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Abstract 

A genetic influence on methylation levels has been reported and methylation quantitative trait 

loci (meQTLs) have been identified in various tissues. The contribution of genetic and epigenetic 

factors in the development of the metabolic syndrome (MetS) has also been noted. In order to 

pinpoint candidate genes for testing association of SNPs with MetS and its components, we 

aimed to evaluate the contribution of genetic variations to differentially methylated CpG sites in 

severely obese men discordant for MetS. Genome-wide differential methylation analysis was 

conducted in visceral adipose tissue (VAT) of 31 severely obese men discordant for MetS (16 

with and 15 without MetS) and identified ~17,800 variable CpG sites. Genome-wide association 

study conducted to identify SNPs (meQTL) associated with methylation levels at variable CpG 

sites revealed 2292 significant associations (P<2.22x10-11) involving 2182 unique meQTL 

regulating methylation levels of 174 variable CpG sites. Two meQTLs disrupting CpG sites 

located within the collagen encoding COL11A2 gene were tested for associations with MetS and 

its components in a cohort of 3021 obese individuals. Rare allele of these meQTLs showed 

association with plasma fasting glucose levels. Further analysis conducted on these meQTL 

suggested a biological impact mediated through disruption of transcription factor (TF) binding 

sites based on prediction of TF binding affinities. The current study identified meQTL in VAT of 

severely obese men and revealed associations of two COL11A2 meQTL with fasting glucose 

levels. 
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Introduction 

Epigenetic mechanisms are involved in the acquisition and maintenance of organized tissues1 and 

represent a potential link through which genetics and environment may cause phenotypic 

variations.2 Specifically, several pieces of evidence point to a contribution of genetic3-5 and 

environmental factors in the establishment of DNA methylation levels at individual genomic loci 

or at the genome-wide level.6,7 Alterations in DNA methylation are known to affect gene 

transcription, phenotypes and methylation patterns associated with complex traits.8,9 Changes in 

methylation levels at specific CpG sites have been demonstrated over time6,10 and have been 

associated with multiple environmental factors.7,11 Support for a genetic influence on methylation 

levels has emerged from estimates of methylation heritability in family as well as in twin 

studies,12,13 and the identification of methylation quantitative traits loci (meQTL) in multiple 

samples and tissues.3,4,14 Current evidence in the literature report a dependence of DNA 

methylation on local sequence content with associations observed close to the methylation 

site.3,4,12,14 A striking impact of SNPs at methylation sites (hereafter termed CpG-SNPs) 

disrupting methylation potential and resulting in regions exhibiting allele-specific DNA 

methylation has been reported.15 

 

Over the years, genome-wide association studies (GWAS) and candidate gene-based association 

studies identified several loci associated with complex traits including the metabolic syndrome 

(MetS),16 a clustering of metabolic abnormalities defined by abdominal obesity, impaired glucose 

tolerance, dyslipidemia and hypertension. Despite the fact that heritability of MetS has been 

established,17,18 genetic factors explain a small proportion of MetS variability. In line with the 

involvement of metabolically active tissues in the pathogenesis of complex diseases19 and with 

the presence of tissue-specific methylation patterns,20,21 our group previously established 
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methylation profiles in visceral adipose tissue (VAT) of men with MetS (MetS+, N=7) vs. men 

without MetS (MetS-, N=7) and revealed a potential association of specific metabolic pathways 

with the presence of MetS.22 

 

The current study aimed to decipher the contribution of DNA sequence variations on methylation 

levels of severely obese men with versus without MetS. We extend our previous analysis of 

differentially methylated genes in VAT of individuals discordant for MetS by conducting an 

epigenome-wide association study for most variable sites. Focusing on genetic variations 

influencing methylation status in VAT of men discordant for MetS, we present an approach 

integrating genotype and methylation data in order to pinpoint candidate genes for testing 

associations of CpG-SNPs with MetS and its components. Through the analysis of CpG-SNPs 

identified in biologically relevant and metabolically active VAT, we provide a proof of concept 

for the identification of MetS-associated loci, thus integrating mechanistic insights to classic 

genetic association studies. 
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Patients and Methods 

