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Study Objectives: We hypothesized that DNA methylation patterns may contribute to disease severity or the development of hypertension and excessive 
daytime sleepiness (EDS) in patients with obstructive sleep apnea (OSA).
Methods: Illumina’s (San Diego, CA, USA) DNA methylation 27-K assay was used to identify differentially methylated loci (DML). DNA methylation levels 
were validated by pyrosequencing. A discovery cohort of 15 patients with OSA and 6 healthy subjects, and a validation cohort of 72 patients with sleep 
disordered breathing (SDB).
Results: Microarray analysis identified 636 DMLs in patients with OSA versus healthy subjects, and 327 DMLs in patients with OSA and hypertension 
versus those without hypertension. In the validation cohort, no significant difference in DNA methylation levels of six selected genes was found between the 
primary snoring subjects and OSA patients (primary outcome). However, a secondary outcome analysis showed that interleukin-1 receptor 2 (IL1R2) promoter 
methylation (−114 cytosine followed by guanine dinucleotide sequence [CpG] site) was decreased and IL1R2 protein levels were increased in the patients 
with SDB with an oxygen desaturation index > 30. Androgen receptor (AR) promoter methylation (−531 CpG site) and AR protein levels were both increased 
in the patients with SDB with an oxygen desaturation index > 30. Natriuretic peptide receptor 2 (NPR2) promoter methylation (−608/−618 CpG sites) were 
decreased, whereas levels of both NPR2 and serum C type natriuretic peptide protein were increased in the SDB patients with EDS. Speckled protein 140 
(SP140) promoter methylation (−194 CpG site) was increased, and SP140 protein levels were decreased in the patients with SDB and EDS.
Conclusions: IL1R2 hypomethylation and AR hypermethylation may constitute an important determinant of disease severity, whereas NPR2 hypomethylation 
and SP140 hypermethylation may provide a biomarker for vulnerability to EDS in OSA.
Commentary: A commentary on this article appears in this issue on page 723.
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INTRODUCTION
Obstructive sleep apnea (OSA) is an oxidative stress disorder, 
in which chronic intermittent hypoxia with reoxygenation 
(IHR) is thought to result in damage similar to that caused 
by ischemia-reperfusion and to lead to delayed apoptosis of 
blood immune cells through mechanisms different from sus-
tained hypoxia.1,2 Increases in inflammatory cytokines and 
adhesion molecules have been proposed to lead to activa-
tion of peripheral blood mononuclear cells, neutrophils, and 
endothelial cells resulting in various adverse consequences, 
such as hypertension, ischemic heart disease, stroke, and ex-
cessive daytime sleepiness (EDS).3,4 Two thirds of patients 
with OSA will ultimately have diurnal hypertension, and ap-
proximately one half will experience EDS.5,6 Over the past 
two decades, extensive research to identify genetic determi-
nants of OSA has shown that only a few genetic polymor-
phisms are independently and consistently associated with 
apnea-hypopnea index (AHI), even though about 30% to 
40% of the variability in apneic activity can be explained by 
familial factors.7–9
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Significance
This is the first study to perform a large-scale DNA methylation analysis with replication of the principal finding in OSA patients. The identification of 
the abnormal DNA methylation marks in OSA provides novel biomarkers for prediction and diagnosis, and affords novel therapeutic targets for the 
prevention of adverse consequences of OSA. Further investigation is required to clarify whether these changes in peripheral blood mononuclear cells 
can be translated to neurons, endothelium, or other end-organ tissues, and to clarify the cause-and-effect relationship between the DNA methylation 
changes and the development of clinical phenotypes of OSA syndrome.

DNA methylation occurring at position 5 of the pyrimidine 
ring of cytosines in the context of the cytosine followed by 
guanine dinucleotide sequence (CpG) form the basis of epi-
genetic mechanisms modulating gene expressions by inhibi-
tion of the binding of transcription factors at the promoter 
regions. DNA methylation is a heritable, tissue-specific, and 
reversible gene regulatory process that is highly modified in 
response to environmental factors. DNA hypermethylation 
of superoxide dismutase 2 induced by neonatal intermittent 
hypoxia has been demonstrated to mediate programming of 
hypoxic sensitivity and the ensuing autonomic dysfunction in 
adult rats, including increased hypoxic ventilatory response 
and sleep apnea events.10 Epigenetic programming of gene ex-
pression patterns in response to gestational hypoxia has been 
shown to play a crucial role in the fetal origins of neurological 
diseases.11 However, little is known about the role of DNA 
methylation patterns in the development of OSA syndrome 
and its adverse consequences.

The aim of this study was to improve the understanding 
of the epigenetic mechanisms that regulate inflammatory 
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responses and other pathways related to chronic IHR in the 
blood immune cells of patients with OSA by investigating the 
DNA methylation levels of genes in peripheral blood mono-
nuclear cells on a genome-wide scale. We hypothesized that 
the DNA methylation profiles of peripheral blood mononu-
clear cells involved in the inflammatory response to chronic 
IHR in patients with OSA would be different from those in 
healthy subjects, and that additional differences would be seen 
between patients with OSA with and without hypertension 
or with and without EDS, with the goal of identifying novel 
epigenetic changes related to disease severity, hypertension, 
and EDS.

