sample size estimation for discovery of common small-effect SNPs. Over
42,000 narcoleptic patients were required, when ORs of SNPs = 1.1; risk allele
frequency in controls = 0.2; case-controls ratio = 0.25; a-level P = 5x107° , shown in

red arrow.
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562 healthy controls
426 narcoleptic patients
46 EHS with HLA-DQB1*06:02 patients
125 EHS without HLA-DQB1*06:02 patients

Quality controls before CNV detection
Sample QC: < 99% of call rate
were excluded

470 healthy controls
345 narcoleptic patients
37 EHS with HLA-DQB1*06:02 patients
111 EHS without HLA-DQB1*06:02 patients

CNV detection by PennCNV

Quality controls after CNV detection
Sample QC: > 100 CNVs
CNV QC: < 10 probes
were excluded

459 healthy controls
327 narcoleptic patients
33 EHS with HLA-DQB1*06:02 patients
104 EHS without HLA-DQB1*06:02 patients

Targeting rare large-scale CNVs
CNV: > 1% of frequency and < 100kb in size

were excluded

Figure 9: Quality controls and CNV detection flow. Blue number indicates samples

remained after the each step.
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Figure 10: An illustration of CNV detection by PennCNV using log R ratio (LRR) and
B allele freq (BAF) values of a sample. LRR is a measure of normalized total signal
intensity relative to expected value, (= 10g2(R jpeerved/Rexpecea)» R 18 @ sum of probe
intensities). BAF is a normalized measure of relative signal intensity ratio of the B and
A alleles in the SNP array. A normal chromosome region has three BAF genotype
clusters, as represented as AA, AB, and BB genotypes in boxes, and with LRR values
centered around zero. The copy-neutral LOH (loss of heterozygosity) region has normal
LRR values, but without the AB genotype cluster. The increased copy number for a
CNV region can be detected based on an increased number of clusters in the BAF
distribution, as well as increased LRR values. The patterns of LRR and BAF for
different CNV regions, normal regions, and copy-neutral LOH regions are distinct from

each other, thus the combination of LRR and BAF can be used to generate CNV calls.
Modified from PennCNV: An integrated hidden Markov model designed for

high-resolution copy number variation detection in whole-genome SNP genotyping data.

Genome Research, 2007. 17(11): p. 1665-1674.
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Figure 11: The PARK?2 region significantly associated with narcolepsy and EHS without HLA-DQB1*06:02. (Chr
6:162,685,167-162,762,467).
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Figure 12: Validation of duplications in PARK2 (chr6:162,722,335) by quantitative
PCR. (Four narcolepsy patients vs eight healthy controls)
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16 P=2.07x10%

Figure 13: Validation of duplications in PARK2 (chr6:162,722,335) by quantitative
PCR. (Two EHS without HLA-DQBI1*06:02 patients vs 14 healthy controls)
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Figure 14: Functional clusters of the 32 gene sets that were found to be significantly
associated with narcolepsy. The figure shows a network of gene sets (nodes) that are
related by mutual overlap (edges). Node size is proportional to the total number of
genes in each gene set. The number inside a node is the index used in the first column in
Table 11. Edge width represents the number of overlapping genes between two gene

sets.

108



