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A B S T R A C T

Background and aims: The intima-media thickness (IMT) of the carotid artery, an indicator of subclinical 
atherosclerosis, varies in close association with various factors such as diabetes and immune response. The extent 
of changes in IMT varies among individuals owing to both genetic and epigenetic factors. In this study, we aimed 
to identify single nucleotide polymorphisms (SNPs) and DNA methylation patterns that affect carotid IMT in 
monozygotic (MZ) twins.
Methods: We measured the maximum IMT (IMT-Cmax) and the mean IMT in the common carotid artery wall 
using ultrasonography in 107 pairs of MZ twins recruited from the Osaka University Twin Registry. The geno
typing of SNPs and the measurement of methylation levels were performed using a beads array, and the 
expression of each gene was determined by RNA sequencing. Linear regression analysis was performed on each of 
the two groups: one group consisted of twins randomly selected from each pair, and the other group consisted of 
co-twins.
Results: We identified a CpG site (cg02432467) on HS3ST6 as a significant epigenetic factor in both IMT-Cmax 
and mean IMT analyses. The methylation level at another site (cg07927379) was negatively correlated with 
LINC01006 expression and IMT-Cmax. Furthermore, there were significant differences in AP2A2 expression and 
mean IMT among individuals with each genotype of the rs10902263 polymorphism.
Conclusions: We identified genetic and epigenetic factors associated with carotid IMT that may be useful for 
individualized assessments.

1. Introduction

Atherosclerosis causes ischemic heart disease and stroke. Athero
sclerosis is initiated by damage to vascular endothelial cells caused by 
risk factors such as hypertension, diabetes mellitus, and dyslipidemia 
(Gimbrone and García-Cardeña, 2016). Additionally, the lesion forma
tion in atherosclerosis involves an immune response, including the 
infiltration of immune cells such as macrophages and T lymphocytes, 
and inflammatory responses induced by cytokines secreted by these cells 
(Hansson and Hermansson, 2011; Roy et al., 2022). One of the evalua
tion indices of subclinical atherosclerosis is the carotid artery intima- 
media thickness (IMT) measured by ultrasonography (Jilani et al., 

2020). Carotid IMT is defined as the combined thickness of the intimal 
and medial layers of the carotid artery. Common carotid IMT is related 
to the future development of cardiovascular disease (Lorenz et al., 2006; 
Rosvall et al., 2005). The maximum and mean IMT, which represent the 
maximum area of thickening including plaque and the average value of 
IMT measured in a plaque-free area, respectively, are mainly used to 
evaluate subclinical atherosclerosis (Ling et al., 2023). Their combina
tion may predict the onset of cardiovascular disease more accurately 
(Amato et al., 2017; Nambi et al., 2010). In a Vietnamese twin study, 
genetic influence on carotid IMT was reported to be approximately 60 
%, while the remainder due to non-shared environmental influence 
(Zhao et al., 2008). Additionally, individuals with the AA genotype of 
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the rs780094 polymorphism in GCKR showed significantly reduced ca
rotid IMT compared with individuals with the GG genotype (Murata- 
Mori et al., 2014). Furthermore, the hypermethylation of the methyl
ation site on ABCG1, which plays a role in lipid metabolism, is signifi
cantly associated with an increased common carotid IMT (Qin et al., 
2019). These results suggest that the genetic and epigenetic factors may 
affect to the increase in IMT.

The identification of genetic and epigenetic factors involved the 
subclinical atherosclerosis has the potential to establish predictive in
dicators for the onset of atherosclerosis. Therefore, in this study, we 
focused on single nucleotide polymorphisms (SNP) as a genetic factor 
and the DNA methylation of cytosine-phospho-guanine (CpG) sites as an 
epigenetic factor. We aimed to identify factors that contribute to an 
increase in IMT and are closely related to the pathogenesis of subclinical 
atherosclerosis. To conduct a stricter analysis considering the genetic 
background, we used monozygotic (MZ) twins as subjects because each 
pair had the same genetic factors.

