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Smoking increases the risk of many diseases and could act through changes in DNA methylation patterns. The aims
of this study were to determine the association between smoking and DNA methylation throughout the genome at
cytosine-phosphate-guanine (CpG) site level and genomic regions. A discovery cross-sectional epigenome-wide
association study nested in the follow-up of the REGICOR cohort was designed and included 645 individuals. Blood
DNA methylation was assessed using the lllumina HumanMethylation450 BeadChip. Smoking status was self-reported
using a standardized questionnaire. We identified 66 differentially methylated CpG sites associated with smoking,
located in 38 genes. In most of these CpG sites, we observed a trend among those quitting smoking to recover
methylation levels typical of never smokers. A CpG site located in a novel smoking-associated gene (cg06394460 in
LNX2) was hypomethylated in current smokers. Moreover, we validated two previously reported CpG sites (cg05886626
in THBS1, and cg24838345 in MTSST) for their potential relation to atherosclerosis and cancer diseases, using several
different approaches: CpG site methylation, gene expression, and plasma protein level determinations. Smoking was
also associated with higher THBST gene expression but with lower levels of thrombospondin-1 in plasma. Finally, we
identified differential methylation regions in 13 genes and in four non-coding RNAs. In summary, this study replicated
previous findings and identified and validated a new CpG site located in LNX2 associated with smoking.

Introduction health outcomes. DNA methylation is a heritable but also revers-

ible addition of a methyl group to a nucleotide, and plays an

Smoking is the second leading risk factor for global disease
burden worldwide.! Recent studies estimate that the rate of death
from any cause is almost three times higher among current smok-
ers, compared to never smokers.> The health effects associated
with smoking are mediated through a variety of mechanisms that
are not fully understood. These include direct DNA damage, vas-
cular dysfunction, inflammation, and platelets functionality,
among others.”®

Changes in DNA methylation could be one of the mecha-
nisms mediating the relationship between smoking and adverse
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important role in gene and non-coding RNAs transcriptional reg-
ulation.”'® In a cytosine-phosphate-guanine (CpG) dinucleotide
context, cytosines are the main substrate for DNA methyltrans-
ferase enzymes in mammals, and an association between smoking
and DNA methylation at different loci has been reported.''™"”
Most of these studies have analyzed individual CpG sites across
the genome. Although a single methylated CpG may be linked to
gene expression regulation and may affect disease risk, some of
the loci reported in the literature to be related to this regulation
are genomic regions within a size range of a few hundred to a few
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thousand bases.'® Evidence of a relation between smoking and
DNA methylation at the genomic region level is lacking.

The aim of the present study was to determine the association
between smoking and blood DNA methylation in a population-
based survey. We aimed at replicating the results obtained in pre-
vious studies, and identifying and validating methylation CpG
sites associated with smoking exposure. A secondary aim was to
identify differentially methylated genomic regions related to
smoking,.

Results

A total of 645 individuals passed the sample quality controls
and were included in the analyses (only 3 were excluded). The
main sociodemographic and clinical characteristics of the partici-
pants across the defined smoking groups are shown in Table 1.
Current smokers were younger and a higher proportion were
men, compared to never smokers. There were also differences in
the lipid profile and physical activity practice across smoking
groups. Of the initial 482,421 CpG sites, 427,948 (88.7%)
passed the probe quality controls and were analyzed in the dis-
covery phase.

According to the aims of the study and the statistical analysis
plan, we present the association between smoking and methyla-
tion at both the individual CpG site and region levels.

Association between smoking and methylation at the

individual CpG sites

Discovery analysis

We tested the association between smoking and each of the
CpG sites separately, comparing the current- and never-smoker
groups. The Manhattan plot showing the P-values for the

associations at each CpG site and the QQ plot corresponding to
the relationship between observed and predicted P-values are
included in Figures S1 and S2, respectively. We identified 66
CpG sites in 38 genes that showed differential DNA methylation
associated with smoking. At 63 of these sites, current smokers
were hypomethylated compared to the never-smoker group
(Table 2, Table S1, and Fig. S3). A differentially methylated
CpG site, cg06394460, was novel and not previously described
as associated with smoking. This CpG was located in the ligand
of numb-protein X2 gene (LNX2). Among the other 65 CpG
sites, we identify two recently reported CpGs located in throm-
bospondin 1 gene (7HBSI, cg05886626) and in metastasis sup-
pressor 1 gene (M7S8S1, cg24838345), which could be of interest
in arteriosclerosis and cancer, and selected them for further vali-
dation. As a sensitivity analysis, we performed the same analyses
adjusting for cell count types (Table S1), adjusting for HDL-cho-
lesterol levels as a potential confounder'® (Table S2), stratifying
by sex (Table S3), and excluding those participants with previous
coronary heart disease (Table S4); the results were consistent.

We observed a linear trend, from current smokers to former and
never smobkers, of increased (in 63 CpG sites) and decreased (in
three CpG sites) methylation across the four smoking groups
defined (Table 2, Fig. 1, Table S1, Fig. S3). We also observed that
methylation at cg05575921, the top hit, had a very high discrimina-
tive capacity to identify current smokers vs. never smokers [receiver
operating characteristic (ROC) area under the curve = 0.926].

Validation of the CpG sites associated with smoking

Genome-wide array in an independent sample. A basic
description of the BAsicMAR validation sample is shown in
Table S5. Current smokers showed lower methylation in the

three CpG sites of interest, with P-values ranging from 0.011 to
0.004. (Table 3).

Table 1. Descriptive characteristics of the participants in the discovery phase across smoking groups.

