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Abstract

Epigenetic mechanisms are known to be involved in tissue-specific differentiation. DNA methylation patterns have
been shown to be largely conserved across tissues but with variation for specific genes. However, it is unclear
whether the variability observed in the methylation profile of a metabolically active tissue is reflected in other sources
such as hematopoietic tissue. This study aimed to test blood genome-wide CpG site methylation levels as a
surrogate model for visceral adipose tissue (VAT) methylation and to verify whether it appropriately reflects
differences in methylation levels found in VAT between men discordant for the metabolic syndrome (MetS). Tissue
specimens (VAT and blood samples) were obtained from 16 severely obese individuals discordant for the MetS.
CpG sites methylation levels were measured with the Infinium HumanMethylation450 BeadChip and correlations of
methylation levels between VAT and blood were computed. Differences in methylation levels between individuals
with and without MetS were tested in both tissues. Pathway analysis was conducted for differentially methylated
CpG sites common to both tissues. High cross-tissue correlations were observed for VAT and blood (0.952+0.014)
while some CpG sites had significantly different methylation levels in VAT versus blood. Differential methylation
analysis between individuals with and without MetS demonstrated a higher number of differentially methylated CpG
sites in VAT than in blood (11,778 vs. 881, respectively) with nearly 4% of differentially methylated sites found in VAT
being also represented in blood. Common differentially methylated sites were involved in inflammatory-, lipid- and
diabetes-related pathways. These results suggest that blood methylation levels of specific CpG sites may
adequately reflect VAT methylation levels for some of the MetS-related genes, specifically for inflammatory, lipid and

glucose metabolism genes.
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BMI: Body Mass Index; BPD-DS: Biliopancreatic Diversion with
Duodenal Switch; CIHR: Canadian Institutes of Health Research; CRP:
C-Reactive Protein; DBP: Diastolic Blood Pressure; HDL-C: HDL-
Cholesterol; TUCPQ: Institut Universitaire de Cardiologie et de
Pneumologie de Québec; IPA: Ingenuity Pathway Analysis; LDL-C:
LDL-Cholesterol; MetS: Metabolic Syndrome; MetS-: Without the
MetS; MetS+: With the MetS; MICB: MHC Class I Polypeptide-related
sequence B; N: number; NCEP-ATPII: National Cholesterol
Education Program-Adult Treatment Panel III; PCA: Principal
Component Analysis; RPTOR: Regulatory associated Protein of
MTOR, complex 1; SBP: Systolic Blood Pressure; total-C: total-
Cholesterol; TG: Triglycerides; TSS: Transcription Start Site; UTR:
Untranslated Region; VAT: Visceral Adipose Tissue

Introduction

The metabolic syndrome (MetS) is defined as the clustering of
abdominal obesity, impaired glucose tolerance, dyslipidemia, and
hypertension [1] increasing the risk of chronic diseases which
represent major causes of death worldwide [2]. MetS appears as a
polygenic condition affected by environmental factors [3]. Our group
previously demonstrated differences in gene expression in visceral
adipose tissue (VAT) of men discordant for MetS at genome-wide
levels [4], and revealed the influence of genetic variations on gene
expression levels of differentially expressed genes [5,6]. Considering
that gene expression is affected by both genetic and environmental
factors [7,8], evaluation of these two etiological components is needed
to get a better understanding of MetS.

