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Abstract

Tobacco smoke exposure dramatically alters DNA methylation in blood cells and may medi-
ate smoking-associated complex diseases through effects on immune cell function. How-
ever, knowledge of smoking effects in specific leukocyte subtypes is limited. To better
characterize smoking—associated methylation changes in whole blood and leukocyte sub-
types, we used lllumina 450K arrays and Reduced Representation Bisulfite Sequencing
(RRBS) to assess genome-wide DNA methylation. Differential methylation analysis in
whole blood DNA from 172 smokers and 81 nonsmokers revealed 738 CpGs, including 616
previously unreported CpGs, genome-wide significantly associated with current smoking
(p<1.2x10”7, Bonferroni correction). Several CpGs (MTSS1, NKX6-2, BTG2) were associ-
ated with smoking duration among heavy smokers (>22 cigarettes/day, n = 86) which might
relate to long-term heavy-smoking pathology. In purified leukocyte subtypes from an inde-
pendent group of 20 smokers and 14 nonsmokers we further examined methylation and
gene expression for selected genes among CD14+ monocytes, CD15+ granulocytes, CD19
+ B cells, and CD2+ T cells. In 10 smokers and 10 nonsmokers we used RRBS to fine map
differential methylation in CD4+ T cells, CD8+ T cells, CD14+, CD15+, CD19+, and CD56+
natural killer cells. Distinct cell-type differences in smoking-associated methylation and
gene expression were identified. AHRR (cg05575921), ALPPL2 (cg21566642), GFI1
(cg09935388), IER3 (cg06126421) and F2RL3(cg03636183) showed a distinct pattern of
significant smoking-associated methylation differences across cell types: granulocytes>
monocytes>> B cells. In contrast GPR15 (cg19859270) was highly significantin T and B
cells and ITGAL (cg09099830) significant only in T cells. Numerous other CpGs displayed
distinctive cell-type responses to tobacco smoke exposure that were not apparent in whole
blood DNA. Assessing the overlap between these CpG sites and differential methylated
regions (DMRs) with RRBS in 6 cell types, we confirmed cell-type specificity in the context
of DMRs. We identified new CpGs associated with current smoking, pack-years, duration,
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and revealed unique profiles of smoking-associated DNA methylation and gene expression
among immune cell types, providing potential clues to hematopoietic lineage-specific effects
in disease etiology.

Introduction

Tobacco smoke has pro-inflammatory and immunosuppressive effects [1] and is a major envi-
ronmental risk factor for adverse health outcomes including lung cancer, chronic obstructive
pulmonary disease, cardiovascular disease, arthritis, and type 2 diabetes. At the cellular level,
tobacco smoke exposure induces DNA damage [2] and influences mutation frequency [3-5],
and recent findings indicate smoking drives acquired differences in 5-methyl cytosine levels in
blood cells and other tissues [6-8]. Despite a diversity of study designs used and populations
examined, numerous recent epigenome-wide association studies (EWAS) [8-17] have identi-
fied repeatable, smoking-associated DNA methylation differences in whole blood DNA at
CpGs located in or near genes including AHRR, F2RL3, ALPPL2, IER3, and GPRI5. Studies of
in utero tobacco exposure [18] and of recent new smokers [19] suggest AHRR methylation is
altered even from short-term, low-dose exposure. Another study focusing on adult smokers
suggested that epigenetic changes in inflammation genes might be related to long-term smok-
ing [10] and the present work explores if heavy, long-term smoking produces epigenetic effects
not seen in light smokers.

Blood leukocytes display characteristic transcription, chromatin, and DNA methylation
patterns associated with their immune functions [20]. Smoking is known to affect immune cell
function [1] and composition [21], and epigenetic studies utilizing whole blood may be detect-
ing changes in activated immune cell subsets [22,23] or in specific leukocyte cell proportions.
It is well recognized that these changes may confound or affect interpretation of results and
useful algorithmic approaches for adjustment for cell type changes have been developed
[22,24-30]. As Birney et al [27] recently point out, detailed epigenetic studies assessing expo-
sure and disease effects on DNA methylation in specific cell types are needed in order to
understand the meaning of EWAS results.

