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A genome-wide association study based
on the China Kadoorie Biobank identifies
genetic associations between snoring and
cardiometabolic traits
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Despite the high prevalence of snoring in Asia, little is known about the genetic etiology of snoring and
its causal relationships with cardiometabolic traits. Based on 100,626Chinese individuals, a genome-
wide association study on snoring was conducted. Four novel loci were identified for snoring traits
mapped on SLC25A21, the intergenic region of WDR11 and FGFR, NAA25, ALDH2, and VTI1A,
respectively. The novel loci highlighted the roles of structural abnormality of the upper airway and
craniofacial region anddysfunction ofmetabolic and transport systems in the development of snoring.
In the two-sample bi-directional Mendelian randomization analysis, higher body mass index, weight,
and elevated blood pressure were causal for snoring, and a reverse causal effect was observed
between snoring and diastolic blood pressure. Altogether, our results revealed the possible etiology of
snoring in China and indicated that managing cardiometabolic health was essential to snoring
prevention, and hypertension should be considered among snorers.

Snoring is the repetitive episodes of complete or partial upper airway
obstruction during sleep, which creates noise when breathing1. Habitual
snoring is more severe, caused mainly by organic disorders2. Cohabitants
could easily detect snoring due to the bothering noise. In China, habitual
snoring was higher in males (13.6–31.4%) than in females (4.3–16.7%)3.
Habitual snoring was probably related to cardiometabolic diseases, such as
type 2 diabetes4, making it a public health problem. Besides, snoring is a
common symptom of obstructive sleep apnea. Considering the difficulties
and costs of obstructive sleep apnea treatments, it’s important to screen and
prevent snoring2.

Twins and family studies reported the heritability of snoring
varying from 18–28%5,6. A genome-wide association study (GWAS)
of the UK Biobank (UKB) has identified 41 genome-wide significant

loci7. In contrast, the genetic basis of snoring for Asian people is still
unknown.

Cardiometabolic factors might also be related to the snoring problem.
PreviousMendelian randomization (MR) analysis conducted in Europeans
reported bi-directional relationships between higher body mass index
(BMI), diastolic blood pressure (DBP), and snoring. However, this hasn’t
been confirmed in Asians. Furthermore, no MR study has investigated the
causal associations with other cardiometabolic traits, such as smoking and
lipid metabolites.

The present study conducted a large-scaleGWASanalysis basedon the
China Kadoorie Biobank (CKB) with two aims (1) to identify genome-wide
significant loci of snoring among Asians; (2) to explore the genetic corre-
lations and associations between snoring and cardiometabolic traits.
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We determined four novel loci of snoring and habitual snoring, which were
mapped on SLC25A21, the intergenic region ofWDR11 and FGFR,NAA25,
ALDH2, andVTI1A, respectively. The novel genes indicated that structural
abnormality of the upper airway and craniofacial region, and dysfunction of
the transportation system played important roles in the development of
snoring. Post-GWAS analysis showed that snoring genes overlapped with
obesity gene sets. Through the MR analysis, we found that general obesity
and blood pressure were associated with a higher risk of snoring, and
snoring was reversely associated with a higher level of DBP. The causal
associations demonstrated that maintaining cardiometabolic health was
essential for the prevention and treatment of snoring, and snoring could be
an indicator of preventing hypertension among East Asians.

Results
GWAS for snoring, habitual snoring
Among CKB participants (n = 100,626), 46.9% were snorers, including
22,985 (22.8%) habitual snorers. Snoring frequency differed in the ten study
areas (Supplementary Data 1). 55.0% of males and 40.9% of females were
snorers. The habitual snorers were more likely to be elders, males, with
geographical origins in southern China, not the genetic outliers within each
geographical origin, with higher BMI, WC, and blood pressure, and more
likely to be weekly drinkers and current smokers (all P < 0.05) (Supple-
mentary Data 2). A strong correlation was found between snoring and sex
(OR [95%CI] for snoring=1.784 [1.738-1.830]). Also, a correlation was
foundbetween snoring andBMI (OR= 1.162 [1.157–1.167] [per 1 kgm−2]).

Four loci for snoring were identified in the primary GWAS, including
one significant locus (P < 5×10−9), and theother three lociwere suggestively
significant (P < 5 × 10−8). Besides, two loci for snoring were identified in
each of the BMI-adjusted, male-specific, and meta-analysis of study-area
level GWAS analyses. The primary GWAS of habitual snoring identified
three loci, all of which were significant. Both BMI-adjusted and meta-
analysis of study-area levelGWASs identified three loci for habitual snoring.

Comparing with the GWAS catalog results, we determined four novel
loci for the snoring traits (including two significant loci). The novel locus
mapped on SLC25A21was identified in the primaryGWASof both snoring
traits. Additionally, a novel locus mapped on the intergenic region of
WDR11 and FGFR was identified in the BMI-adjusted GWAS analysis of
both snoring traits. The snoring GWAS among the males identified two
novel loci mapped on NAA25, ALDH2, and VTI1A genes.

Other loci were reported to be associated with snoring in the previous
GWAS of UKB. Single nucleotide polymorphisms (SNPs) on the FTO,
BDNF-AS and BDNF genes provided themost significant effect for primary
GWASs of snoring (P = 1.60×10−9) and habitual snoring (P = 1.20 × 10−9),
respectively. Besides, loci identified for snoring (or habitual snoring) were
also associated with habitual snoring (or snoring) (P < 1 × 10−5) (Table 1,
Fig. 1, Supplementary Data 3, 4, Supplementary Fig. 1). Linkage dis-
equilibrium score (LDSC, version 1.0.1) estimates of SNP-based heritability
were 10.5% (standard error = 0.89%) for snoring and 16.9% (standard
error = 1.24%) for habitual snoring.