Epigenetics is traditionally referred to as heritable changes in gene
expression not due to alteration in DNA sequence [9]. Epigenetic
marks are involved in the acquisition and maintenance of organized
tissues [10,11]. Being altered by both genetic and environmental
factors, it represents a potential link through which genetics and
environment may cause phenotypic variation [12] and may provide a
molecular basis for the theory of developmental origin of health and
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disease[13]. Accordingly, variations in CpG site methylation levels
have been associated with transcriptional regulation, cell
differentiation, diseases and cancers [3,10,12]. Based on the evidence
pointing toward an accumulation of VAT associated with the
development of obesity and obesity-related metabolic complications
[14], our group previously established methylation profiles in VAT of
men with MetS (MetS+) vs. men without MetS (MetS-) [15]. This
allowed the identification of differences in CpG site methylation levels
between the two groups and the metabolic pathways potentially
involved in the development of MetS [15] including cell cycle
regulation, immunity and inflammation. These analyses were
conducted directly on a metabolically active tissue obtained during
bariatric surgery. However, analyses on such relevant tissues samples
are sometimes impossible or extremely difficult to collect. As a result,
most genome-wide methylation profiles in humans have been
performed on DNA extracted from blood, a readily accessible tissue,
and tissue-specific DNA methylation was noted for various genes
[16-18]. In addition, the relative accessibility of blood offers the
possibility of prospective sampling and makes it attractive for the study
of dynamic epigenetic changes [19]. Identification of epigenetic
features as disease biomarkers in accessible tissues is more suitable for
epidemiological and clinical studies and may potentially lead to
effective preventive medicine approaches.

Up to now, it is unclear which epigenetic variations observed in a
tissue are representative of another and which variations in DNA
methylation are tissue specific, reflecting potential functional
differences across tissues. Based on the tissue-specific DNA
methylation reported for various genes and the relative conservation of
DNA methylation patterns across tissues [20,21], we examined the
extent to which genome-wide CpG site methylation levels in blood
could be used as a surrogate model for VAT methylation levels. In the
second stage, we validated whether blood appropriately reflects VAT
differences in methylation levels observed in men discordant for the
MetS. Furthermore, gene pathway analyses were conducted to clarify
the context in which blood methylation is representative of CpG site
methylation levels in VAT.

Materials and Methods

Subject

VAT was obtined as previoudy descrbed [22] in patients undergoing
biliopancreatic diversion with duodenal switch (BPD-DS) [23]. Tissue
and blood samples were obtained from the Biobank of the Institut
universitaire de cardiologie et de pneumologie de Québec (IUCPQ)
according to institutionally-approved management modalities. Blood
samples were collected preoperatively. Patients were selected based on
the presence or the absence of the MetS and diagnosis of MetS was
determined using the National Cholesterol Education Program Adult
Treatment Panel III (NCEP-ATPIII) guidelines when an individual
fulfilled three or more criteria [1]. The study was approved by the
Université Laval and ITUCPQ ethics committees and was performed in
accordance with the principles of the Declaration of Helsinki. All
participants provided written, informed consent.

Waist girth, resting blood pressure [systolic (SBP) and diastolic
(DBP)], plasma lipids [total-cholesterol (total-C), LDL-cholesterol
(LDL-C), HDL-cholesterol (HDL-C) and triglycerides (TG)] and
fasting glucose concentrations were measured preoperatively using
standardized procedures [24]. Body mass index (BMI) was calculated
as weight in kilograms divided by height in meters squared.

Genome-wide methylation analysis

Genomic DNA was extracted from 200 mg of VAT using the
DNeasy Blood & Tissue kit (QIAGEN, Mississauga, Ontario, Canada)
and isolated from the blood bufty coat using the GenElute™ Blood
Genomic DNA kit (Sigma, St Louis, MO, USA). Following
quantification of DNA using both NanoDrop Spectrophotometer
(Thermo Scientific, Wilmington, DE, USA) and PicoGreen DNA
methods, DNA (1 pg) was bisulfite converted and quantitative
genome-wide methylation analysis was conducted using the Infinium
HumanMethylation450 BeadChip (Illumina, San Diego, CA)
interrogating more than 485,000 methylation sites at single-nucleotide
resolution. The Infinium HumanMethylation450 BeadChip array was
designed for genome-wide methylation analysis with coverage targeted
across gene regions, and with sites in the promoter region, 5’UTR, first
exon, gene body and 3'UTR. Arrays were processed at the McGill
University and Génome Québec Innovation Centre (Montréal,
Canada) according to the manufacturer’s instructions (Illumina, San
Diego, CA).