We hypothesized that cell-lineage dependent methylation responses to smoking were likely
given the well-characterized differences in chromatin state, capacity for immunological activa-
tion, cell lifetime and other parameters that differ among leukocyte cell types. However, to
date there is still no clear experimental evidence examining if exposure-driven DNA methyla-
tion effects may differ by leukocyte subtype. Smoking-related methylation changes in particu-
lar cell types could indicate different sensitivities to exposure and differing modes of action
among cell lineages as well as potential functional effects that are important to cell-type specific
disease etiology or to early detection of disease. With the exception of AHRR (cg05575921), in
which methylation changes were observed to be significantly altered in smoker-derived lym-
phoblastoid cells and lung macrophages|7], or CD14+ monocytes and CD4+ T cells [31], most
established smoking-associated CpG sites such as F2RL3 (cg03636183), ALPPL2 (cg21566642),
IER3 (cg06126421) and GPR15 (cg19859270) have not been evaluated in multiple cell types.
We expect that a more complete characterization of the relationship between differentially
methylated regions (DMRs), chromatin context and transcription will help in elucidating the
meaning of observed effects in whole blood and may reveal functional effects on immune cell
subtypes.

We measured blood DNA methylation in 253 healthy subjects, including 86 heavy smokers
with > 28 pack-years, 86 smokers with < 28 pack-years and 81 nonsmokers, and identified
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CpG sites associated with current and cumulative smoking status and analyzed for effects of
smoking duration among long-term, heavy current smokers. To explore the relationship
between smoking-associated, cell type-specific methylation effects and leukocyte composition
we conducted analysis of DNA methylation at candidate smoking-related loci (AHRR, F2RL3,
GPR15, ALPPL2, IER3, GFI1, MYOIG, ITGAL) in purified CD14+ monocytes, CD15+ granulo-
cytes, CD19+ B cells, and CD2+ T cells isolated from a separate population of 34 individuals.
We further validated several of these as differentially methylated regions (DMRs) using
Reduced Representation Bisulfite Sequencing (RRBS) to fine map them in CD14+, CD15+,
CD19+, CD4+ T cells, CD8+ T cells, and CD56+ natural killer cells. This study extends the list
of smoking-associated DNA methylation sites observed in whole blood DNA, particularly in
heavy smokers. Importantly for a number of specific CpGs, we identify distinct patterns of
response to smoking across leukocyte cell types and demonstrate how response in individual
cell types impacts the effects observed in whole blood. We also compare smoking-associated
methylation changes with transcriptional effects on nearby genes and histone modifications to
identify lineage-dependent responses. The results identify the hematopoietic lineages responsi-
ble for important tobacco smoke-associated methylation changes detected in whole blood.

Results

Differential methylation between smokers and nonsmokers in DNA from
whole blood

We assessed DNA methylation levels in whole blood DNA samples from current (SM,

n = 172) and never smokers (NS, n = 81) and applied a multivariate robust linear regression
model [32] to adjust for race, age, gender, and cell-type count (Tables 1 and 2) [22]. We
observed 738 CpG sites associated with any level or duration of current smoking at genome-
wide significance (p<1.2x1077) (Fig 1, S1 Table). The most significant smoking-related DNA
methylation site was in AHRR (cg05575921) with an adjusted p-value of 1.76x10”° and 19
additional probes located in several AHRR DMRs reached genome-wide significance. One
hundred twenty-two of 738 significant probes were reported previously (see S1 Table). The
remaining 616 significant CpG sites (Fig 1A, colored blue) are first time reported. A number
of newly reported genes displayed multiple highly significant CpGs including NCOR2
(cgl3015710,p = 5.50x107'7 and 2 others listed in S3 Table), HMHBI (cg02228160,

Table 1. Characteristics of whole blood DNA methylation study participants.

