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ABSTRACT
Alterations in DNA methylation and gene expression in blood leukocytes are potential biomarkers of harm
and mediators of the deleterious effects of tobacco exposure. However, methodological issues, including
the use of self-reported smoking status and mixed cell types have made previously identified alterations in
DNA methylation and gene expression difficult to interpret. In this study, we examined associations of
tobacco exposure with DNA methylation and gene expression, utilizing a biomarker of tobacco exposure
(urine cotinine) and CD14+ purified monocyte samples from 934 participants of the community-based
Multi-Ethnic Study of Atherosclerosis (MESA). Urine cotinine levels were measured using an immunoassay.
DNA methylation and gene expression were measured with microarrays. Multivariate linear regression was
used to test for associations adjusting for age, sex, race/ethnicity, education, and study site. Urine cotinine
levels were associated with methylation of 176 CpGs [false discovery rate (FDR)<0.01]. Four CpGs not
previously identified by studies of non-purified blood samples nominally replicated (P value<0.05) with
plasma cotinine-associated methylation in 128 independent monocyte samples. Urine cotinine levels
associated with expression of 12 genes (FDR<0.01), including increased expression of P2RY6 (Beta §
standard error = 0.078 § 0.008, P = 1.99 £ 10¡22), a gene previously identified to be involved in the
release of pro-inflammatory cytokines. No cotinine-associated (FDR<0.01) methylation profiles
significantly (FDR<0.01) correlated with cotinine-associated (FDR<0.01) gene expression profiles. In
conclusion, our findings i) identify potential monocyte-specific smoking-associated methylation patterns
and ii) suggest that alterations in methylation may not be a main mechanism regulating gene expression
in monocytes in response to cigarette smoking.
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Introduction

Tobacco smoking is a major risk factor for cardiovascular dis-
eases, respiratory diseases, cancer, and death [1,2]. The devel-
opment of smoking-related morbidity and mortality has been
hypothesized to be mediated by increased activation of blood
leukocytes and changes in oxidative stress, inflammation, and
endothelial function [3,4]. However, the underlying molecular
mechanisms are not fully understood. Identifying molecular
features that are modified by tobacco smoking may have critical
implications for our understanding of the development of
smoking-associated diseases and may lead to the development
of early biomarkers of harm for the deleterious effects of
tobacco product exposure.

A number of previous studies have systematically investi-
gated smoking-associated DNA methylation [5–12] and gene
expression [13–15] profiles in blood samples. Alterations con-
sistently observed in blood samples from smokers compared to
non-smokers include DNA methylation profiles—within the
aryl hydrocarbon receptor repressor (AHRR, cg05575921), on

chromosome 6p21.33 (cg06126421), and within coagulation
factor II (thrombin) receptor-like 3 (F2RL3, cg03636183)
[7,11,12,16]—and expression profiles of genes such as leucine
rich repeat neuronal 3 (LRRN3) and SAM and SH3 domain con-
taining 1 (SASH1) [13–15,17,18]. Smoking-associated DNA
methylation profiles in blood have been used as biomarkers to
improve risk prediction of smoking-related morbidity and
mortality, including lung cancer incidence and mortality [19–
21], cardiovascular mortality, and all-cause mortality [22].
However, the biological causes and consequences of smoking-
related alterations in DNA methylation and gene expression in
blood samples are unclear. Blood is a heterogeneous mixture of
immune cell types, and DNA methylation and gene expression
profiles vary across cell types [23]. Tobacco smoke exposure
can affect the proportions of individual immune cell types
within blood [24]. Therefore, it remains unclear if smoking-
associated molecular alterations identified in blood samples are
artifacts of the different proportions of immune cell types in
the blood of smokers compared to non-smokers, or if there are
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molecular alterations that result from smoking exposure only in
certain subsets of immune cell types.

Studying the effects of smoking in specific subsets of immune
cell types may provide insight into the early molecular features
that contribute to smoking-related immune dysfunction and dis-
ease. Two recent small scale studies (�34 participants) [25,26]
presented evidence for distinct immune cell-type differences in
smoking-related methylation of candidate genes previously iden-
tified to harbor smoking-associated methylation in blood
[25,26]. For instance, methylation of AHRR (cg05575921),
6p21.33 (cg06126421), and F2RL3 (cg03636183) showed greater
methylation differences between smokers and non-smokers in
granulocytes and monocytes than in B cells or T cells [26]. Fur-
ther insight into the causes and biological implications of smok-
ing-related epigenetic modifications may be gained from
systematic studies in purified cell types known to play a role in
the pathophysiology of smoking-related diseases [25].