Post-GWAS analysis
For snoring, rs2277339 identified in the primary GWAS was in the exonic
region of the PRIM1 gene, and rs671 in linkage disequilibrium (LD) with
rs116873087 (identified in the male-specific GWAS) was in the exonic
region of the ALDH2 gene. For habitual snoring, rs6265 in LD with
rs140138951 (identified in the primary GWAS) was in the exonic region of
the BDNF gene (Supplementary Data 5).

Through expression quantitative trait loci (eQTL) mapping, five and
three protein-coding genes for snoring and habitual snoring were addi-
tionally identified. FTO, SLC25A21,RP11-964E11.2, and PAX9were shared
between the two snoring traits in the primaryGWAS. The latter three genes
were newly identified in CKB. Moreover, they were also mapped as novel
genes forBMI-adjusted snoring traits. Significant SNPswere associatedwith
the expression of genes in several tissues, including skeletal muscle, cells,
skin, and brain. Heatmaps showed that snoring and habitual snoring genes

were primarily expressed in the brain, skin, and metabolic tissues. FTO,
SLC25A21, and PRIM1 were identified by both positional and eQTL
mapping (Supplementary Fig. 2, Supplementary Data 6-8).

Furthermore, hypergeometric tests were used for the gene-set
enrichment analysis. Habitual snoring genes were overrepresented in the
obesity gene sets. BDNF, BDNF-AS, and FTO were overrepresented in the
BMI gene set (PFDR = 3.80 × 10−6, FDR meant false discovery rate) and
obesity gene set (PFDR = 2.69 × 10−5).FTO and IRX3, the prioritized genes of
habitual snoring, were overrepresented in the FTO-obesity-variant-
mechanism gene set (PFDR= 0.0005). Besides, prioritized snoring genes
were overrepresented in the trunk fat mass gene set (PFDR= 0.039), and
habitual snoring genes were overrepresented in the coronary artery disease
gene set (PFDR = 0.005) (Fig. 2, Supplementary Data 9).

Bidirectional replication
A total of 11 genomic risk loci identified in the primary and sensitivity
analyses were included in the replication analysis. All significant loci iden-
tified in the primary analysis passed replication in UKB (all P-values in
UKB < 5 × 10−5). One and two SNPs identified in GWAS of BMI-adjusted-
snoring and habitual snoring, all the SNPs identified inGWAS for ten study
areas, passed the replication with UKB GWAS summary statistics (all P-
values inUKB < 5×10−5). The trans-ancestryminor allele frequency (MAF)
comparison showed that most snoring loci had higher MAF in the East
Asian population of CKB than in the European population of UKB
(P = 0.0336) (Supplementary Data 10, Supplementary Fig. 3a). Especially,
the nonreplicated loci were likely due to a relatively low allele frequency
(<0.03) among the European population of UKB (Supplementary
Data 11, Fig. 3a).

In the replication for UKB loci, 35 SNPs passed the quality control
(QC) in CKB GWAS and were included in the present analysis. Among
them, 14 SNPs (40%) passed the replication in CKB (all P-values in
CKB < 0.05), five SNPs had the reverse direction, and others had
P-value > 0.05 in CKB (Supplementary Data 12, Fig. 3b). The MAF differ-
ence between the East Asian population of CKB and the European popu-
lation ofUKBwasmore pronounced among the SNPs identified in theUKB
population (P = 0.0009) (Supplementary Data 10, Supplementary Fig. 3b).

PRS for snoring
The median interval between the baseline and the second resurvey was 8.0
years (interquartile range: 7.4–8.6). Among the independent target sample
of snoring (n = 17,951), 46.9% snored at baseline, 49.5% snored at the sec-
ond resurvey, the correspondingprevalencesof habitual snoringwere 28.3%
and 30.6% among the target sample of habitual snoring (n = 11,494).

SNPs from CKB summary statistics (P for threshold <0.390) were
included in the best polygenic risk scores (PRSs) for snoring at baseline
(R2

PRS = 0.0066,PPRS = 2.01×10−20). Participants in the highest snoringPRS
decile had a 1.67 (95%CI:1.45–1.91) folds probability of snoring at baseline
compared with those in the lowest decile. The best PRS of resurvey snoring
was from UKB (R2

PRS = 0.0081, PPRS = 6.25 × 10−25), and the PRSs for
habitual snoring at baseline (R2

PRS = 0.0158, PPRS = 9.38 × 10−28) and res-
urveywere fromCKB (R2

PRS = 0.0128, PPRS = 1.46 × 10−23) (Supplementary
Fig. 4, Supplementary Data 13, 14).

Genetic correlations
Genetic correlation analyses indicated shared links between snoring traits
and five cardiometabolic traits among Asians. Positive genetic correlations
between snoring with BMI (rg = 0.39, PFDR = 1.63 × 10−21), body weight
(rg = 0.27, PFDR = 1.15 × 10−10), systolic blood pressure (SBP) (rg = 0.16,
PFDR = 0.0081), and ever smoked (rg = 0.14, PFDR= 0.025) were observed.
Similar results were observed for habitual snoring, except for a significant
correlation with DBP (rg = 0.14, PFDR = 0.049) (Fig. 4, Supplementary
Data 15). Among the Europeans, snoring was positively correlated with
adiposity-related traits, ever smoked, levels of glucose, glycated hemoglobin,
triglycerides, blood pressure, and was negatively correlated with height,
high-density lipoprotein cholesterol (Supplementary Data 16).
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Mendelian randomization
SNPs previously reported to be associated with the outcomes (P < 1 × 10−5)
were excluded (Supplementary Data 17). The F statistic of each SNP was
larger than ten, suggesting a low possibility of weak instrumental variable
(IV) bias (Supplementary Data 18). The intercept of MR Egger regression
indicated no significant horizontal pleiotropy (P > 0.05). Several inverse
variance weighted (IVW) Cochrane’s Q tests showed the existence of het-
erogeneity (P < 0.05). Thus, the random-effect model in IVW was applied.
All analysespassed theMR-Steiger test (P < 0.001) (SupplementaryData19).