Characteristic Non-smokers (n = 81) Smokers (n =172)
Male/Female 44/37 127/45
Caucasian/African-American 63/18 126/46
Age, average, (SD, range) 31.6 (8.2, 19-53) 35.8 (8.8, 20-63)
Cigarettes per day, average (SD, range) 0 35.1(14.1,10-90)
Years smoked, average (SD, range) 0 17.3(8.6,2-42)
Pack-years, average (SD, range) 0 32.5(23.3,1.8-114)
CD14+ Monocytes?® 8.0% 7.3%
CD15+ Granulocytes? 50.9% 53.9%
CD19+ B Cells® 8.2% 8.1%
CD2+T Cells® 35.2% 33.2%

Abbreviations: SD: standard deviation
8Cell-type distribution estimated by model (Houseman et al. 2012).

doi:10.1371/journal.pone.0166486.1001
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Table 2. Characteristics of cell-lineage DNA methylation participants.

3Characteristic Non-smokers (n = 14) Smokers (n = 20) CBC Change with Smoking

Race, Caucasian/African—American 6/8 9/11
Age, average (SD) 45.4 (8.4) 44.8(9.3)
Cotinine (ng/mL), average (SD) 3.8 (6.7) 227.4 (142.8)
Cigarettes per day, average (SD) 0 28.3(9.8)
Years Smoked, average (SD) 0 29.6 (10.4)
Pack-years, average (SD) 0 31.5(21.3)

Complete Blood Count (CBC)
Lymphocytes (total), average (SD) 36.6% (7.1) 30.3% (11.6) -6/3%
Monocytes, average (SD) 6.3% (3.8) 5.6% (2.3) -0.7%
Neutrophils average (SD) 54.1 (7.3) 60.2% (11.9) +6.1%
Eosinophils, average (SD) 2.3% (1.8) 3.2% (3.2) +1.0%
Basophils, average (SD) 0.3% (0.5) 0.2% (0.4) -0.1%
Large Unstained Cells, average (SD) 0.6% (1.1) 0.6% (0.9)

8Female participants in the cell fractionation study (n = 34) for analysis of cell-lineage specific DNA methylation.

doi:10.1371/journal.pone.0166486.t002

p =2.09x10"%), RARA/RARA-ASI (cg08446900, p = 2.89x10™'*), LMO7 (cg10581837, p =
1.59x107"" and six others), and SPOCK2 (cg00661320, p = 4.49x107"%) (see S3 Table). Other
notable significant, smoking-associated CpGs included several within the HOX gene clusters,
RUNX3 (seven CpGs), and cg13940444 in RARG (p = 4.35x10™").

Genes with smoking-associated CpGs are enriched for hematological
cancer and cardiovascular disease pathways

In these predominantly heavy smokers, a large number of CpGs are first-time reported. We
employed GREAT (Genomic Regions Enrichment of Annotations Tool; Stanford University)
to analyze the functional significance of differentially methylated CpGs in possible cis-regula-
tory regions. The 738 CpG sites were mapped onto genes within 100-kb and were highly
enriched in disease ontology categories including hematologic cancer (enrichment score 3.09,
binomial p = 1.28x10>*), cardiovascular system disease (2.43, p = 1.66x10>?), hematopoietic
system disease (2.85, p = 7.61x10>*) and nervous system cancer (2.64, p = 1.83x10™'®) (see
Table 3; S2 and S3 Tables).