Subjects 

Blood samples and VAT were obtained as previously described23 from a subset of 31 severely 

obese men (BMI >40 kg/m2) undergoing biliopancreatic diversion with duodenal switch (BPD-

DS)24 at the Institut universitaire de cardiologie et de pneumologie de Québec - Université Laval 

(IUCPQ-UL) (Quebec City, Quebec, Canada). This subset of individuals, including 13 

individuals previously analyzed for differences in methylation levels according to MetS group,22 

and not taking any medication to treat MetS features, was selected on the basis of the presence 

(N=16) or absence (N=15) of MetS from a cohort of 3021 Caucasian individuals (941 men, 2080 

women). Blood buffy coat has been collected for all individuals of the whole cohort. All tissue 

specimens were obtained from the biobank of IUCPQ according to institutionally approved 

management modalities. Waist girth, resting systolic (SBP) and diastolic (DBP) blood pressure, 

plasma lipids [total-C, LDL-C, HDL-C and TG] as well as fasting glucose concentrations were 

measured preoperatively using standardized procedures.25 BMI was calculated as weight in 

kilograms divided by height in meters squared. Presence of MetS was determined using the 

National Cholesterol Education Program Adult Treatment Panel III (NCEP-ATPIII) guidelines16 

when an individual fulfilled three or more criteria. The study was approved by the Université 

Laval and IUCPQ-UL ethics committees and and was performed in accordance with the 

principles of the Declaration of Helsinki. All participants provided written informed consent 

before their inclusion. 

 

DNA extraction from VAT and genome-wide methylation analysis 

Genomic DNA was extracted from VAT using the DNeasy Blood & Tissue kit (QIAGEN, 

Mississauga, Ontario, Canada) for the subset of 31 men. DNA was first quantified using both 
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NanoDrop Spectrophotometer (Thermo Scientific, Wilmington, DE, USA) and PicoGreen DNA 

methods, and 1 μg was bisulfite converted. Quantitative genome-wide methylation analysis was 

conducted using the Infinium HumanMethylation450 BeadChip according to the manufacturer’s 

instructions (Illumina, San Diego, CA). Arrays were processed at the McGill University and 

Génome Québec Innovation Centre (Montréal, Canada). The Infinium HumanMethylation450 

BeadChip array assesses more than 485,000 methylation sites at single-nucleotide resolution and 

was designed for genome-wide methylation analysis with coverage targeted mostly across gene 

regions (i.e. promoter region, 5’UTR, first exon, gene body and 3’UTR). 

Methylation data were visualized and analyzed using the GenomeStudio® software version 

2011.1 (Illumina Inc.) and the Methylation Module. Background subtraction and normalization of 

methylation data were conducted using internal control probe pairs. Two different probe designs 

are found on the Infinium® HumanMethylation450 BeadChip array (Infinium I and Infinium II 

assays). Assay-specific normalization was therefore conducted using internal control probes. All 

samples fulfilled quality controls (bisulfite conversion, extension, staining, hybridization, target 

removal, negative and non-polymorphic control probes). Probes with detection P value >0.05 in 

either of the two groups were removed from analysis. Methylation levels (beta values; β) were 

estimated as the ratio of signal intensity of the methylated alleles to the sum of methylated and 

unmethylated intensity signals of the alleles and varied from 0 (no methylation) to 1 (100% 

methylation). Differences in methylation levels (mean β values) were tested between MetS+ and 

MetS- groups using Student t-test in GenomeStudio software. Aiming to identify CpG-SNPs 

related to the presence of MetS, a relaxed P value cutoff of 0.05 was used to identify 

differentially methylated CpG sites (variable sites) for subsequent SNPs association analyses. 

