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Abstract
Delayed sleep–wake phase disorder (DSWPD) is a subtype of circadian rhythm sleep–wake disorders, and is characterized
by an inability to fall asleep until late at night and wake up at a socially acceptable time in the morning. The study aim was to
identify low-frequency nonsense and missense variants that are associated with DSWPD. Candidate variants in circadian
rhythm-related genes were extracted by integration of genetic variation databases and in silico assessment. We narrowed
down the candidates to six variants. To examine whether the six variants are associated with DSWPD, we performed an
association study in 236 Japanese patients with DSWPD and 1436 controls. A low-frequency missense variant
(p.Val1205Met) in PER2 showed a significant association with DSWPD (2.5% in cases and 1.1% in controls, P= 0.026,
odds ratio (OR)= 2.32). The variant was also associated with idiopathic hypersomnia known to have a tendency toward
phase delay (P= 0.038, OR= 2.07). PER2 forms a heterodimer with CRY, and the heterodimer plays an important role in
the regulation of circadian rhythms. Val1205 is located in the CRY-binding domain of PER2 and was hypothesized to
interact with CRY. The p.Val1205Met substitution could be a potential genetic marker for DSWPD.

Introduction

Circadian rhythms of ~24 h are observed in behavioral and
physiological processes such as the sleep–wake cycle. The
suprachiasmatic nucleus in the hypothalamus is the princi-
pal circadian pacemaker in mammals. The molecular
mechanism of circadian rhythms is controlled by a tran-
scriptional feedback loop of circadian clock genes [1, 2].
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These genes include PER1/2/3, CRY1/2, CKIε/δ, BMAL1,
and CLOCK. Chronotype (morningness–eveningness) is a
behavioral manifestation of our internal biological clock.
Family and twin studies have reported that variations in
chronotype are heritable [3–5]. Indeed, loci that are asso-
ciated with chronotype have been found by recent genome-
wide association studies (GWAS) [6–9]. These loci include
well-established circadian rhythm-related genes such as
PER1, PER2, PER3, CRY1, BMAL1, FBXL3, and RGS16.

When individuals exhibit an extreme advance or delay in
sleep onset, they have difficulty adapting to the conventions
of social life. Circadian rhythm sleep–wake disorder
(CRSWD) is defined as alterations in the circadian time-
keeping system, its entrainment mechanisms, or a mis-
alignment of the endogenous circadian rhythm and the
external environment. CRSWD is a group of sleep disorders
that includes advanced sleep–wake phase disorder
(ASWPD) and delayed sleep–wake phase disorder
(DSWPD), in which the pattern of the sleep–wake rhythm is
persistently or recurrently disrupted. ASWPD is character-
ized by a stable advance in major sleep episodes, such that
habitual sleep onset and offset occur typically two or more
hours prior to required or desired times. In several families,
ASWPD is a highly penetrant, autosomal dominant trait.
Missense mutations in CKIδ and PER2, which cause
familial ASWPD, have been identified [10, 11]. Patients
with DSWPD fall asleep two or more hours later than the
average person and have marked difficulty waking up in the
morning. Approximately 40% of individuals with DSWPD
have family members with a similar phenotype [12]. Sev-
eral studies have reported significant associations between
polymorphisms in PER3 and DSWPD and/or diurnal pre-
ference [13–16]. In addition, a rare variant in CRY1, which
causes exon skipping in CRY1, is present in a hereditary
form of DSWPD [17]. These variants that are associated
with variations in chronotype and/or the development of
CRSWD are located in or near genes with a known role in
circadian rhythms. Therefore, this study was conducted to
identify DSWPD-associated variants in known genes rela-
ted to the circadian clock system. Circadian rhythm-related
genes were selected as candidates using the KEGG pathway
database and previous studies. We utilized data obtained
from a database of genetic variations (whole-exome) called
the Exome Aggregation Consortium (ExAC) [18, 19]. The
dataset includes disease-associated variants, although the
data from individuals affected by severe pediatric diseases
have been removed, suggesting that we can identify variants
associated with common diseases. Therefore, we attempted
to extract candidate nonsense and missense variants by
integrating the genetic variation data and in silico assess-
ment. We then assessed associations between the selected
candidate variants and DSWPD, and identified a low-
frequency missense variant that was located in PER2 and