2. Materials and methods

2.1. Subjects

Japanese MZ twins were recruited from the registry established by 
the Center for Twin Research, Osaka University Graduate School of 
Medicine (Honda et al., 2019). Participants with a self-reported history 
of stroke or myocardial infarction were excluded. Finally, we have 
analyzed 107 pairs (33 male and 74 female pairs) (Table 1). Written 
informed consent was obtained from all the twins, and this study pro
tocol was approved by the Ethics Committee of Osaka University (Nos. 
696 and 10209). The zygosity of the twin pair was confirmed by the 
perfect matching of 15 short tandem repeat loci using the PowerPlex 16 
system (Promega, Madison, WI, USA). Medical and clinical examination, 
and carotid ultrasonography were also performed. The twins were 
examined on the same day.

2.2. Clinical parameters

Information regarding lifestyle and medication use was assessed 
using health-related questionnaires. Their weight, height, systolic blood 
pressure (SBP), and diastolic blood pressure were recorded. The body 
mass index (BMI) was calculated as weight in kilograms/ (height in 
meters)2 (kg/m2). Blood pressure (BP) was measured thrice with the UA- 
786 Blood Pressure Monitor (A&D Co. Ltd., Japan) in the sitting posi
tion. The average of the three BP measurements was used in the analysis.

Venous blood samples were collected at 9:00AM after a 12-h fast. 
Eight traits, namely HbA1c, fasting glucose, total cholesterol, tri
glycerides, high-density lipoprotein, low-density lipoprotein, uric acid, 
and creatinine were measured according to the methods of the IFCC 
Project (Ichihara, 2014).

2.3. Carotid ultrasonography

Ultrasonography was performed to evaluate carotid IMT and plaque 
formation using an ultrasound machine (Xario SSA-660A; Canon Med
ical Systems Inc, Japan) and a 7.5 MHz linear transducer (PLT-704SBT; 
Toshiba Medical Systems, Japan). We defined the distance from the 
lumen-intima interface to the media-adventitia interface as IMT. First, 
we observed IMT between the origin of the common carotid artery on 
the central side and a point 15 mm distal to the central side from the 
bifurcation of the internal and external carotid arteries on the longitu
dinal and transverse sections; the thickest IMT, including plaques, was 
determined as the maximal IMT (IMT-Cmax). Second, in the longitudi
nal view, we measured the following three points in the plaque-free 
region on the far wall: (i) maximal IMT, (ii) a point 10 mm distal to 
the maximal IMT, and (iii) a point 10 mm the proximal to the maximal 
IMT. The mean IMT was calculated as the average IMT at the three 

points (Irie et al., 2012). Ultrasound scans were performed by several 
examiners and images were saved in JPEG format. Image analysis was 
then performed by one analyst using ImageJ (National Institutes of 
Health, Bethesda, MD, USA), an image processing software. The IMT- 
Cmax and mean IMT were measured in both the left and right com
mon carotid arteries, and the higher measurement values were used in 
the analysis. we did not consider the cardiac cycle and selected a time 
point at which IMT could be clearly observed because the effect of the 
cardiac cycle is only an error in the IMT measurement (Polak et al., 
2012).

2.4. Genotyping and imputation

SNP genotyping was performed using Illumina Infinium 
HumanOmni5-Quad v1-0 BeadChips (Illumina, San Diego, CA, USA) and 
Illumina Infinium HumanOmni v1-1 BeadChips (Illumina). Sample 
exclusion was performed following the criteria given below: (i) sample 
call rate < 0.98, (ii) closely related individuals identified by the identity- 
by-descent analysis, and (iii) East Asian outliers identified by the prin
cipal component analysis of the studied samples and the three major 
reference populations (Africans, Europeans, and East Asians) in the 

Table 1 
Clinical characteristics of examined twins.

All MZ twins Female Male p- 
value

Number of 
samples

214 (107 
pairs)

148 (74 pairs) 66 (33 pairs) -

Age, years 53.1 ± 17.7 
(20–88)

51.8 ± 16.5 
(21–88)

56.2 ± 19.9 
(20–85)

0.045

IMT-Cmax, mm 0.67 ± 0.43 
(0.32–3.8)

0.65 ± 0.47 
(0.32–3.8)

0.70 ± 0.29 
(0.41–2.1)

0.006

Mean IMT, mm 0.53 ± 0.15 
(0.26–0.98)

0.51 ± 0.15 
(0.26–0.97)

0.59 ± 0.16 
(0.33–0.98)

0.001

BMI, kg/m2 21.7 ± 3.14 
(14.1–32.9)

21.1 ± 2.63 
(14.1–28.6)