Bi-directional MR for causal associations between snoring traits and
the genetically correlated traits suggested that higher BMI, body weight,
SBP, and DBP were causal for the increasing risks of snoring traits, the
corresponding ORs (95%CIs) with IVW were 1.412 (1.277, 1.562), 1.411
(1.279, 1.557), 1.259 (1.091, 1.452), 1.347 (1.145, 1.584) (per standard
deviation [SD] increased in exposures). The results were stable across sen-
sitivity analyses. On the reverse, higher risks of snoring traits were only
associated with DBP (snoring: β[95%CI] = 0.021 [0.002, 0.041],
P = 0.033; habitual snoring: β[95%CI] = 0.012 [0.000, 0.025], P = 0.046, per
0.5-fold increase in the probability of the exposure), while the causal effect
attenuated to null with aP-value < 1 × 10−5 as the threshold for IV selection.
No other causal links were identified in the present MR analysis (Fig. 5,
Supplementary Data 20).

Discussion
To our knowledge, our study was the first GWAS of snoring in the Asian
population. Four novel loci were identified, most replicated in the UKB.
Snoring genes overlapped with obesity gene sets. Genetic correlations were
found between snoring and general obesity, blood pressure, and smoking.
Higher BMI, weight, SBP, and DBP levels were causal for snoring, and a
reverse effect was observed between snoring and DBP.

We highlighted the novel genes SLC25A21 and PAX9 on 14q13.3, also
identified in the GWAS after adjusting for the BMI, supporting the notion
that the genetic architecture of snoring was partly not explained by obesity.

SLC25A21 encoded the mitochondrial oxo-dicarboxylate carrier, which
transported the precursor for acetyl-CoA. The mutation of SLC25A21 was
associated with the spinal muscular atrophy-like disease8, which probably
contributed to the decreasing forced vital capacity and dysfunction of the
genioglossus muscle, related to the development of snoring. PAX9 was a
member of the paired box family of transcription factors, responsible for
oligodontia9 and nonsyndromic cleft lip10 among the Asians in the previous
studies. Our results indicated that the structural abnormality of the upper
airway and craniofacial regionwas related to snoring amongChinese adults.
This was in line with a previous finding that Chinese exhibited more cra-
niofacial bony restriction for the etiology of snoring compared with
Caucasians11.

Novel loci rs10886864 mapped on the intergenic region between
WRD11 and FGFR was related to BMI12 and lipid level13 in the Asians, and
related to type 2 diabetes in a trans-ancestry Meta-analysis13. The novel
genesNAA25 andALDH2were related to aspartate aminotransferase13 and
aldehyde dehydrogenase 2 levels in Asians14. Besides, the novel geneVTI1A
contributed to the vesicle-mediated transport and golgi-to-endoplasmic
reticulum retrograde transport15. The results above were consistent with the
fact that obesity and diabetes mellitus were related to sleep disorder
breathing2, which indicated that the dysfunction of the transportation sys-
tem might contribute to the development of snoring. However, more evi-
dence is necessary to investigate this inference.

The present study also replicated several loci identified in the UKB
GWAS.FTOwas located on theFTO-obesity-variantmechanism.Thewild-
type FTO gene contributed to repressing the transcription of IRX3, leading
to mitochondrial thermogenesis and a browning adipocyte program16. The
deposited fat surrounding the upper airway led to pharyngeal collapse17.
MSRB3was related to themetabolism pathways, hippocampal volume, and
cognitive dysfunction7, BDNF contributed to the development of the neural
system, indicating a possible role of neurological abnormalities in snoring18.

Among East Asians, general obesity was genetically correlated with
snoring, while central obesity was not. The result was inconsistent with that

Table 1 | Novel loci associated with snoring and habitual snoring in CKB

SNP Chromosome Position A1 A1FREQ Info P β SE Positional mapped genes (eQTL
mapped genes)

Snoring

rs712398a 14 37385687 C 0.594 1.000 1.40E-08 0.050 0.009 SLC25A21 (PAX9, SLC25A21, RP11-
964E11.2)

BMI-adjusted-snoring

rs10886864 10 122929537 C 0.395 0.982 2.00E-10 -0.056 0.009 WDR11:FGFR2

rs712398 14 37385687 C 0.594 1.000 2.40E-10 0.055 0.009 SLC25A21 (PAX9, SLC25A21, RP11-
964E11.2)

Snoring in male

rs116873087a 12 112511913 G 0.793 0.966 1.10E-08 0.098 0.017 NAA25, ALDH2

rs12265047a 10 114487925 G 0.283 0.987 4.40E-08 -0.083 0.015 VTI1A

Habitual snoring

rs11418337 14 37382318 C 0.595 0.980 1.50E-09 0.067 0.011 SLC25A21 (PAX9, SLC25A21, RP11-
964E11.2)

BMI-adjusted-habitual snoring

rs8023248 14 37402131 C 0.569 0.979 6.90E-12 0.072 0.011 SLC25A21 (PAX9, SLC25A21, RP11-
964E11.2)

rs10788141 10 122924854 G 0.397 0.985 1.60E-09 -0.064 0.011 WDR11:FGFR2

10 study areas: Habitual snoring

rs11418337a 14 37382318 C 0.405 0.981 2.08E-08 0.068 0.012 SLC25A21 (PAX9, SLC25A21, RP11-
964E11.2)

A1: effect allele, A1FREQ: effect allele frequency in CKB, Info: imputation quality score, β: effect of effect allele on the trait, SE: standard error of the effect, eQTL: expression quantitative trait loci. Novel loci
were defined as the genomic risk loci that weremore than 500 kb away from the loci identified in previousGWAS for snoring and by low linkage disequilibrium r2 < 0.1 between the genomic risk loci and the
previous loci. rs10886864 and rs10788141 were mapped in the intergenic region ofWDR11 and FGFR2.
aThe novel loci were significant [P < 5×10-9], other loci were suggestively significant [P < 5 × 10-8].