associated with DSWPD. We considered that the DSWPD-
associated variant may be associated with other sleep dis-
orders. Non-24-h sleep–wake rhythm disorder (N24SWD)
is also a CRSWD and is characterized by a gradual delay in
the sleep–wake schedule, resulting in cyclic shifting of the
sleep–wake phase. N24SWD may be caused by an extre-
mely prolonged endogenous circadian period, and DSWPD
may predispose individuals to N24SWPD. We also studied
the association of this candidate variant in samples from
idiopathic hypersomnia patients who were reportedly more
frequently evening-type and thus more alert in the evening
than in the morning [20]. A previous study reported aber-
rant dynamics in the circadian oscillation of clock genes in
dermal fibroblasts from idiopathic hypersomnia patients
[21]. We studied samples from narcolepsy type 1 and nar-
colepsy type 2 as patients with hypersomnia without cir-
cadian rhythm abnormality. However, some patients with
narcolepsy type 2 could be close to idiopathic hypersomnia
because its clinical manifestation overlaps with idiopathic
hypersomnia [22]. We performed an association study to
examine whether the DSWPD-associated variant affected
the development of these sleep disorders.

Methods

Subjects

The initial sample set was comprised of 236 patients with
DSWPD and 1436 controls [16]. The subsequent sample set
contained 77 patients with N24SWD, 780 patients with cen-
tral disorders of hypersomnolence (narcolepsy type 1: n=
343, narcolepsy type 2: n= 215, idiopathic hypersomnia: n=
222), and 3539 controls from data provided by the Integrative
Japanese Genome Variation Database (iJGVD) (https://ijgvd.
megabank.tohoku.ac.jp/). All subjects gave written informed
consent and were unrelated Japanese living in Japan. The
patients with these sleep disorders were diagnosed according
to the International Classification of Sleep Disorders third
edition (ICSD-3). This study was approved by the Human
Genome, Gene Analysis Research Ethics Committee of the
University of Tokyo, the National Center of Neurology and
Psychiatry Ethics Committee and the Research Ethics Com-
mittee of Tokyo Metropolitan Institute of Medical Science.
All methods in the present study were performed in accor-
dance with the relevant guidelines and regulations.

Study flow

Supplementary Fig. 1 shows a summary flow of how we
narrowed down candidate variants. Fifty-four genes related to
circadian rhythms were selected using KEGG and previous
studies [6, 7, 15, 16, 23, 24]. We used “circadian rhythm” as
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the term in the KEGG search (http://www.genome.jp/kegg/).
In the circadian rhythm-related genes, 68 nonsense and mis-
sense variants with MAF> 0.25% in the East Asian popula-
tions of the ExAC data were extracted (http://exac.broa
dinstitute.org/). If rarer variants with MAF < 0.25% would
have been included in the association analysis, the statistical
power of our sample size was estimated to have been low
[25, 26]. Then, 35 variants with MAF < 1% in European
(Non-Finnish) samples of the ExAC data were chosen because
previous large-scale European GWASs should have detected
most true positive variants with MAF > 1% and odds ratio
(OR) > 1.5. Variants assessed in previous association studies
of chronotype and CRSWD were also excluded
[6, 7, 15, 16, 23, 24]. We selected six variants that were
predicted to be damaging and deleterious by both PolyPhen-2
and SIFT [27, 28], respectively. CADD scores of these var-
iants were more than 20, confirming that these were estimated
to also be deleterious [29]. We confirmed that all six variants
were registered in other genetic variation databases of the
Japanese population, such as iJGVD and Human Genetic
Variation Database (HGVD) (http://www.hgvd.genome.med.
kyoto-u.ac.jp/) [30, 31]. The six candidate variants were
screened in 55 patients with DSWPD using the TaqMan PCR
assay or direct sequencing. When we found at least two
patients with a specific variant in the screening, we performed
genotyping and an association study in 236 patients with
DSWPD and 1436 controls to test whether the variant was
associated with DSWPD. We excluded variants which only
one out of 55 patients carried. The allele frequency in the
patient group was estimated to be 0.9% (=1/110). We cal-
culated statistical power of 236 patients and 1436 controls in
the allele frequency [32]. As a result, the sample size made it
difficult to achieve statistical power of 80%. Therefore, we set
the criterion that at least two patients were detected to be
mutation carriers in the screening. If we found a significant
association with DSWPD, the variant was also analyzed in
N24SWD, narcolepsy type 1, narcolepsy type 2, and idio-
pathic hypersomnia to test the possibility that the variant may
affect the development of other sleep disorders. Comparisons
of frequencies between two groups were performed using the
Fisher exact test. When any of the four cells were zero, the
Woolf–Haldane correction was used (adding 0.5 to all cells) to
calculate an OR.