Methylation data were visualized and analyzed using the
GenomeStudio® software version 2011.1 (Illumina Inc.) and the
Methylation Module. Internal control probe pairs were used for data
correction (background subtraction and normalization). Infinium®
HumanMethylation450 BeadChip using two different probe designs to
assess methylation levels (Infinium I and Infinjum II assays), assay-
specific normalization was conducted using internal control probes
with the GenomeStudio Methylation Module normalization algorithm.
All CpG sites were detected (detection P value P<0.05) in both tissues
and all samples fulfilled quality controls (bisulfite conversion,
extension, staining, hybridization, target removal, negative and non-
polymorphic control probes). Methylation levels (beta values; ) were
estimated as the ratio of signal intensity of the methylated alleles to the
sum of methylated and unmethylated intensity signals of the alleles (8
value = C/(T+C)). The P values varied from 0 (no methylation) to 1
(100% methylation). The presence of SNPs in CpG sites surrounding
regions potentially affecting methylation levels, and polymorphic CpG
sites according to BeadChip annotation and to Chen et al. [25](CpG
sites with SNP underneath or with SNP at the position where single-
base extension occurs) were systematically excluded, leaving 350,066
CpG sites for statistical analyses. Differences in methylation levels
(mean P values) were tested between tissues (VAT vs. blood) as well as
between MetS+ and MetS- groups for each tissue using Illumina
custom model in GenomeStudio software and False Discovery Rate
(FDR) -corrected P values were computed.

Pathways analysis

Analysis of overrepresented pathways from differentially methylated
genes identified in both tissues between MetS+ and MetS- groups was
conducted using the knowledge base of the Ingenuity Pathway Analysis
(IPA) system®. The list of genes demonstrating differential methylation
in both tissues was classified according to pathways. The likelihood
that genes from these lists play a role in a specific pathway was
computed and P values were calculated using a right-tailed Fisher’s
exact test for each pathway. Overrepresented pathways were then
obtained from the list submitted.

Statistical analysis

Clinical data were expressed as mean + SD and according to MetS
status. Differences in clinical data between MetS+ and MetS- men were
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tested using Student’s t-test and difference in distribution of CpG sites
between tissues was assessed using the Chi-square test. Pearson
correlations were first computed for all CpG site methylation levels
between MetS+ and MetS- groups. Inter-individual pairwise
correlations (Pearson correlations) were also calculated between all
individuals for each tissue. Second, CpG sites with extreme high
(>90%) or low methylation (<10%) in all samples assessed were
removed and correlations described above were calculated for probes
with non-extreme methylation levels. CpG sites with extreme
methylation levels were excluded based on the fact that CpG sites
either completely methylated or unmethylated across individuals may
potentially increase correlation levels artificially and mask the effect of
CpG sites with tissue-specific methylation [26]. Unsupervised
hierarchical clustering based on Euclidean distance and principal
component analysis (PCA) were performed to discriminate biological
samples by tissues and MetS status using the Cluster 3.0 software and
displayed with TreeView [27]. Statistical significance was defined as
P<0.05. Statistical analyses for differences in clinical data between
MetS+ and MetS- groups were conducted using the SAS software
version 9.3 (SAS Institute Inc). Statistics for genome-wide methylation
data were calculated in R version 2.14.1 (R Foundation for Statistical
Computing).

Results

Subjects’ description

Subjects included in this study were middle-aged, severely obese
men [mean BMI 54.0 + 9.8 kg/m?]. All subjects met the MetS criterion
for abdominal obesity defined by the NCEP-ATPIII (Table 1).