Current Smokers

Former Smokers, 1to5 y

Former Smokers, >5y  Never Smokers

(N=107) (N=31) (N =165) (N = 342) P-value
Age, y* 56.5 (10.4) 62.0 (10.7) 63.8 (10.7) 65.1(11.9) <0.001
Sex, female, n (%) 46 (43.0) 8(25.8) 46 (27.9) 229 (67.0) <0.001
SBP, mmHg*{ 126 (19.4) 131 (20.7) 131(17.5) 132 (18.3) 0.048
DBP, mmHg*{ 77 (10.7) 78 (13.1) 76 (9.80) 76 (9.38) 0.467
Hypertension, n (%) 39 (36.4) 18 (58.1) 85(51.5) 160 (46.8) 0.054
Total Cholesterol, mg/dL* 207 (38.7) 213 (42.2) 202 (36.4) 211(35.2) 0.073
LDL Cholesterol, mg/dL*} 136 (34.7) 141 (34.6) 131 (31.6) 137 (31.5) 0.156
HDL Cholesterol, mg/dL*{ 49 (12.3) 52(11.7) 53(12.7) 55(11.9) <0.001
Triglycerides, mg/dL{ 116 (64.3) 107 (45.5) 96 (45.6) 98 (43.5) 0.002
Diabetes, n (%)} 7 (6.5) 3(9.7) 25(15.2) 28 (8.2) 0.062
BMI, kg/m? *1 27.1 (4.6) 27.8 (3.4) 26.9 (3.8) 26.7 (4.1) 0.526
Obesity, n (%)f 25(23.4) 6(19.4) 31(18.9) 66 (19.4) 0.807
Physical activity, METs min/dayf 180 (81-408) 264 (111-319) 307 (191-529) 258 (129-350) 0.017

*Mean (Standard deviation)
1 Median (Interquartile range)

1 SBP, Systolic Blood Pressure; DBP, Diastolic Blood Pressure; Hypertension, defined as previous treatment or SBP>140 mmHg or DBP>90 mmHg; LDL, Low
Density Lipoprotein; HDL, High Density Lipoprotein; Diabetes, defined as previous treatment or glycaemia >126 mg/dL; BMI, Body Mass Index; Obesity,

defined as BMI >30 kg/m>.
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Table 2. CpG sites differentially methylated in relation to smoking in the discovery cohort. The CpG id, associated gene or transcript, chromosome (chr) loca-
tion, genomic position, and observed mean B3-values (standard deviation) across smoking defined groups are shown.