Results

We selected 54 genes related to circadian rhythms. In these
genes, six missense variants were chosen as candidates for
DSWPD-associated variants through the filtering process
(see Materials and Methods, Supplementary Fig. 1). These
were rare or low-frequency variants (Table 1). The six
missense variants were screened in 55 patients with Ta
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DSWPD (Table 1). Four patients with DSWPD had a
missense variant (g. 239157708C > T; p.Val1205Met;
rs76355956) located in PER2. The minor allele frequency
(MAF) of p.Val1205Met was 1.3% in the East Asian
populations of the ExAC data. The amino acid substitution
was predicted to be damaging (Polyphen-2 probably
damaging, SIFT deleterious, CADD scaled 25.4). We
looked for an association between p.Val1205Met and
DSWPD in a larger sample size (236 patients and 1436
controls) (Table 2). We found that p.Val1205Met was sig-
nificantly associated with DSWPD (P= 0.026, OR= 2.32,
MAF: 2.5% versus 1.1%). In addition, we tested whether p.
Val1205Met was associated with N24SWD, idiopathic
hypersomnia, narcolepsy type 2, and narcolepsy type 1
(Table 3). The MAF of the variant was 1.1% in the controls,
whereas no patients with N24SWD had the minor allele
(P= 0.42, OR= 0.29). The missense variant was sig-
nificantly associated with idiopathic hypersomnia (P=
0.038, OR= 2.07, MAF: 2.3%). In narcolepsy type 2, the
frequency of the risk allele was higher than that in controls,
although the difference did not reach the significance level
of 0.05 (P= 0.16, OR= 1.70, MAF: 1.9%). No association
was observed between narcolepsy type 1 and the missense
variant (P= 0.44, OR= 0.66, MAF: 0.7%), and the OR

was in the opposite direction from that seen in DSWPD. An
association study was also conducted in patients with
DSWPD and control data from the iJGVD. A significant
association between them was also detected (P= 0.013,
OR= 2.34) (Supplementary Table 1).

Discussion

In the present study, we report that the low-frequency
missense variant (p.Val1205Met) in PER2 is associated
with DSWPD. The position (Val1205) is located within the
CRY-binding domain of PER2 [33]. The crystal structure of
the mouse CRY1-PER2 or CRY2-PER2 complex revealed
that Lys485 of mouse CRY1 (mCRY1) or Lys503 of mouse
CRY2 (mCRY2) forms a backbone hydrogen bond with
Val1207 of mouse PER2 (mPER2), which corresponds to
Val1205 of human PER2 [34]. In addition, mutations
(K485D/E) in mCRY1 and a mutation (K503R) in mCRY2
reduce mCRY-mPER2 interactions [35, 36]. These studies
also suggest that Lys485 of mCRY1 and Lys503 of
mCRY2 are critical residues for binding with mPER2.
Mutation analysis for Val1207 of mPER2 has not yet been
performed. Therefore, a further study is needed to assess the
effect of the PER2 substitution.

The PER2 variant p.Val1205Met was significantly
associated with idiopathic hypersomnia, and the minor
allele increased the disease risk (Table 3). A similar ten-
dency was observed in the narcolepsy type 2 group,
although the significance value did not exceed the sig-
nificance threshold. The MAF in the narcolepsy type 1
group was less than that of the controls. Narcolepsy type 1
is caused by a loss of the neuropeptide, orexin (hypocretin),
which is produced by neurons in the lateral hypothalamus.
GWASs of narcolepsy type 1 have not found significant
associations with genes that influence circadian rhythms
[37–39]. Taken together, abnormalities in circadian rhythms
would not affect the development of narcolepsy type 1. The

Table 2 Association between rs76355956 (p.Val1205Met) in PER2
and DSWPD

Allele cou-
nt

Allele
frequency

OR (95% CI) P

T C T C

DSWPD 12 460 2.5% 97.5% 2.32 (1.18–4.53) 0.026

Control 32 2840 1.1% 98.9%

Residue change, V [Val]→M [Met]; Allele change, C→T

A total of 236 patients with DSWPD and 1436 controls were
genotyped using the TaqMan PCR assay