https://doi.org/10.1038/s42003-024-05978-0 Article

Communications Biology |           (2024) 7:305 3



previously reported inUKB7. However, they ignored thatWC andwaist-to-
hip ratio (WHR) were affected by BMI19. Thus,WC andWHR adjusted for
BMI were applied as the proxies of central obesity in our study. The present
analysis conducted among the Europeans showed a positive genetic corre-
lation between snoring, BMI, and WHRadjBMI, not WCadjBMI, which
indicated the shared genetic bases of central adiposity with snoring between
the two ancestries were probably different. Blood pressure levels and
smoking behavior shared the genetic structurewith snoring, both in theEast
Asian and European populations. While only the European population
showed genetic correlations between the levels of glucose and lipid meta-
bolites with snoring. Therefore, there are large differences in the shared
genetic components between metabolic traits and snoring among Eur-
opeans and Asians, which needs more genetic and biological mechanism
studies to confirm.

The bi-directional MR indicated that general obesity was a driving
component of snoring, not a symptom or comorbidity. The findings were
supported by the previous cohort study20 and our previous work using
autoregressive cross-lagged panel analysis21. BMI and body weight repre-
sented the whole-body fat, which contained the fat deposited surrounding
the upper airway2. The results differed from UKB, which might indicate
racial differences. In line with the previous MR study, a mutually causal
relationship was observed between DBP and snoring7. In addition, higher
SBP was also causal for snoring. The underlying mechanism of snoring-
induced hypertension was mainly explained by sympathetic activation and
oxidative stress due to apneic episodes22. Besides, fluid retention and shift to
the neck at night due to hypertension was a possible mechanism on the
reverse2. These findings suggested that maintaining the cardiometabolic

factors, such as BMI and blood pressure, were beneficial for preventing
snoring, and snoring could be an indicator for managing blood pressure.

Here,we compared thepredictionperformances ofPRSon thebaseline
and resurvey snoring traits.Considering the ancestrydifferences,we focused
on the PRS based on the CKB sample. The PRS of habitual snoring per-
formed better on the resurvey trait. Snoring traits changed from the baseline
survey to the second resurvey in CKB, thus, a better prediction could be
observed when the same trait was applied to the base and target sample.
While the PRS of snoring showed similar predictive performances between
the baseline and resurvey snoring. In the present study, the heritability of
habitual snoring was higher than that of snoring. Thus, the difference in
prediction performance could be more pronounced for the PRS of habitual
snoring than that of snoring.

Our study provided the genetic etiology of snoring and studied the
causal associations between snoring and cardiometabolic traits in Asians.
However, several limitations should be acknowledged. First, the sample size
of GWAS was about 1/4 of UKB’s, leading to fewer identified loci in CKB.
Second, the loci of GWAS at the study-area level were less than the primary
analysis, indicating a possible bias caused by population stratification.
Nevertheless, the intercepts of LDSC were close to zero, revealing a small
magnitude of bias23. Third, we regarded the participants who did not know
their snoring status as non-snorers, whichprobability led to the information
bias. Last, the external validity of PRS needs to be confirmed in other
populations, especially for the novel loci among an independent Asian
population with similar allele frequency with CKB.

The present study performed the GWAS of snoring based on 100,626
Chinese adults. Four novel loci revealed structural abnormality of the upper

Snoring Habitual snoring

SDR9C7

PAX9
SLC25A21

FTO
BDNF
BDNF-AS
LINC00678

FTO

BMI-adjusted-Snoring BMI-adjusted-Habitual snoringWDR11;FGFR2

MSRB3

PAX9
SLC25A21

PAX9
SLC25A21

WDR11;FGFR2

PAX9
SLC25A21

(a) (b)

(d)(c)

RP11-964E11.2

HSD17B6
NXPH4

PRIM1

RP11-964E11.2

IRX3

RP11-964E11.2

RP11-964E11.2

Fig. 1 | Manhattan plots for GWAS of snoring (N= 100,626) and habitual
snoring (N= 76,403) in CKB.Manhattan plots for GWAS of snoring and habitual
snoring, and the BMI-adjusted results, which identified four loci for snoring (a),
three loci for habitual snoring (b), two loci for BMI-adjusted snoring (c), and three
loci for BMI-adjusted habitual snoring (d). TheX-axis denotes the genomic position,

and the Y-axis denotes the log10 (P-value) of the association test. The genome-wide
significance level (P = 5 × 10-9) and the suggestive significance level (P = 5 × 10-8)
were represented by the red and blue lines, respectively. Symbols of genes mapped to
the loci were marked on the plots.
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airway and craniofacial region, and dysfunction of metabolic and transport
systems were the possible etiologies of snoring among Chinese
adults. General obesity and higher blood pressure levels were causal for
snoring, which was reversely associated with higher DBP. Our findings
indicated that maintaining cardiometabolic health was essential for pre-
venting and treating snoring, and hypertension should be considered
among snorers.

Methods
Study design and participants
The overall study design was shown in Fig. 6. The first stage identified the
genomic risk loci of snoring and habitual snoring by GWAS in the CKB
population. Bi-directional replicationwithUKBand thePRSs of the snoring
traits were conducted. The second stage was to perform the genetic corre-
lation and bi-directional MR to estimate the genetic relationship between
snoring and cardiometabolic traits with applyingGWAS summary statistics
from the Biobank of Japan (BBJ).

CKB study24,25 is a prospective cohort study that recruited 512,715
adults aged 30-79 years living in 10 study areas across China (Jiangsu,
Zhejiang, Sichuan, Hunan, Guangxi, Hainan, Heilongjiang, Shandong,

Gansu, and Henan, the first six areas were in southern China, others
were in northern China). Extensive questionnaire data, physical
measurements, and blood samples were collected upon baseline
assessment in 2004–2008, led by trained investigators. Blood samples
were used for genotyping. Two resurveys were conducted in 2008 and
2013-2014, which involved ~5% randomly chosen surviving
participants.