Annotated Current Former Former Never P-value P-value
Gene Smokers Smokers 1to Smokers >5y  Smokers (currentvs.  (considering all
CpG (Nearest Gene) Chr Position N =107 5yN=31 N =165 N =342 never smokers) 4 groups)
cg04885881 NA (SRM) 1 11123118 0.420(0.005) 0.424 (0.010) 0.446 (0.004) 0.458 (0.003) 6.85E-09 4.51E-09
€g27537125 NA (MIR4425) 1 25349681 0.184(0.003) 0.190 (0.005) 0.197 (0.002) 0.205 (0.002) 4.34E-11 6.01E-11
€g25189904 GNGI12 1 68299493 0.408 (0.007) 0.403 (0.013) 0.430(0.006) 0.469 (0.004) 8.26E-14 1.65E-14
cg09662411 GFI1 1 92946132 0.738 (0.005) 0.757 (0.008) 0.756 (0.004) 0.764 (0.003) 2.86E-08 8.38E-07
cg06338710 GFI1 1 92946187 0.824 (0.003) 0.824 (0.006) 0.832(0.003) 0.839 (0.002) 7.42E-08 2.00E-06
cg18146737 GFI1 1 92946700 0.908 (0.006) 0.910(0.010) 0.923 (0.005) 0.929 (0.003) 8.50E-10 4.50E-08
cg12876356 GFI1 1 92946825 0.756 (0.006) 0.776 (0.010)  0.780 (0.004) 0.795 (0.003) 9.02E-13 2.12E-11
cg18316974 GFI1 1 92947035 0.911(0.004) 0.920 (0.006) 0.928 (0.003) 0.932 (0.002) 1.18E-12 3.75E-11
cg08709672 AVPR1B 1 206224334 0.596 (0.003) 0.611(0.006) 0.615(0.003) 0.617 (0.002) 2.15E-08 5.55E-07
cg03547355 NA (PSEN2) 1 227003060 0.567 (0.004) 0.567 (0.007) 0.574(0.003) 0.591 (0.002) 2.21E-08 2.56E-09
€g23079012 LINC00299 2 8343710 0.939(0.002) 0.949 (0.003) 0.951(0.001) 0.955(0.001) 6.54E-14 6.06E-13
€g26271591 NFE2L2 2 178125956 0.353(0.005) 0.368 (0.009) 0.380 (0.004) 0.395 (0.003) 4.32E-12 3.95E-11
€g27241845 NA (ECEL1P2) 2 233250370 0.608 (0.004) 0.608 (0.008) 0.628 (0.004) 0.644 (0.002) 3.02E-12 8.71E-12
cg03329539 NA (ALPPL2; ACO68134.6) 2 233283329 0.353(0.004) 0.360 (0.008) 0.377 (0.003) 0.397 (0.002) 7.34E-18 2.04E-18
906644428 NA (ALPPL2; ACO68134.6) 2 233284112 0.074(0.003) 0.079 (0.006) 0.087 (0.003) 0.111 (0.002) 2.51E-23 6.02E-26
cg05951221 NA (ALPPL2; ACO68134.6) 2 233284402 0.344(0.006) 0.371(0.011) 0.397 (0.005) 0.454 (0.003) 2.35E-48 4.90E-51
921566642 NA (ALPPL2; ACO68134.6) 2 233284661 0.372(0.006) 0.417(0.012) 0.457 (0.005) 0.512 (0.004) 2.74E-60 6.45E-63
cg01940273 NA (ALPPL2; ACO68134.6) 2 233284934 0.559 (0.005) 0.595(0.009) 0.615(0.004) 0.647 (0.003) 8.70E-42 5.56E-43
913193840 NA (ALPPL2; ACO68134.6) 2 233285289 0.121(0.002) 0.120(0.004) 0.129 (0.002) 0.136 (0.001) 1.94E-08 1.48E-08
cg19859270 GPR15 3 98251294 0.848(0.002) 0.851(0.003) 0.859 (0.002) 0.869 (0.001) 7.03E-21 1.59E-21
912806681 AHRR 5 368394 0.85(0.003) 0.847 (0.005) 0.866 (0.002) 0.869 (0.002) 4.59E-09 1.45E-10
cg03991871 AHRR 5 368447  0.807 (0.004) 0.800 (0.008) 0.836 (0.003) 0.842 (0.002) 4.08E-13 3.02E-15
€g23916896 AHRR 5 368804  0.245(0.006) 0.252(0.010) 0.271 (0.005) 0.290 (0.003) 5.93E-11 1.14E-10
cg11902777 AHRR 5 368843  0.077 (0.002) 0.080 (0.004) 0.089 (0.002) 0.096 (0.001) 1.27E-13 2.17E-12
cg05575921 AHRR 5 373378  0.685 (0.006) 0.755(0.011) 0.810(0.005) 0.850 (0.003) 4.11E-84 1.27E-84
cg14817490 AHRR 5 392920  0.259 (0.005) 0.283 (0.008)  0.291 (0.004) 0.306 (0.003) 3.23E-17 5.73E-16
cg17287155 AHRR 5 393347  0.848(0.003) 0.854(0.005) 0.863 (0.002) 0.869 (0.001) 3.59E-12 2.72E-11
cg04551776 AHRR 5 393366  0.757 (0.003) 0.766 (0.006) 0.777 (0.003) 0.782 (0.002) 3.58E-11 5.46E-10
€g25648203 AHRR 5 395444  0.758 (0.003) 0.784 (0.006) 0.79 (0.003)  0.794 (0.002) 1.09E-19 1.27E-18
921161138 AHRR 5 399360  0.677 (0.004) 0.694 (0.007) 0.714(0.003) 0.725 (0.002) 9.28E-23 1.96E-21
cg14580211 C5orf62 5 150161299 0.645(0.005) 0.671(0.009) 0.664 (0.004) 0.680 (0.003) 7.20E-09 5.17E-08
cg12513616 LOC728554 5 177370977 0.440 (0.004) 0.443(0.008) 0.453(0.004) 0.467 (0.002) 4.05E-08 3.63E-07
cg06126421 NA (IR3; RN75L353P) 6 30720080 0.598 (0.007) 0.621(0.012) 0.654 (0.005) 0.700 (0.004) 6.69E-38 1.65E-36
cg14753356  NA (IR3; RN7SL353P) 6 30720108 0.366 (0.005) 0.386(0.010) 0.385 (0.004) 0.406 (0.003) 8.29E-11 1.69E-09
€g24859433 NA (IR3; RN75L353P) 6 30720203 0.787(0.003) 0.795(0.005) 0.808 (0.002) 0.817 (0.002) 4.12E-17 5.86E-16
cg15342087 NA (IR3; RN75L353P) 6 30720209 0.780(0.003) 0.791(0.006) 0.803 (0.002) 0.811 (0.002) 3.64E-18 6.20E-17
€g22132788 MYO1G 7 45002486 0.895(0.006) 0.882(0.011) 0.879(0.005) 0.858 (0.003) 4.98E-10 1.90E-09
€g12803068 MYO1G 7 45002919 0.756 (0.009) 0.736(0.016) 0.736 (0.007) 0.702 (0.005) 5.07E-08 4.38E-08
cg11556164 LRRN3 7 110738315 0.723 (0.004) 0.726 (0.006) 0.736 (0.003) 0.746 (0.002) 4.94E-08 6.23E-08
cg05221370 LRRN3 7 110738836 0.178 (0.003) 0.185(0.006) 0.197 (0.003) 0.206 (0.002) 1.47E-11 9.21E-12
921322436 CNTNAP2 7 145812842 0.261 (0.004) 0.284 (0.006) 0.285(0.003) 0.296 (0.002) 3.91E-16 9.81E-16
€g25949550 CNTNAP2 7 145814306 0.139(0.003) 0.150(0.005) 0.153(0.002) 0.163 (0.001) 2.37E-14 8.83E-14
cg11207515 CNTNAP2 7 146904205 0.423(0.007) 0.390(0.012) 0.394(0.005) 0.379 (0.004) 6.70E-08 2.31E-06
€g24540678 ZNF395 8 28258603 0.196(0.003) 0.209 (0.006) 0.209 (0.003) 0.219 (0.002) 6.50E-10 1.80E-08
€g24838345 MTSS1 8 125737353 0.757 (0.004) 0.775(0.007) 0.772(0.003) 0.782 (0.002) 9.08E-08 3.58E-07
cg12075928 PTK2 8 141801307 0.479 (0.005) 0.465 (0.009) 0.494 (0.004) 0.515 (0.003) 8.73E-10 1.07E-12
€g26361535 ZC3H3 8 144576604 0.695 (0.006) 0.724(0.010) 0.716 (0.005) 0.736 (0.003) 2.67E-09 1.48E-08
cg01692968 NA (SLC44A1) 9 108005349 0.320(0.005) 0.339(0.009) 0.332(0.004) 0.35(0.003) 7.14E-08 6.75E-07
cg03450842 ZMIZ1 10 80834947 0.563(0.004) 0.580 (0.007) 0.584(0.003) 0.589 (0.002) 1.14E-08 1.42E-07
cg05329352 ADRA2A 10 112838983 0.565 (0.006) 0.603 (0.011) 0.584 (0.005) 0.603 (0.003) 8.35E-08 3.42E-07
€g26963277 KCNQI10T1; KCNQT 11 2722407 0.872(0.003) 0.879(0.005) 0.887 (0.002) 0.893 (0.002) 1.04E-10 6.53E-09
€g21611682 LRP5 11 68138269 0.536 (0.004) 0.549(0.007) 0.559(0.003) 0.567 (0.002) 5.68E-10 3.95E-09
cg14624207 LRP5 11 68142198 0.517(0.004) 0.526(0.007) 0.529 (0.003) 0.542(0.002) 7.14E-08 4.01E-07
cg01901332 ARRB1 11 75031054 0.611(0.005) 0.628 (0.008) 0.640 (0.004) 0.649 (0.003) 7.19E-12 1.71E-10
cg11660018 PRSS23 11 86510915 0.505(0.005) 0.525(0.009) 0.526 (0.004) 0.549 (0.003) 1.26E-12 2.04E-12
923771366 PRSS23 11 86510998 0.422(0.005) 0.437(0.010) 0.441(0.004) 0.458 (0.003) 1.46E-08 2.02E-07
cg02583484 HNRNPA1 12 54677008 0.310(0.004) 0.328(0.007) 0.325(0.003) 0.340 (0.002) 9.11E-11 1.90E-10
906394460 LNX2 13 28130393 0.566 (0.006) 0.606 (0.011) 0.601 (0.005) 0.609 (0.003) 5.35E-09 6.65E-08
(Continued on next page)
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Table 2. CpG sites differentially methylated in relation to smoking in the discovery cohort. The CpG id, associated gene or transcript, chromosome (chr) loca-
tion, genomic position, and observed mean 3-values (standard deviation) across smoking defined groups are shown. (Continued)