Characteristics MetS- MetS+
Number of subjects 8 8

Age (years) 31.1+£10.8 372+97
BMI (kg/m?2) 57.3+10.7 50.7 + 8.1
Waist girth (cm)? 156.1 £ 17.8 152.0 £ 17.2
Lipid profile

Total-C (mmol/l) 4.13+0.85 5.35+1.05"
LDL-C (mmol/l)° 240+0.71 3.21+0.80"
HDL-C (mmol/l) 1.26 + 0.22 0.86+0.13"
TG (mmol/l) 1.06 £ 0.27 3.00+1.95
Total-C / HDL-C 3.34+£0.72 6.40+1.92"
Blood pressure (mm Hg)?

SBP 136.4 £ 13.0 156.0 + 24.2F
DBP 80.3+5.1 92.0+ 184
Fasting glucose (mmol/l) 5.16+0.38 6.21+0.58™
CRP (mg/L)® 11.32+8.34 10.03 + 4.89

Table 1: Study participants’ characteristics.

Referring to Table 1, values presented (means + SD) are
untransformed and unadjusted values. P values obtained using Student

t-test: "P<0.05; “P<0.001. TP<0.10. Due to data unavailability for some
participants’ characteristics, values presented and statistical results are
from 8 MetS- and 8 MetS+ except for: 27 MetS- and 8 MetS+, °8 MetS-
and 7 MetS+, °6 MetS- and 7 MetS+.

Classification of these 16 men according to MetS criteria revealed
that both groups showed similar BMI and waist girth while higher
total-C and TG levels (P<0.05 for both) were observed in MetS+
individuals. The MetS+ group also had lower HDL-C (P=0.0006) and
higher fasting glucose levels (P=0.0008).

Global methylation levels

Briefly, a mean call rate of 99.97% was obtained for all 32 samples
(16 VAT and 16 blood samples) with a similar mean call rate in both
tissues (99.97% in VAT and 99.98% in blood).
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Figure 1: Distribution and correlation of methylation levels. Panel
A. Distribution of methylation levels in VAT (blue) and blood (red)
for all CpG sites assessed (N=485,577). Panel B. Correlation of
methylation levels between VAT and blood for non-polymorphic
CpG sites (N=350,066). The DNA methylation was measured as -
value ranging from 0 (unmethylated) to 1 (completely methylated).
Abbreviations: N: number; VAT: Visceral Adipose Tissue.

Classification of methylation levels for all sites according to the
fraction of probes with low (<25%), medium (>25% and <75%), or
high (>75%) mean tissue methylation revealed a difference in the
distribution of CpG site methylation levels between tissues (Figure 1,
Panel A; P<0.0001) with blood demonstrating a lower number of CpG
sites in the medium methylation fraction and higher number of highly
(>75%) methylated sites compared to VAT. Following the exclusion of
polymorphic CpG sites according to BeadChip annotation and to
Chen et al. [25], 350,066 CpG sites were used for further analyses.
Strong correlations were observed between tissues (Figure 1, Panel B; r
=0.958, P<2.2x10710 ) with the majority of CpG sites demonstrating
similar levels of methylation in both tissues.
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While high levels of correlation were observed between tissues,
158,226 of the analyzed sites demonstrated statistically significant
differences (FDR-corrected P value P<0.05) in methylation levels
across tissues. Overall, 65,838 (18.8%) of the 350,066 CpG sites
analyzed showed statistically significant differences in mean
methylation levels across tissues greater than 0.1 thus potentially
defining tissue-specific methylation patterns. Distribution of these
differentially methylated sites demonstrated higher proportions of
differentially methylated sites located in gene body and in intergenic
regions in comparison to all CpG sites analyzed (Figure 2).