Herein, we aim to better understand the relationship
between current tobacco smoking exposure and genome-wide
measures of DNA methylation and gene expression in purified
CD14+ monocytes samples. Monocytes are immune cells
known to be influenced by tobacco smoke exposure [24] and
hypothesized to play a role in the development of smoking-
related cardiovascular disease [27]. To build upon previous
findings, we utilized concentrations of a nicotine metabolite,
cotinine, in urine, as a quantitative measure of current tobacco
smoking exposure, and DNA methylation and gene expression
measured concurrently in purified CD14+ monocyte samples
from participants of a population-based cohort study in several
cities across the United States, the Multi-Ethnic Study of Ath-
erosclerosis (MESA). To increase the biological interpretation
of smoking-associated DNA methylation in monocytes, we also
report associations between DNA methylation and concur-
rently measured gene expression profiles in vivo.

Results

The study population included 934 MESA participants, with
urinary cotinine concentrations and genome-wide profiling of
DNA methylation and gene expression in CD14+ monocyte
samples collected during the fifth exam (from 2010–2012).
Population characteristics are listed in Table 1. Urinary cotin-
ine concentrations above a threshold previously used to classify

active smokers in MESA (>100 ng/ml [28]) were detected in
8.7% of the population, as shown in Figure 1, by self-reported
smoking status, including 1.2% of participants reporting smok-
ing fewer than 100 cigarettes in their lifetime and not smoking
any cigarettes within the past 30 days (never smokers), 4.0% of
participants reporting smoking 100 cigarettes in their lifetime
but not smoking within the past 30 days (former smokers), and
92% of participants that reported smoking cigarettes within the
past 30 days (current smokers). Urine cotinine levels indicative
of active or secondhand smoke exposure (>the detectable
threshold of 8 ng/ml) were detected in 5.5% of never smokers,
12.2% of former smokers, and 97% of current smokers.

Cotinine-Associated DNA Methylation in CD14+ Monocytes

Urine cotinine concentrations associated [false discovery rate
(FDR)<0.01] with methylation of 176 CpG sites in 930 CD14+
monocyte samples, out of 484,817 CpGs measured using the
Illumina HumanMethylation450 BeadChip (Figure 2 and Table
S1). The strongest correlation detected was between urine
cotinine and methylation of AHRR cg05575921 (partial correla-
tion, prho = ¡0.55, Beta § standard error (SE) = ¡0.23 § 0.01,
P = 1.04 £ 10¡73, FDR = 4.82 £ 10¡68). Log cotinine concen-
trations uniquely explained 29% of the variance of cg05575921
methylation, holding all other variables constant. Other top
loci detected harboring cotinine-associated CpG methylation
were intergenic regions on chromosome 2q37.1 (cg21566642
upstream of alkaline phosphatase placental like 2, ALPPL2) and
on chromosome 6p21.33 (cg06126421 within the MHC class
III region). Top cotinine-associated methylation sites located
near protein coding genes included cg03636183 on chromo-
some 19 within F2R like thrombin/trypsin receptor 3 (F2RL3),
cg09935388 on chromosome 1 within growth factor indepen-
dent 1 transcription repressor (GFI1), cg21322436 on chromo-
some 7 within the promoter region of contactin associated

Table 1. Characteristics of MESA study participants.

CD14+ monocytes (n = 934)
Proportion or Mean (SD)

Demographic
Mean age (years) 69 (9)
Gender (% female) 53

Race/ethnicity
White (%) 45
Hispanic (%) 34
Black (%) 21

Self-reported smoking status
Never smoker (%) 45
Former smoker (%) 49
Current smoker (%) 6.7

Urine cotinine levels
Active smoking (% >100ng/ml) 8.7
Detectable (% >8ng/ml) 14.8

SD, standard deviation

Non-detectable cotinine (%)  94.5 87.8 3.2 

Secondhand exposure (%) 4.3 8.2 4.8 

Active smoking exposure (%)  1.2 4.0 92.0 
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Figure 1. Cotinine concentrations by self-reported smoking status. A comparison
of urine cotinine concentrations with self-reported smoking status reveals poten-
tial misclassification; cotinine detection limit: 8 ng/ml; active smoking levels:
>100 ng/ml (urine). Boxplots show cotinine concentrations (ng/ml, y-axis) with
self-reported smoking status (420 never smokers, 458 former smokers, 63 current
smokers). The bold horizontal line represents the median, the top and bottom bor-
ders of the box represent the 75th and 25th percentiles, respectively, while the
circles represent outliers.
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protein-like 2 (CNTNAP2), and cg05284742 on chromosome 14
within inositol-tetrakisphosphate 1-kinase (ITPK1). The effect
sizes resulting from the association between log urine cotinine
levels and DNA methylation are depicted in Figure 3. Results
between methylation and cotinine with an additional adjust-
ment for urine creatinine levels were highly correlated with
results without adjustment for urine creatinine levels (correla-
tion = 0.988, Figure S1).