 

Genotyping 
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DNA was isolated from the blood buffy coat using the GenElute™ Blood Genomic DNA kit 

(Sigma, St Louis, MO, USA). Quantification and verification of DNA quality were conducted via 

both NanoDrop spectrophotometer (Thermo Scientific, Wilmington, DE, USA) and PicoGreen 

DNA methods. Genome-wide genotyping was performed for 4,301,331 markers using Illumina 

HumanOmni-5-Quad BeadChip® (Illumina Inc., San Diego, CA) in the subset of 31 individuals 

selected for genome-wide methylation analysis. Samples were loaded on six different arrays to 

minimize any batch effect while it can accommodate 12 samples simultaneously. Arrays were 

processed at McGill University and Genome Quebec Innovation Centre (Montreal, Canada), 

according to the manufacturer's instructions. Genotyping of selected CpG-SNPs in the whole 

cohort of 3021 individuals was carried out using pre-designed primers and TaqMan probes 

(Applied Biosystems) following isolation, quantification and quality assessment as described 

above. Genotypes were determined using Applied Biosystems® 7500 Fast Real-Time PCR 

System and analyzed using ABI Prism SDS software version 1.2.3 (Applied Biosystems). 

 

SNPs and sample quality control for genome-wide genotyping 

Samples were tested for call rate (>95%), ethnicity (Caucasian; HapMap) and gender mismatch 

based on genotyping data. No subject was excluded; all 31 samples were used in subsequent 

analysis. Calculations of allele frequencies and tests of SNP data for Hardy-Weinberg 

equilibrium (HWE) were performed using PLINK26 (version 1.07). SNPs with a call rate <90%, 

genotype distribution deviating from HWE (P values less than 10-5), monomorphic or with a 

minor allele frequency (MAF) < 0.01, located on mitochondrial DNA or unmapped were 

removed from analyses. A total of 1,818,106 SNPs were excluded leaving 2,483,225 SNPs for 

statistical analyses. 
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Gene expression analysis 

Gene expression levels in VAT were retrieved from previously published data27 for 13 of the 31 

men used in CpG site methylation analysis. Briefly, gene expression profiling was performed 

using Affymetrix HG-U133 plus 2 arrays (Affymetrix, Santa Clara, CA) in severely obese men 

(BMI >40 kg/m2) not taking any medication to treat MetS features. 

 

Functional analyses 

Potential impacts of meQTLs and selected CpG-SNPs were analyzed using VEP. Analysis of the 

impact of SNPs on TF binding affinities was conducted using TRAP28 which allowed the 

prediction of TF binding affinities based on DNA sequences and identified potential TF binding 

sites affected by SNPs in specific sequences. Sequences overlapping SNPs of interest (30 bp 

upstream and downstream) were submitted for analysis as input sequences. This software was 

also used to identify overrepresentation of TF among meQTL-associated differentially 

methylated CpG sites. The Transfac vertebrates 2010.1 database was used as TF matrix file and 

human promoter sequences were introduced as background model. Haplotype estimation from 

selected CpG-SNPs was conducted using PHASE v2.1.29 

 

Statistical Analysis 

Clinical data were expressed as mean ± SD according to MetS status. Differences in clinical data 

between MetS+ and MetS- men were tested using Student’s t-test for continuous variables and 

with Chi-square test for categorical variables. Associations between SNPs and methylation levels 

of CpG sites showing differential methylation between MetS+ and MetS- individuals were tested 

using PLINK. Chromosome-specific associations were tested under an additive model to identify 

SNPs associated with methylation levels of CpG sites located on the same chromosome, thus 
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allowing the identification of regulatory SNPs and increasing the probability of functional links 

between SNPs and CpG sites methylation levels. Associations were first tested using linear 

regression. Methylation levels of specific CpG sites being reported to be associated with age6 and 

smoking status,11 associations were also tested after adjustment for the effect of age or smoking 

(current smoker or not). Bonferroni correction was applied to account for multiple testing thus 

leading to a P value cutoff of P<2.22x10-11 (0.05/~2.25x109 tests) to claim statistical significance. 