METHODS

Subjects
This study was approved by the Institutional Review Board of 
Chang Gung Memorial Hospital, Taiwan (certificate number: 
99-3517B). The study participants were recruited from the 
sleep center and health examination center of Kaohsiung 
Chang Gung Memorial Hospital from January 2012 through 
December 2014. Written informed consent was obtained from 
each subject participating in the study, who were all age 20 y 
or older. The exclusion criteria included ongoing infections, 
autoimmune disease, use of immunosuppressive agent in 
the past 6 mo, narcolepsy, severe obesity (body mass index 
[BMI] ≥ 35 kg/m2), old age (> 65 y), and those with a BMI < 21 
kg/m2. The discovery cohort used for the whole-genome DNA 
methylation microarray experiment included 16 treatment-
naïve patients with OSA and eight healthy subjects without 
habitual snoring. OSA was diagnosed by full-night polysom-
nography examination at the sleep center of Kaohsiung Chang 
Gung Memorial Hospital as described previously.12 The 
eight healthy subjects underwent overnight pulse oximetry 
(WristOx 3100, Nonin Medical Inc., Minnesota, USA) and 
showed normal results with no symptoms of sleep disordered 
breathing (SDB).The validation cohort included 48 treatment-
naïve patients with OSA and 24 subjects with primary snoring 
(PS), all of whom received a diagnosis via full-night PSG ex-
aminations. SDB was defined as a history of loud snoring for 
more than 2 y, and a snoring index of > 20 counts/h. Snoring 
sampling was performed at 10 to 50 Hz, and all sounds of 
more than 50% above baseline amplitude lasting for 0.5–5 sec 
were recorded by Piezo crystal snore sensor (SleepSense, Sci-
entific Laboratory Products, Elgin, USA). Nocturnal hypox-
emia was evaluated in terms of the percentage of total minutes 
of recording time with an oxyhemoglobin saturation < 90% 
(%time < 90% SaO2), mean SaO2, minimum SaO2, and the 
number of dips > 4% of basal SaO2%//h (oxygen desaturation 
index [ODI]). The Epworth Sleepiness Scale (ESS) recorded 
at the examination was used to measure sleep propensity in 
every study subject.

Genome-wide DNA Methylation Assay
Venous blood (20 mL) was obtained from all treatment-naïve 
patients with SDB and healthy subjects. Peripheral blood 
mononuclear cells were isolated by Ficoll-Hypaque gradient 
centrifugation (HISTOPAQUE-119, Sigma-Aldrich, Inc., St. 

Louis, MO, USA), and DNA was extracted using Puregene 
Core kit (Qiagen, Baltimore, MD, USA). Electropherograms 
using an Agilent BioAnalyzer with Agilent DNA 12000 chips 
showed the fragment size to be > 10000 bp. Illumina’s Infinium 
Methylation-27k BeadChip v1.2 (San Diego, CA, USA) was 
used to detect 27,578 CpG sites genome-wide, located within 
the promoter regions of 14,495 genes, with the distance to the 
transcription start site ranging from 0 to 1499 bp. For bisulfite 
conversion, EZ DNA methylation kit (Zymo Research, Irvine, 
USA) was used. Approximately 200 ng of each bisulfite-
converted genomic DNA sample was applied per BeadChip 
according to the manufacturer’s instructions. During hybrid-
ization, the DNA molecules anneal to two different bead types 
with locus-specific DNA oligomers, with one corresponding to 
the methylated (C) and the other to the unmethylated (T) state. 
After extension, the array was fluorescently stained, scanned, 
and the intensities of the unmethylated and methylated bead 
types were measured.13

Genome-wide DNA Methylation Data Analysis
We used the Methylation Module in the Illumina Genome 
Studio V2009.2 to generate the β value for each CpG locus. 
The β value was calculated as: (intensity of methylated 
probe) / (intensity of methylated probe + intensity of unmethyl-
ated probe). The β values ranged between 0 (least methylated) 
and 1 (most methylated) and were proportional to the degree of 
the methylated state of a particular locus. The raw β value was 
transformed into a M value to achieve better statistical proper-
ties,14 which was the log2 ratio of the intensity of methylated 
probes versus unmethylated probes using the following equa-
tion: M value = log2 (β value / (1 − β value)). A positive M 
value meant higher intensity from the methylated probes than 
the unmethylated probes and a negative M value meant the op-
posite. The significance threshold in M value comparisons was 
P < 0.005 and a false discovery rate (q) < 0.5.

Principal component analysis plotting showed that almost 
all of the 24 samples in the discovery cohort clustered together 
quite well except for samples from one OSA patient and two 
healthy subjects from the same chip (Figure S1, supplemental 
material). Considering their significant batch effect on the mi-
croarray experiment, we excluded them from analysis, leaving 
15 cases and 6 control samples.15 To identify differential meth-
ylated CpG sites, M values of the case and control groups were 
analyzed with the Mann-Whitney U test by Partek Genomics 
Suite software (Partek Incorporated, Missouri, U.S.A.) to ob-
tain a P value and false discovery rate (q value). Significantly 
differentially methylated CpG sites with P < 0.005, q < 0.5, at 
least a 10% difference in their β value (large effect size), and 
known biological or functional relevance were selected for fur-
ther verification and validation.16 For the differentially methyl-
ated CpG sites, their corresponding gene symbols were used 
for pathway analysis using MetaCore from Thomson Reuters 
(New York, USA), which uses hypergeometric tests to examine 
whether the genes are enriched in any known pathway. The top 
10 pathways were selected based on their P values (< 0.005) 
and q values (< 0.2). All methylation datasets have been depos-
ited in the NCBI Gene Expression Omnibus with the accession 
number GSE61463.
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Measurement of DNA Methylation Levels of Four Selected 
Gene Promoter Regions by Bisulfite Pyrosequencing in the 
Discovery and Validation Cohort
Initially, pyrosequencing was applied to verify the DNA meth-
ylation levels of 20 CpG sites over 16 gene promoter regions, 
including IL21R, SP140, ACOT11, CHFR, CXCL9, GIMAP5, 
IL24, NPR2, AR, IL1R2, KCNH5, KCNA3, VNN3, ANGPTL3, 
UBASH3A, and GPR21 (based on the aforementioned criteria), 
in the same 21 samples used in the genome-wide discovery 
experiment. Among them, seven CpG sites of six genes that 
showed similar methylation changes to the microarray data 
and difference in β value ≥ 10% were selected for pyrose-
quencing validation in the validation cohort (Table S1, supple-
mental material). The promoter regions of six selected genes, 
including interleukin-1 receptor 2 (IL1R2), androgen receptor 
(AR ), natriuretic peptide receptor 2 (NPR2 ), speckled protein 
140 (SP140), interleukin-21 receptor (IL21R ), and G protein-
coupled receptor 21 (GPR21), were amplified. Bisulfite treat-
ment was performed using an EpiTect 96 Bisulfite Kit (Qiagen) 
and polymerase chain reaction (PCR) amplification was per-
formed using a PyroMark PCR Kit (Qiagen). The PCR condi-
tions were 45 cycles of 95°C for 20 sec, 50°C for 20 sec, and 
72°C for 20 sec, followed by 72°C for 5 min. The primer se-
quences used for PCR amplification and pyrosequencing for 
these regions are listed in Table S2, supplemental material. 
The biotin-labeled PCR product was captured by Streptavidin-
Sepharose HP (Amersham Pharmacia, New Jersey, USA). 
Quantitation of cytosine methylation was performed using 
a PyroMark Q24 system (Qiagen). The amount of C relative 
to the sum of the amounts of C and T at each CpG site was 
calculated as a percentage.17 One CpG site (−114, cg17142183) 
of the IL1R2 gene, one CpG site (−531) of the AR gene, two 
CpG sites (−608, cg12876594; −618) of the NPR2 gene, one 
CpG site (−194, cg05564251) of the SP140 gene, one CpG site 
(−1227, cg02656594) of the IL21R gene, and one CpG site (−438, 
cg047843150) of the GPR21 gene were assayed. Representa-
tive pyrograms of the seven CpG sites assayed are presented in 
Figure S2, supplemental material.