Of the 176 CpGs with urine cotinine-associated (FDR<0.01)
methylation detected in CD14+ monocyte samples, only a
small portion (17 CpGs) were not previously reported to have
methylation associated with smoking status or cotinine in
whole blood samples[11,12,16], including 12 CpGs located
near genes previously not identified to harbor smoking-associ-
ated methylation (FUT4, MAP2K6, FAM153B, CYTH1,
RAD9B, PDE1C, HNRNPF, TSPAN4, ANKRD45, ZNF326,
CORO1C, GLT1D1). For the 17 CpGs not previously detected
in whole blood, urine cotinine concentrations weakly correlated
with methylation levels (prho ranging: -0.16 – 0.17). No outliers
were identified driving the significant associations detected

between cotinine and methylation for these 17 CpGs (residual
plots are provided in Figure S2). Notably, the majority (82%) of
the potentially monocyte specific-associations were direct asso-
ciations, while the majority (62%) of associations previously
reported in whole blood samples were inverse associations.

Replication of cotinine-associated methylation sites not pre-
viously reported in whole blood samples was observed at a Bon-
ferroni adjusted threshold (P<0.003) for one of the 17 CpG
sites, cg13300301, located in the first exon of fucosyltransferase
4 (FUT4), utilizing serum cotinine concentrations and DNA
methylation measured in 128 independently collected CD14+
monocyte samples. Nominal replication (P<0.05) was observed
for four of the 17 CpGs not previously identified with smoking-
associated methylation in whole blood samples. The effect sizes
between log cotinine concentrations and methylation for these
four CpGs are illustrated in Figure 3 (and listed in Table S2).

Cotinine-associated gene expression in CD14+ monocytes

Urine cotinine concentrations significantly associated
(FDR<0.01) with mRNA expression of 12 genes in 934 CD14+
monocyte samples, out of the 10,898 expressed genes measured
using the Illumina HumanHT-12 v4 Expression BeadChip
(Figure 4 and Table S3). The most significantly associated
gene was pyrimidinergic receptor P2Y6 (P2RY6), with log
cotinine concentrations directly associating with mRNA levels
(prho = 0.33, Beta § SE = 0.078 § 0.008, P = 1.99E-22,
FDR = 2.42E-18). Log cotinine concentrations uniquely
explained 9.5% of the variance of P2RY6, holding all other vari-
ables constant. Other top genes with cotinine-associated
expression included MMP25 (prho = 0.28, Beta § SE = 0.074
§ 0.009, P = 1.35E-15), SASH1 (prho = 0.24, Beta § SE = 0.07
§ 0.01, P = 2.15E-12), and SEMA6B (prho = 0.22, Beta § SE =
0.031 § 0.005, P = 3.58E-10). Results between gene expression
and cotinine with an additional adjustment for urine creatinine
levels were highly correlated with results without adjustment
for urine creatinine levels (correlation = 0.987, Figure S1).

Eight of the genes with urine cotinine-associated
(FDR<0.01) expression in CD14+ monocyte samples were pre-
viously reported to have differential gene expression in whole

Figure 2. Cotinine concentration associations with DNA methylation in 930 CD14+ monocyte samples. A Manhattan plot shows the significance [-log10(P value), y-axis]
resulting from the association between log urine cotinine levels (ng/ml) and DNA methylation for each of the 484,817 CpG sites investigated (represented as circles).
CpGs are ordered by chromosome and chromosomal position (x-axis). The red line represents a false discovery rate of 0.01, corresponding to a P value » 3.8 £ 10¡6.
Green circles represent the most significant association detected at the top seven genomic loci harboring cotinine-associated methylation profiles; nearby genes include:
growth factor independent 1 transcription repressor (GFI1), aryl-hydrocarbon receptor repressor (AHRR), contactin associated protein-like 2 (CNTNAP2), inositol-tetrakisphos-
phate 1-kinase (ITPK1), and F2R-like thrombin/trypsin receptor 3 (F2RL3).

Figure 3. Effect size of association between urine cotinine levels and DNA methyl-
ation in monocytes. A volcano plot depicts the significance [-log10(P value), y-axis]
vs. the effect size (beta, x-axis) from the associations between DNA methylation
(M-value) and log urine cotinine levels (ng/ml) for each of the 484,817 CpG sites
investigated (significant results not previously identified shown as golden circles;
top seven most significant genomic loci shown as green circles; red line indicates
genome-wide significance, FDR< 0.01).
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blood samples from 1,421 current smokers compared to 4,860
never smokers [15]. Four genes with urine cotinine-associated
(FDR<0.01) expression in monocytes were not previously
detected to have cotinine-associated expression in whole blood
samples [15], including MMP25, SEMA6B, C2ORF55, and
ZNF597. Previous studies of smoking-associated transcription
in lymphocytes (B cells, T cells, and Natural Killer cells) [13]
and monocytes [29] have identified 10 of the 12 cotinine-asso-
ciated genes (MMP25, SEMA6B, P2RY6, SASH1, FUCA1, PID1,
CLEC10A, ACOX2, FPR3, RGL1). Replication analysis in CD14
+ monocyte samples independently collected from 10 current
smokers and 10 non-smokers did not replicate (P<0.05) associ-
ations between plasma cotinine and expression of the two pre-
viously unidentified genes (C2ORF55 and ZNF597, Table S3).