22.8 ± 3.8 
(15.5–32.9)

0.003

SBP, mmHg 122.1 ± 18.5 
(88.0–179.0)

118.8 ± 17.3 
(88.0–179.0)

129.6 ± 19.1 
(88.0–175.0)

< 
0.001

DBP, mmHg 77.0 ± 11.3 
(54.0–115.0)

75.5 ± 10.9 
(54.0–115.0)

80.3 ± 11.6 
(57.0–111.0)

0.002

HbA1c, % 5.4 ± 0.59 
(4.2–9.0)

5.4 ± 0.60 
(4.2–9.0)

5.5 ± 0.60 
(4.6–7.1)

0.031

Fasting glucose, 
mg/dL

95.2 ± 14.1 
(66.4–168.9)

93.3 ± 14.1 
(66.4–168.9)

99.4 ± 13.2 
(77.9–145.2)

< 
0.001

Total 
cholesterol, mg/ 
dL

201.8 ± 35.0 
(122.3–290.8)

204.3 ± 35.0 
(122.3–290.8)

196.2 ± 34.7 
(127.2–288.0)

0.175

Triglycerides, 
mg/dL

93.4 ± 58.0 
(27.9–412.7)

85.2 ± 44.8 
(27.9–299.2)

111.6 ± 77.4 
(30.1–412.7)

0.036

HDL-c, mg/dL 63.9 ± 15.5 
(32.4–111.2)

67.0 ± 15.5 
(35.4–111.2)

56.8 ± 13.1 
(32.4–89.6)

< 
0.001

LDL-c, mg/dL 118.6 ± 28.8 
(59.6–216.7)

118.2 ± 28.3 
(65.8–216.7)

119.4 ± 30.1 
(59.6–215.9)

0.700

Uric acid, mg/dL 5.0 ± 1.2 
(2.6–9.1)

4.6 ± 1.0 
(2.6–7.2)

5.8 ± 1.1 
(3.7–9.1)

< 
0.001

Creatinine, mg/ 
dL

0.76 ± 0.16 
(0.45–1.3)

0.69 ± 0.12 
(0.45–1.3)

0.92 ± 0.11 
(0.67–1.3)

< 
0.001

Smoking (%) 41 (19.2 %) 14 (9.5 %) 27 (40.9 %) < 
0.001

Drinking (%) 126 (58.9 %) 76 (51.4 %) 50 (75.8 %) < 
0.001

Exercise (%) 136 (63.6 %) 88 (59.5 %) 48 (72.7 %) 0.063
Hypertension 
medication (%)

29 (13.6 %) 16 (10.8 %) 13 (19.7 %) 0.079

Diabetes 
mellitus 
medication (%)

9 (4.2 %) 8 (5.4 %) 1 (1.5 %) 0.190

Hyperlipidemia 
medication (%)

20 (9.3 %) 15 (10.1 %) 5 (7.6 %) 0.552

DBP: Diastolic blood pressure.
aAll values are given as n (%) or means ± standard deviations, and minimum to 
maximum.
bb. BMI: Body mass index. SBP: Systolic blood pressure.
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International HapMap Project (International HapMap, C, The Interna
tional HapMap Project, Nature, 2003). Variants were then subjected to 
the following standard quality-control criteria for exclusion (i) SNP call 
rate < 0.95, (ii) minor allele frequency < 1 %, and (iii) Hardy-Weinberg 
equilibrium p-value < 1.0e-07. Genotypes prephasing and imputation 
were performed using SHAPEIT and minimac and the 1000 Genomes 
Project Phase1 (version 3) East Asian reference haplotypes, respectively. 
For the X chromosome, prephasing and imputation was performed 
separately for females and males. A total of 107 samples and 39,692,293 
variants were retained after edits.

2.5. DNA methylation data

DNA methylation levels were evaluated using Infinium Human
Methylation450 BeadChip Kit (Illumina) and the Infinium Human
MethylationEPIC BeadChip Kit (Illumina) according to the 
manufacturer’s standard protocol, which interrogated over 450,000 
highly informative CpG sites at a single-nucleotide resolution for each 
sample, which were shared by both arrays. The experiment was per
formed with 0.5 μg of high-quality genomic DNA. On the chip, there 
were two bead types for each CpG site per locus. The raw data were 
analyzed using the Genome Studio software (Illumina), and the fluo
rescence intensity ratios between the two bead types were calculated. A 
ratio of 0 indicated the non-methylation of the locus, and a ratio of 1 
indicated complete methylation.