Measurement of Protein Expression Levels of the Four Selected 
Genes From Peripheral Blood Mononuclear Cell Samples and 
Serum Type C Natriuretic Peptide in the Validation Cohort
Peripheral blood mononuclear cells were lysed in radioimmu-
noprecipitation assay-buffer containing a protease inhibitor 
cocktail (Sigma-Aldrich). Protein lysate normalized to 20 
ng total protein was used to measure IL1R2, AR, NPR2, and 
Sp140 levels by a commercial enzyme-linked immunosorbent 
assay (ELISA) kit (R&D Systems, Minneapolis, MN). Briefly, 
40-μL dye (Bio-Rad Protein Assay Dye Reagent Concen-
trate #500-0006, Bio-Rad, California, USA) was added to 10 
μL bovine serum albumin with serial dilution to generate a 
standard curve for total protein concentration by measuring 
values at Optical Density 595 nm (Figure S3, supplemental 
material). Accordingly, protein lysate equivalent to 20 ng of 
total protein was used for each protocol in ELISA analysis. 
Serum type C natriuretic peptide (CNP) levels were also mea-
sured by ELISA (USCN Business Co., China) according to the 
manufacturer’s instructions.

Statistical Analysis
Continuous values were expressed as mean ± standard devia-
tion (SD). The differences between two groups were analyzed 
using the Student t-test or χ2 test, as appropriate. Subgroup 
comparisons of continuous variables in the validation cohort 
were performed using the independent Student t-test, fol-
lowed by multivariate linear regression analysis to adjust for 
confounding factors, including age, sex, BMI, comorbidities, 
smoking, and a history of alcoholism, and to obtain adjusted 
P values with 95% confidence interval (CI). In the compari-
sons between the patients with SDB with and without EDS, the 
AHI was added as a covariate in the linear regression model 
to examine the independent effect of EDS on methylation or 
protein levels. The null hypothesis was rejected at P < 0.05. 
All analyses were performed using SPSS software version 
17.0 (SPSS Corp., Chicago, IL). To assist in the interpretation 
of P values given the number of statistical tests performed, 
q values were calculated separately for multiple comparisons 
of the DNA methylation and protein expression levels using 
the Benjamini-Hochberg test with R Console software (R 
foundation for Statistical Computing, Vienna).

RESULTS

Demographic Data of the Participants
The baseline, sleep, and biochemistry data of both the dis-
covery and validation cohorts are listed in Table 1. The study 
population comprised residents of Taiwan. Age, BMI, male sex 
ratio, smoking history, alcoholism history, and comorbidities 
were all matched between the case and control groups, except 
that more patients with OSA had hypertension than those with 
PS in the validation cohort.

Whole-Genome DNA Methylation Profiles of the Discovery 
Cohort
A total of 21 samples were grouped and analyzed in two dif-
ferent comparisons. The first comparison (I) was between 
normal patients (n = 6) and patients with OSA (n = 15). The 
second (II) was between patients with OSA with hypertension 
(n = 8) and those without hypertension (n = 7). For each com-
parison, 636 and 327 significantly differentially methylated 
loci (DML) were identified, respectively. Figure 1 shows two-
dimensional hierarchical clustering of the patients with OSA 
versus the healthy subjects (A, 377 hypermethylated DMLs 
and 259 hypomethylated DMLs, all P < 0.005, all q < 0.5; com-
parison I), and patients with OSA with hypertension versus 
those without hypertension (B, 117 hypermethylated DMLs 
and 210 hypomethylated DMLs; all P < 0.005, all q < 0.5; 
comparison II). Hypomethylated OSA-related DMLs included 
ACOT11, IL21R, KCNA3, and NPR2, whereas hypermethyl-
ated OSA-related DMLs included IL24, CXCL9, CRTAM, and 
cycLTR2 (Table 2). Hypermethylated hypertension-related 
DMLs included LTA, CXCR3, GIMAP5, and SP140, whereas 
hypomethylated hypertension-related DMLs included TRPM2, 
VMP, IL1R2, and CCL26 (Table S3, supplemental material). 
Hypermethylated EDS-related DMLs included F8A1, TNXB, 
GNL3L, and ALX4, whereas hypomethylated EDS-related 
DMLs included HSD17B4, PDCD6IP, DHCR24, and HSD3B7 
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Table 2—Top 10 pathways enriched in the comparison between patients with OSA and healthy subjects without habitual snoring (comparison I).