In vivo functional validation of differentially methylated
CpGs in relation to the urine cotinine

DNA methylation is a potential regulator of gene expression
[30]. To prioritize the list of cotinine-associated methylation
sites for potentially functional alterations, we performed a
look-up of expression-associated methylation sites (eMS)
reported by our previous study [31], which utilized the same
monocyte samples. Twenty of the cotinine-associated methyla-
tion sites had methylation significantly associated (FDR<0.01)
with gene expression of at least one nearby gene (within one
megabase, Table S4). However, none of the genes identified
harboring cotinine-associated eMS had expression associated
with urine cotinine levels at a stringent genome-wide signifi-
cance threshold (FDR<0.01). Nominal associations (P<0.05)
between gene expression and cotinine were identified for five of
the genes harboring cotinine-associated eMS (PTK2, NCF4,
PDLIM7, PIWIL4, NT5C, see Table 2).

Discussion

Results from this study characterize tobacco exposure-related
alterations in DNA methylation and gene expression in mono-
cytes. The majority of the tobacco exposure-associated DNA
methylation and gene expression profiles identified in

monocytes were previously identified to be associated with self-
reported smoking status in whole blood samples. A small num-
ber of previously unidentified methylation profiles were weakly
associated with estimates of recent tobacco exposure, four of
which nominally replicated with methylation associated with
plasma cotinine in independently collected monocyte samples.
Some of the genes identified with tobacco exposure-associated
expression are potential mediators of inflammatory alterations
in monocytes in response to cigarette exposure, such as P2RY6.
Using concurrent profiling of DNA methylation and gene
expression, relationships between tobacco exposure-associated
DNA methylation and nearby gene expression levels were
examined. None of the cotinine-associated genes had expres-
sion levels strongly correlated with nearby cotinine-associated
methylation profiles, making the implications of smoking-asso-
ciated methylation in monocytes unclear.

The majority of previous studies characterizing smoking-
associated DNA methylation [5–12] patterns defined smoking
exposure using self-reported smoking status. To limit the
potential for misclassification bias resulting from self-reported
exposure, three recent studies have utilized cotinine as a robust
biomarker of recent tobacco exposure. The first study of smok-
ing-associated DNA methylation to utilize cotinine concentra-
tions to validate smoking status investigated DNA methylation
in whole blood samples from 107 young African American
men, and identified two CpGs with methylation significantly
different between current and never smokers (cg05575921 and
cg21161138) [9], both of which had cotinine-associated meth-
ylation in this study of monocytes (FDR<0.01). A more recent
genome-wide investigation of serum cotinine-associated DNA
methylation included 1,000 German men and women, which
identified 40 CpGs with cotinine-associated methylation pro-
files at a genome-wide significance threshold [16], 75% of
which were identified in this study of monocytes (FDR<0.01).
A third study of smoking-associated blood methylation in a
Korean population (n = 100) did not identify any cotinine-
associated methylation sites at a genome-wide significant
threshold [32]. In our genome-wide study, we used urine cotin-
ine levels as a dose-dependent biomarker of recent tobacco
exposure in a large, multi-ethnic population (n = 934). A com-
parison of self-reported smoking status and urine cotinine lev-
els in our study revealed misclassification in self-reported
smoking status.

In addition to utilizing urine cotinine levels as a biomarker
of recent tobacco exposure, in this study DNA methylation and
gene expression were measured in CD14+ monocyte samples
to reduce heterogeneity that may have been present in previous
studies that examined mixed cell samples. Of the 176 cotinine-
associated methylation sites identified in monocytes, 17 were
not previously identified by studies of smoking-associated
methylation in whole blood samples [11,12,16]. Nominal repli-
cation was observed for four newly identified cotinine-associ-
ated methylation sites in independently collected monocyte
samples (cg13300301, cg12323063, cg08252384, cg12586707).
These methylation profiles represent potential monocyte spe-
cific alterations in methylation that may result from tobacco
product exposure. Intriguingly, the potentially monocyte spe-
cific cotinine-associated methylation sites identified in this
study all had increasing methylation with cotinine levels, in

Figure 4. Cotinine concentration associations with gene expression in 934 mono-
cyte samples. A volcano plot depicts the significance [-log10(P value), y-axis] vs.
the effect size (x-axis) from the associations between mRNA expression (log2 trans-
formed) and log urine cotinine levels (ng/ml) for each of the 10,898 gene tran-
scripts investigated (shown as golden circles; red line and black circles indicates
genome-wide significance, FDR < 0.01).
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contrast to the majority of previously identified associations
with methylation levels inversely associated with smoke expo-
sure. It is possible that smoking leads to demethylation of genes
more often than methylation of genes, and that methylation of
genes may occur in a more cell-specific fashion compared to
demethylation of genes. Future studies investigating smoking-
associated changes in methylation across many purified cell
types will be necessary to better characterize the potential cell-
specific relationship between increasing and decreasing levels
of methylation in response to smoking exposure.