Inter-tissue correlations were calculated for each individual (16
pairs) and intra-tissue correlations were calculated for all pairs (120
pairs per tissue; each individual against 15 others). Briefly, inter-tissue
correlation observed was lower than intra-tissue correlation (Table 2).
Taking into account the potential impact of CpG sites with extreme
methylation levels on correlation coefficients, a similar analysis was
conducted following the exclusion of CpG sites with low (<10%) or
high (>90%) methylation levels. Inter- and intra-tissue correlations
between CpG site methylation levels were then calculated for 236,787
sites in both tissues, 219,982 sites in VAT and 216,851 sites in blood.
Globally, among non-polymorphic sites, exclusion of sites with
extreme methylation levels resulted in lower correlation levels (Table 2)
but intra-tissue correlation remained higher than inter-tissue
correlation.

A B

@ 1st exon
W3'UTR
@5'UTR
BGene body
@Intergenic

@ Promoter

Figure 2: Localization of CpG sites analyzed. All CpG sites analyzed
(Panel A; N=350,066) and differentially methylated sites between
VAT and blood with difference in methylation levels >0.10 (Panel B;
N=65,838) are shown. Abbreviation: N: number.

All non-polymorphic | Non-polymorphic  sites  with
sites (N=350,066) methylation levels between 0.10
and 0.90
Pair Mean Range Mean Range Sites
correlation correlati analyzed®
on
VAT vs.| 0.952 0.934-0.98 | 0.902 0.869-0.9 | 236,787
blood? 1 62
Intra-VAT® | 0.991 0.977-0.99 | 0.982 0.953-0.9 | 219,982
6 92
Intra-blood® | 0.995 0.993-0.99 | 0.991 0.987-0.9 | 216,851
7 94

Table 2: Correlation (r) of methylation levels across and intra-tissues.
416 pairs calculated. PAll pairwise comparison were calculated
(N=120). “CpgG sites with extreme methylation were excluded based on
methylation levels <10% or >90% in all samples analyzed.

To further confirm higher intra tissue-correlation observed here in
comparison to inter-tissue correlation and to visualize structure across
and within samples, unsupervised hierarchical clustering and PCA
analyses were used. Hierarchical clustering using methylation levels of
non-polymorphic CpG sites measured in all samples (350,066 sites)
discriminated VAT from blood samples (Figure 3A). Similarly, VAT
and blood samples clustered separately in PCA (Figure 3B) thus
reinforcing results from correlation analysis showing higher intra-
tissue correlation than inter-tissue correlation. However, none of these
analyses allowed discriminating tissue samples according to MetS
status.
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Figure 3: Clustering (Euclidean distance) and Principal component
analysis (PCA). Panel A. Samples were clustered according to
methylation levels of all sites analyzed (N=350,066). Tissue samples
from MetS+ men are shown in italic. Panel B. Principal component
analysis (PCA) on global CpG site methylation levels for non-
polymorphic CpG sites measured in visceral adipose tissues (VAT)
and blood samples (N=316,064 sites) for all 16 individuals.
Individuals with (black) and without (grey) the metabolic syndrome
are shown. Blood and VAT samples and represented by spheres and
cubes respectively. Abbreviations: N: number; MetS+: with the
MetS; MetS-: without the MetS.

MetS+ and MetS- group differences

To assess the use of blood in replacement of metabolically active
VAT in studies evaluating methylation levels in relation to
cardiometabolic profile, differential methylation analyses between
MetS+ and MetS- groups were performed in both VAT and blood for
non-polymorphic CpG sites. A higher number of differentially
methylated CpG sites (FDR-corrected P value P<0.05) were observed
in VAT than in blood (Table 3) and represented 4780 and 421 unique
genes in VAT and blood, respectively.

Differences in DNA methylation for differentially methylated sites
between MetS+ and MetS- groups ranged from -0.26 to 0.39 in VAT
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and -0.26 to 0.30 in blood. The most differentially methylated sites for
both tissues are presented in Table S1. Comparison of the lists of
differentially methylated CpG sites (MetS+ vs. MetS-) in both tissues
revealed that 437 (3.7 %) of the differentially methylated sites in VAT
are reflected in blood, while 11,341 differentially methylated CpG sites
were VAT-specific and 444 sites were blood-specific.