Finally, each methylation level was standardized by a regulation 
method using the proportions of granulocytes, monocytes, neutrophils, 
eosinophils, and basophils for linear model analysis (Jones et al., 2017).

2.6. RNA sequencing

Peripheral blood samples were stabilized and frozen in TempusTM 

Blood RNA Tube (Applied BiosystemsTM) (Thermo Fisher Scientific, Inc, 
Waltham, MA, USA). RNA was extracted from the samples using Tempus 
Spin RNA Isolation Kit (Thermo Fisher Scientific) and ribosomal RNA 
and Globin mRNA were depleted using TruSeq Stranded Total RNA LT 
Sample Prep Kit (Illumina), according to the manufacturer’s protocol 
(Martin and Wang, 2011). Gene expression was measured using Illumina 
NovaSeq 6000 (Illumina). We used Transcripts Per Kilobase Million 
(TPM) counts as normalization values for analysis. The expression of 
each gene was calculated using the following formula: log2(TPM + 1).

2.7. Adjusting IMT measurement value

The IMT values were adjusted for age, sex, and SBP using a linear 
regression model. The variables used for adjustment were selected by 
the multiple regression analysis of factors affecting IMT (Table 1). 
Finally, we normalized the residuals by applying an appropriate trait- 
specific transformation (Z-score) and used these values for further 
analyses.

2.8. Classification of MZ pairs

We classified MZ pairs into two groups: one consisted of randomly 
selected twins from all examined pairs (Twin1 group), and the other 
consisted of co-twins (Twin2 group). Since the Twin1 and Twin2 groups 
have the same basic characteristics, including sex, age, and genetic 
factors, these two groups were considered replicated subject groups. No 
significant differences were found between the two groups regarding 
IMT, SBP and BMI values (Supplementary Table 1).

2.9. Statistical analysis

We conducted linear regression analysis using R 4.0.1 and PLINK 
(ver 1.90b6.21). In the epigenome-wide association study (EWAS) and 
genome-wide association study (GWAS), p-values < 1.0E-07 and < 5.0E- 

08 were the thresholds for significance (before Bonferroni correction). 
The Wilcoxon rank-sum test or chi-square test was used to compare the 
characteristics of the samples. Multiple regression analysis was per
formed to minimize Akaike’s Information Criterion using the JMP16 
software (SAS Institute Inc., Cary, NC, USA).

3. Results

3.1. EWAS for carotid IMT

To investigate the DNA methylation levels of CpG sites affecting to 
carotid IMT, we performed EWAS in the Twin1 and Twin2 groups. The 
EWAS for IMT-Cmax revealed many significant CpG sites in each group; 
however, none of these CpG sites were common between the two groups 
(Supplementary Figure 1A). However, we detected 14 common CpG 
sites between the Twin1 and Twin2 groups among each suggestive CpG 
sites (Table 2A and Supplementary Figure 1A). In contrast, in the EWAS 
for the mean IMT, we could not find any CpG sites common between the 
Twin1 and Twin2 groups among the suggestive CpG sites 
(Supplementary Figure 1B). However, among the CpG sites from the 
lowest p-values to the 1000th CpG site, 21 CpG sites common to both 
groups were identified (Table 2B). Furthermore, we analyzed the cor
relation between the carotid IMT and the methylation level of each of 
the 21 CpG sites and found a significant positive correlation between the 
methylation level of the cg02432467 site, IMT-Cmax, and mean IMT 
(Fig. 1A and B).

To identify the methylation levels of CpG sites independently asso
ciated with IMT-Cmax and mean IMT, we performed multiple regression 
analysis using the methylation levels of 21 CpG sites common to the 
Twin1 and Twin2 groups and identified several CpG sites for each 
analysis (Table 3). Among them, the methylation level of the 
cg02016723 site was commonly associated with IMT-Cmax, whereas 
that of the cg26233408 site was commonly associated with mean IMT 
(Table 3).