Top cotinine-associated methylation sites identified in mono-
cyte samples, such as those located in AHRR and F2RL3, were
previously identified by studies of whole blood. Recent longitudi-
nal studies have reported AHRR and F2RL3 methylation profiles
measured in whole blood can improve risk prediction for all-
cause mortality and CVD mortality beyond traditional risk fac-
tors [22], supporting these methylation profiles as potential early
biomarkers of smoking-related harm. However, it remains
unclear if these methylation alterations associated with smoking
exposure play a functional role in the development of smoking-
related diseases, or if they are providing a better measure of
smoking exposure than the use of self-reported smoking history
or biomarkers of recent exposure such as cotinine.

Significant alterations in gene expression levels in whole
blood from current smokers compared to non-smokers have
also been identified, and have been used to accurately discrimi-
nate smokers from non-smokers [9,14,17,18,29]. Smoking-
associated alterations in gene expression have potential as early
biomarkers of harm, which may mediate some of the biological
responses to tobacco exposure. However, as gene expression
signatures vary by cell type, it is unclear if the previously identi-
fied smoking-associated alterations in gene expression in whole
blood reflected changing proportions of specific immune cell
populations in smokers compared to non-smokers. To better
understand the relationship between smoking and gene expres-
sion, we investigated gene expression associations with recent
smoking exposure in CD14+ monocyte samples. Notably, a top
gene previously identified with smoking-associated expression
in whole blood samples, which was also included in algorithms
to discriminate current smokers from non-smokers (LRRN3)
[13–15,17,18], was not detectable in monocytes. Top genes
identified with expression in monocytes associated with recent
tobacco exposure included previously identified genes, such as
P2RY6, MMP25, and SASH1. These genes may represent
potential candidates for early biomarkers of harm, which may
mediate some of the deleterious effects of tobacco smoke expo-
sure, based on previous findings of these genes [33–36]. For

instance, P2RY6 was reported to be related to contractile
changes in vasculature after sub-chronic smoke exposure
in mice [33]. P2RY6 has also been implicated in mediating
release of pro-inflammatory cytokines and chemokines in
monocytes [34] and macrophages [35] and promoting vascular
inflammation [37]. MMP25 deficiency has been linked to an
defective NF-kB activation and impaired innate immune
response in mice [38]. Future monitoring of these alterations in
gene expression, which are linked to inflammatory processes,
may offer avenues for regulatory scientists and tobacco compa-
nies to measure early toxicity responses to tobacco product use.
Longitudinal studies will be necessary to validate the identified
genes, such as P2RY6,MMP25, and SASH1, as early biomarkers
of harm.

Previous studies of smoking-associated methylation have
lacked concurrent profiling of gene expression; therefore, the
functional consequences of smoking-associated methylation
remain unclear. Using a multi-omic approach, results from this
study revealed 20 cotinine-associated methylation sites whose
methylation levels reflected expression patterns of nearby
genes. The majority (»80%) of significant associations between
methylation and nearby gene expression levels were inverse
associations, supporting the previous observations that methyl-
ation is typically inversely associated with nearby gene expres-
sion levels. Five of the genes harboring cotinine-associated eMS
had expression nominally associated with urine cotinine levels.
Four of them had expression profiles associating with cotinine
levels in the direction of the effect that was expected based on
the directions of correlation between cotinine and methylation,
and methylation and gene expression, including downregula-
tion of PTK2, PIWIL4, and NT5C and upregulation of NCF4.
One of the potentially monocyte-specific CpGs (cg13300301)
had methylation directly associated with cotinine and inversely
associated with expression of piwi like RNA-mediated gene
silencing (PIWIL4), a gene with lower expression nominally
associating with cotinine levels. PIWIL4 encodes an Argonaute
family protein that is involved with binding small noncoding
RNAs called PIWI-interacting RNAs (piRNAs) and regulating
gene expression [39]. PIWIL4 has been suggested to be
involved in cancer formation and or progression, and PIWIL4
knockdown can reduce cell migration and proliferation, and
increase apoptosis in a breast cancer cell line (MDA-MB-231)
[40]. Given the weak correlations observed between cotinine,
methylation, and gene expression and the cross-sectional
nature of the measurements, it is not clear if cg13300301 meth-
ylation is a potential mediator of tobacco exposure-related
effects on PIWIL4 expression in monocytes.