VAT Blood
Number of sites analyzed 350,066 350,066
Differentially methylated CpG sites (FDR-| 11,778 881
corrected P value P<0.05)
Overmethylated sites in MetS+ 6075 437
Undermethylated sites in MetS+ 5703 444
Differentially methylated genes (FDR-corrected | 4780 421

P value P<0.05) CpG site localization”

Intergenic regions (%) 3323 (28.1%) | 329 (37.3%)

Gene regions (%) 8455 (71.8%) | 552 (62.7%)

Gene body 4685 303
3'UTR 477 32
1st exon 265 27
5'UTR 1109 57
Promoter region™ 1919 133

Table 3: Methylation results from the comparison of MetS+ and MetS-
obese men in VAT and blood.

Referring to Table 3, "Relative to the 1st gene annotated for each
CpG site and provided for the Infinium HumanMethylation450
BeadChip. “Promoter region includes TSS1500 (within 1500-200 bp
upstream TSS) and TSS200 (within 200 bp upstream TSS).

Among 437 CpG sites differentially methylated in both tissues, 257
were located in gene regions and represented 203 unique genes
including the regulatory associated protein of MTOR, complex 1
(RPTOR) previously associated with obesity [28] and identified among
the most differentially methylated genes between MetS+ and MetS-
groups in both tissues. Absolute correlation for each of the 437 probes
computed from 16 tissue pairs led to a mean correlation of 0.846 across
tissues including 434 probes with positive correlations among which
381 showed strong positive (r>0.6) correlations [29]. Distribution of
correlation levels for the 437 probes is shown in Figure S1.

Gene pathway analysis

The list of differentially methylated sites in MetS+ vs. MetS-
individuals common to both VAT and blood was submitted to IPA in
order to provide further insights on pathways altered in VAT of MetS+
vs. MetS- also represented in blood. From this list of 203 genes, 15
pathways were significantly overrepresented (P<0.05) with 19
demonstrating trend for overrepresentation. Among these pathways
(Table 4), inflammatory and immune pathways (Antigen presentation,
IL-4 signaling) were found with others related to cellular growth and
development (BMP signaling, Regulation of Cellular Mechanics by
Calpain Protease).

IPA canonical pathways p-value Diff Meth genes (N) | Total genes in pathway (N)
BMP signaling pathway 3.39 x 104 5 77
Antigen Presentation Pathway 2.95 x 103 3 37
Amyloid Processing 7.76 x 1073 3 52
Regulation of Cellular Mechanics by Calpain Protease 1.05x 102 3 58
CDP-diacylglycerol Biosynthesis | 1.86 x 102 2 27
IL-4 Signaling 2.24 x 102 3 77
B Cell Development 2.69 x 102 2 33
Phosphatidylglycerol Biosynthesis Il (Non-plastidic) 2.69 x 102 2 33
Altered T Cell and B Cell Signaling in Rheumatoid Arthritis 3.16 x 102 3 88
0OX40 Signaling Pathway 3.24 x 102 3 89
Crosstalk between Dendritic Cells and Natural Killer Cells 3.31 x 102 3 90
PAK Signaling 3.39 x 102 3 91
Glutathione-mediated Detoxification 3.89 x 102 2 40
G Beta Gamma Signaling 4.17 x 102 3 98
CDKS5 Signaling 4.68 x 102 3 103
Role of NFAT in Regulation of the Immune Response 5.01 x 102 4 177
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Neuroprotective Role of THOP1 in Alzheimer's Disease 5.01 x 102 2 46
Triacylglycerol Biosynthesis 5.13 x 102 2 47
Glycerol-3-phosphate Shuttle 5.37 x 102 1 7
Autoimmune Thyroid Disease Signaling 5.62 x 102 2 49
Graft-versus-Host Disease Signaling 5.62 x 102 2 49
Role of NANOG in Mammalian Embryonic Stem Cell Pluripotency 5.62 x 102 3 M
Thioredoxin Pathway 6.03 x 102 1 8
Ga12/13 Signaling 6.46 x 102 3 118
mTOR Signaling 6.61 x1072 4 194
RAR Activation 6.76 x 102 4 197
PKC®, Signaling in T Lymphocytes 7.08 x 102 3 122
Integrin Signaling 7.24 x 102 4 201
Nur77 Signaling in T Lymphocytes 7.59 x 102 2 58
Pyruvate Fermentation to Lactate 7.59 x 102 1 10
S-methyl-5-thio-a-D-ribose 1-phosphate Degradation 8.32 x 102 1 1
Insulin Receptor Signaling 9.55 x 102 3 140
Glycerol Degradation | 9.77 x 102 1 13
Calcium-induced T Lymphocyte Apoptosis 9.77 x 102 2 68