The present study included participants with no missing values of
snoring phenotype or genotype and passed pre-imputation QC
(n = 100,640). Participants who failed sexQCormissed data were excluded,
leaving 100,626 participants for GWAS of snoring.

The CKB study was approved by the Ethics Review Committee of the
Chinese Center for Disease Control and Prevention (Beijing, China: 005/
2004) and the Oxford Tropical Research Ethics Committee, University of
Oxford (Cambridge, UK: 025–04). The UKB study was approved by the
North West Multi-center Research Ethics Committee. The BBJ study was
approved by the research ethics committees at the Institute of Medical
Science, the University of Tokyo, the RIKEN Yokohama Institute, and the
12 cooperating hospitals. All participants provided written consent to
participate in the study.

(a) Snoring

(b) Habitual snoring

Fig. 2 | Gene-set enrichment analysis of snoring (a) and habitual snoring genes (b). Gene sets were obtained from the GWAS catalog. The complete results of the
enrichment analysis are shown in Supplementary Data 9.
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Fig. 3 | Bidirectional replication analysis of CKB and UKB GWAS of snoring.
CKB, China Kadoorie Biobank; UKB, UK Biobank; GWAS, genome-wide associa-
tion study. Scatter plots of replication analysis for the 11 identified in CKBGWAS of
snoring traits and the sensitivity analysis (a) and 35 loci identified in UKBGWAS of
snoring (b). The X-axis denotes the genetic effects (β) of each SNP on the snoring
traits in the discovery summary statistics, the Y-axis denotes the genetic effects (β) in

the replication summary statistics, and error bars in grey denote the standard error of
β. Plots in blackmeant the SNPs passed the replication, plots in bluemeant the SNPs
had no significant effect, and plots in red meant the SNPs had a reverse direction in
the replication. The complete results of the replication analysis were shown in
Supplementary Data 11,12.

rg rg
Fig. 4 | Genetic correlations between snoring and cardiometabolic traits. LD
score-based estimates of the genetic correlation between snoring and cardiometa-
bolic traits. BMI body mass index, WCadjBMI waist circumference adjusted for
BMI, WHRadjBMI waist-to-hip ratio adjusted for BMI, HbA1c glycosylated
Hemoglobin, HDLC high-density lipoprotein cholesterol, LDLC low-density lipo-
protein cholesterol, TC total cholesterol, TG triglycerides, DBP diastolic blood

pressure, SBP systolic blood pressure. GWAS summary statistics for the cardio-
metabolic traits were derived from the Biobank of Japan, except for BMI,
WCadjBMI, and WHRadjBMI summary statistics from the China Kadoorie Bio-
bank. The error bars meant the 95% confidence intervals of the corresponding rg
values. The complete results of the genetic correlation analysis are shown in Sup-
plementary Data 15.
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(b) P

Fig. 5 | Results of two-sample bi-directional MR. nSNP was the number of SNPs
used as the instrumental variables. BMI body mass index, SBP Systolic blood
pressure, DBP Diastolic blood pressure. Causal effects of cardiometabolic traits on
snoring traits were shown in panel a, in which the odds ratio was scaled to represent
the association of per SD increase in the cardiometabolic index and the probability of
snoring traits. The effects of snoring on cardiometabolic traitswere shown in panel b,

in which the beta was scaled to represent the association of a 0.5-fold increase in the
prevalence of snoring or habitual snoring and the increase in the cardiometabolic
index. The error bars meant the 95% confidence intervals of the corresponding odds
ratios. Results with the IVWmethod are shown in the figure. The complete results of
the MR analysis are shown in Supplementary Data 20.

Snoring 
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Fig. 6 | Overall study design. CKB China Kadoorie Biobank, UKB UK Biobank, BBJ Biobank of Japan, MR Mendelian randomization, PRS polygenic risk scores.
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Snoring
Participants self-reported the snoring trait. They were asked about their
snoring habits: “Do you snore during sleep?” Three options were available:
“Yes, frequently”, “Yes, sometimes”, or “No/Don’t know.”Participants with
the first two options were classified into the snoring group. Furthermore,
those who reported “frequently” snoring were defined as the habitual
snoring group.

Genotyping, imputation, and quality control
The CKB project used the Affymetrix Axiom array designed for Chinese
Han ancestry, and the genotyping was performed by Beijing Genomics
Institute (BGI, Shenzhen, China). Two batches of participants were geno-
typed with two versions of arrays. In 2015, more than 32,000 participants
were tested using the first array type, which contained 700K SNPs. In 2016,
more than 69,000 participants were tested using another array containing
803 K SNPs. Among the two batches of participants, 8143 had athero-
sclerotic vascular disease, 5917 had hemorrhagic stroke cases, and 5203 had
chronic obstructive pulmonarydisease; otherswere thehealthy controls26–28.

QCwas performedbefore imputation. Participantswith call rate <0.98,
whose heterozygosity ≥ three SD from the mean, and whose first two
principal components (PCs)≥ four SD frommeanswere excluded.Variants
with call rate > 0.98, plate effect P > 10-6, batch effect P > 10-6, Hardy-
Weinberg equilibrium deviations P > 10-6, MAF difference from 1000
Genome East-Asian Phase III (1000 G EAS29) frequencies < 0.2 were
excluded, leaving 532,415 variants shared on both versions of the array.

Qualified samples and genotypes were phased using SHAPEIT version
3. The imputation was performed using IMPUTE version 4 for each 5Mb
interval, taking the 1000GEAS29 (released inOctober 2014) as the reference,
resulting in 24,785,240 SNPs.