Table 2. Associations between urine cotinine levels, DNA methylation, and cis-gene expression in CD14+ monocytes.

Urine cotinine » Methylation Methylation » cis Gene expression Urine Cotinine» Gene expression

CpG ID (location) Chr Cor P value FDR Gene Cor P value FDR Cor P value FDR

cg12075928 (PTK2 Body) 8 ¡0.22 1.64E-11 2.24E-07 PTK2 0.13 6.74E-06 1.59E-03 ¡0.12 5.74E-04 0.08
cg20066188 (CYTH4 Body) 22 ¡0.18 7.54E-08 4.19E-04 NCF4 ¡0.12 2.00E-05 4.04E-03 0.10 3.50E-03 0.18
cg12513616 (LOC100128340 body) 5 ¡0.20 4.55E-10 4.79E-06 PDLIM7 ¡0.12 1.21E-05 2.63E-03 0.10 4.30E-03 0.20
cg13300301 (FUT4 1stExon) 11 0.16 1.45E-06 4.54E-03 PIWIL4 ¡0.16 4.88E-09 2.32E-06 ¡0.10 4.73E-03 0.20
cg02186444 (ARMC7 Body) 17 0.21 1.32E-10 1.70E-06 NT5C ¡0.21 4.71E-14 4.07E-11 ¡0.09 0.01 0.29

CpGs whose degree of methylation significantly associated with urine cotinine levels in CD14+ monocyte samples (n = 930, FDR<0.01), and cis-gene expression
(n = 1,264, genes§1 MB; FDR<0.01), with urine cotinine associations also associated with gene expression in CD14+ monocyte samples (n = 934, P<0.05). Results
are sorted by significance of urine cotinine and gene expression. Partial correlations (cor) were adjusted for age, sex, race, study site, and residual contamination
with non-targeted cells.
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The majority of tobacco exposure-associated DNA methyla-
tion profiles are not associated with gene expression in mono-
cytes. Therefore, the relationships between smoking-associated
alterations DNA methylation and nearby gene expression levels
remain unclear. Notably, in this study AHRR was not detectable
using microarrays; however, we previously detected AHRR
expression in monocytes using RNA-sequencing and RT-PCR,
technologies more sensitive to low abundance genes [26,41].
We found AHRR methylation was significantly associated with
AHRR expression (P = 1.4 £ 10¡17) and carotid plaque scores
(P = 3.1 £ 10¡10), suggesting that some DNA methylation
alterations may indeed be related to functional changes in gene
expression and may serve as potential early biomarkers of car-
diovascular disease [41].

Interpretation of the relationships between smoking, DNA
methylation, and gene expression characterized by this study
are limited by a number of factors. The cross-sectional analysis
of smoking exposure, DNA methylation, and gene expression
limits our ability to rule out other influences on DNA methyla-
tion and gene expression that might confound the results.
Additionally, cotinine concentrations are subject to consider-
able individual variability in the rates of nicotine metabolism
and elimination [42] and do not reflect long-term or cumula-
tive smoking exposure. In the discovery analysis, cotinine levels
were measured in urine using immunoassay, which is a less
sensitive and specific way to measure cotinine compared to
chromatography-based analytical methods [43]. Another
potential limitation is that, unlike the discovery analysis, the
replication analysis was based on cotinine measured in plasma;
however, given the high correlation between cotinine concen-
trations measured in urine and plasma, cotinine measured in
either of these fluids can be used as a proxy of recent nicotine
intake [44]. Also, this study only examined DNA methylation
and gene expression successfully measured by microarray.
Many CpGs were not included on the microarray, and other
technologies such as RNA-sequencing may be better suited to
measure expression of low-abundance genes, such as AHRR,
that may be missed using microarrays. Additionally, because
the effect sizes detected for potentially monocyte-specific smok-
ing-related alterations in methylation tended to be weak, it is
possible that we were underpowered in our replication analysis
to replicate other significant associations detected between
cotinine and methylation in the discovery cohort. Lastly,
although our study utilized highly purified monocyte samples,
it is possible that the CD14+ selection was not sufficient to
purify out subtype populations that may change in concentra-
tion due to tobacco smoking exposure.

In conclusion, the majority of the smoking-associated meth-
ylation and gene expression profiles we identified in CD14+
monocyte samples were previously identified in studies of
whole blood, including the largest effect sizes identified. A small
number of CpG sites in monocytes were identified with methyl-
ation weakly associated with a biomarker of smoking, which
represent potential monocyte-specific smoking-associated
methylation profiles. Some top gene expression profiles associ-
ated with smoking in monocytes have biologically plausible
roles in the deleterious effects of smoking and represent candi-
date genes for future studies of biomarkers of harm. Alterations
in gene expression associated with smoking did not appear to

be related to smoking-associated methylation. The functional
consequence of smoking-associated methylation remains
unclear. Future longitudinal studies will be necessary to better
understand the potential for smoking-associated methylation
and gene expression to serve as early biomarkers of harm.