Additionally, we focused on genes with common suggestive CpG sites 
using EWAS (Table 2) and analyzed the correlation between the 
methylation level of each CpG site and the gene expression level 
(Supplementary Table 2). The methylation level of the cg07927379 site 
on LINC01006 was negatively correlated with gene expression and the 
adjusted IMT-Cmax (Fig. 1C and 1D). In contrast, there was a positive 
correlation between the methylation level of cg02016723 and WFDC 
expression (Supplementary Table 2).

3.2. GWAS for carotid IMT

To identify SNPs associated with carotid IMT, a GWAS was per
formed in the Twin1 and Twin2 groups (Supplementary Figure 2). No 
SNPs were significantly associated with the IMT-Cmax or mean IMT. 
However, we found seven suggestive SNPs in SMYD3 for IMT-Cmax and 
one (rs10902263) in AP2A2 for the mean IMT common to the Twin1 and 
Twin2 groups (p-value < 1.0E-04) with reproducibility (Supplementary 
Table 3).

Because the seven identified SNPs for the IMT-Cmax gene were in a 
linkage disequilibrium, we focused on rs1934578 as a representative 
and compared the expression of SMYD3 and adjusted IMT-Cmax among 
the genotypes of this SNP. Additionally, AP2A2 expression and adjusted 
mean IMT were compared between the genotypes of rs10902263. Tthe 
genotype of rs1934578 did not affect SMYD3 expression, but the 
rs1934578 TC genotype was related to a significant decrease in adjusted 
IMT-Cmax (Fig. 2A). AP2A2 expression was significantly downregulated 
in the rs10902263 TT genotype compared with that in the GG genotype 
(Fig. 2B). The adjusted mean IMT was decreased significantly in the 
rs10902263 TG and TT genotypes compared with that in the GG geno
type (Fig. 2B).
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4. Discussion

In this study, we identified genetic and epigenetic factors affecting to 
carotid IMT. Among the CpG sites that showed common association 
between the Twin1 and Twin2 groups and IMT-Cmax (Table 2A), the 
cg02016723 site was located on WFDC5, which encodes a protease in
hibitor (Kalinina et al., 2021). Proteases, such as neutrophil elastase and 
thrombin, play roles in thrombus formation and are involved in 
atherosclerosis pathogenesis (Slack and Gordon, 2019). Neutrophil 
elastase is associated with cholesterol accumulation and may increase 
the risk of atherothrombotic events (Dollery et al., 2003), and thrombin 
exacerbates the inflammatory cascade in atherosclerosis by activating 
protease-activated receptors (Grandoch et al., 2016). Therefore, we 
hypothesized that WFDC5 may play a role in preventing atherosclerosis 
progression by inhibiting these proteases. Moreover, a weak positive 
correlation of the methylation level in this CpG site with the expression 
of WFDC5 was shown (Supplementary Table 2). However, the methyl
ation level at this site also exerted a positive effect on IMT-Cmax in both 
the Twin1 and Twin2 groups (Table 3). As WFDC5 plays a protective 
role against atherosclerosis, we hypothesized that the increased 
methylation level on WFDC5 may be induced by increased IMT to sup
press the atherosclerosis progression.

The cg26233408 site identified by EWAS on the mean IMT was 
located on SLC26A11, which is involved in glucose transport as a sulfate 
transporter (Vincourt et al., 2003). This gene is also associated with 
fasting blood glucose levels according to a twin study (Wang et al., 
2020) and is a susceptibility gene for cardiovascular disease in patients 
with hypertension and diabetes mellitus (Song et al., 2021). Therefore, 
methylation at cg26233408 may contribute to IMT as a subclinical 
atherosclerotic risk factors for hyperglycemia and hypertension.

The methylation level of cg02432467 was positively correlated with 
both IMT-Cmax and mean IMT (Fig. 1A and B). This CpG site, located on 
HS3ST6, encodes a sulfotransferase involved in heparan sulfate syn
thesis (Bork et al., 2021). Heparan sulfate exhibits an anticoagulant 
function with heparin-like antithrombin cofactor activity (Shimada 
et al., 1991) and inhibits atherogenesis by suppressing inflammation and 
smooth muscle cell proliferation (Tran-Lundmark et al., 2008). There
fore, an increase in the methylation level of the cg02432467 site prob
ably suppresses sulfate transfer to heparan sulfate via HS3ST6 and 
increases IMT.

