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Genome-wide analysis of CNV (copy number variation)
and their associations with narcolepsy in a Japanese
population

Maria Yamasaki1, Taku Miyagawa1, Hiromi Toyoda1, Seik-Soon Khor1, Asako Koike2, Aino Nitta1,3,
Kumi Akiyama1,3, Tsukasa Sasaki4, Yutaka Honda5, Makoto Honda5,6 and Katsushi Tokunaga1

In humans, narcolepsy with cataplexy (narcolepsy) is a sleep disorder that is characterized by sleepiness, cataplexy and rapid

eye movement (REM) sleep abnormalities. Narcolepsy is caused by a reduction in the number of neurons that produce

hypocretin (orexin) neuropeptide. Both genetic and environmental factors contribute to the development of narcolepsy.

Rare and large copy number variations (CNVs) reportedly play a role in the etiology of a number of neuropsychiatric disorders.

Narcolepsy is considered a neurological disorder; therefore, we sought to investigate any possible association between rare and

large CNVs and human narcolepsy. We used DNA microarray data and a CNV detection software application, PennCNV-Affy,

to detect CNVs in 426 Japanese narcoleptic patients and 562 healthy individuals. Overall, we found a significant enrichment

of rare and large CNVs (frequency p1%, size X100 kb) in the patients (case–control ratio of CNV count¼1.54,

P¼5.00�10�4). Next, we extended a region-based association analysis by including CNVs with its size X30 kb. Rare and

large CNVs in PARK2 region showed a significant association with narcolepsy. Four patients were assessed to carry duplications

of the gene region, whereas no controls carried the duplication, which was further confirmed by quantitative PCR assay. This

duplication was also found in 2 essential hypersomnia (EHS) patients out of 171 patients. Furthermore, a pathway analysis

revealed enrichments of gene disruptions by rare and large CNVs in immune response, acetyltransferase activity, cell cycle

regulation and regulation of cell development. This study constitutes the first report on the risk association between multiple

rare and large CNVs and the pathogenesis of narcolepsy. In the future, replication studies are needed to confirm the

associations.
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INTRODUCTION

In humans, narcolepsy is characterized by 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. Narcolepsy usually begins
during adolescence, and it affects 0.16–0.18% of the general popula-
tion in Japan and 0.02–0.06% of the population in the United States
and Europe; men and women are equally affected.1,2 The 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

Narcolepsy is a multifactorial disease, and genetic variations at
multiple loci are associated with the condition. Initially, narcolepsy

was shown to be strongly associated with a human leukocyte antigen
(HLA) class II allele, specifically HLA-DQB1*06:02.3–7 This HLA
variant is thought to be necessary, but not sufficient, for the
development of narcolepsy.7 Recent genome-wide association
studies have identified several narcolepsy susceptibility loci. An
association between narcolepsy in Japanese patients and one single-
nucleotide polymorphism (SNP) located between CPT1B (carnitine
palmitoyltransferase 1B) and CHKB (choline kinase-b) indicated a new
pathogenic mechanism that is related to fatty acid oxidation.8 Further
genome-wide association studies identified additional susceptibility
genes: TRA@ (T cell receptor alpha), TRB @ (T cell receptor beta),
P2RY11 (purinergic receptor P2Y, G-protein coupled, 11), CTSH
(cathepsin H), TNFSF4 (tumor necrosis factor superfamily member
4), ZNF365 (zinc finger protein 365) and IL10RB (interleukin 10
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receptor, beta).9–12 These findings provided additional evidence that
narcolepsy results from autoimmunity.