Methods

Study design and data collection

MESA was designed to investigate the prevalence, correlates,
and progression of subclinical cardiovascular disease (CVD) in
a population cohort of 6,814 participants. MESA enrolled par-
ticipants aged 45–84 free of CVD at baseline from July 2000 to
July 2002 at six field centers (Baltimore, MD; Chicago, Illinois;
Los Angeles, CA; New York, NY; St. Paul, MN, and Winston-
Salem, NC). Since its inception, five clinic visits collected exten-
sive clinical, socio-demographic, lifestyle, behavior, laboratory,
nutrition, and medication data [45]. During the fifth exam,
urine cotinine concentrations and genome-wide methylomic
and transcriptomic profiles in CD14+ purified monocytes were
measured in a subset of 934 participants from four MESA field
centers [Baltimore, MD; New York, NY; St. Paul, MN; and
Winston-Salem, NC (April 2010-February 2012)] [31]. The
study protocol was approved by the Institutional Review Board
at each site. All participants signed informed consent.

Smoking exposure assessment

Urinary cotinine concentrations were measured from spot sam-
ples via immunoassay [46] (Immulite 2000 Nicotine Metabolite
Assay; Diagnostic Products Corp., Los Angeles, CA) at the
National Institute for Occupational Safety and Health (NIOSH)
core laboratory in a random subsample of MESA participants
enrolled in the MESA Lung Ancillary Study. Intra-assay coeffi-
cient of variation was 2.02%, and the minimum detectable con-
centration was 10 ng/mL. Undetectable values of cotinine were
assigned as the detection threshold (7.07 ng/ml). To address
potential complications in measured cotinine levels arising
from urinary dilution, urinary creatinine levels were included
in statistical analyses. Urinary creatinine was measured by the
rate Jaffe reaction [Vitros 950IRC instrument (Johnson & John-
son Clinical Diagnostics Inc)] [47]. The range of urinary creati-
nine levels was 0.05–16.5 mg/dL, with a CV range of 2.5–2.9%.

Participants who reported smoking fewer than 100 cigarettes
in their lifetimes were classified as never smokers. Among par-
ticipants who reported smoking greater than 100 cigarettes in
their lifetime, those reporting not smoking during the last
30 days were classified as former smokers.

Purification of CD14+ monocytes

Blood was collected in sodium heparin-containing Vacutainer
CPTTM cell separation tubes (Becton Dickinson, Rutherford,
NJ) to separate peripheral blood mononuclear cells from other
elements within two hours from blood draw. Subsequently,
monocytes were isolated with anti-CD14 monoclonal antibody
coated magnetic beads, using an autoMACS automated mag-
netic separation unit (Miltenyi Biotec, Bergisch Gladbach,
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Germany). Initially, flow cytometry analysis of 18 specimens
was performed, including samples from all four MESA field
centers, which were found to be consistently >90% pure.

DNA/RNA extraction

DNA and RNA were isolated from samples simultaneously
using the AllPrep DNA/RNA Mini Kit (Qiagen, Inc., Hilden,
Germany). DNA and RNA QC metrics included optical density
(OD) measurements, using a NanoDrop spectrophotometer
and evaluation of the integrity of 18 S and 28 S ribosomal RNA
using the Agilent 2100 Bioanalyzer with RNA 6000 Nano chips
(Agilent Technology, Inc., Santa Clara, CA) following manufac-
turer’s instructions. RNA with RNA Integrity (RIN) scores
>9.0 was used for global expression microarrays. The median
of RIN for our 1,264 samples was 9.9.

Genome-wide methylation and gene expression
quantification

Illumina HumanMethylation450 BeadChips and HiScan reader
were used to perform the genome-wide methylation analysis, as
previously described [31]. This methylation data has been
deposited in the NCBI Gene Expression Omnibus and is acces-
sible through GEO Series accession number GSE56046. The
Illumina HumanHT-12 v4 Expression BeadChip and Illumina
Bead Array Reader were used to perform the genome-wide
gene expression analysis, following the Illumina expression
protocol. GSE56047, as previously described [31].

Quality control and pre-processing of microarray data

Data pre-processing and quality control (QC) analyses were
performed in R (http://www.r-project.org/) using Bioconductor
(http://www.bioconductor.org/) packages, as previously
described [31]. We included 2% blind duplicates. Correlations
among technical replicates exceeded 0.997. Multidimensional
scaling plots showed the five common control samples were
highly clustered together and identified three outlier samples,
which were excluded subsequently.