Stratification of CpG sites, SNPs and the number of association tested is provided in 

Supplementary Table S1. Associations between selected CpG-SNPs, MetS and its components 

were tested under two different models. Associations were first tested under dichotomous model 

treating MetS and its components as high or low according to NCEP-ATPIII criteria.16 Second, 

differences between genotype groups were tested using analysis of variance (general linear 

model, type III sum of squares) with adjustments for the effects of age, sex and BMI for each 

individual component. Transformations were applied to non-normally distributed variables in 

order to meet the criteria for normality [logarithmic transformation (log 10) for fasting glucose 

levels; negative inverse transformation (1/(-1*(1 + X))) for HDL-C]. LD (r2) between SNPs 

demonstrating significant associations as well as between selected CpG-SNPs was calculated 

from HapMap CEU population and 1000 Genomes Project phase 1v3 data using Haploview,30 

SNAP31 or LD calculator. Statistical analyses for differences of clinical data between MetS+ and 

MetS- groups in the subset of 31 individuals and for association testing in the whole cohort were 

conducted using the SAS software version 9.3 (SAS Institute Inc), whereas PLINK was used to 

test genome-wide associations. 
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Results 

Subjects’ Description 

The current study included 31 middle-aged severely obese men (mean body mass index [BMI] 

55.7±11.5 kg/m2) candidates for biliopancreatic diversion with duodenal switch. All subjects met 

MetS criterion for abdominal obesity and 16 of them had three or more MetS features (Table 1). 

MetS+ and MetS- individuals showed similar BMI and waist girth while higher total-cholesterol 

(total-C), triglyceride (TG), fasting glucose levels and blood pressure (P<0.05 for all) were 

observed in MetS+ individuals. MetS+ group also had lower mean HDL-cholesterol levels 

(HDL-C; P<0.0001) than MetS- group. 

 

Differential Methylation Analysis 

Methylation levels were obtained for all 31 individuals with a mean call rate of 99.96%. 

Classification of methylation levels for all sites according to fraction of probes with low (<25%), 

medium (≥25% and ≤75%), or high (>75%) methylation revealed a difference in the distribution 

of CpG site methylation levels between MetS+ and MetS- groups with a higher number of highly 

(> 75%) methylated sites in MetS+ individuals (P<0.0001). Overall, high correlations in CpG site 

methylation levels were observed between groups (r=0.999, P<2.2x10-16). Nonetheless, 

differential methylation analysis conducted between MetS+ and MetS- individuals revealed 

17,801 CpG sites with significant differences (P<0.05; Table 2) in mean methylation levels, 

among which 17,610 CpG sites showed differences in methylation levels lower than 0.1. High 

proportions of differentially methylated CpG sites were located in intergenic and in gene body 

regions (Figure 1) with 12,970 being located in gene regions (promoter, 5’untranslated region 

[UTR], 1st exon, gene body or 3’UTR regions) and assigned to 6901 unique genes. These 17,801 

differentially methylated CpG sites between groups, thereafter called variable CpG sites, were 
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used as the set of CpG sites of interest for the identification of SNPs (meQTL) associated to CpG 

site methylation levels. 

 

Association between SNPs and methylation levels for differentially methylated CpG sites 

Associations were tested between 2,483,225 SNPs and methylation levels for the set of 17,801 

variable CpG sites in a chromosome-specific manner (Supplementary Table S1). A total of 2292 

significant associations (P<2.22x10-11) were identified involving 2182 SNPs (meQTL) associated 

with methylation levels of 174 variable CpG sites (Supplementary Data S1). CpG sites under 

genetic control were overrepresented among variable CpG sites which showed differences in 

methylation levels greater than 0.1 between MetS+ and MetS- groups (P<0.0001). Specifically, 

191 of the 17,801 differentially methylated sites showed group differences greater than 0.1. 