In the current study, SNPs that met any of the following criteria were
excluded: (i) imputation quality score (Info) ≤ 0.3 for MAF > 3%, or Info ≤
0.6 for MAF 1–3%, or Info ≤ 0.8 for MAF 0.5–1%, or Info ≤ 0.9 for MAF
0.1–0.5%; (2) Hardy-Weinberg equilibrium deviations P ≤ 10-6; (3) call rate
≤ 95%; (4) SNPs on the sex chromosome30. Finally, 7,063,876 SNPs
remained for GWAS analysis (Supplementary Fig. 5).

Descriptive analysis
The present study described the baseline characteristics of the CKB parti-
cipants included in the present GWAS analysis by their snoring statuses
(non-snorers, occasional snorers, habitual snorers). Among the character-
istics, the geographical originsmeant the study areas collected in the baseline
survey. Genetic outliers within each geographical origin were defined as
those with the means of the PCs 1-11 more than three standard deviations
from the region means of the PCs 1-1131. The linear trend was tested by
treating the snoring statuses as a continuous variable.

Genome-wide association analysis
The GWAS analysis compared the snoring group (n = 47,208) and the non-
snoring group (n= 53,418) using the BOLT-LMM2.3.2 linear mixedmodel,
which accounted for cryptic relatedness and population stratification32.
Associations were analyzed in additive geneticmodels adjusting for age, age2,
sex, study areas, genetic array types, the PCs 1–10 of ancestry at the national
level, and four baseline disease statuses. We converted SNP effect size esti-
mates (β) on the quantitative scale to traditional β when analyzing case-
control traits33. A similar GWAS was conducted among habitual snoring
(n = 22,985), with the non-snoring group (n = 53,418) as the reference group.

Weight, height, hip circumference, andWCweremeasured by trained
staff usingwell-calibrated instruments19,25 in thebaseline surveyofCKB.The
present study included three obesity traits (BMI, BMI-adjusted WHR
[WHRadjBMI], and BMI-adjusted WC [WCadjBMI])19,34,35. Residuals of
the traits were adjusted for age, age2, sex, and study areas in a linear
regression model, and were inverse normal transformed. GWASs of the
three obesity traits were also conducted using the BOLT-LMM 2.3.2 linear
mixed model, adjusting for genetic array types, PCs 1-10, and baseline
disease statuses.

Sensitivity analysis
(1) Given the strong correlation between snoring and BMI, BMI was added
as a covariate in the GWAS. (2) Considering the regional differences in
snoring and genetic background, we conducted the GWAS stratified by ten
study areas of CKB (genetic outliers within each geographical origin were
additionally excluded), adjusting the PCs at the study-area level (Supple-
mentary Data 1). Then a fixed-effect inverse-variance-weighted Meta-
analysis including ten study areas was performed using METAL36. (3)
Considering the gender difference in snoring, GWAS analysis was con-
ducted in males and females separately.

Post-GWAS analysis
Genomic risk loci were identified by PLINK 1.937. Considering the
multiple testing burdens of different types of snoring traits and sensi-
tivity analyses, we set the significance threshold for our GWAS at P = 5 ×
10-8/10 ( = 5×10-9) and used P = 5 × 10-8 as a threshold of suggestive
associations. A two-step clumping method based on 1000 G EAS29 was
applied38. Based on GWAS summary statistics, the first step of clumping
(P value < 5 × 10-8, r2 < 0.6) derived independent significant SNPs. SNPs
with r2 ≥ 0.6 with any of the detected independent significant SNPs were
included for further functional annotation. Based on the independent
significant SNPs, the independent lead SNPs were defined if they were
independent of each other at r2 < 0.1. Independent significant SNPs
dependent on each other at r2 < 0.1 or closer than 250 kbwere assigned to
the same genomic risk region. Each genomic risk region was represented
by the top lead SNPwith theminimum P-value in the region, reported as
the genomic risk loci in the present study.

Novel loci were defined at two levels: locus and region. If the genomic
risk locus was more than 500 kb away from the previously known loci
reported in theGWAScatalog for snoring (searchdate:Mar3rd, 2023), itwas
defined as a novel locus. To determine whether the locus was in a novel or
known genomic region, we checked whether the LD r2 < 0.1 between the
genomic risk locus and known loci.

Both positional mapping and eQTL mapping were performed to
prioritize the candidate genes. For the positional mapping, genes nearest to
the genomic risk loci or any genes within a 10 kb window around the
genomic risk loci were mapped. If there were no genes around the genomic
risk loci, genes containing a non-synonymous SNP in high LD with the
genomic risk loci (r2 > 0.6 in 1000 G EAS29) were mapped as the candidate
genes. The positional mapping and annotation were conducted via
ANNOVAR39. The amino acid change information was obtained from
RefSeq Gene and UCSC Known Gene. Besides, the VarNote platform40

(http://www.mulinlab.org/varnote/application.html#REG) was applied as a
complementary approach for the genomic risk loci, which couldn’t be
annotated in ANNOVAR. The eQTL mapping mapped SNPs to the
protein-coding genes, which likely affected the expression of the genes up to
1Mb (cis-eQTL). In other words, genes with cis-eQTL associated with the
lead variant obtained from the Genotype-Tissue Expression project were
mapped as the candidate genes. The eQTL mapping was performed using
the Genotype-Tissue Expression database (http://www.gtexportal.org/
home/), which contained the expression levels of 20,260 protein-coding
genes across 49 tissues41. Themajor histocompatibility complex regions (the
region betweenMOG and COL11A2 genes in chromosome 6) were exclu-
ded by default and were excluded in the following analysis. Considering the
multiple tests of the protein-coding genes, significant eQTLs are defined as
FDR (gene q-value) ≤ 0.05.

The present study tested the relationship between each of the prior-
itized genes and tissues using FUMAGENE2FUNC38. The gene expression
heatmap showed the average of normalized expression per tissue, which
allowed the comparison of gene expression across tissues within a gene. In
addition to the single gene level, we performed the gene-set enrichment
analysis to explore whether the prioritized genes overlapped the gene sets
fromMsigDB. The latter were within the categories of the Gene Ontology,
GWAS catalog, and Wiki-Pathways. FDR was used to correct for multiple
tests38.
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Bidirectional replication
The present study leveraged summary statistics of CKB andUKBGWAS of
snoring to perform a bidirectional replication.