Annotated Current Former Former Never P-value P-value
Gene Smokers Smokers 1to Smokers >5y  Smokers (current vs. (considering all

CpG (Nearest Gene) Chr Position N =107 5yN=31 N =165 N =342 never smokers) 4 groups)
cg05284742 ITPK1 14 93552128 0.695 (0.003) 0.707 (0.006) 0.714(0.003) 0.721 (0.002) 3.75E-10 7.03E-09
cg05886626 THBST 15 39873553 0.207 (0.004) 0.218 (0.007) 0.222 (0.003) 0.230 (0.002) 8.41E-08 5.18E-06
€g23161492 ANPEP 15 90357202 0.254 (0.005) 0.274 (0.009) 0.280 (0.004) 0.296 (0.003) 2.23E-12 7.53E-11
cg01207684 ADCY9 16 4103167 0.711(0.005) 0.717 (0.010) 0.732(0.004) 0.745 (0.003) 3.13E-08 7.98E-08
cg19572487 RARA 17 38476024 0.488 (0.005) 0.484(0.009) 0.511(0.004) 0.535 (0.003) 9.46E-14 7.54E-16
cg07381806 MOBKL2A 19 2094327 0.344(0.006) 0.372(0.012) 0.374 (0.005) 0.382 (0.004) 1.06E-07 8.89E-06
cg03636183 F2RL3 19 17000585 0.607 (0.005) 0.636(0.009) 0.671(0.004) 0.706 (0.003) 6.28E-49 4.07E-50
cg07339236 ATP9A 20 50312490 0.155(0.003) 0.179(0.006) 0.174(0.003) 0.185 (0.002) 2.09E-14 1.70E-13

NA: Non-annotated gene (nearest gene); All P-values were calculated using M-values

CpG site-specific pyrosequencing assay

A basic description of the REGICOR validation sample is
shown in Table S6. Smoking was also associated with lower
methylation in the three CpG sites of interest, with P-values
ranging from 0.011 to 5.51x107"" . (Table 3).

Gene expression anﬂlysz's

A basic description of the PREDIMED validation sample is
shown in Table §7. The LNX2 gene was not present in the array
and could not be evaluated. The level of 7HBS! gene expression

|
|
|
|

T T I T
Former smokers. Faormer smokers
1-5 years =8 years

Cument smokers Never smokers

Figure 1. Plot corresponding to the M-value of the adjusted mean and
95% confidence intervals for the top CpG site cg05575921 across the
defined smoking groups (P-value for association with smoking status
groups: 1.3x107%4).
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was higher among smokers than never smokers; no differences
were observed in M 7551 gene expression.(Table 3).

THBS plasma levels

A basic description of the TALAVERA validation sample is
shown in Table S8.

Current smokers showed lower levels of plasma THSB1 com-
pared to never smokers.(Table 3).

Association between smoking and DNA methylation at the
region level

Using an analytical approach based on predefined genomic
regions, we identified several differentially methylated regions
related to smoking (Table 4): i) 7 promoters corresponding to
the genes GNGI2, ALPPL2, LRRN3, AGAP2-AS1, IGHJ6,
IGHJ3P, and IGH]J5; ii) 8 gene bodies, ALPPL2, GPRIS,
MYOIG, LRRN3, IGH]3P, CLECI16A, ZNRFI, and F2RL3; iii)
3 CpG islands related to the genes ALPPL2, MYOIG, and PRFI;
and iv) 4 non-coding RNAs (IncRNA1447, KIAA0087, miR-
802, and Loc728554).

All regions were hypomethylated in smokers, with the excep-
tion of those related to the genes MYOIG and PRFI, and the
IncRNA1447.