Pathway Maps
Number in 
Data /Total P value q value

Differentially Methylated Loci
Involved in the Pathway

Protein folding_membrane trafficking and signal 
transduction of G-α (i) heterotrimeric G-protein 6/19 5.193 E-06 2.970 E-03 RGS7, G-protein beta, RGS18, G-protein beta/gamma, 

RGS13, G-protein gamma

Development_transcription regulation of 
granulocyte development 7/32 1.223 E-05 3.498 E-03 JAK1, JAK2, Myeloblastin, C/EBPepsilon, CD45, 

gp91-phox, PKC

G-protein signaling_G-protein α-i signaling 
cascades 6/27 4.778 E-05 9.109 E-03 RGS7, RGS18, G-protein beta/gamma, c-Src, RGS14, 

PKA-cat (cAMP-dependent)

Apoptosis and survival_HTR1A signaling 7/50 2.461 E-04 3.519 E-02 G-protein beta/gamma, JAK2, c-Src, PP2A regulatory, 
PKA-cat (cAMP-dependent), XIAP, AKT(PKB)

Signal transduction_cAMP signaling 6/38 3.528 E-04 4.036 E-02 PKC-zeta, G-protein beta/gamma, PKA-cat (cAMP-
dependent), G-protein alpha-s, PHK gamma, PKC

Chemotaxis_leukocyte chemotaxis 8/75 5.997 E-04 5.011 E-02 PKC-zeta, Fibronectin, G-protein beta/gamma, MIG, 
ICAM2, CCL19, CCR7, IP10

Apoptosis and survival_BAD phosphorylation 6/42 6.160 E-04 5.011 E-02 G-protein beta/gamma, p70 S6 kinase1, PKA-cat (cAMP-
dependent), G-protein alpha-s, Beclin 1, AKT(PKB)

Development_VEGF signaling and activation 6/43 7.009 E-04 5.011 E-02 ESR1 (nuclear), c-Src, Brca1, PKC, E-selectin, AKT(PKB)

Development_G-CSF-induced myeloid 
differentiation 5/30 8.615 E-04 5.475 E-02 JAK1, ITGAM, JAK2, Myeloblastin, C/EBPepsilon

Transport_α-2 adrenergic receptor regulation of 
ion channels 6/47 1.134 E-03 5.634 E-02 PKC-zeta, G-protein beta/gamma, PKA-cat (cAMP-

dependent), G-protein alpha-s, PKC, AKT(PKB)

cAMP, cyclic adenosine monophosphate; G-CSF, granulocyte colony-stimulating factor; VEGF, vascular endothelial growth factor.

Table 1—Demographic, sleep, and biochemistry data for the participants in both the discovery and validation cohorts.

 Discovery Cohort Validation Cohort
OSA Patients

(n = 15)
Healthy Subjects

(n = 6) P value
OSA Patients

(n = 48)
Primary Snoring

(n = 24) P value
Age, y 51.8 ± 8.9 51.0 ± 14.2 0.938 48.8 ± 12.2 47.8 ± 12.2 0.679
Male sex, n (%) 13 (86.7) 5 (83.3) 0.844 40 (83.3) 19 (79.2) 0.665
Duration of snoring, years 11.6 ± 7.6 NA 11.9 ± 7.9 7.8 ± 5.4 0.094
BMI, kg/m2 26.7 ± 2.9 25.0 ± 1.0 0.119 26.3 ± 3.7 25.8 ± 3.1 0.995
AHI, events/h 49.9 ± 24.8 NA  53.8 ± 22.5 2.8 ± 2.0  < 0.001
ODI, events/h 31.5 ± 25.6 3.2 ± 3.5 0.021 40.9 ± 26.2 2.3 ± 2.2  < 0.001
Mean SaO2, % 95.8 ± 1.6 97.7 ± 0.5 0.024 95.1 ± 1.9 96.8 ± 1.2  < 0.001
Minimum SaO2, % 79.5 ± 6.6 89.0 ± 4.4 0.044 74.9 ± 10.4 89.0 ± 5.3  < 0.001
Snoring index, counts/h 445.4 ± 218.2 NA 403.9 ± 219.4 285.6 ± 258 0.092
ESS 9.4 ± 5.9 3.6 ± 5.7 0.036 10.7 ± 6.0 6.9 ± 6.2 0.02
EDS, n (%) 7 (46.6) 1 (16.6) 0.037 26 (54.2) 8 (33.3) 0.095
Current smoking, n (%) 6 (40) 2 (33.3) 0.417 17 (35.4) 5 (20.8) 0.174
Alcoholism, n (%) 3 (17.6) 0 (0) 0.193 8 (16.7) 1 (4.2) 0.104
Cholesterol, mg/dL 166.9 ± 64.3 212.2 ± 37.1 0.153 184.7 ± 64.4 178.2 ± 54.3 0.735
Triglycerides, mg/dL 219.6 ± 297.9 120.5 ± 44.3 0.364 192.7 ± 184.4 115.9 ± 48.0 0.063
Hypertension 8 (53.3) 1 (16.7) 0.125 22 (45.8) 4 (16.7) 0.015
Diabetes mellitus 1 (5.9) 0 (0) 0.458 2 (4.2) 0 (0) 0.310
Heart disease 2 (13.3) 0 (0) 0.347 5 (10.4) 1 (4.2) 0.366
Stroke 0 (0) 0 (0) 1.0 0 (0) 0 (0) 1.0
COPD/Asthma 2 (13.3) 1 (16.7) 0.778 3 (12.5) 6 (12.5) 1.0
CKD 2 (13.3) 1 (16.7) 0.778 4 (8.3) 4 (16.7) 0.289

AHI, apnea hypopnea index; BMI, body mass index; CKD, chronic kidney disease; COPD, chronic obstructive pulmonary disease; EDS, excessive daytime 
sleepiness; ESS, Epworth Sleepiness Scale; ODI, oxygen desaturation index.
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(data not shown). Product names and 
gene ontology functions of the genes 
with DML in the comparisons I and II, 
which meet the objective criteria, are 
provided in Table S4, supplemental ma-
terial. The intersection of comparison 
I and comparison II resulted in three 
DMLs with correspondently increased 
methylation levels in both comparisons 
of OSA versus healthy subjects and 
hypertension versus no hypertension 
(SP140, CYP2D7P1, GIMAP5).