Table 4: Pathway analysis from differentially methylated genes. Pathways with trends and significant overrepresentation from genes differentially
methylated between MetS+ and MetS- severely obese men identified in both VAT and blood.

Lipid, carbohydrate and amino acid metabolism-related pathways
(CDP-diacylglycerol Biosynthesis I, Phosphatidylglycerol Biosynthesis
II, Glutathione-mediated Detoxification) were also overrepresented
from differentially methylated genes common to VAT and blood.
Triacylglycerol Biosynthesis and Insulin Receptor signaling pathways
also demonstrated trends toward overrepresentation. Among
differentially methylated genes from overrepresented pathway, MHC
class I polypeptide-related sequence B (MICB) was previously
associated with individual MetS component trait (HDL-C) [30].

Discussion

Based on the differences in methylation profiles in VAT of men
discordant for the MetS previously published by our group [15], the
current study assessed global DNA methylation levels in paired tissues
from 16 severely obese men discordant for MetS. Using a cohort
showing minimal overlap with previously assessed cohort (N=2) [15],
our goal was to investigate whether blood methylation levels may serve
as surrogate of VAT methylation levels in the context of an analysis of
the determinants of obesity-related metabolic complications. Previous
studies assessed methylation levels in paired tissues but few performed
inter-tissue analysis in the context of cardiovascular disease risk factors
or epigenetic epidemiology [18,20,21,31,32]. Testing mean methylation
level differences between VAT and blood, the present study reports
high correlation levels across tissues. These results are consistent with
those previously published in studies evaluating blood and other
tissues either focusing on CpG island or genome-wide methylation

levels [20,21,26,33-35], which demonstrated that DNA methylation
patterns are globally conserved across tissues. It is important to
mention that studies using repetitive elements or focusing on specific
CpG sites to assess inter-tissue correlation of genome-wide
methylation levels reported lower correlation [36,37], suggesting that
assessment method and targets (specific CpG sites across the genome
or repetitive elements) impact on the level of correlation observed.
Herein, strong correlations were identified in both inter- and intra-
tissue analyses, but lower-magnitude correlations were found in inter-
tissue analyses, consistent with a previous study [20]. Although the
current study focused on a cohort of severely obese men discordant for
MetS, strong intra-tissue (inter-individual) correlation was found in
VAT and blood and compares to intra-tissue correlation reported from
other studies [20,26]. Despite strong inter-tissue correlation between
VAT and blood methylation levels was observed here, differential
methylation analysis revealed that 18.8% of the CpG sites
demonstrated differences in methylation levels greater than 0.1. These
results are reinforced by those obtained from the comparison of the
distribution of methylation levels between VAT and blood, showing a
higher number of highly methylated CpG sites in blood and with
known tissue-specific gene expression. High proportions of
differentially methylated sites located in intergenic and gene body
regions reported here are consistent with results from mice [38] and
humans [31,39] suggesting a role for intragenic and intergenic CpG
site methylation in tissue-specific gene expression. Taken as a whole,
higher intra- than inter-tissue correlation reported here and in other
studies, clustering and PCA analyses, as well as differences in
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methylation levels between VAT and blood add to the evidence for
tissue-specific methylation patterns [26,31,38,40].  Differential
methylation analysis between MetS+ and MetS- individuals was
conducted in both tissues. Higher numbers of differentially methylated
CpG sites were observed in VAT than in blood. Differences in cell
composition and greater cellular heterogeneity in blood may have
contributed to higher variability in sample set and to a lower number
of differentially methylated sites. Nonetheless, several of the most
differentially methylated sites between MetS+ and MetS- individuals
were identified in both tissues. The lists of differentially methylated
sites were cross-checked to identify differentially methylated sites in
blood reflecting differences observed in VAT. In addition to strong
inter-tissue correlation identified for this subset of 437 differentially
methylated CpG sites, these results suggest that common differentially
methylated sites may have the potential to reveal VAT MetS-associated
methylation fingerprint.