Discussion

In the present study, we replicated differential methylation
in CpG sites located in 37 genes previously associated with
smoking. Moreover, we discovered and validated a new CpG
site (in LNX2) and we also further validated two already
known CpG sites (in 7HSBI and MTSS1) which could be
related with arteriosclerosis and cancer disease, showing lower
methylation levels in current smokers compared to never
smokers. We selected cg05886626, located at the THSBI gene
(coding for thrombospondin-1), and we observed that smok-
ing was associated with higher THSBI gene expression levels
and, paradoxically, lower concentrations of thrombospondin-1
in plasma. We also report a linear trend in the differentially
methylated sites across smoking groups (i.e., current, former,
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Table 3. Differences in methylation level in peripheral blood cells, in peripheral blood cells gene expression and in protein plasma levels between current
smokers and never smokers in the three new genes identified in the discovery phase. Results are shown as adjusted beta values mean (and standard error)*.

THBS1 cg05886626 MTSS1 cg24838345 LNX2 cg06394460
DNA Methylation
Discovery REGICOR Current smokers (n=107) 0.206 (0.004) 0.758 (0.004) 0.567 (0.006)
Never smokers (n=342) 0.231 (0.002) 0.782 (0.002) 0.610 (0.004)
P-value 8.36E-08 9.04E-08 5.32E-09
Validation BAsicMAR Current smokers (n=172) 0.183 (0.005) 0.760 (0.006) 0.623 (0.010)
Never smokers (n=205) 0.199 (0.008) 0.781 (0.009) 0.652 (0.014)
P-value 0.005 0.004 0.011
Validation REGICOR Current smokers (n=157) 0.199 (0.003) 0.749 (0.005) 0.478 (0.006)
Never smokers (n=483) 0.201 (0.002) 0.757 (0.004) 0.485 (0.005)
P-value 0.011 5.51E-11 3.17E-07
Gene Expression
Validation PREDIMED Current smokers (n=6) 4.70 (0.301) 8.39(0.192) NA
Never smokers (n=16) 3.44 (0.246) 8.53 (0.102) NA
P-value 0.004 0.210 NA
Protein Levels [Ln(Thrombospondin-1)]
Validation Talavera Current smokers (n=140) 7.68 (0.09) NA NA
Never smokers (n=127) 8.16 (0.10) NA NA
P-value 0.001 NA NA

* Adjusted for age, sex, batch

and never smokers), suggesting that this could be a reversible corresponding to four non-coding RNAs (IncRNA01447,
process. Finally, we analyzed the relation between smoking KIAA0087, miR-802, and Loc728554).

and methylation at a genomic region level and identified dif- The present study replicated findings in a number of CpGs
ferential methylation levels in 13 genes and in regions located in 37 genes previously reported to show a differential

Table 4. Differentially methylated genomic regions in relation to smoking in the discovery cohort. The Ensembl genomic id, chromosome (chr) location,
genomic position, strand, associated gene or transcript, and observed mean B-values in current and never smokers are shown.

Mean Mean Mean FDR-adjusted

Ensembl ID Chr Start End Strand Symbol (Current Smoker) (Never Smoker) Difference p-value*
Promoters
ENSG00000172380 chr1 68298651 68300650 - GNG12 0.252 0.276 -0.024 4.49E-02
ENSG00000204121 chr2 233284027 233286026 - ALPPL2 0.231 0.288 -0.057 1.07E-31
ENSG00000173114 chr7 110729562 110731561 + LRRN3 0.820 0.845 -0.025 3.49E-04
ENSG00000255737 chr12 58118554 58120553 + AGAP2-AST 0.844 0.862 -0.018 3.98E-02
ENSG00000211900 chr14 106328969 106330968 - IGHJ6 0.438 0.474 -0.036 5.06E-03
ENSG00000237111  chr14 106329176 106331175 - IGHJ3P 0.456 0.497 -0.041 5.06E-03
ENSG00000242472 chr14 106329573 106331572 - IGHJ5 0413 0.451 -0.038 9.91E-03
Genes
ENSG00000204121 chr2 233280528 233284526 - ALPPL2 0.187 0.238 -0.051 9.69E-27
ENSG00000154165  chr3 98250743 98251960 + GPR15 0.900 0.921 -0.021 3.07E-26
ENSG00000136286 chr7 45002261 45018697 - MYOI1G 0.680 0.657 0.024 2.24E-02
ENSG00000173114 chr7 110731062 110765510 + LRRN3 0.762 0.775 -0.013 2.14E-03
ENSG00000237111  chr14 106329626 106329675 - IGHJ3P 0.385 0.426 -0.041 2.61E-03
ENSG00000263033  chr16 11290034 11318373 + CLECT16A 0.489 0.512 -0.023 4.57E-03
ENSG00000247033  chri6 75142499 75144610 - ZNRF1 0.476 0.493 -0.017 2.24E-02
ENSG00000127533  chr19 16999671 17003417 + F2RL3 0.594 0.604 -0.011 6.15E-05
CpG islands

chr2 233283398 233285959 * ALPPL2 0.206 0.256 -0.050 1.80E-27

chr7 45002112 45002845 * MYOI1G 0.815 0.793 0.022 3.10E-02

chr10 72360256 72360605 * PRF1 0.850 0.835 0.015 1.42E-03

Non-coding RNA

chr5 177370963 177371612 * LOC728554 0.276 0.288 -0.012 1.76E-02
ENSG00000122548 chr7 26572740 26578407 - KIAA0087 0.738 0.755 -0.017 2.83E-04
ENSG00000236078 chr7 47660037 47662036 + IncRNA01447 0.870 0.860 0.010 2.70E-02
ENSG00000211590  chr21 37093013 37093106 + miR-802 0.508 0.528 -0.020 1.71E-02