DSWPD Delayed sleep–wake phase disorder, OR odds ratio, CI
confidence interval

Table 3 Association between
rs76355956 (p.Val1205Met) in
PER2 and other sleep disorders

Allele count Allele frequency OR (95% CI) P

T C T C

N24SWD 0 154 0.0% 100.0% 0.29 (0.02–4.68) 0.42

Idiopathic hypersomnia 10 434 2.3% 97.7% 2.07 (1.06–4.02) 0.038

Narcolepsy type 2 8 422 1.9% 98.1% 1.70 (0.82–3.55) 0.16

Narcolepsy type 1 5 681 0.7% 99.3% 0.66 (0.27–1.63) 0.44

Control 78 7000 1.1% 98.9%

Residue change, V [Val]→M [Met]; Allele change, C→T

A total of 77 patients with N24SWD, 343 patients with narcolepsy type 1, 215 patients with narcolepsy type
2, 222 patients with idiopathic hypersomnia were genotyped using the TaqMan PCR assay. Control data (n
= 3539), which were different from controls in Table 2, were provided by the Integrative Japanese Genome
Variation Database (iJGVD)

N24SWD Non-24-h sleep–wake rhythm disorder, OR odds ratio, CI confidence interval
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cause and pathogenesis of idiopathic hypersomnia and
narcolepsy type 2 remain largely unknown. Most patients
with idiopathic hypersomnia and narcolepsy type 2 have
normal orexin levels in the cerebrospinal fluid. A meta-
analysis of idiopathic hypersomnia and narcolepsy type 2
groups showed P= 0.021 and an OR of 1.89 (95% con-
fidence interval= 1.12–3.17). In addition, a previous study
reported a significant association between central disorders
of hypersomnolence and a polymorphism located in an
intron of CRY1 [40]. These results suggested that a dis-
rupted circadian clock system may be involved in the
pathogenesis of the two diseases. In contrast, p.Val1205Met
was not associated with N24SWD. The pathogenesis of
DSWPD may be different from that of N24SWD. Another
possibility is that the sample size of our study may not be
large enough to detect the true result, because only 77
patients with N24SWD were analyzed in the current study.
Therefore, a further analysis with a larger sample size is
required to clarify this point.

The GWAS performed using samples from the UK
Biobank reported a significant association between chron-
otype and a missense variant located in PER2 (g.
239161957C > T; p.Val903Ile; rs35333999) [7]. This mis-
sense variant was also associated with circadian period [41].
The minor allele of the variant tends to be associated with
the eveningness chronotype and longer intrinsic circadian
period. The frequency of the minor allele is 4.4% in Eur-
opean populations, whereas it is non-polymorphic in East
Asian populations. Thus, controlling for the effect of p.
Val903Ile is unnecessary in our analysis. Regarding p.
Val1205Met that was identified in the present study, the
frequency of the minor allele was 1.3% in East Asian
populations, 1.1% in our healthy Japanese controls, and less
than 0.1% in European populations. The result suggests that
p.Val1205Met does not contribute to a large fraction of the
cases in European populations.

A missense variant, p.Gly656Val in FBXL13, was
detected in the first screening (Table 1). Only one patient
with DSWPD was a mutation carrier, and thus the variant in
FBXL13 was excluded from a further association analysis
according to the work flow of the present study. However,
there is a possibility that the variant is associated with
DSWPD. A further study using larger sample size will be
needed to test an association between the variant
and DSWPD.

In an association study of DSWPD, we successfully
identified p.Val1205Met in the CRY-binding domain of
PER2 that plays an essential role in circadian rhythms,
without performing sequencing. The identified variant was a
low-frequency variant with an OR of more than 2. Rare and
low-frequency variants are expected to have larger effects
on the phenotype [42–44]. Whole-exome or whole-genome
sequencing in large sample sizes is generally necessary to