Concomitantly, 114 of the 174 meQTL-associated variable CpG sites showed such group 

difference. Chromosome-based linkage disequilibrium (LD) analysis conducted in our cohort for 

the 2182 meQTL revealed moderate pairwise LD (mean r2=0.70) between meQTLs while a 

similar analysis conducted in the CEU population (Utah Residents with Northern and Western 

Ancestry) from the 1000 Genomes Project revealed very low LD (r2 = 0.02) between these 

meQTL. It suggests that LD observed in our population resulted from a limited sample size and 

genetic variability, and that most of the meQTL identified were independent. Associated CpG 

sites were mostly located in gene regions (70.1%), including the promoter, the gene body, the 

5’UTR, the 1st exon and the 3’UTR regions and were assigned to 105 genes (Figure 2A) among 

which some had been associated with BMI (PDZRN4, FAM101A),32 glucose homeostasis 

(DOCK5, MGAT5),33 HDL-C (FAM101A),34,35 TG (FAM101A, DLGAP2)34-36 and diabetes 

(SND1, RBMS1).37,38 Analysis of transcription factors (TF) found in surrounding regions (100 bp) 

of meQTL-associated CpG sites showed overrepresentation of TF involved in tissue development 
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(HNF4, NKX32, PAX8, PITX2), lipid metabolism (FXR), initiation of transcription (TBP), cell 

cycle progression (FOXM1) or known as steroid receptors (GR, AR, PR) (FDR-adjusted P value 

<0.05; Table 3). The list of meQTLs was examined using the Ensembl Variant Effect Predictor 

(VEP),39 with each meQTL assigned on the basis of the most severe predicted consequence. Most 

SNPs involved in associations were intronic (48.8%) or intergenic (28.0%) with 98 overlapping 

regulatory regions (Figure 2B). Notably, SNPs previously associated with BMI32 (rs285575) and 

diabetes40 (rs3764021) were found among meQTL. Chromosomal distance between meQTL and 

associated-CpG sites was calculated for all pairs and revealed that the effect of meQTLs on CpG 

site methylation levels is a function of distance, a higher number of associated CpG sites being 

found at shorter distances (Supplementary Figure S1A) with a median distance of 90.1 kb 

between SNP and CpG site. Specifically, 64 of the 2292 associations identified involved 

meQTLs located within a CpG site, thereafter termed CpG-SNPs, thus introducing or removing a 

CpG site. Beyond direct effects on methylation levels, these 64 CpG-SNPs contributed to 74 of 

the 2292 significant associations, thereby implying that some CpG-SNPs are also associated with 

methylation level of nearby CpG sites and demonstrating a limited contribution of CpG-SNPs to 

associations identified through patterns of correlation in methylation levels and LD. Globally, a 

mean reduction of 0.25 in methylation level was associated with each minor allele of SNPs, 

which suggests an important impact of meQTL on methylation levels (Supplementary Figure 

S1B) and a strong contribution of CpG-SNPs. A directional effect of meQTLs on change in 

methylation levels according to CpG site localization was also observed, CpG sites localized in 

the 1st exon demonstrating an increase in methylation levels with increasing number of meQTL 

rare alleles (Supplementary Figure S1C). 

Since changes in methylation levels were reported with age6 and smoking,11 associations were 

further tested after adjustment for age or smoking and revealed a minor effect of these 
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confounders on the list of significant associations. Adjustment for the effect of age had small 

impact on the list of meQTL-associated CpG sites, 168 of the 174 CpG sites initially identified 

being found among significant associations (P<2.22x10-11) following adjustment for age. 

Similarly, testing association between SNPs and methylation levels for variable CpG sites with 

adjustment for the effect of smoking led to the identification of significant association for 166 of 

the 174 CpG sites initially identified. Among the CpG sites no longer significant following 

adjustment for smoking, four (cg09654329, RGS12; cg12556325, C7orf29; cg20438820, 

intergenic; cg25106783, PRR4) were common to CpG sites no longer significant following 

adjustment for age, thus suggesting that methylation levels at these sites are environmentally-

driven. However, these results must be interpreted with caution since only 5 individuals were 

smokers (see Table 1). 