Enrichment Pathway Analysis of the 
Differentially Methylated Genes in the 
Three Comparisons
The top-ranking pathways that were 
enriched in comparison I included 
membrane trafficking and signal trans-
duction of G-Protein α, transcription 
regulation of granulocyte development, 
and G-Protein α-i signaling cascades 
(Table 3). In addition, the NPR2/cGMP 
signaling pathway was enriched with 
five DMLs, all showing hypomethyl-
ation (NPR2, PDE5A, ENP1, NDPK 
complex, NDPK A) in the patients with 
OSA relative to the healthy subjects 
(Figure 2). The top-ranking pathways 
enriched in comparison II included an-
tiapoptotic action of membrane-bound 
ESR1, transcription of P53 signaling, 
and immune response of HMGB1 re-
lease from the cell (Table S5, supple-
mental material).

Differential DNA Methylation and 
Corresponding Protein Expression 
Levels of Four of the Six Selected 
Genes in the Validation Cohort
DNA methylation levels over the pro-
moter regions of six selected genes with 
respect to disease severity of OSA and 
the presence of hypertension or EDS 
were validated by an independent method of quantification for 
DNA methylation, pyrosequencing, in the validation cohort of 
24 PS subjects and 48 patients with OSA. No significant dif-
ference in DNA methylation levels of the six selected genes 
were found between the PS subjects and the patients with OSA 
(primary outcome). However, significant correlation between 
the DNA methylation level and either ODI or ESS was found. 
Thus, a secondary outcome analysis was performed, and all 72 
patients with SDB were reclassified into two groups based on 
ODI with a cutoff value of 30 events/h, or ESS with a cutoff 
value of 10.

DNA methylation levels over the −114 CpG site of the 
IL1R2 promoter region were decreased (18.63 ± 4.95% 
versus 21.81 ± 5.83%, adjusted P = 0.015, 95% CI −7.48 to 

−0.64, q = 0.067, Figure 3A) and IL1R2 protein expression 
levels were increased (1.66 ± 1.87 versus 0.87 ± 0.94 ng/mL, 
adjusted P = 0.022, 95% CI 0.04 to 1.63, q = 0.048, Figure 
3B) in the patients SDB with an ODI > 30 as compared to 
those with an ODI ≤ 30. DNA methylation level over the −114 
CpG site of the IL1R2 gene was negatively correlated with 
ODI (R = −0.324, P = 0.008, Figure 3C) and positively with 
minimum SaO2 (R = 0.326, P = 0.008, Figure 3D). DNA meth-
ylation levels over the −531 CpG site of the AR promoter re-
gion (36.25 ± 4.59 versus 33.91 ± 3.85 %, adjusted P = 0.027, 
95% CI 0.04 to 4.24, q = 0.067, Figure 3E) and AR protein 
expression (21.39 ± 12.25 versus 15.69 ± 7.6 ng/mL, adjusted 
P = 0.042, 95% CI 0.6 to 17.82, q = 0.048, Figure 3F) were 
both increased in the patients with SDB with an ODI > 30 as 

Figure 1—Heatmaps of the differentially methylated loci (DML) for the three comparisons in the 
discovery cohort. Hierarchical clustering of DML in 21 samples classified into three comparisons: 
(A) Patients with OSA versus healthy subjects without habitual snoring. (B) Patients with OSA with 
hypertension versus those without hypertension.

A

B
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Table 3—Top differentially methylated loci in the comparison between patients with OSA and healthy subjects without habitual snoring (comparison I).

Column ID Gene Symbol Chromosome P value q value Difference in β value
Hypomethylated cg04451770 ENTPD1 10 0.004848 0.158802 −0.2001

cg13053608 LGP1 17 0.000646 0.144578 −0.18032
cg12876594 NPR2 9 0.001939 0.145321 −0.17586
cg04230060 SUSD1 9 0.00307 0.154506 −0.17144
cg02656594 IL21R 16 0.000646 0.144578 −0.16261
cg00995520 KCNA3 1 0.004848 0.158802 −0.16004
cg10266490 ACOT11 1 0.000162 0.144578 −0.15253
cg26372517 TFAP2E 1 0.000323 0.144578 −0.15115
cg21237418 RAB34 17 0.001131 0.144578 −0.14756
cg24194775 NPR2 9 0.001131 0.144578 −0.14384
cg14380517 BTG3 21 0.0030705 0.154506 −0.13952
cg20394284 JAK2 9 0.0011312 0.144578 −0.13575
cg18084554 ARID3A 19 0.0048481 0.158802 −0.13375
cg08519905 CD9 12 0.0048481 0.158802 −0.12969
cg04784315 GPR21 9 0.0003232 0.144578 −0.12815
cg08176694 PITPNM2 12 0.0019392 0.145321 −0.12447
cg22825487 VNN3 6 0.0030705 0.154506 −0.12201
cg13044277 NRG4 15 0.0019392 0.145321 −0.12119
cg11618577 KRTCAP3 2 0.0048481 0.158802 −0.12106
cg20831708 SEC31L2 10 0.0048481 0.158802 −0.12053
cg24427660 PNPLA2 11 0.0003232 0.144578 −0.11979
cg19963522 PIP3-E 6 0.0048481 0.158802 −0.11743
cg14913610 KLRG1 12 0.0006464 0.144578 −0.11353
cg15528736 FCGRT 19 0.0011312 0.144578 −0.11201
cg02849695 CCDC19 1 0.0019392 0.145321 −0.11141
cg12091331 PLAT 8 0.0003232 0.144578 −0.1109