Pathway analysis from differentially methylated genes in MetS+ vs.
MetS- individuals common to VAT and blood was conducted here to
provide insights into VAT functions potentially reflected through
blood methylation levels. Alternatively, it may reveal mechanistic
alterations common to both tissues in the presence of MetS. Among
the most overrepresented pathways according to IPA, lipid and
carbohydrate metabolism pathways as well as diabetes pathway were
identified in accordance with dyslipidemia and glucose intolerance
being components of the MetS [1]. Accordingly, differential expression
and methylation of specific diabetes-related genes were reported in
VAT [4,15,41] and blood [42,43] of individuals discordant for MetS
and specific genes identified here (RPTOR and MICB) were shown to
be associated with MetS components [28,30]. Identification of
inflammatory genes by differential methylation in both tissues is
coherent with the pathogenesis of diabetes as well as with the role of
inflammation in the development of MetS [1,44]. In addition, these
results are in line with systemic inflammation in severely obese
individuals with greater deterioration and higher infiltration of
immune cells in VAT of MetS+ individuals [44]. Pathways belonging to
cellular growth and development categories including BMP signaling,
Regulation of cellular mechanics by calpain protease signaling were
also overrepresented from the list of differentially methylated genes
common to VAT and blood. These genes may potentially reflect
cellular mechanisms involved in basal cell function or reveal cellular
mechanisms involved in the pathophysiology of MetS. The current
study assessed methylation levels in paired tissues from a set of
severely obese men with and without MetS. Focusing on a cohort of
severely obese men, differentially methylated CpG sites common to
VAT and blood identified here may be sex-specific and further analyses
in women are thus required. Using a cohort of middle-aged men, the
study design limits age-driven changes in methylation reported for
specific sites [45,46] and loss of molecular fidelity and ability to
maintain methylation patterns across cellular divisions [47]. Exclusion
of polymorphic CpG sites according to BeadChip annotation and to a
previous report [25] in the comparison between MetS+ and MetS-
groups limits the contribution of the genetic component in the
determination of methylation levels. We acknowledge that cellular
heterogeneity of tissues assessed here was not taken into account,
potentially influencing DNA methylation levels measured. This study
focusing on CpG site methylation levels did not assess gene expression
levels. The relationship between gene methylation and expression not
being straightforward [20,21,48] and the impact of DNA methylation
on gene expression being site- and location-dependent [49] clearly
underline the need for further studies on this matter. In addition to

establishing the correlation between VAT and blood CpG site
methylation levels, the current study identified a set of differentially
methylated sites between MetS+ and MetS- severely obese men
common to both VAT and blood. Methylation levels of these sites may
define a MetS methylation signature in blood and reflect VAT
methylation levels for genes in specific pathways involved in the
etiology of the MetS. Globally, evidence presented here suggests that
for some loci, blood methylation can be used as a surrogate of VAT
methylation levels and may potentially reflect VAT dysfunction
observed in severely obese men.
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