Narcolepsy is caused by the destruction of hypothalamic neurons
that secrete a wake-promoting neuropeptide hypocretin (orexin).13,14

Most of the patients with narcolepsy have low or undetectable levels
of hypocretin-1 in the cerebrospinal fluid.15,16 However, it has been
reported that narcolepsy cannot be explained by mutations and
polymorphisms in prepro-hypocretin and hypocretin-receptor genes,
except for in rare cases.17–20

Recent methodological developments make it possible to conduct
genome-wide studies on copy number variations (CNVs). Based on
several reports, patients with neuropsychiatric diseases (for example,
autism, schizophrenia or severe neurodevelopmental disorders) bear a
higher global burden of rare and large CNV than do control
subjects.21–24 Moreover, in several cases, a single CNV locus is
associated with multiple neuropsychiatric diseases; this observation
indicates that neuropsychiatric diseases may share some genetic
origins. Here, we worked from the hypothesis that CNVs have
an impact on narcolepsy because narcolepsy most likely has
neuropsychiatric etiology.13,16,19 We conducted a genome-wide CNV
study in order to identify novel genetic susceptibility loci for
narcolepsy.

MATERIALS AND METHODS

Subjects
Japanese patients with narcolepsy–cataplexy (n¼ 426) were unrelated indivi-

duals living in Tokyo or neighboring areas. Each patient had received a

diagnosis at the Neuropsychiatric Research Institute; diagnoses were made

according to the ICSD (International Classification of Sleep Disorders, 2nd

edition-2). In our study, all patients were diagnosed by narcolepsy specialists.

All patients with narcolepsy–cataplexy carried HLA-DQB1*06:02. It has been

reported that most of the narcolepsy patients with low level of hypcocretin-1

carried HLA-DQB1*06:02.15,25,26 A total of 171 essential hypersomnia (EHS)

patients were 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 6 months; (2) absence of cataplexy;

(3) the hypersomnia is not better explained by another sleep disorder, medical

or neurological disorder, mental disorder, medication use or substance use

disorder.27–29 The diagnostic criteria for EHS correspond to narcolepsy

without cataplexy and part of idiopathic hypersomnia without long sleep

time if we apply the criteria according to the ICSD-2. Cataplexy is absent in

both disorders. Excessive daytime sleepiness of narcolepsy without cataplexy is

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

idiopathic hypersomnia without long sleep time results in unintended naps

with or 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. Multiple sleep

latency test (MSLT) is required for the diagnosis in the 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 on MSLT. However, we consider that the nature of

naps (short or long, refreshing or nonrefreshing) is more appropriate to

distinguish a group of patients for study than MSLT, because MSLT is useful

for the diagnosis of narcolepsy with cataplexy but is not optimized for the

diagnosis of related hypersomnia patients using the number of sleep-onset

REM periods and mean sleep latency on MSLT to distinguish between

narcolepsy without cataplexy and idiopathic hypersomnia without long sleep

time. In addition, MSLT requires a whole day and impose an economic burden

on patients. Therefore, we focused on the symptoms themselves and adopted

the definition of EHS. The control group 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 hypersomnia.

Age and gender were not matched between cases and controls. 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
We conducted a genome-wide CNV analysis with DNA samples from 426

narcoleptic patients, 171 EHS patients and 562 healthy controls. The

Affymetrix Genome-Wide Human SNP Array 6.0 (Affymetrix, Santa Clara,

CA, USA) was used according to the manufacturer’s protocols (http://

www.affymetrix.com). This array comprises about B906 600 SNP probes

and B946 000 CNV probes. Samples with overall call rates o99% were

excluded from the CNV analysis because low-quality genotyping is strongly

correlated with inaccurate CNV detection.30

CNV detection
We made use of PennCNV-Affy (http://www.openbioinformatics.org/) in order

to detect CNVs. 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.

BAF is a normalized measure of relative signal intensity ratio of the B and A

alleles in the SNP array. Log R ratio is a measure of normalized total signal

intensity relative to expected value (¼ log2(Robserved/Rexpected), where R is a

sum of probe intensities). For normalization of intensity data, Affymertix

Power Tools software (http://www.affymetrix.com/) was utilized before the

CNV detection.

Quality control
Quality controls were done after the CNV detection (Supplementary Figure 1).