detect rare and low-frequency variants involved in common
diseases. We acknowledge that whole-genome-/exome-
sequencing is a reliable way to identify rare and unknown
variants. Genome-wide analyses also provide novel oppor-
tunities to identify susceptibility loci without any prior
information. As a limitation of the present study, the strat-
egy does not allow to identify variants located in genes
which have not been reported to be related to circadian
rhythms. However, candidate variants can be significantly
narrowed down by the method of the present study,
allowing to reduce the problem of multiple testing. Statis-
tical power to identify rare or low-frequency variants
associated with diseases tends to be low compared with
common variants. Therefore, we consider that appropriately
narrowing down candidate variants is an important
approach, when large-scale association studies cannot be
performed. In addition, now that an enormous quantity of
sequencing data has been accumulated, taking advantage of
public databases is sometimes more efficient than per-
forming sequencing to select candidate variants. Here we
used the ExAC database and stringent criteria to narrow
down candidate variants and proposed a new strategy that
effectively reduces the cost and time of DNA sequencing.
Although nonsense and missense variants were analyzed in
this study, structural variations, indels and splice site
mutations have functional effects and often play an
important role in the etiology of diseases. In future studies,
such genetic variations will be required to be included in the
first screening. At the present time, the Genome Aggrega-
tion Database (gnomAD) which has larger sample size
compared with the ExAC and includes data from whole-
genome sequences is released to the public, although we
could not have the gnomAD data when this study was
started to select candidate variants. It is thought that ana-
lysis with higher detection power becomes possible when
the same criteria as this study were carried out for the
gnomAD data. We hope that our new strategy using public
data will be utilized and lead to advancements in future
studies of common diseases.

Acknowledgements The authors are deeply grateful to all participants
in this study. This study was supported by the Practical Research
Project for Rare/Intractable Diseases from the Japan Agency for
Medical Research and Development (AMED), Grants-in-Aid for Sci-
entific Research (B) (15H04709) from the Ministry of Education,
Culture, Sports, Science and Technology of Japan, and Grants-in-Aid
from the Takeda Science Foundation.

Compliance with ethical standards

Conflict of interest The laboratory of Dr HK is supported by a
donation from Fukuda Lifetech Co., Ltd., Fukuda Life Tech Keiji Co.,
Ltd., Tanaka Sleep Clinic, Akita Sleep Clinic, and Ai Ai Care Co., Ltd.
to the Shiga University of Medical Science. Dr IY has received grants
and payment for lectures including service on speakers’ bureaus, and

A missense variant in PER2 is associated with delayed sleep–wake phase disorder in a. . . 1223



has provided expert testimony for MSD K.K., Takeda Pharmaceutical
Co. Ltd., and Eisai Co. Ltd. The other authors have no competing
interests to declare.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

References

1. Young MW, Kay SA. Time zones: a comparative genetics of
circadian clocks. Nat Rev Genet. 2001;2(9):702–15.

2. Lowrey PL, Takahashi JS. Genetics of circadian rhythms in
Mammalian model organisms. Adv Genet. 2011;74:175–230.

3. Gottlieb DJ, O’Connor GT, Wilk JB. Genome-wide association of
sleep and circadian phenotypes. BMC Med Genet. 2007;8(Suppl
1):S9.

4. Heath AC, Kendler KS, Eaves LJ, Martin NG. Evidence for
genetic influences on sleep disturbance and sleep pattern in twins.
Sleep. 1990;13(4):318–35.

5. Klei L, Reitz P, Miller M, Wood J, Maendel S, Gross D, et al.
Heritability of morningness-eveningness and self-report sleep
measures in a family-based sample of 521 hutterites. Chronobiol
Int. 2005;22(6):1041–54.

6. Hu Y, Shmygelska A, Tran D, Eriksson N, Tung JY, Hinds DA.
GWAS of 89,283 individuals identifies genetic variants associated
with self-reporting of being a morning person. Nat Commun.
2016;7:10448.

7. Lane JM, Vlasac I, Anderson SG, Kyle SD, Dixon WG, Bechtold
DA, et al. Genome-wide association analysis identifies novel loci
for chronotype in 100,420 individuals from the UK Biobank. Nat
Commun. 2016;7:10889.

8. Jones SE, Lane JM, Wood AR, van Hees VT, Tyrrell J, Beaumont
RN, et al. Genome-wide association analyses of chronotype in
697,828 individuals provides insights into circadian rhythms. Nat
Commun. 2019;10(1):343.

9. Jones SE, Tyrrell J, Wood AR, Beaumont RN, Ruth KS, Tuke
MA, et al. Genome-wide association analyses in 128,266 indivi-
duals identifies new morningness and sleep duration loci. PLoS
Genet. 2016;12(8):e1006125.

10. Toh KL, Jones CR, He Y, Eide EJ, Hinz WA, Virshup DM, et al.
An hPer2 phosphorylation site mutation in familial advanced sleep
phase syndrome. Science. 2001;291(5506):1040–3.