Hypermethylated cg12044210 APBA2 15 0.004848 0.158802 0.147012
cg22442090 GIMAP5 7 0.00307 0.154506 0.147149
cg12940073 ABCC12 16 0.004848 0.158802 0.147251
cg10634424 LUM 12 0.000999 0.144578 0.148754
cg10977115 CRTAM 11 0.000999 0.144578 0.150091
cg26328611 EDA2R X 0.00307 0.154506 0.15828
cg18236297 CYSLTR2 13 0.004848 0.158802 0.158346
cg14178991 RCHY1 4 0.00307 0.154506 0.159808
cg10517312 RNF36 15 0.000646 0.144578 0.160739
cg19740969 CXCL9 4 0.004848 0.158802 0.162961
cg06796611 IL24 1 0.0019392 0.145321 0.145306
cg16729794 MOBP 3 0.0019392 0.145321 0.142604
cg21171615 PTPRC 1 0.0019392 0.145321 0.140839
cg17767931 SLC25A26 3 0.0030705 0.154506 0.137482
cg18582689 UNQ9356 6 0.0003232 0.144578 0.136556
cg13676215 AHR 7 0.0048481 0.158802 0.136405
cg10161121 FASLG 1 0.0001616 0.144578 0.135666
cg00134539 UBASH3A 21 0.0048481 0.158802 0.135056
cg21105318 ITGB6 2 0.0030705 0.154506 0.132861
cg19984039 RGS13 1 0.0030705 0.154506 0.130671
cg12611860 PIK3C2A 11 0.0048481 0.158802 0.125741
cg04394101 CYBB X 0.0006464 0.144578 0.122155
cg05246522 KSR1 17 0.0003232 0.144578 0.121762
cg17503750 KRTAP19-6 21 0.0019392 0.145321 0.119504
cg09432154 GPR87 3 0.0030705 0.154506 0.119395
cg20430101 RBM10 X 0.0030705 0.154506 0.116503
cg02519218 CHFR 12 0.0048481 0.158802 0.116038
cg10094277 KERA 12 0.0048481 0.158802 0.11572
cg07465609 EGFL11 6 0.0048481 0.158802 0.11171
cg05564251 SP140 2 0.0019392 0.145321 0.111432
cg10569616 POT1 7 0.0030705 0.154506 0.110098
cg17078393 LCK 1 0.0030705 0.154506 0.109777
cg18275124 SIAE 11 0.0048481 0.158802 0.108323
cg09873510 NLN 5 0.0048481 0.158802 0.107151
cg06501084 KCNH5 14 0.0001616 0.144578 0.106958
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Figure 2—NPR2 and cGMP signaling pathway enriched in patients with OSA of the discovery cohort. In comparison between patients with OSA and healthy 
subjects, the significantly hypomethylated genes were highlighted with a blue-colored barometric bar. The changes represent the differences between 
the median M values of healthy patients and those with OSA. For example, the median M value for healthy patients and those with OSA is 1.27 and 0.37, 
respectively, for NPR2. Therefore, there is a lower methylation level (−0.9) in patients with OSA, which was shown as a blue bar alongside the NPR2 gene.
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Figure 3—DNA methylation and protein expression levels of the IL1R2 and AR genes in the validation cohort. (A) DNA methylation levels over −114 CpG 
site of the IL1R2 promoter region were decreased and (B) IL1R2 protein expression levels were increased in patients with sleep disordered breathing (SDB) 
with oxygen desaturation index (ODI) > 30 as compared to those with ODI ≤ 30. (C) DNA methylation level over −114 CpG site of the IL1R2 gene was 
correlated with ODI negatively and (D) minimum SaO2 positively. (E) DNA methylation levels over −531 CpG site of the AR promoter region and (F) AR protein 
expression were both increased in patients with SDB with ODI > 30 as compared to those with ODI ≤ 30. (G) DNA methylation level over −531 CpG site of the 
AR gene was positively correlated with both ODI and (H) AHI. *Compared by independent Student t-test. #Adjusted by multivariate linear regression model.
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compared to those with an ODI    30. DNA methylation level 
over the −531 CpG site of the AR gene was positively corre-
lated with both ODI (r = 0.297, P = 0.016, Figure 3G) and AHI 
(R = 0.268, P = 0.031, Figure 3H).

DNA methylation levels over both the −608 CpG site 
(24.53 ± 2.6% versus 26.42 ± 3.85 %, adjusted P = 0.045, 95% 
CI −3.12 to −0.08, q = 0.081, Figure 4A) and −618 CpG site 
(54.13 ± 4.51% versus 56.26 ± 1.26 %, adjusted P = 0.029, 95% 
CI −5.84 to −0.23, q = 0.067) of the NPR2 promoter region were 
decreased, whereas the expression level of NPR2 protein was 
increased (387.13 ± 376.38 versus 242.14 ± 138.31 pg/mL, ad-
justed P = 0.048, 95% CI 36.9 to 337.3, q = 0.048, Figure 4B) in 
the patients with SDB and EDS (ESS > 10) as compared to those 
without EDS. DNA methylation level over the −608 CpG site of 
the NPR2 gene was negatively correlated with ESS (R = −0.34, 
P = 0.005, Figure 4C). Because CNP binds to NPR2 to me-
diate the regulation of endochondral ossification, reproduction, 
nervous system development, and the maintenance of cardio-
vascular health,18 we measured serum CNP protein expression 
levels of the 72 patients with SDB. Serum CNP levels were in-
creased in patients with SDB and EDS as compared to those 
without EDS (167.47 ± 112.51 versus 122.31 ± 69.6, adjusted 
P = 0.033, 95% CI 1.85 to 118.86, q = 0.048, Figure 4D). Serum 
CNP was negatively correlated with the level of DNA meth-
ylation over the −618 CpG site of the NPR2 gene (R = −0.314, 
P = 0.008, Figure 4E), and positively correlated with NPR2 
protein expression level (R = 0.284, P = 0.016). DNA methyla-
tion level over the −194 CpG site of the SP140 promoter region 
in patients with SDB and EDS was increased (68.65 ± 15.58% 
versus 57.72 ± 15.78 %, adjusted P = 0.03, 95% CI 5.0 to 21.02, 
q = 0.067, Figure 4F), whereas SP140 protein expression levels 
were decreased (1.66 ± 0.51 versus 1.91 ± 0.6 ng/mL, adjusted 
P = 0.016, 95% CI −0.66 to −0.07, q = 0.048, Figure 4G) in the 
patients with SDB and EDS (ESS > 10). DNA methylation level 
over the −194 CpG site of the SP140 gene was positively cor-
related with ESS (R = 0.263, P = 0.029, Figure 4H).