Differential methylation associated with cumulative smoking

Examining pack-years (packs/day x years of smoking) on DNA methylation in all smokers
resulted in substantially fewer significant smoking-associated CpGs. Of 738 sites associated
with current smoking status, only 38 were genome-wide significantly associated with smoking
pack-years after adjusting for age, race, gender, and cell-type count (see S1 Table, column M).
Most have been observed in multiple studies including cg05575921 in AHRR (p = 1.68x107°),
cg21566642 near ALPPL2 (p = 2.70x10™"%), cg18146737 in GFII (p = 2.44x10"'®) and additional
CpGs in GPRI15, AHRR, ALPPL2, F2RL3, and IER3. There were three new smoking-associated
sites, cg18826637 (GTDC1I), cg09560590 (HMHBI), and cg08446900 (RARA/RARA-ASI)sig-
nificantly associated (see S3 Table) with cumulative smoking (pack-years). Most CpGs showed
decreased methylation relative to increasing pack-years, however, the effect of cumulative
pack-year dose or years of smoking was modest. Fig 1B and 1C show current and cumulative
dose/response patterns by quartile for AHRR ¢g05575921 and this trend was observed for
many smoking-associated CpGs. This result suggests that any level of smoking appears to
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Fig 1. CpG methylation in whole blood DNA of heavy smokers. (A) Manhattan plot of p-value associations between
smoking and CpG methylation with genome-wide significance level (red line, p = 1.5x107). CpGs in genes that were also
examined in individual cell types are labeled. Blue points represent 1st time reported smoking CpGs. (B) AHRR cg05575921
methylation level by quartiles of self-reported cigarettes per day. (C) AHRR c¢g05575921 methylation level by quartiles of

cumulative smoking in pack-year.

doi:10.1371/journal.pone.0166486.9001

impact methylation level of AHRR but higher current or cumulative levels of smoking expo-
sure produces very little added effect. Because long-term, heavy smokers are at the highest risk
of smoking-associated disease we explored if the CpGs associated with long duration of heavy

Table 3. GREAT Analysis of 738 Smoking Associated CpGs.

Category Ontology p-value FDR Enrichment

Disease Ontology hematologic cancer 1.28x1024 5.72x10%2 3.09

Disease Ontology hematopoietic system disease 7.61x10% 2.43x10%° 2.85

Disease Ontology nervous system cancer 1.83x10718 3.41x107'® 2.64

Disease Ontology cardiovascular system disease 1.66x1022 6.17x102" 2.43

doi:10.1371/journal.pone.0166486.t003
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smoking might be different than the top CpG markers of any level of smoking. We carried out
a stratified analysis (above and below median level of current smoking, <22 cigarettes/day ver-
sus >22 cigarettes/day) for years of smoking and ranked CpGs by the difference in rank
between each stratum (54 Table). These CpGs were genome-wide significant for years of
smoking among heavy smokers, but nominally significant in lighter smokers. Rank changed
most for cg24838345 within MTSS1 (Metastasis Suppressor 1), cg15653173 located within
SOXI and LINC00403, and cg11068946 in NKX6-2.

Lineage-specific methylation differences for smoking-associated CpGs

To understand cell type-specific contributions to smoking-associated methylation changes
measured in whole blood DNA, we used a second study population to examine methylation in
purified CD14+ monocytes, CD15+ granulocytes, CD19+ B cells, CD2+ pan T cells, PBMCs
and whole blood isolated from the same subject (see Table 2 for complete blood counts).
Because this sample of 34 individuals was underpowered to assess genome-wide smoking asso-
ciations, we focused on patterns of response to smoking. We profiled the 20 most significant
CpG sites in each cell type and clustered the results by similarity of methylation changes
among the 4 cell types (delta methylation, Fig 2A and 2B). The CpGs that showed the greatest
smoking-associated methylation change in whole blood generally showed significant change
in monocytes and granulocytes (Fig 2A, green boxes), and often also in B cells. The myeloid
cell types represent a majority of leukocytes (Fig 3). The best example of this is AHRR
cg05575921 (Fig 2A, red box). The strongest lymphoid-specific effect was observed for GPR15
cg19859270 (Fig 2A, blue box). After clustering the same CpGs by similarity in p-value pattern
(Fig 2C), distinctive groups of cell type-specific responses become apparent (Fig 2C, grey
boxes). Importantly, the smoking-associated CpGs that were significantly detected in only one
cell type, for example B and T cells (far right columns, Fig 2C), typically did not reach signifi-
cance in whole blood or PBMCs.