*FDR-adjusted P-value: False discovery rate adjusted P-value calculated with M-value
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methylation pattern associated with smoking.'*">'72*?% The

top hit reported in the present study (cg05575921, P-value 4.11
x 107%) lies in the aryl hydrocarbon receptor repressor gene
(AHRR) and replicated the direction and magnitude of the associ-
ation reported in previous studies.'’'® The differential methyla-
tion of this CpG site provides very high discriminative capacity,
and therefore could be used as an objective biomarker of active
smoking, as has been also reported in a recent study.”> The pro-
tein encoded by this gene participates in the aryl hydrocarbon
receptor signaling cascade, which mediates dioxin toxicity, and
also is involved in regulation of cell growth and differentiation.
Tobacco smoke contains more than 3800 constituents, including
numerous water-insoluble polycyclic aromatic hydrocarbons that
modulate aryl hydrocarbon receptor signaling pathways.>*

Our study also replicated the results obtained in the first epi-
genome-wide association study (EWAS) evaluating the associa-
tion between DNA methylation in blood and smoking status in
adults in a European population.'" The earlier study showed that
smoking was associated with lower methylation in the F2RL3
locus [coagulation factor II (thrombin) receptor-like 3]. The
product of this gene plays an important role in processes such as
platelet activation, intimal hyperplasia, and inflammation. More-
over, F2RL3 methylation levels was associated with mortality in
patients with stable coronary heart disease, indicating it is a
potential mediator of the impact of smoking.*

The novel contribution of our study is the identification of a
new hypomethylated CpG site located in the LNX2 gene that is
associated with smoking. Moreover, we provide more knowledge
about the relationship between 7HBSI and MTSSI genes and
smoking exposition.

The novel hit, LNX2, encodes for the protein ligand of numb-
protein X2, an E3 ubiquitin ligase giving specificity to the ubig-
uitylation process by selectively binding substrates. Recently, its
function has emerged as a crucial modulator of T-cell tolerance
and immunity. However, substrates, partners, and mechanisms
of action remain largely unknown for most E3 ligases. This gene
has been previously reported to be associated with adenocarci-
noma, epithelial neoplasia and preeclampsia.”® A recent study
has also documented that this protein was upregulated during
osteoclast differentiation.”®

The second interesting hit, 7HBSI encodes for thrombospon-
din-1 (THBS-1), an extracellular matrix, and a calcium-binding
protein that regulates cellular adhesion and migration, cytoskele-
tal organization and cell proliferation, and apoptosis. THBS-1 is
present within blood vessels interacting with various proteins to
maintain vascular structure and haemostasis.”” Current knowl-
edge related to the effects of THBS-1 on different cellular mecha-
nisms is conflicting and depends on the experimental settings.
Some studies have shown a protective action on the vasculature
and myocardial healing after a myocardial infarction,”®?’
although others observed higher THBS-1 levels in patients with
atherosclerotic-related phenotypes.”®?" These higher THBS-1
levels could be a marker for the reparative process during disease
progression and not a cause of the disease. A recent meta-analysis
of the association between genetic variants in thrombospondin
genes and myocardial infarction did not find evidence that the

www.tandfonline.com

Epigenetics

polymorphisms included were associated with myocardial infarc-
tion,”” questioning the causal association between this protein
and the disease. Independently of the pathogenic role of THBS-
1, we report that current smoking was associated with a reduced
methylation of the 7HBSI gene and with increased gene expres-
sion -but, paradoxically, with lower THBS-1 plasma levels. This
paradoxical relationship between methylation/expression and
protein levels could be explained by posttranscriptional regula-
tion of the protein levels or by a complex feedback regulation
mechanism.(Fig. $4).

Finally, we identified smoking-associated CpG sites located in
the metastasis suppressor 1 gene (M7S8S1), which is involved in
sonic hedgehog and epidermal growth factor signaling, and also
acts as a scaffold protein to regulate cytoskeleton. Downregula-
tion of M7S8S1 has been linked to the progression and poor prog-
nosis of various cancers.>> In our study, we could not validate the
association between smoking and lower M7S5S] methylation
when analyzing gene expression. It is known that DNA methyla-
tion affects gene expression, and that this mechanism is usually
associated with decreased gene expression.9 Nevertheless, this
relationship is complex and not always linear.**>® Moreover, the
sample size included in our gene expression analyses was small.
Therefore, the lack of association between smoking and M7551
expression could be related to a limited statistical power or to
more complex mechanisms regulating the expression of this gene.

For almost all of the 66 CpG sites identified, we observed a
time-dependent change in methylation levels when former smok-
ers were included in the analyses. These results are also consistent
with the results from other studies.'>**?” Although it is not pos-
sible to evaluate the causal effect because of our study design,
these results suggest that the differential methylation patterns
related to smoking could be reversible.

Finally, as a secondary aim, we analyzed the association
between smoking and differentially methylated regions, iden-
tifying several genomic regions; some of them were in new
genes not previously identified as associated with smoking
(AGAP2-AS1, IGHJ3P, IGH]5, IGHJ6, CLECIGA, ZNRFI,
and PRFI). The protein encoded by the AGAP2-ASI gene is
overexpressed in cancer cells and promotes cancer cell inva-
sion. Some genetic variants in the CLCI6A gene have been
associated with diabetes mellitus, multiple sclerosis, and rheu-
matoid arthritis. The protein encoded by the PRFI gene has
structural and functional similarities to complement compo-
nent 9 (C9). Like C9, this is one of the main cytolytic pro-
teins of cytolytic granules, and it is known to be a key
effector molecule for T-cell- and natural killer-cell-mediated
cytolysis. Moreover, we identified four non-coding RNAs
associated with smoking, one of them (mRNA-801) also
recently associated with type 2 diabetes and glucose metabo-
lism.*®? Further studies in independent samples are war-
ranted to validate and replicate these novel results.

Strengths and limitations

In this study we analyzed one of the largest available series of
participants with genome-wide methylation data from a popula-
tion-based survey. We replicated previous CpG sites already
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known to be associated with smoking, giving strength and consis-
tency to the body of knowledge available, and we identified a
novel site. Furthermore, we validated two additional CpG sites
using multiple approaches.