 

Selection of CpG-SNPs for association with cardiometabolic risk factors 

In search for CpG-SNPs associated with MetS and its components, we looked for a gene with 

multiple CpG-SNPs showing associations for further analyses. The collagen type XI alpha 2 

(COL11A2) gene, known to encode a minor fibrillar collagen, showed two CpG-SNPs among the 

39 significant associations observed. Overall, meQTL located within COL11A2 demonstrated 

medium LD (mean LD of 0.518) in our study sample. Specifically, the presence of each rare 

allele of CpG-SNP rs2855430 was associated with a reduction of 0.198 in methylation level of 

CpG site cg13224161 (chr6:33141279) while CpG site cg16507569 (chr6:33158020) showed a 

reduction of 0.293 in methylation levels in presence of a minor allele of rs114894582 

(Supplementary Figure S2). The presence of further association between CpG-SNPs, MetS and 

its components was tested in a cohort of 3021 severely obese individuals (Table 4) to 

demonstrate the usefulness of an approach using CpG-SNPs for the identification of MetS-related 
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SNPs. To overcome failure in assay design for rs114894582, which could not be provided by 

manufacturer due to the presence of SNPs in surrounding region, genotyping of rs12526336 was 

conducted in the cohort of severely obese individuals, the latter showing perfect LD with 

rs114894582 (r2=1.0) in our study sample of 31 severely obese men and in the CEU population 

of the 1000 Genomes Project. A difference in genotype group frequencies was observed between 

individuals with high vs. low fasting glucose levels (χ2=8.65, P=0.01), specifically a higher 

frequency of homozygotes for the rare allele was found in the high glucose level group. 

Similarly, following adjustments for age, sex and BMI, rs12526336 was associated with fasting 

glucose levels (P=0.01). Homozygotes for the rare allele (A) for this SNP demonstrated higher 

fasting glucose levels (7.78 mmol/l) than common homozygotes (6.61 mmol/l, P=0.003) and 

heterozygotes (6.61 mmol/l, P=0.003). Similarly, rs2855430 was associated with fasting glucose 

levels (P=0.04), homozygotes for the rare allele of rs2855430 showed higher fasting glucose 

levels (7.26 mmol/l) than common homozygotes and heterozygotes (6.63 mmol/l, P=0.02 and 

6.53 mmol/l, 0.01, respectively). 

 

Functional impact of MetS component-associated CpG-SNPs 

To test the functional impact of MetS component-associated CpG-SNPs, we used a combination 

of in silico analyses and tested association of CpG-SNPs with gene expression levels. 

Identification of differences in TF binding affinity using TRAP revealed a potential disruption of 

a binding site for leukemia/lymphoma-related factor and the creation of a BCL6 binding site in 

the presence of minor allele of CpG-SNP rs2855430. The presence of minor allele of CpG-SNP 

rs114894582 was predicted to disrupt an estrogen binding site while the presence of the surrogate 

SNP rs12526336 potentially creates MYB and AP3 binding sites, thus revealing a potential 
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impact of CpG-SNP on gene expression through an impact on the binding of TF. Associations 

between CpG-SNPs and COL11A2 gene expression were then tested in 13 severely obese men 

using expression data retrieved from published array data27 and were non-significant. Based on 

patterns of chromatin state maps and histone binding in adipocytes from the NIH Roadmap 

Epigenomics project for the COL11A2 gene and surrounding region (1 Mb), the potential impact 

of MetS component-associated CpG-SNPs was further analyzed for genes upstream COL11A2 

(300 kb) and revealed an association of the rs2855430 CpG-SNP with PFDN6 and TAPBP gene 

expression following adjustment for age (P=0.04 for both). A trend towards an association with 

RGL2 gene expression levels was also identified. 
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Discussion 

This study describes how genetic and epigenetic mechanisms interact in VAT of severely obese 

men discordant for the MetS. It also provides an analytical scheme to unveil phenotype-SNP 

associations through analysis of potential underlying molecular mechanisms. Focusing here on 

CpG-SNPs potentially affecting gene function through disruption of gene methylation, we 

present a mechanistic approach for the identification of candidate genes for MetS and its 

components. The prioritization method used here first demonstrated a high correlation of 

methylation levels between MetS+ and MetS- groups but also identified a set of variable 

(differentially methylated) CpG sites potentially reflecting MetS specific methylation differences. 