In the raw detection data from PennCNV-Affy, samples with CNV call

counts 4100 were excluded because an unusually large number of CNVs

indicates that a sample contains low-quality DNA.30 Then, CNVs that included

o10 probes were removed in order to increase the reliability of the analysis

because CNVs with lower numbers of probes cause false detection of

CNVs.21,23,30

Statistical analysis
Statistical analyses of the CNV data were performed using PLINK ver1.0.7

(http://pngu.mgh.harvard.edu/Bpurcell/plink/). Gene information was based

on glist-hg18 list provided by PLINK and NCBI Build 36. In this analysis, we

focused on rare and large CNVs that were found in p1% of the all samples

and that were X100 kb in size. In a global burden analysis, the average number

of all rare and large CNVs within individual whole genome was assessed

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

identify specific CNV-associated regions, using CNV with its size X30 kb. A

significant region identified in the region-based analysis was validated using a

TaqMan assay (Supplementary Information).

A pathway analysis was designed to discover disease-related functional

pathways and this design was based on those in previous studies, using

CNV with its size X100 kb.23,31,32 Briefly, gene sets were derived from

the Gene Ontology (http://www.geneontology.org/) and from KEGG

(http://www.genome.jp/kegg/). The analysis was conducted using Perl

(http://www.perl.org/) and S (http://www.r-project.org/) programming

(Supplementary Information). 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. Edge indicates that two gene sets share ‘support-genes’ that are more

frequently affected in the patients. Edge width is the proportion of 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 (Supplementary Information).

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

using one-tailed 100 000 permutation tests. False discovery rate was applied to

correct for multiple testing in the pathway analysis. To estimate false discovery

rate, 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 conversions were done with Perl or S script.
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RESULTS

SNP Gene chip data were used to detect CNVs within the genomes of
426 Japanese narcoleptic patients and 562 healthy controls. Each
sample with an overall call rate of o99% was excluded from further
analysis before detection of CNVs was performed; consequently, the
samples from 345 cases and 470 controls were used for CNV detection
(Supplementary Figure 1). We used PennCNV-Affy to detect CNVs;
after the detection step, we eliminated whole samples or individual

CNVs during the ensuing quality control steps. The CNV call count
threshold was set to 4100 for sample exclusion; this step left 327
patient and 459 healthy control samples (Supplementary Figure 1).
Individual CNVs that included o10 probes were removed from
subsequent analyses. Then, we eliminated all small CNVs and all
common CNVs to target only those CNVs that were both rare and
large (frequency: p1%, CNV size: X100 kb), leaving 1061 CNVs
detected by PennCNV-Affy for statistical analyses.

Table 1 Global burden of rare and large copy number variations (CNVs) by PennCNV-Affy

No. of CNVs

Case (n¼327) Control (n¼459)

CNV type Size range Total Average Total Average Average ratio (case/control) Permuted P-value

Deletions and duplications All 555 1.70 506 1.10 1.54 5.00�10�4

100–200 kb 277 0.85 242 0.53 1.61 4.40�10�4

200–500 kb 209 0.64 186 0.41 1.58 2.85�10�3

500 kb–1 Mb 50 0.15 46 0.10 1.53 5.35�10�2

41 Mb 19 0.06 32 0.07 0.83 7.55�10�1

Deletions All 265 0.81 239 0.52 1.56 4.35�10�2

100–200 kb 138 0.42 141 0.31 1.37 8.34�10�2

200–500 kb 96 0.29 79 0.17 1.71 4.52�10�2

500 kb–1 Mb 20 0.06 9 0.02 3.12 2.18�10�2

41 Mb 11 0.03 10 0.02 1.54 2.80�10�1

Duplications All 290 0.89 267 0.58 1.52 4.20�10�4

100–200 kb 139 0.43 101 0.22 1.93 2.00�10�5

200–500 kb 113 0.35 107 0.23 1.48 8.52�10�3

500 kb–1 Mb 30 0.09 37 0.08 1.14 3.45�10�1

41 Mb 8 0.02 22 0.05 0.51 9.73�10�1

The table shows total burden for rare and large CNVs in narcoleptic patients (n¼327) compared with controls (n¼459). P-values were estimated in 100000 permutations.