Some limitations of the study also should be considered. First,
we did not have an objective measurement of smoking exposure.
However, self-reported questionnaires have been shown to be a
valid instrument for this purpose.”’ Second, we measured DNA
methylation in peripheral blood cells. It is known that the meth-
ylation levels of some CpGs/regions are tissue-specific,”’ and we
might have lost some signals by not choosing a tissue where
smoking could have had a more direct impact on DNA methyla-
tion. However, other authors have suggested that studying meth-
ylation patterns of whole blood is a good proxy for the
methylation levels from a specific site of action.'*'* Third, the
magnitude of the differential methylation between smokers and
never smokers in the discovery stage was greater when using the
Hlumina assay, compared to pyrosequencing, in the validation
stage. We found non-significant differences between the REGI-
COR subsamples included in the discovery and validation stages.
These differences do not appear to be related to the clinical pro-
file of the participants and could be explained by technical or
methodological differences in the measurements used. Fourth, it
would have been preferable to assess gene expression and plasma
protein levels in the same population where methylation data
were available. The clinical characteristics of the population
included in the protein level determinations were similar to that
of the discovery stage; however, the group of individuals with
gene expression data was older, which could introduce some bias
that cannot be controlled. Finally, the design of the study is
cross-sectional and we cannot infer causality of the reported asso-
ciation between smoking and DNA methylation levels.

In summary, smoking is associated with significant differential
DNA methylation across the genome. In this study, we replicated
previous findings and identified and validated a new CpG differ-
entially methylated in smokers in LNX2 gene. Moreover, we con-
firmed and provided more information about 7HBS! and
MTSS]I and its relation to smoking. We also identified differen-
tial methylation at the genomic region level in several genes and
in genomic regions corresponding to four non-coding RNAs
(IncRNA01447, KIAA0087, miR-802, and Loc728554). Finally,
there was a linear trend between current, former, and never
smokers in the levels of methylation, suggesting that this is a
reversible process.

Materials and Methods

Study design

We designed a cross-sectional EWAS nested in the Girona
Heart Registry (REGICOR, which stands for REgistre Glroni
del COR), using follow-up data from a population-based cohort
enrolled in 2003-2005 (n = 6352; response rate, 71.5%). The
towns that participated in REGICOR represent the urban and
rural diversity of Girona Province in Catalonia, Spain.42 During
2009-2013, participants still residing in these towns were invited
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to participate in a follow-up visit; institutionalized residents were
excluded. The response rate was 78.4%. A subsample of those
attending their follow-up visit was randomly selected for this
study (n = 648). All participants were of European descent. The
study was approved by the local ethics committee and conducted
according to the principles expressed in the Declaration of Hel-
sinki and relevant legislation in Spain. All participants gave writ-
ten informed consent prior to their participation.

Smoking status and other covariates

Examinations were performed and questionnaires adminis-
tered by a team of trained nurses. Standardized questionnaires
and methods were used to collect sociodemographic, lifestyle,
and other information related to cardiovascular risk factors (Sup-
plementary Methods). Self-reported smoking status was catego-
rized in four groups: current smokers (smoked on average >1
cigarette/day at the time of the visit or gave up smoking <1 y
before the visit); former smokers, between 1 and 5 y (gave up
smoking up to 5y before the visit); former smokers, more than
5 y; and never smokers.

Array-based DNA methylation analysis with Infinium
Methylation 450k

DNA was extracted from whole peripheral blood collected in
10 mL EDTA tubes using a standardized method (Puregen TM;
Gentra Systems). DNA quality was checked with Picogreen and
DNA methylation was assessed using the Illumina HumanMe-
thylation450 BeadChip (Illumina), following the Illumina Infin-
ium HD Methylation protocol. This array covers 485,577
methylation CpG sites with at least one probe in 99% of the
RefSeq genes (21,231 genes).*® The arrays were scanned with the
[lumina HiScan SQ scanner. These processes were carried out in
2 laboratories of the Spanish National Genotyping Center: the
Center for Genomic Regulation in Barcelona and the Centro
Nacional de Investigaciones Oncoldgicas in Madrid. Two
repeated samples were included in all the plates (94 unique sam-
ples, 2 repeated samples) to take into account batch effects. We
performed sensitivity analysis, normalizing the data by the batch
effect, and the results were similar.(Table S9).

Thereafter, an M-value was assigned to each CpG, calculated
as the log; ratio of the intensities of the methylated vs. the unme-
thylated probe for each individual site according to Equation 1,

M,-+a> o

M,ate = 10g2 (U Py

where:

- M;: intensity of methylated probe
- U;: intensity of unmethylated probe
- a: constant offset (by default e = 1)

An M-value close to 0 means the CpG site is about half-meth-

ylated. Positive M-values mean that there are more methylated
than unmethylated cytosines; negative M-values indicate the
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opposite ratio. Due to its good statistical properties, M-value was
. . . 44,45
the main outcome variable used in our analyses.
For the biological interpretation of the results we also
obtained the B-values, or the ratio of the intensities of methylated

probe to overall intensities, as shown in the Equation 2,*

M;
=|— 2
Bvalue <M+[J1+(x> ( )

In this case, as suggested by Illumina, the constant offset
assigned to o was 100. B-value ranges between 0 (completely
unmethylated) and 1 (completely methylated).***> We assessed
the quality control of the entire process and normalized the data
using a standardized pipeline and methods (see Supplementary
material).

The gene notation was based on the Illumina manifest or on
the information provided by the University of California, Santa
Cruz Genome Browser website.*® In those CpGs with no anno-
tated gene, the nearest gene was defined using the same Genome
Browser.

Validation of the CpG methylation sites of interest

associated with smoking
Genome-wide array in an independent sample

An independent sample from the BAsicMAR study was ana-
lyzed, consisting of 377 stroke patients with available genome-
wide blood methylation data measured with the same array as the
present study and smoking exposure evaluated using the same
questionnaire.