The Illumina HumanMethylation450 BeadChip included
probes for 485,577 CpG sites. Probes excluded from analysis
included probes with “detected” methylation levels in <90% of
MESA samples using a detection P value cut-off of 0.05 (695
probes excluded) and control probes which assay highly-poly-
morphic single nucleotide polymorphisms (SNPs) rather than
DNA methylation (65 probes excluded) [48], resulting in a total
of 484,817 CpG sites included in the analyses.

The Illumina HumanHT-12 v4 Expression BeadChip
included >47,000 probes for >30,000 genes (with unique
Entrez gene IDs). Statistical analyses excluded probes with
non-detectable expression in �90% of MESA samples (using a
detection P value cut-off of 0.0001); probes overlapping repeti-
tive elements or regions, probes with low variance across the
samples (<10th percentile), or probes targeting putative and/or
not well-characterized genes, i.e. gene names starting with
KIAA, FLJ, HS, MGC, or LOC, 14,619 mRNA transcripts from
10,989 unique genes were included in the analysis.

To estimate residual sample contamination, we generated
separate enrichment scores for neutrophils, B cells, T cells, and
natural killer cells, as described previously [31]. We adjusted
for residual sample contamination with non-monocyte cell
types in all the analyses.

Study population

This study population included 934 MESA participants with
urinary cotinine concentrations and gene expression/DNA
methylation data in CD14+ monocytes collected during the
fifth MESA Exam, from 2010 – 2012 (53% female; 45% Cauca-
sian, 34% Hispanic, 21% African-American; Asian-American
participants of MESA were not included in this ancillary study
due to the limited sample size within MESA).

Statistical analysis

Using R statistical software, linear regression was used to exam-
ine the association between the independent variable (log trans-
formed urine cotinine concentration) and the dependent
variable (DNA methylation or gene expression). For DNA
methylation, individual models were run for each of the
484,817 CpGs (‘M value’—log ratio of the methylated to the
unmethylated intensity in monocyte samples [49], adjusted for
chip and sample position on chip). For gene expression, indi-
vidual models were run for each of the 14,619 mRNA tran-
scripts from 10,989 genes (log2 transformed). Model covariates
included age, sex, ethnicity/race, education (3 levels: <high
school diploma, high school degree/diploma, >high school
degree), study site, and estimated residual sample contamina-
tion with non-monocyte cell types (neutrophils, B cells, T cells,
and natural killer cells). P values were adjusted for multiple
testing using the q-value false discovery rate (FDR) [50]
method. Sensitivity analysis was performed examining associa-
tions between methylation and cotinine with an additional
adjustment for urinary creatinine levels.

We estimate 80% power to detect 3.2% variance in log2
mRNA expression levels (mean = 5.7, SD = 0.4), and 4.0% vari-
ance in DNA methylation M-values (mean = 2, SD = 0.7),
explained by log urine cotinine concentrations (SD = 1.7,
n = 934), based on a power calculation using a simple linear
regression (alpha = 0.05) with a Bonferroni correction to adjust
for 10,898 genes and 484,817 CpG sites, respectively (using
Quanto v1.2).

Replication analysis

CpGs with methylation in CD14+ monocytes significantly
associated with urine cotinine (FDR<0.01) in the discovery
population (MESA) that were not previously reported to be
associated with self-reported smoking status [11,12] or plasma
cotinine [16] in whole blood samples were included in replica-
tion analyses. Replication utilized serum cotinine concentra-
tions measured in an independent multi-ethnic population
(n = 128) recruited by the National Institute of Environmental
Health Sciences (NIEHS) Clinical Research Unit, with DNA
methylation measured in CD14+ monocyte samples using the
Illumina HumanMethylation450 microarray. Linear regression
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was performed with DNA methylation M-values as the depen-
dent variables and log plasma cotinine concentrations as the
independent variables. Covariates included age, sex, race, and
estimates of sample concentrations of non-monocyte cell types
(CD4+ T cells, CD8+ T cells, B cells, natural killer cells, neutro-
phils, and eosinophils).

Genes with expression significantly associated with urine
cotinine (FDR<0.01) not previously reported to be associated
with smoking status were included in replication analysis. Rep-
lication was performed using gene expression measured using
Affymetrix Whole transcriptome array in 10 smokers and 10
non-smokers recruited by the NIEHS Clinical Research Unit
under protocol 10-E-0063.

In vivo functional annotation analysis

DNA methylation sites significantly associated with urine
cotinine concentrations were investigated for association with
nearby gene expression profiles by performing a look-up in the
results from our previous analysis [31] of the same samples.
Briefly, to identify DNA methylation associated with nearby
gene expression, we fit separate linear regression models with
the M-value for each CpG site (adjusted for methylation chip
and position effects) as a predictor of transcript expression for
any gene within 1 Mb of the CpG in question. Covariates were
age, sex, and race/ethnicity, and study site.
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