To examine differences among cell types in a more quantitative way we focused on a set
of 8 CpGs, in or near 8 genes, that were highly significant in the EWAS analysis (circled on
Fig 1A, boxed purple on Fig 2C, far right). Fig 4A compares serum cotinine levels with
DNA methylation for AHRR ¢g05575921 for each cell type. We observed significant linear
correlations in CD14+ monocytes (p = 7.61x10°%), CD15+ granulocytes (p = 1.13x107°),
and CD19+ B cells (p = 2.47x107), but not CD2+ T cells. DNA methylation levels for
¢g05575921 in monocytes vs granulocytes were strongly correlated within individual sub-
jects (r* = 0.9657, p<0.0001) (Fig 4B). Fig 5A shows that AHRR cg05575921 methylation
levels were significantly reduced in whole blood, PBMCs, and hypomethylation was most
pronounced in CD15+ granulocytes (-24%, p = 1.4x10°%) and CD14+ monocytes (-24.2%,
p = 5.5x107). CpGs near F2RL3, IER3, GFI1 and ALPPL2 showed significantly reduced
methylation in whole blood (Fig 5C, S3A and S3B Fig, and S3I Fig) but the difference was
less pronounced in PBMCs. Similar to AHRR ¢g05575921, the profiles of change for each
of these CpGs showed reduced methylation in CD14+ monocytes, CD15+ granulocytes
and B cells, but showed no significant effect in T cells. Smoking-associated DNA methyla-
tion profiles for GPR15, MYOIG, and ITGAL (also called CD11A) (Fig 5B, S3C and S3D
Fig) were unique. GPR15 methylation level in smokers was significantly lower in PBMC
(p =0.0021) and whole blood (p = 0.0091), did not differ in myeloid lineage (CD14+ and
CD15+, Fig 5B) but was strongly affected in B cells (-8.4%, p = 9.9x10”7) and T cells
(-11.3%, p = 1.4x10°®). MYOIG displayed significantly increased methylation only in
CD14+ monocytes (S3C Fig), while ITGAL cg09099830 showed significant differential
methylation only in CD2+ T cells (S3D Fig).

PLOS ONE | DOI:10.1371/journal.pone.0166486 December 9, 2016 6/22



@' PLOS | ONE

Distinct Epigenetic Effects of Tobacco Smoking among Leukocyte Subtypes

A

CpGs Clustered by Cell Type
A Methylation (SM-NS)

B

Smoking Association
-logl0p-value

CpGs Clustered by Cell Type
-log10p-value

CD14 CD15CD19 CD2 Whole CD14 CD15CD19 CD2
T Blood PBMC Mono Gran B T

Whole
Blood PBMC Mono Gran B

Whole CD14 CD15CD19 CD2
Blood PBMC Mono Gran B T

06126021 ALPPL2
(509935388 <E05951221
| 01930273 =
21566612 I N WBNW%
preeren :
w0%%183 07890553
073616
K T ——
ot — S—
ey
o3
50332959 [
01921066
Pt
«g0SBIS27
105007
P
1175336
2u6118 | s—
o070
P2 pr—
@
- 1917450
50!
=
| =
|
506372353
11902777
26509665
Py
1790336
<0011
2301058
«c06673083
01557517 «
h19309%5} oTssn
11413 st
i e
0841124 g
o (05112617
2477 (mmasu
4 4
§21203251 <08
05191655 orsier
20987610 07
08703613 063725
71t smIeats
e i
22670319 B
s 13mn0
15029 ooz
0RIA q
1579103 «g08%0311
w2100 etz
16100749 ]
b cptoon
19611013 — s
1071350 conzn
preer] manses
25206012 q
€0%9233 21921
(26618039 EAHAIN
508612057 «
15200 e
2661901 4
st sz
12119218 4
wnnm 1209172
(212996305 EBWD12
w1s60 «m0nn
10056 27610
05112617 wismus
9715906 1961
ceosisors 17903306
26796015 01311063
FLs1970 asmn
@23531610 10414350
16595974 q
§08326209 291050
g 00612057
comms1 «c036m34
ey mans
s P
£10114350 Imnm
192300 «
prrsipiared 05308
(£13672106 «ITIRT2
a2 ST
oSS s
£01952953 0760319
1599271 oo
01097697 B
16892379 05015247
11909576 oo
507603319 kS 2
Pt |iESm o
-0.2 0 01 02 I I | |