CpG site-specific pyrosequencing assay

An additional independent sample of 622 healthy individuals
was randomly selected from the REGICOR study participants.
Pyrosequencing assays were designed in order to validate the
three CpG sites of interest identified in the discovery phase of
our study. When possible, specific primer sequences were
designed, using the PyroMark assay design software, version
2.0.01.15 (Table S10), to hybridize with CpG-free sites and
ensure methylation-independent amplification. Bisulfite-treated
DNA was used as a template for a polymerase chain reaction
(PCR), carried out with primers biotinylated to convert the PCR
product to single-stranded DNA templates. We used the Vac-
uum Prep Tool (Biotage) to prepare single-stranded PCR prod-
ucts according to manufacturer instructions. Pyrosequencing
reactions and fluorimetric quantification of methylation peaks
were conducted in a PyroMark Q24 System, version 2.0.6 (Qia-
gen). To rule out the presence of technical bias in the quantifica-
tion of DNA methylation values, internal sequence-specific and
bisulfite conversion controls were included and considered in the
interpretation of the results.

Gene expression anﬂlysz's

Genome-wide gene expression data were available from an
independent subsample of individuals (n = 22 individuals, 16
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never smokers, 6 current smokers) participating in the Pre-
vencion Con Dieta Mediterranea (PREDIMED) study.48’49
Whole genome peripheral blood mononuclear cells were assessed
by using whole transcriptome microarray (Affymetrix Gene Chip
Human Genome U133A 2.0) at the Microarrays Analysis Serv-
ices, Hospital del Mar Medical Research Institute (IMIM), Bar-
celona, Spain. Raw data passed quality control and were
normalized using robust microarray analysis methodology.”
Intensity signals were standardized and log, transformed.

Determination of THBS1 by dot-blot

In those genes showing differential CpG methylation patterns
and also differential gene expression between current and never
smokers, we determined the concentration of the related protein
in plasma. Only one protein, THBSI1, fulfilled this criterion.
These measurements were done in an independent sample (n =
267) from a population-based survey undertaken in another
region of Spain (Talavera).>!

As previously reported,”* we loaded 10 pg of total plasma
protein from each individual onto a nitrocellulose membrane.
This membrane was blocked with 5% (w/v) bovine serum albu-
min, incubated with a monoclonal THBS1 antibody (THBSI
antibody sc-59886, Santa Cruz Biotechnology, Inc.., dilution
1:1000), washed, and then incubated with a peroxidase-conju-
gated anti-mouse IgG developed with enhancing chemilumines-
cence reagents (ECL, GE Healthcare).

All the laboratory measurements were performed by personnel
blinded to participants’ smoking status.

Statistical analysis

We carried out two different types of analysis in the discov-
ery phase: First, we analyzed the association between DNA
methylation at all the individual CpG sites and smoking. We
included all individuals and CpG sites that passed quality con-
trol. A P-value <1.17 x 10~/ was established to define a differ-
ence as statistically significant after Bonferroni correction, we
considered the number of valid CpGs as the number of inde-
pendent tests to be done (0.05/427,948). We analyzed differen-
ces in CpG site methylation between 2 groups, current smokers
and never smokers, using a multivariate linear regression. In
those CpG sites associated with smoking, we also performed a
multivariate linear regression to assess differences in DNA meth-
ylation across the four pre-defined smoking categories (current
smokers, former 1-5 y, former >5 y, never smokers). For all
adjusted models, methylation was considered the response vari-
able, binary or 4-category smoking status was the explanatory
variable of interest according to the analyses performed, and a
pre-defined set of variables (sex, age, batch, and physical activ-
ity) were included in the models as adjusting covariates. We
performed sensitivity analyses adjusting for this set of variables,
including high-density lipoprotein cholesterol and blood cell
count estimated by the Houseman Algorithm using the minfi R
package.’>>* We also stratified by sex and excluded those partic-
ipants with previous coronary heart disease.
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We calculated the statistical power of the discovery EWAS.
Acceptinganacriskof 1.7 x 10~ ina2-sided test, the sample size we
included in our main analysis (n = 107 currentsmokersand n = 342
never smokers) provided us with 80% power to detect as statistically
significant differences greater than or equal to 0.54 standard devia-
tionmethylationunitsin thedifferent CpGs.

Second, we analyzed the association between smoking and
DNA methylation at the region level. We used dasen normalized
data to remove the non-biological variation®>>® and different
types of genomic regions were considered: i) whole gene, defined
from the transcription start-point to the transcription end-point
according to Ensemble notations; ii) promoter regions, defined
as regions between positions 1.5-kb upstream and 0.5-kb down-
stream of the transcription start-points; iii) CpG islands, defined
as regions of DNA >200 bp showing a C+G content >50 %
and a ratio of observed vs. expected frequency of CpG dinucleo-
tide >0.6.">® These regions were inferred from the annotation
data of the RnBeads package.”” The association was assessed by
linear models implemented in the same package and the models
were also adjusted for sex, age, batch, and physical activity. We
considered as statistically significant those P-values <0.05
adjusted for the false discovery rate (FDR).

The same statistical methods were used in the validation
phase, and DNA methylation validation models were adjusted
for age, sex, and batch. The analysis of the differences in gene
expression were unadjusted because there were no age and sex dif-
ferences in PREDIMED study participants, and were assessed
using the limma package.” Age- and sex-adjusted differences in
protein level between smokers and never smokers were analyzed
using ANCOVA.

A logistic regression model considering smoking as the
response variable and methylation at the ¢g05575921 as the
explicative variable was used to assess the discriminative capacity
of this CpG. We calculated the ROC area under the curve using
the epicalc R package.®
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