There was no significant difference in the DNA methyla-
tion level over either the −1227 CpG site of the IL21R gene 
or the −438 CpG site of the GPR21 gene between the patients 
with SDB with an ODI > 30 and those with an ODI ≤ 30, as 
well as between the patients with SDB and EDS and those 
without EDS.

DISCUSSION
In this study, we identified and replicated a specific association 
between ODI and IL1R2 hypomethylation/AR hypermethyl-
ation, as well as between EDS and NPR2 hypomethylation/
SP140 hypermethylation in peripheral blood mononuclear cell 
DNA from patients with SDB. Moreover, we demonstrated 
their corresponding protein expression changes in three of the 
four selected genes, indicating a possible repressing effect on 
gene transcription of these CpG sites. Although some prelimi-
nary reports are available on blood DNA methylation changes 
of several genes in relation to indices of OSA,19,20 this is the 
first study to perform a large-scale analysis with replication of 
the principal finding.

Interleukin (IL)1R2, a decoy receptor for IL-1, negatively 
regulates IL-1 activity by binding IL1β, IL1α, and IL1Ra.21 

Bacteremia and anti-inflammatory signals have been reported 
to enhance IL-1R2 expression, indicating the activation of 
endogenous pathways of negative regulation of inflamma-
tion.22,23 In the current study, we found a negative correlation 
between methylation levels of the IL1R2 promoter region (−114 
CpG site) and ODI in patients with SDB, accompanied by an 
enhanced IL1R2 protein expression with a higher ODI in the 
validation cohort. In line with these findings, hypomethylation 
of the IL1R2 promoter over the same −114 CpG site has been 
reported to be associated with disease activity of systemic 
lupus erythematosus and rheumatoid arthritis.24 Additionally, 
high basal levels of IL1R2 expression have been reported to 
indicate a lack of response to steroid therapy in patients with 
autoimmune inner ear disease.23 Furthermore, IL1R2 genetic 
polymorphisms have recently been reported to be significantly 
associated with poor sleep maintenance in adults living with 
human immunodeficiency virus/acquired immunodeficiency 
syndrome.25 We speculate that DNA methylation changes oc-
curring in the prenatal period or early life may predispose 
subjects to an epigenotype with decreased methylation and 
increased expression of the IL1R2 gene, and subsequently a 
phenotype with more frequent hypoxic events during sleep in 
adulthood. However, it is equally possible that this may occur 
in adults as a result of OSA, suggesting that further investiga-
tions are required to clarify the cause-and-effect relationship.

Previous studies have shown that inhibition of testos-
terone action via the 5 alpha-reductase pathway may alleviate 
breathing instability during sleep, and that testosterone therapy 
worsens SDB transiently through increasing hyperoxic ven-
tilatory recruitment threshold.26,27 Little is known about the 
relationship between the AR and OSA, although changes in 
hypoxia/reoxygenation have been reported to stimulate AR 
transactivation and sensitization of prostate cancer cells in the 
presence of androgen.28 Patients with spinal and bulbar mus-
cular atrophy have been shown to have a mutated and gain-
of-function AR gene, and increased incidence of OSA.29 In the 
current study, both AR protein expression and methylation 
were increased with a higher ODI in patients with SDB. We 
speculate that an elevated AR expression may predispose sub-
jects to OSA via ventilatory instability, whereas several factors 
apart from epigenetic regulations may concurrently affect the 
AR expression. Further studies are required to clarify the effect 
of AR DNA methylation on sex differences in OSA.

CNP-NPR2 and its signaling pathway connecting to cyclic 
guanosine monophosphate (cGMP) were found to be involved 
in the development of OSA and the EDS phenotype in the 
current study. In addition, both NPR2 and serum CNP ex-
pressions were increased, whereas NPR2 methylation was de-
creased with a higher ESS in the patients with SDB. Consistent 
with these findings, alterations induced by hyperammonemia 
on glutamate-nitric oxide-cGMP or NPR2-cGMP pathways 
in the brain have been reported to result in hepatic encepha-
lopathy characterized by altered sleep-wake patterns and 
drowsiness.30–32 The second messenger, cGMP, has been re-
ported to possess arousal-promoting activity and to serve as a 
determinant of wake-promoting output of the circadian system 
through affecting its downstream protein kinase activity.33,34 
Moreover, NPR-2 has been shown to mediate the inhibition of 
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Figure 4—DNA methylation and protein expression levels of the NPR2 and SP140 genes in the validation cohort. (A) DNA methylation levels over both 
−608 CpG site of the NPR2 promoter region were decreased, (B) whereas NPR2 protein expression levels were increased in patients with sleep disordered 
breathing (SDB) with excessive daytime sleepiness (EDS) (Epworth Sleepiness Scale [ESS] score > 10) as compared to that in those without EDS. (C) DNA 
methylation level over −608 CpG site of the NPR2 gene was negatively correlated with ESS. (D) Serum CNP levels were increased in patients with SDB with 
EDS as compared to that in those without EDS. (E) Serum CNP was negatively correlated with DNA methylation level over −618 CpG site of the NPR2 gene. 
(F) DNA methylation levels over −194 CpG site of the SP140 promoter region in patients with SDB with EDS were increased, (G) whereas SP140 protein 
expression levels were decreased in patients with SDB with EDS (ESS > 10) as compared to those without EDS. (H) DNA methylation level over −194 CpG 
site of the SP140 gene was positively correlated with ESS. *Compared by independent Student t-test. #Adjusted by multivariate linear regression model.
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vascular smooth muscle proliferation and migration by CNP 
in a cGMP-dependent manner.35 The generation of cGMP has 
been shown to occur through both a nitric oxide synthase 
(NOS)–soluble guanylate cyclase (sGC) pathway, and NPR1/2-
receptor (rGC) pathway.36 Furthermore, phosphodiesterase-5 
(PDE5)-mediated cGMP breakdown has been shown to exert a 
vasoconstrictive effect on coronary resistance vessels through 
increasing endothelin-1 production.37 The effect of PDE5A in-
hibitors on improving functional recovery after experimental 
stroke in rats has been proved.38 However, it has also been re-
ported that the loading-induced CNP/NPR2/cGMP signaling 
route mediates anabolic events and prevents catabolic activi-
ties induced by IL-1β, suggesting additional cytoprotective ef-
fects of NPR2.39 Therefore, we speculate that hypomethylation 
of all of the five DMLs involved in the NPR2 pathway may 
play a crucial role in the development of the EDS phenotype 
in OSA. Further investigations are needed to clarify the un-
derlying mechanisms by which the CNP-NPR2-cGMP-PED5A 
pathway is involved in the development of or resistance to EDS 
in patients with OSA.