UKBhabitual snoringGWAS study included participants of European
ancestry. Baseline data were collected between 2006–2010. Snoring was a
self-reported trait (Field-ID: 1210): “Does your partner or a close relative or
friend complain about your snoring?” After excluding participants who
answered “Don’t know”or “Prefer not to answer”, 408,317participantswere
included in the GWAS, containing 37% snorers. GWAS of snoring in UKB
was performed using BOLT-LMM, adjusting for age, sex, genotyping array,
and thefirst 20 PCs asfixed effects. A post-GWAS strictQCwas carriedout,
corresponding to minor allele frequency ≥0.005 and imputation quality
score ≥0.6. Besides, similar GWASs stratified by sex, and additionally
adjusted for BMI were also carried out among UKB participants7. The
snoring GWAS summary statistics from UKB were obtained from the
NHGRI-EBI Catalog (https://www.ebi.ac.uk/gwas/home)42.

To test the validity of our results, we did an independent replication in
the UKB GWAS of snoring7. All the genomic risk loci for snoring traits
identified in the present main and sensitivity analyses were included. We
confirmed that a genomic risk locus (locus) in CKB passed the replication
with the following criteria: (i) the locus existed in UKB GWAS summary
statistics; if not, the proxy SNP (LD r2 > 0.8) should exist, (ii) the direction of
β and effect allele of the locus was matched across CKB and UKB. (iii)
Considering the ancestry difference, we applied the P-value < 5.00 × 10-5 in
the GWAS of UKB to determine statistical significance for the replication.

Besides, the present study performed a replication analysis for genomic
risk loci identified inUKBGWAS of snoring in the summary statistics CKB
GWAS of snoring. SNPs that passed the QC of CKB GWAS were included
in the replication analysis. The criteria for replication were the same as
above, except for the third one: as the discovery sample size of UKB was
larger than that of CKB, a loose P-value threshold (P < 0.05) in GWAS of
CKB was applied for the reverse replication.

Considering the ancestral difference, minor allele frequencies for the
snoring loci included in the replication analysis were compared between the
East Asian population from the CKB study and the European population
fromtheUKBstudy7.A two-sidedMann-WhitneyUtestwas applied for the
statistical comparison43.

PRS construction
Before computing the PRS, base and target datawere prepared following the
tutorial of PRS analyses44. CKB base data (snoring: n = 78,069, habitual
snoring: n = 62,885) was applied to generate the summary statistics of the
two snoring traits, and the summary statistics of UKB snoring GWAS was
also used7. The heritability of each summary statisticwasmore than 5%, and
GWASQCwas alreadydonewith the same criteria as thepresentCKBmain
analyses and UKB study. The duplicate, ambiguous, or mismatching SNPs
were excluded, leaving 5,276,463, 5,275,387, 4,373,495 variants in summary
statistics of CKB snoring, CKB habitual snoring, UKB snoring for PRSs
construction, respectively.

The target individuals fromCKBwere independent of the base dataset.
For the QC of target data, the present study removed those SNPs with
MAF < 0.001, Hardy-Weinberg equilibrium deviations P < 10-6, and the
mismatching or duplicate SNPs. Individuals with extreme heterozygosity
(≥three SD) and individuals closely related in the sample (π > 0.125) were
excluded, leaving 17,951 and 11,494 individuals in the independent target
sample of snoring and habitual snoring.

PRSice-2 was used to construct and select the PRSs with the best
prediction on snoring or habitual snoring at baseline or the second resurvey.
A framework of PRSs construction was shown in Supplementary Fig. 6.
PRSice-2 implemented the standard “clumping+ threshold”methodwith a
sequence of PLINK1.9 function and QC steps45. We used the clumping
algorithm in PRSice-2 to clump together SNPswithin 250 kb in LDwith an
r2 > 0.1. Based on a range of P-value thresholds for SNP (5 × 10-8 - 1,
interval:0.0001), SNPs were extracted from the summary statistics (snoring
inCKB: 1-261,462 SNPs, habitual snoring inCKB: 0-260,718 SNPs, snoring

in UKB: 59-131,166 SNPs), then the best model was derived according to
Nagelkerke’s R2 value, and the PRS construction models included the fol-
lowing covariates: age, age2, sex, study areas, PCs1-10, genotyping array, and
baseline disease status. Last, R2 values between the best models of the CKB
andUKBof the same traits were compared, and the largerR2 was chosen for
the final model corresponding to each snoring trait.

Genetic correlation analysis
LDSC (version 1.0.1)23,46 was applied to estimate SNP-based heritability and
genetic correlation by using LD scores calculated from the 1000G EAS29.
GWASsummary statistics fromCKBandBBJ47,48were applied to investigate
the genetic correlations between the two snoring traits and 13 cardiome-
tabolic traits among East Asians (Supplementary Data 21).

The BBJ study47,48 was conducted among the East Asian population,
with sample QC of age ≥18, weight and height data registered and within
threefold the interquartile range, call rate>0.98, not closely related sample,
not outliers in PC analysis. The imputation was performed with the whole
genomesequencingdata fromtheBBJ (N = 1037) and theEastAsian sample
of 1000 Genomes Project Phase I v3 reference panel. QC for variants in BBJ
used the following criteria: sample call rate < 0.98, SNP call rate < 0.99,
Hardy-Weinberg equilibrium deviations P < 1 × 10-6, number of hetero-
zygotes < 5 and imputation quality score < 0.7were excluded.All theGWAS
association analyses were performed using BOLT-LMM32, except for the
GWAS of BMI performed withmach2qtl12, and the GWAS of ever-smoked
performed with the SAIGE49. The sample sizes of the GWASs and adjust-
ments in the GWAS models were shown in Supplementary Data 21. The
GWAS summary statistics from BBJ were available from BBJ PheWeb
(https://pheweb.jp/)12,13,49,50. FDR was used to correct for multiple tests. The
cardiometabolic traits genetically correlatedwith snoring traits were further
estimated for the causal associations.