Although intergenic CpG sites represent a minority of the sites interrogated by the array used 

here, a high proportion (27.1%) of variable CpG sites identified were located in intergenic 

regions. Accordingly, environment-dependent variability and tissue-specific differential 

methylation were previously reported to occur preferentially at gene-poor regions,41,42 consistent 

with previous results from our group and others arguing for a contribution of genetically- and 

environmentally-driven epigenetic events leading to metabolic dysfunction and MetS.22,43 

 

Our study distinguishes itself from others that have assessed the genetic component of DNA 

methylation3,4,12,14,44,45 by its focus on the genetic contribution to variable CpG sites between 

individuals with and without the MetS in VAT. We explored the hypothesis that genetic factors 

underlying differentially methylated CpG sites may reveal MetS-associated SNPs. Through 

testing of the associations between SNPs and the set of variable CpG sites in a chromosome 

specific manner, we revealed meQTL potentially modulating methylation levels of 174 CpG sites 

in VAT. These results reveal a genetic influence on CpG methylation levels through proximal 

and distal effects, similar to a previous study focusing on subcutaneous adipose tissue samples. 
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Further adjustment for age or smoking identified small effects of the confounding factors on the 

number of significant associations in contrast to previous reports.6,46 The narrow age range and 

the low frequency of smokers in MetS+ and MetS- groups from the present study sample may 

have limited our capacity to reveal these confounding effects. Yet, our study may provide 

potential mechanisms for associations previously reported in GWAS through an impact on CpG 

site methylation levels and potential modification of TF binding. Accordingly, meQTL identified 

here were localized in genes previously associated with MetS features (HDL-C: FAM101A; 

glucose homeostasis: DOCK5, MGAT5; and diabetes: SND1, RBSM1).33-35,37,38 Furthermore, 

specific meQTLs identified were previously associated with BMI (rs2855775) 32 and diabetes 

(rs3764021).40 TF analysis conducted from meQTL-associated CpG sites identified 

overrepresentation of transcription factors or receptors acting as ligand-activated transcription 

factors involved in hormone response (GR, AR, PR, PAX8)47,48 as well as in liver development, 

glucose and lipid metabolism (HNF4, FXR),49,50 thus arguing for a mechanistic effect of meQTL 

through impacts at the systemic level. Accordingly, meQTL common to various tissues were 

previously reported.3,51 

 

The proportion of CpG sites (0.98%) reported as being under genetic control among the 17,801 

variable sites suggests a strong contribution of non-genetic factors in VAT methylation 

differences between MetS+ and MetS- groups. Most of these differences in methylation levels 

may potentially reflect environmentally-driven methylation changes or pathophysiological 

modifications occurring through the development of MetS. However, a high proportion of 

meQTL-associated CpG sites among those showing large (>10%) differences in methylation 

levels between MetS+ and MetS- groups suggest an important genetic control for most variable 

CpG sites, especially through disruption of the CpG sites by the presence of CpG-SNPs. 
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Regarding the genetic component of variable CpG sites between VAT of severely obese men 

discordant for the MetS, comparison of the number of meQTLs identified here with numbers 

reported in other studies is limited as 17,801 variable CpG sites were assessed here.44,51,52 The 

current results are concordant with significant heritability of methylation levels previously 

reported12,52,53 through an impact of genetic variations on methylation levels, and with 

environmental influences on methylation levels reported in twin comparisons.41 The observed 

median distance of 90.1 kb between meQTLs and associated CpG sites was higher than the 

median distance of ∼80 kb44 or ∼30 kb45 previously reported in adipose tissue. These 

inconsistencies might reflect the larger range of the associations tested. Our study conducted a 

chromosome-restricted analysis on the basis that SNPs impact may act on larger genomic 

regions, whereas other groups restricted their analyses on smaller 500 kb regions.44,45 A larger 

median distance between meQTLs and associated-CpGs may also be an artifact of the relative 

genetic homogeneity of our population, higher LD being identified between meQTL in our 

sample than in the CEU population from the 1000 Genomes Project. Based on such higher LD 

observed, meQTLs identified may alternatively reflect causal SNPs which have not been 

interrogated by the array. 