Interestingly, a significant negative correlation was observed be
tween the methylation level of the cg07927379 site and both LINC01006 
expression and adjusted IMT-Cmax (Fig. 1C and D). LINC01006 
expression in peripheral blood was significantly upregulated in patients 
with rheumatoid arthritis (Wen et al., 2020). LINC01006 promotes the 
proliferation, migration, and invasion of tumor cells in various cancers 
(Ma et al., 2020; Song et al., 2021). This suggests that upregulated 
LINC01006 expression due to the decrease in the methylation level of 
this CpG site augments the inflammatory response and leukocyte func
tion; thereby increasing IMT.

According to the analysis of the genetic background, the seven SNPs 
on SMYD3 affected IMT-Cmax (Supplementary Table 3A). SMYD3 reg
ulates FOXP3 expression, a master transcription factor of regulatory T 
cells (Tregs) (McCaffrey et al., 2021), and SMYD3 and FOXP3 expres
sions are positively correlated (Nagata et al., 2015). Tregs suppress the 
immune responses of CD4+ T cells and atherogenesis (Kasahara et al., 
2022; Saigusa et al., 2020). In our study, adjusted IMT-Cmax increased 
significantly in individuals with the rs1934578 CC genotype (Fig. 2A). 
This suggests that in individuals with the rs1934578 CC genotype, 
SMYD3 may suppress FOXP3 expression more than in those with other 

Table 2 
Common CpG sites in EWAS between Twin1 and Twin2 groups.

CpGID Chr Mapinfo Gene Position p-value (Twin1) p-value (Twin2)

(A) IMT-Cmax ​ ​ ​ ​ ​ ​
1 cg17429686 1 2639790 TTC34 3′UTR 6.62E-05 2.35E-05
2 cg14380444 1 8517475 RERE Body 2.22E-06 6.60E-05
3 cg15649333 1 157239890 ー ー 5.46E-05 7.45E-05
4 cg11006267 5 139637839 ー ー 6.76E-05 9.11E-05
5 cg19500607 5 148654756 HTR4 TSS1500 1.33E-05 1.17E-05
6 cg04939662 6 5084104 ー ー 7.54E-05 7.25E-05
7 cg08453194 6 41936660 CCND3 Body 4.62E-05 6.42E-08
8 cg06867285 7 80013646 ー ー 6.36E-06 2.49E-05
9 cg07927379 7 156640414 LINC01006 Body 1.76E-05 7.65E-06
10 cg02432467 16 1913431 HS3ST6 Body 2.73E-05 2.27E-05
11 cg09744036 17 81962654 ー ー 9.39E-05 3.34E-05
12 cg07544187 19 19540426 CILP2 Body 8.24E-05 5.55E-06
13 cg12497914 20 2693639 EBF4 Body 2.84E-05 7.48E-05
14 cg02016723 20 45114870 WFDC5 Body 3.89E-05 4.85E-05
(B) Mean IMT ​ ​ ​ ​ ​ ​
1 cg17721530 1 26227956 ー ー 8.41E-04 1.53E-04
2 cg27379715 2 880304 ー ー 4.19E-04 1.20E-04
3 cg19015611 2 70899316 ー ー 8.27E-04 4.12E-06
4 cg08023416 2 102187327 IL1RL2 5′UTR 7.15E-04 1.18E-04
5 cg07263322 2 221793032 ー ー 2.56E-04 2.55E-05
6 cg04413180 2 235938413 AGAP1 Body 5.00E-04 1.20E-04
7 cg01008097 4 109346476 ー ー 8.99E-04 1.78E-04
8 cg02279591 5 95653624 RFESD;SPATA9 Body;5′UTR 8.13E-04 1.23E-04
9 cg23939866 5 154802292 LARP1 Body 4.83E-04 2.19E-04
10 cg14736087 6 24724309 ー ー 6.83E-04 7.07E-05
11 cg04092581 6 69863906 ー ー 8.41E-04 1.49E-04
12 cg18036998 7 151203456 ー ー 9.45E-04 1.97E-04
13 cg17494438 10 49392698 DRGX TSS1500 0.00107 5.44E-05
14 cg10671668 12 4810064 GALNT8 1stExon 1.52E-04 3.80E-05
15 cg03865604 12 121280083 CAMKK2 5′UTR 0.00108 1.99E-04
16 cg01775802 14 72478753 ー ー 5.13E-04 1.04E-04
17 cg02432467 16 1913431 HS3ST6 Body 1.13E-04 1.24E-04
18 cg04520396 17 1682018 PRPF8 Body 4.20E-04 1.37E-04
19 cg25952886 17 32993633 SPACA3 Body 3.68E-04 1.79E-04
20 cg26233408 17 80236871 SLC26A11 Body 0.00103 1.11E-04
21 cg19352808 19 6737743 ー ー 6.22E-04 2.93E-05
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genotypes, thereby increasing IMT by suppressing Tregs.
The rs10902263 polymorphism on AP2A2 was associated with the 