11. Xu Y, Padiath QS, Shapiro RE, Jones CR, Wu SC, Saigoh N,
et al. Functional consequences of a CKIdelta mutation causing
familial advanced sleep phase syndrome. Nature. 2005;434
(7033):640–4.

12. Wichniak A, Jankowski KS, Skalski M, Skwarlo-Sonta K,
Zawilska JB, Zarowski M, et al. Treatment guidelines for Circa-
dian Rhythm Sleep–Wake Disorders of the Polish Sleep Research
Society and the Section of Biological Psychiatry of the Polish
Psychiatric Association. Part II. Diagnosis and treatment. Psy-
chiatr Pol. 2017;51(5):815–32.

13. Archer SN, Carpen JD, Gibson M, Lim GH, Johnston JD, Skene
DJ, et al. Polymorphism in the PER3 promoter associates with
diurnal preference and delayed sleep phase disorder. Sleep.
2010;33(5):695–701.

14. Archer SN, Robilliard DL, Skene DJ, Smits M, Williams A,
Arendt J, et al. A length polymorphism in the circadian clock gene
Per3 is linked to delayed sleep phase syndrome and extreme
diurnal preference. Sleep. 2003;26(4):413–5.

15. Ebisawa T, Uchiyama M, Kajimura N, Mishima K, Kamei Y,
Katoh M, et al. Association of structural polymorphisms in the
human period3 gene with delayed sleep phase syndrome. EMBO
Rep. 2001;2(4):342–6.

16. Hida A, Kitamura S, Katayose Y, Kato M, Ono H, Kadotani H,
et al. Screening of clock gene polymorphisms demonstrates
association of a PER3 polymorphism with morningness-
eveningness preference and circadian rhythm sleep disorder. Sci
Rep. 2014;4:6309.

17. Patke A, Murphy PJ, Onat OE, Krieger AC, Ozcelik T, Campbell
SS, et al. Mutation of the human circadian clock gene CRY1 in
familial delayed sleep phase disorder. Cell. 2017;169(2):203–15.
e13

18. Lek M, Karczewski KJ, Minikel EV, Samocha KE, Banks E,
Fennell T, et al. Analysis of protein-coding genetic variation in
60,706 humans. Nature. 2016;536(7616):285–91.

19. Bahcall OG. Genetic variation: ExAC boosts clinical variant
interpretation in rare diseases. Nat Rev Genet. 2016;17(10):584.

20. Vernet C, Leu-Semenescu S, Buzare MA, Arnulf I. Subjective
symptoms in idiopathic hypersomnia: beyond excessive sleepi-
ness. J Sleep Res. 2010;19(4):525–34.

21. Lippert J, Halfter H, Heidbreder A, Rohr D, Gess B, Boentert M,
et al. Altered dynamics in the circadian oscillation of clock genes
in dermal fibroblasts of patients suffering from idiopathic hyper-
somnia. PLoS One. 2014;9(1):e85255.

22. Baumann CR, Mignot E, Lammers GJ, Overeem S, Arnulf I, Rye
D, et al. Challenges in diagnosing narcolepsy without cataplexy: a
consensus statement. Sleep. 2014;37(6):1035–42.

23. Ebisawa T, Kajimura N, Uchiyama M, Katoh M, Sekimoto M,
Watanabe T, et al. Alleic variants of human melatonin 1a receptor:
function and prevalence in subjects with circadian rhythm sleep
disorders. Biochem Biophys Res Commun. 1999;262(3):832–7.

24. Takano A, Uchiyama M, Kajimura N, Mishima K, Inoue Y,
Kamei Y, et al. A missense variation in human casein kinase I
epsilon gene that induces functional alteration and shows an
inverse association with circadian rhythm sleep disorders. Neu-
ropsychopharmacology. 2004;29(10):1901–9.

25. Ohashi J, Tokunaga K. The power of genome-wide association
studies of complex disease genes: statistical limitations of indirect
approaches using SNP markers. J Hum Genet. 2001;46
(8):478–82.

26. Ohashi J, Yamamoto S, Tsuchiya N, Hatta Y, Komata T, Mat-
sushita M, et al. Comparison of statistical power between 2*2
allele frequency and allele positivity tables in case-control studies
of complex disease genes. Ann Hum Genet. 2001;65(Pt
2):197–206.

27. Kumar P, Henikoff S, Ng PC. Predicting the effects of coding
non-synonymous variants on protein function using the SIFT
algorithm. Nat Protoc. 2009;4(7):1073–81.