SP140 is an interferon-inducible nuclear leukocyte-specific 
protein that has been reported to act as an autoantigen in both 
primary biliary cirrhosis and chronic Kawasaki disease.40,41 
Hypermethylation over the −117 CpG site of the SP140 gene 
has been demonstrated in chronic myelomonocytic leukemia 
patients with mutant 10-11 translocation oncogene family 
member 2 and that it results in poor outcomes.42 SP140 has 
been reported to play a role in interferon response and it has 
been implicated in innate responses to human immunode-
ficiency virus type 1.43,44 Decreased protein expression and 
increased methylation of SP140 over the −194 CpG site were 
found in SDB patients with EDS in the current study. Pre-
vious studies have shown that OSA is associated with altered T 
helper1:T helper2 balance toward Th1 predominance, leading 
to interferon-γ secretion, and the interferon type I receptor has 
been shown to be a determinant of time spent in spontaneous 
rapid eye movement sleep.45,46 We speculate that SP140 may 
play a role in the development of EDS via its hypermethylation 
in the promoter region and possibly under the influence of in-
terferon response, although further investigations are required 
to elucidate the underlying mechanisms.

There are several limitations to the current study. First, the 
cause-and-effect relationship could not be determined in this 
cross-sectional clinical study design, because inherited DNA 
methylation patterns (epigenotype) may affect the development 
of disease, and environmental stimuli may cause disease pro-
gression through DNA methylation changes. Our preliminary 
in vitro experiment with peripheral blood mononuclear cell 
samples from six healthy subjects showed that gene expression 
and DNA methylation levels of the four selected genes were 
not altered with 4 d of IHR treatment (7 h of alternative 0% 
and 21% O2 each day) compared to normoxic conditions (data 
not shown), indicating that these CpG sites may be the initia-
tors of different phenotypes in OSA but not responders to IHR. 
However, we acknowledge that we cannot exclude a role for 
IHR for two reasons: (1) the treatment period was very short 
(4 d) compared to months/years in patients with OSA; (2) our 
paradigm for IHR did not mimic exactly cyclical intermittent 

hypoxia as occurs in humans. Second, DNA methylation and 
protein expression changes were demonstrated independently 
in the patients with SDB with different phenotypes (secondary 
outcome) but not between patients with OSA and PS (primary 
outcome). Further studies with sufficiently large sample sizes 
are required for the internal and external validity and the reli-
ability of the results. However, %time < 90% SaO2 has been 
demonstrated to be the strongest predictor of high-sensitivity 
C-reactive protein variability in patients with OSA, indicating 
that the AHI may not reflect the true characteristic of chronic 
intermittent hypoxia and inflammation.47 Third, gene expres-
sion levels of the selected genes were not examined in the pe-
ripheral blood mononuclear cell samples of the discovery or 
validation cohorts because of inadequate RNA samples. How-
ever, their protein expressions showed corresponding changes, 
indicating a potential functional role of these DML in regu-
lating gene expressions. Fourth, hypertension-related DMLs in 
the discovery cohort, such as IL1R2 and SP140, were shown 
to be associated with the ODI and EDS, respectively, in the 
validation cohort. However, these results were not unexpected, 
because EDS in patients with OSA is a special phenotype, 
characterized by younger age, higher blood pressure, and more 
severe hypoxic load.6 We also acknowledge that the study de-
sign does not allow an understanding of whether these find-
ings are unique to these outcomes solely in the setting of OSA 
or whether they represent general differences in those disease 
states. Fifth, the identified changes in the peripheral blood 
mononuclear cells may be only partly responsible for the patho-
genesis of OSA, and partly mirror differences in other relevant 
tissues. Further investigation is required to clarify whether 
these changes can be translated to neurons, endothelium, or 
other end-organ tissues. Finally, verification and validation of 
many enriched pathways identified in the discovery phase are 
ongoing. Among them, the cyclic adenosine monophosphate 
(cAMP)-protein kinase A signaling-cAMP response element 
binding protein (CREB) pathway has been reported to play an 
important role in sleep-wake control, hippocampal neuronal 
plasticity, and memory processes.48

In summary, we reported a novel association of increased 
ODI and ESS in adults of Asian origin with aberrant DNA 
methylation in the promoter regions of the IL1R2, AR, NPR2, 
and SP140 genes in blood immune cells. The findings extend 
reports linking IL1R2 and AR with the frequency of hypoxic 
events in patients with SDB, and provide direct evidence that 
perturbation of CNP/NPR2/cGMP/PDE5A or SP140 signaling 
through epigenetic programming may play an important role 
in the mediation of EDS in OSA.

ABBREVIATIONS
AHI, apnea hypopnea index
AR, androgen receptor
BMI, body mass index
CNP, type C natriuretic peptide
CpG, cytosine followed by guanine dinucleotide sequence
DML, differentially methylated loci
EDS, excessive daytime sleepiness
IHR, intermittent hypoxia with re-oxygenation
IL1R2, interleukin 1 receptor 2
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NPR2, natriuretic peptide receptor 2
ODI, oxygen desaturation index
OSA, obstructive sleep apnea
%time < 90% SaO2, percentage of total minutes of recording 

time with oxyhemoglobin saturation < 90%
PS, primary snoring
SDB, sleep disordered breathing
SP140, speckled protein 140
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