Table 2 Global burden of genes disrupted by rare and large copy number variations (CNVs) by PennCNV-Affy

No. of genes disrupted by CNVs

Case (n¼327) Control (n¼459)

CNV type Size range Total Average Total Average Average ratio (case/control) Permuted P-value

Deletions and duplications All 1170 4.70 768 2.15 2.18 5.75�10–3

100–200 kb 411 1.43 260 0.67 2.13 2.42�10–3

200–500 kb 569 2.14 265 0.72 2.98 3.60�10–4

500 kb–1 Mb 216 0.78 150 0.36 2.14 8.90�10–2

41 Mb 109 0.36 151 0.40 0.89 5.64�10–1

Deletions All 528 2.02 310 0.81 2.49 8.44�10–2

100–200 kb 186 0.62 146 0.36 1.74 1.19�10–1

200–500 kb 240 0.86 82 0.23 3.73 4.19�10–2

500 kb–1 Mb 124 0.43 37 0.08 5.25 7.88�10–2

41 Mb 34 0.10 60 0.14 0.75 6.61�10–1

Duplications All 763 2.67 502 1.34 2.00 6.85�10–3

100–200 kb 230 0.80 115 0.31 2.59 1.90�10–4

200–500 kb 374 1.28 189 0.49 2.62 9.70�10�4

500 kb–1 Mb 104 0.34 113 0.28 1.22 3.53�10�1

41 Mb 83 0.25 116 0.26 0.97 4.99�10�1

The table shows total burden for genes disrupted by rare and large CNVs in narcoleptic patients (n¼327) compared with controls (n¼459). Genes were defined by glist-hg18 file, based on NCBI
Build 36 and provided in PLINK. P-values were estimated in 100 000 permutations.
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The global burden of rare and large CNVs, which were stratified by
size and CNV type, among narcoleptic patients was compared with
that among control subjects (Table 1). Overall, we found a significant
enrichment of rare and large CNVs in the patients (case–control ratio
of CNV count¼ 1.54, P¼ 5.00� 10�4). In particular, we observed a
higher occurrence of duplications with sizes between 100 and 200 kb
in the patients (case–control ratio of CNV count¼ 1.93, P¼ 2.00
� 10�5; Table 1). An excess of rare and large deletions with sizes
between 500 kb and 1 Mb was evident in the patients (case–control
ratio of CNV count¼ 3.12, P¼ 2.18� 10�2; Table 1). The number of
genes disrupted by rare and large CNVs was significantly higher in the
patients than in control subjects (case–control ratio of gene
count¼ 2.18, P¼ 5.75� 10�3; Table 2). Especially, gene disruptions
by duplications with sizes of 200 to 500 kb were more frequent in the
patients in the same manner of Table 1 (case–control ratio of gene
count¼ 2.62, P¼ 9.70� 10�4; Table 2).

A region-based analysis was performed to identify regions that
may be associated with narcolepsy susceptibility. We extended the
definition of rare and large CNVs by including CNVs with its size
X30 kb and with its frequency p1%, so that we reduce the possibility
to miss true associations. The PARK2 (parkinson protein 2, E3
ubiquitin protein ligase) region (Chr 6: 162 685 167–162 762 467,

P¼ 3.07� 10�2) was detected as a region of significant association.
Four patients carried duplications with copy numbers¼ 3 within the
PARK2 region, but no controls carried duplications in this region
(Figure 1). In order to ensure reliability of the duplications in the
PARK2 region in these four patients, we validated these CNVs using
quantitative PCR (Figure 1, Supplementary Figure 2 and Supplemen-
tary Information).

Next, we searched whether other hypersomnia patients such as EHS
might have the same duplication in PARK2 region as narcolepsy. First,
we used Affymetrix 6.0 chip data of 171 Japanese EHS samples and
detected the two same duplications in PARK2 (Figure 1), using
Birdsuite software (http://www.broadinstitute.org/scientific-commu-
nity/software). These duplications were validated by quantitative PCR
(Supplementary Figure 3 and Supplementary Information).