28. Ramensky V, Bork P, Sunyaev S. Human non-synonymous SNPs:
server and survey. Nucleic Acids Res. 2002;30(17):3894–900.

29. Kircher M, Witten DM, Jain P, O’Roak BJ, Cooper GM, Shen-
dure J. A general framework for estimating the relative patho-
genicity of human genetic variants. Nat Genet. 2014;46(3):310–5.

30. Higasa K, Miyake N, Yoshimura J, Okamura K, Niihori T, Saitsu
H, et al. Human genetic variation database, a reference database of
genetic variations in the Japanese population. J Hum Genet.
2016;61(6):547–53.

31. Yamaguchi-Kabata Y, Nariai N, Kawai Y, Sato Y, Kojima K,
Tateno M, et al. iJGVD: an integrative Japanese genome variation
database based on whole-genome sequencing. Hum Genome Var.
2015;2:15050.

32. Ohashi J, Tokunaga K. The expected power of genome-wide
linkage disequilibrium testing using single nucleotide poly-
morphism markers for detecting a low-frequency disease variant.
Ann Hum Genet. 2002;66(Pt 4):297–306.

33. Nangle SN, Rosensweig C, Koike N, Tei H, Takahashi JS, Green
CB, et al. Molecular assembly of the period-cryptochrome circa-
dian transcriptional repressor complex. Elife. 2014;3:e03674.

1224 T. Miyagawa et al.



34. Schmalen I, Reischl S, Wallach T, Klemz R, Grudziecki A, Prabu
JR, et al. Interaction of circadian clock proteins CRY1 and PER2
is modulated by zinc binding and disulfide bond formation. Cell.
2014;157(5):1203–15.

35. Ozber N, Baris I, Tatlici G, Gur I, Kilinc S, Unal EB, et al.
Identification of two amino acids in the C-terminal domain of
mouse CRY2 essential for PER2 interaction. BMC Mol Biol.
2010;11:69.

36. Czarna A, Berndt A, Singh HR, Grudziecki A, Ladurner AG,
Timinszky G, et al. Structures of Drosophila cryptochrome and
mouse cryptochrome1 provide insight into circadian function.
Cell. 2013;153(6):1394–405.

37. Hallmayer J, Faraco J, Lin L, Hesselson S, Winkelmann J,
Kawashima M, et al. Narcolepsy is strongly associated with the T-
cell receptor alpha locus. Nat Genet. 2009;41(6):708–11.

38. Han F, Faraco J, Dong XS, Ollila HM, Lin L, Li J, et al. Genome
wide analysis of narcolepsy in China implicates novel immune
loci and reveals changes in association prior to versus after the
2009 H1N1 influenza pandemic. PLoS Genet. 2013;9(10):
e1003880.

39. Miyagawa T, Kawashima M, Nishida N, Ohashi J, Kimura R,
Fujimoto A, et al. Variant between CPT1B and CHKB associated
with susceptibility to narcolepsy. Nat Genet. 2008;40(11):1324–8.

40. Schirmacher A, Hor H, Heidbreder A, Happe S, Kelsch R, Kuh-
lenbäumer G, et al. Sequence variants in circadian rhythmic genes
in a cohort of patients suffering from hypersomnia of central
origin. Biol Rhythm Res. 2011;42(5):407–16.

41. Chang AM, Duffy JF, Buxton OM, Lane JM, Aeschbach D,
Anderson C, et al. Chronotype Genetic variant in PER2 is associated
with intrinsic circadian period in humans. Sci Rep. 2019;9(1):5350.

42. Bomba L, Walter K, Soranzo N. The impact of rare and low-
frequency genetic variants in common disease. Genome Biol.
2017;18(1):77.

43. Iotchkova V, Huang J, Morris JA, Jain D, Barbieri C, Walter K,
et al. Discovery and refinement of genetic loci associated with
cardiometabolic risk using dense imputation maps. Nat Genet.
2016;48(11):1303–12.

44. Manolio TA, Collins FS, Cox NJ, Goldstein DB, Hindorff LA,
Hunter DJ, et al. Finding the missing heritability of complex
diseases. Nature. 2009;461(7265):747–53.

A missense variant in PER2 is associated with delayed sleep–wake phase disorder in a. . . 1225


	A missense variant in PER2 is associated with delayed sleep–nobreakwake phase disorder in a Japanese population
	Abstract
	Introduction
	Methods
	Subjects
	Study flow

	Results
	Discussion
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