mean IMT (Supplementary Table 4B). AP2A2 is part of the AP2 adapter 
complex, a novel target of peroxisome proliferator-activated receptor 
alpha (PPARα) in adipose tissues, and PPARα activation upregulates 
AP2A2 expression and promotes lipolysis (Montgomery et al., 2019). 
The T allele and TT genotype of rs7396366; located near AP2A2, were 
associated with an increased risk and severity of cardiovascular disease 

(Wang et al., 2018). These results suggested that genotypes associated 
with downregulated AP2A2 expression contributed to the IMT increase 
by suppressing lipolysis. However, in this study, individuals with the TG 
and TT genotypes of rs10902263, which showed downregulated AP2A2 
expression, were associated with a significant decrease in mean IMT 
compared with individuals with the GG genotype (Fig. 2B). Since AP2A2 
has also been reported to play an important role in hepatic insulin 
signaling and glucose uptake (Montgomery et al., 2019), it is possible 

Fig. 1. Correlation between methylation levels and traits at cg02432467 and cg07927379 sites. Correlation between methylation levels in cg02432467 and (A) 
adjusted IMT-Cmax and (B) adjusted mean IMT. Correlation between the methylation levels of cg07927379 and (C) LINC01006 levels and (D) adjusted IMT-Cmax. 
The red circles and blue triangles represent Twin1 and Twin2 groups, respectively. The black line indicates regression.

Table 3 
Best fit models of multiple regression analysis.

IMT-Cmax Mean IMT

CpGID coefficient p-value CpGID coefficient p-value

Twin1 group ​ ​ ​ ​ ​ ​
Intercept − 10.2 < 0.0001 ​ Intercept 13.3 0.0207
cg14380444 2.49 0.0024 ​ cg07263322 − 3.72 0.0444
cg09744036 5.88 0.0252 ​ cg02432467 4.09 0.0016
cg02016723 5.76 0.0174 ​ cg26233408 ¡13.3 0.0380
Twin2 group ​ ​ ​ ​ ​ ​
Intercept − 6.00 < 0.0001 ​ Intercept 9.37 0.0460

​ cg19015611 − 0.62 0.3407
cg08453194 8.36 < 0.0001 ​ cg08023416 2.07 0.0164
cg02016723 4.14 0.0151 ​ cg14736087 4.65 0.0108

​ cg26233408 ¡15.7 0.0030

aCpG sites selected by multiple regression analysis commonly between Twin1 and Twin2 groups were presented as bold.
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Fig. 2. Comparison of gene expression and carotid IMT by SNP genotypes. (A) SMYD3 expression and adjusted IMT-Cmax by rs1934578 genotypes were shown, 
respectively. (B) AP2A2 expression and adjusted mean IMT by rs10902263 genotypes were shown, respectively. *p-value < 0.05, **p-value < 0.01.
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that AP2A2 regulates glucose metabolism and affects carotid IMT.
A limitation of this study is that we only have IMT data in common 

carotid artery, so we cannot examine blub IMT or internal carotid artery 
IMT, which will be more clinically important. However, genetic and 
environmental factors in IMT in common carotid artery will be relevant 
in other sites as well. In addition, the reliability of the results of this 
study may be limited due to the small sample size and the lack of another 
Japanese twin cohort to conduct replicate experiments. Furthermore, 
since the EWAS results in this study do not take into account causal 
relationships, it is unclear whether DNA methylation is a cause or a 
result of increased IMT.

4.1. Conclusions

SNPs and CpG methylation, which are closely associated with the 
pathogenesis of subclinical atherosclerosis, glucose metabolism, lipid 
metabolism, and leukocyte dynamics, have been identified as genetic 
and epigenetic factors affecting to common carotid IMT.
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