 

Our study revealed a limited number of meQTLs being classified as CpG-SNPs adding to the 

evidence supporting an impact of meQTLs on methylation levels without disruption of CpG 

sites,3,12,44 in contrast with results from the GOLDN study54 demonstrating a major contribution 

of CpG-SNPs in meQTL signals. Although limited in number, the strong effect on CpG site 

methylation levels and their potential physiological impacts drew our attention on two CpG-SNPs 

located within the COL11A2 gene. As a proof of principle for the identification of disease-
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associated SNPs, associations of COL11A2 CpG-SNPs with MetS and its components were 

tested. Although associations between COL11A2 CpG-SNPs and fasting glucose levels were 

identified here, associations were not observed for COL11A2 gene expression levels. Similarly, 

partial overlap between meQTLs and expression levels of other closely localized genes in adipose 

tissue has been reported.6,12 Alternatively, impact of meQTL may be exerted in specific cell type 

and masked by cellular heterogeneity. Otherwise, it may be exacerbated in specific tissues, tissue 

depots or conditions. Consequently, up-regulation of extracellular matrix constituents including 

members of the collagen family was reported in subcutaneous white adipose tissue.55 Testing 

CpG-SNPs for association with expression levels of surrounding genes based on patterns of 

chromatin state maps and histone binding suggested a distal impact of these CpG-SNPs in VAT 

potentially through regulation of surrounding genes. Such distal effect was recently reported for a 

SNP located near the FTO gene.56 Alternatively, CpG-SNPs analyzed here may exert an action in 

other metabolically active tissues, COL11A2 gene being highly expressed in tissues other than 

adipose, including muscle (EMBL-EBI Expression Atlas). The fasting glucose levels-associated 

CpG-SNPs identified here may thus exert their impact in muscle tissue, an important player of 

whole-body glucose homeostasis.57 

 

The present study on the genetic components underlying methylation levels of differentially 

methylated CpG sites in obese men discordant for MetS provided an analytical scheme to identify 

MetS-associated SNP based on potential molecular impacts of CpG-SNPs. Providing a proof of 

concept, the current study design and associations reported merit further replication in 

independent studies. Relying on potential disruption of molecular mechanisms for the selection 

and testing of SNPs for association with MetS and its components may nonetheless fill the gap of 

knowledge between associations reported and disease physiopathology.  
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Figure Legends 
 
Figure 1. Localization of differentially methylated CpG sites between MetS+ and MetS- 
severely obese men (N=17,801). Probes were localized according to Infinium 
HumanMethylation450 BeadChip annotation. Abbreviations: MetS+, with the metabolic 
syndrome; MetS-, without the metabolic syndrome. 
 
Figure 2. Localization of CpG sites and SNPs involved in associations identified. a. 
Localization of SNP-associated CpG sites (N=174). Probes were localized according to Infinium 
HumanMethylation450 BeadChip annotation. b. Localization of methylation-associated SNPs 
according to Illumina HumanOmni-5-Quad BeadChip annotation (N=2182). 
 
 
 
Supplementary Figure Legends 
 
Supplementary Figure S1. Descriptive statistics of associations identified. A. Distance 
between meQTLs and associated CpG sites for significant associations identified (N=2292). 
Details for meQTLs and associated CpG sites located less than 100 kb apart are shown in upper 
right part (N=1169). B. Distribution of changes in methylation levels per copy of the rare allele 
for meQTL-associated CpG sites (N=2292). C. Change in methylation levels per meQTL rare 
allele according to CpG site localization (N=2292). CpG site localization according to Infinium 
HumanMethylation450 BeadChip annotation. 
 
Supplementary Figure S2. Methylation levels of disrupted CpG sites according to CpG-
SNPs genotype groups in methylation cohort (N=31). A. Methylation levels of cg13224161 
(chr6:33141279) according to rs2855430 and B. cg16507569 (chr6:33158020) according to 
rs114894582. Positions relative Genome build 37. 
 