To assess the overall influence of rare and large CNVs in the
pathogenic narcolepsy, we conducted a pathway analysis because
association studies that involve only individual rare CNVs and a
limited number of samples often have insufficient power to detect
disease-causing variants. We compiled comprehensive collections of
gene sets using KEGG and the Gene Ontology, and then we assessed
which gene sets were more frequently affected by rare and large CNV
in narcoleptic patients than in the control. We found that 32 gene sets
showed significant associations when the false discovery rate was set
to 5% (Supplementary Table 1). Functional clusters were created
using these 32 gene sets; four clusters—immune responses, acetyl-
transferase activity, cell cycle regulation and regulation of cell
development (Figure 2). The results indicated that these biological
pathways might be involved in the pathogenesis of narcolepsy.

DISCUSSION

In this study, we conducted a genome-wide CNV analysis using DNA
samples from 426 narcoleptic patients and 562 healthy controls. To
our knowledge, no previously reported genome-wide CNV study has
focused on associations between narcolepsy and CNVs. Narcoleptic
patients were found to carry a larger global burden of rare and large
CNVs than did controls (Table 1). The number of genes disrupted by
rare and large CNVs was also higher in the patients than in the
controls (Table 2). At this moment, a further replication study is
needed to confirm these results because the sample size of this study
was relatively small.

To identify the influence of rare and large CNVs at specific loci on
narcolepsy, a region-based analysis was conducted. Rare and large
CNVs in the PARK2 region were found to be significantly associated
with narcolepsy (Figure 1 and Supplementary Figure 2). Furthermore,
we found that two EHS patients had the same duplication in PARK2
region (Figure 1 and Supplementary Figure 3). EHS is a sleep disorder
characterized by excessive daytime sleepiness without cataplexy.
Previous reports have reported that EHS and narcolepsy are associ-
ated with the same susceptibility genes. Approximately 30–50% of
EHS patients carry HLA-DQB1*06:02.27,33,34 Narcolepsy-related SNPs
in CPT1B and TRA@ reported by genome-wide association studies
were also associated with EHS.33,35 The pathogenesis of EHS is

Figure 1 The significant region in PARK2 (parkinson protein 2, E3 ubiquitin protein ligase) gene (Chr 6: 162 685167–162762 467).

Figure 2 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 Supplementary

Table 1. Edge width represents the number of overlapping genes between

two gene sets (see Supporting Information for details).
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thought to be partially similar to that of narcolepsy.27,33,35,36 The
finding of the same duplication in PARK2 among EHS patients could
be a supportive evidence for the association between narcolepsy and
PARK2; however, the replication study will be necessary to validate the
result.

Interestingly, the PARK2 region is associated with other neuro-
psychiatric diseases such as Parkinson disease, autism and attention
deficit hyperactivity disorder. A large number of PARK2 mutations
have been reported in patients with Parkinson disease; these muta-
tions include point mutations, small insertions or deletions (indels)
and single or multiple exon CNVs.37 Reportedly, eight patients with
autism were found to carry PARK2 deletions, and another patient
with autism carries a duplication of PARK2.22,38 A recent publication
reported the same PARK2 region as the candidate region for attention
deficit hyperactivity disorder.39 They found 3 deletions and 9
duplications, validating 11 of them by quantitative PCR analysis.
Taken together, these findings indicate that variations in the
PARK2 region may result in genetic susceptibility to multiple
neuropsychiatric diseases.

We conducted a pathway analysis to assess the influence of rare and
large genic CNVs throughout the genome on narcolepsy. Using a false
discovery rate of 5%, we found that 32 gene sets were significantly
associated with narcolepsy (Supplementary Table 1 and Figure 2).
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.40–42 We also found an enrichment of
CNVs disrupting functional gene sets involved in immune response,
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. A study of schizophrenia in a Korean population
reported an association between schizophrenia and histone deacetylase
genes.43 To our knowledge, no published report documents 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 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 and large CNVs, both genome-wide
and at specific loci, in the pathogenesis of narcolepsy, 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 some genetic factors leading or contributing to
narcolepsy have been identified, we need to develop a more
comprehensive understanding of the genetic underpinnings, especially
the role of CNVs, in this disease because few studies on narcolepsy
have been conducted.
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