Besides, genetic correlation analysis between snoring and cardiome-
tabolic traits was conducted within the European population from theUKB
study, based on the GWAS summary statistics obtained from Neale Lab
(http://www.nealelab.is/uk-biobank) (GWAS round 2) and NHGRI-EBI
Catalog (https://www.ebi.ac.uk/gwas/home) (Supplementary Data 22)42.

Mendelian randomization
A bi-directional MR was conducted to estimate the causal relationship
between cardiometabolic and snoring traits. GWASs of two independent
samples of East Asia, BBJ12,13,47–49 and CKB, were leveraged to avoid over-
lapping subjects or the possibility of population stratification.

Based on the GWAS summary statistic of snoring and cardiome-
tabolic traits, the present study selected the eligible IVs following a series
of QC steps. First, SNPs associated with the traits at a genome-wide
significant level (P < 5 × 10-8) were selected, and those associated with
snoring and ever smoked at P < 5 × 10-8 and P < 1 × 10-5 were selected51.
Second, clumping (r2 < 0.001, window = 10,000 kb52) was performed
with the 1000 G EAS29. Only SNPs with the lower P could remain among
the SNPs in LD. Third, SNPs with MAF < 0.001 were excluded. Fourth,
SNPs in the major histocompatibility complex regions were removed.
Fifth, SNPs should be extracted from the outcome GWAS summary
statistic (harmonization). If the SNPs didn’t exist in the outcome data,
the effect of proxy SNP in strong LD (via PLINK clumping function:
r2 < 0.8, window= 1000, based on 1000 GEAS29) was used. For the strand
issues, the ambiguous SNPs (with non-concordant alleles) and
palindromic-not inferable SNPs were excluded. Also, MR pleiotropy
residual sum and outlier (MR-PRESSO) test53 were performed, and the
outlier SNPs were excluded (P < 0.05) to eliminate the effects of pleio-
tropy. Last, the reported traits of each SNP were looked up in the
PhenoScanner54,55, and those with traits related to the outcome in MR
analysis were excluded. Besides, the F statistic of each SNPwas calculated
by (β/standard error)2 to avoid the weak IV bias56,57.

For the MR analysis, the random-effect IVW approach58 was used in
the primary analysis, weighted median estimation59, and MR Egger60 as
sensitivity analysis. Considering the IVs strongly associated with the
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exposure might independently influence levels of a causal risk factor of the
outcome, known as horizontal pleiotropy. IVW could show an unbiased
result if there was balance or no horizontal pleiotropy61. The weighted
median estimation provided an unbiased result when nomore than 50% of
invalid IVs (i.e., due to pleiotropy)59. The intercept of MR Egger regression
could indicate the degree of directional horizontal pleiotropy60. Besides,
MR-Steiger tests the causal direction62. Cochrane’s Q test assessed the het-
erogeneity among IVs, and a random-effect model in IVW was applied if
heterogeneity existed (P < 0.05).

R packages “TwoSampleMR (version 0.5.6)”61 and “MRPRESSO
(version 1.0)53” were used for MR analysis.

Statistics and reproducibility
The descriptive analysis was conducted with STATA version 16.0. The
GWAS analysis used the BOLT-LMM 2.3.2 linear mixed model32,33.
Fixed-effect inverse-variance-weighted Meta-analysis including ten
study areas was conducted using METAL36. Genomic risk loci were
identified by PLINK 1.937. The positional mapping and annotation were
conducted via ANNOVAR39. The eQTL mapping was conducted using
the Genotype-Tissue Expression database (http://www.gtexportal.org/
home/). The relationship between each of the prioritized genes and
tissues, and enrichment analysis were conducted with FUMA
GENE2FUNC38. A two-sided Mann-Whitney U test for MAF compar-
ison was conducted with R 4.0.543. PRSice-2 was used for PRS conduc-
tion. LDSC (version 1.0.1)23,46 was applied to estimate SNP-based
heritability and genetic correlation. R packages “TwoSampleMR (ver-
sion 0.5.6)”61 and “MRPRESSO (version 1.0)53” were used for MR ana-
lysis. The specific details of the analyses and sample sizes are described in
the methods above.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
TheGWAS summary statistics fromChina Kadoorie Biobank (CKB) in the
present study have been deposited in the Genome VariationMap (GVM)63

in National Genomics Data Center, Beijing Institute of Genomics, Chinese
Academy of Sciences and China National Center for Bioinformation64,
under the project number PRJCA023790 and accession number
GVP000023.TheGWASsummary statistics are publicly available in https://
bigd.big.ac.cn/gvm/getProjectDetail?Project=GVP000023. The individual-
level data of CKB are controlled-access and are available via an application
on request. The access policyandprocedures of theCKBdataare available at
www.ckbiobank.org. GWAS summary statistics from Biobank of Japan
(BBJ) were available from BBJ PheWeb (https://pheweb.jp/), and the cor-
responding phenotypes and PMID of the published studies were shown in
the Supplementary Data 21. GWAS summary statistics from the UK Bio-
bank were available from the publicly available NHGRI-EBI Catalog
(https://www.ebi.ac.uk/gwas/downloads/summary-statistics) and Neale
Lab (http://www.nealelab.is/uk-biobank) (GWAS round 2). The study
accession IDs on the NHGRI-EBI Catalog were GCST009760,
GCST90020029, GCST90020025, and the Phenotype codes on the Neale
Lab website could be found in the Supplementary Data 22. Source data
underlying Figs. 2, 3, 4, 5 are presented in the Supplementary Data 9, 11-12,
15, 20.
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