Fig 2. Clustered significant CpGs based on methylation effect size and significance in individual cell types. (A) Larger
smoking effect sizes in myeloid cells (monocytes and granulocytes, green boxes) drive methylation effect size in whole blood
(column one). (B) p-values for (A) show that significant CpG changes in whole blood are not always observed in PBMC
(column two), although GPR15 is an exception to this (blue box). (C) Clustering CpGs by similarity of p-value patterns among
cell types reveals cell-type specific smoking-associated CpGs (grey boxes). Most of these are not significant in PBMC or
whole blood.

doi:10.1371/journal.pone.0166486.9002

Reduced Representation Bisulfite Sequencing

To fine map the regions near smoking-associated CpGs and identify DMRs we carried out
RRBS analysis of DNA from monocytes, granulocytes, B cells and T cell subsets (CD4, CD8,
CD56 natural killer cells) as described previously for AHRR [31]. Limitations of the RRBS
library technique (i.e. the necessity of nearby Mspl sites) permitted examination of only
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Monocytes
8%

B Cells 8%

Fig 3. Distribution of major leukocyte cell types in whole blood.
doi:10.1371/journal.pone.0166486.9003

MYOIG, ITGAL, F2RL3, and ALPPL2. Comparing differentially methylated CpGs in the 3’
end of MYOIG across cell types on the genome browser (Fig 6A, red box), we observed a
~500-bp RRBS DMR displayed increased methylation (blue bars above line represents
increased methylation) in monocytes, granulocytes and B cells. At higher magnification (Fig
6B, red box) methylation profiles at cg22132788 determined by RRBS closely match the 450K
profiles. The ITGAL DMR shows up strongly in CD4 and CD8 T cell subsets (Fig 6C, red box),
which is consistent with the 450K CD2 pan T cell result, while RRBS reveals that CD19 B cells
display smoking-associated hypermethylation at this locus, which was not detected by 450K
array. Supporting S4 Fig shows that DMRs in F2RL3 and near ALPPL2 displayed groups of
CpGs that were consistently hypomethylated across all cell types in smokers. Interestingly, the
DMR at cg21566642 near ALPPL2 maps to a long noncoding RNA (IncRNA), AC068134.

Heterogeneity of smoking-associated gene expression across blood cell
types

To examine the relationship between DNA methylation and gene expression among cell types,
we measured mRNA levels using RT-PCR for the 8 coding genes nearest these CpGs in 4 cell
types (Fig 5D-5F, S3E-S3H Fig). ALPPL2 gene expression was undetectable. Although multi-
ple cell types from smokers showed reduced methylation at cg05575921, AHRR gene expres-
sion was most strongly upregulated in CD14+ monocytes (FC = 10.3, p = 0.021) and this was
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Fig 4. Effects of current smoking on AHRR cg05575921 methylation among monocytes,
granulocytes, B cells and T cells. (A) Log2-transformed cotinine levels (ng/ml) were regressed with
methylation beta-value measured for cg05575921 in each blood cell type. (B) Strong concordance of DNA
methylation at cg05575921 (AHRR) between CD14+ monocytes and CD15+ granulocytes within individual
subjects.

doi:10.1371/journal.pone.0166486.9004

correlated with cotinine levels (S6A Fig). AHRR was also upregulated in CD2+ T cells

(FC =3.5, p=0.00027) (Fig 5D). AHRR gene expression and c¢g05575921 methylation dis-
played a strong inversely correlation in monocytes (r* = 0.59, p<0.0001, S6B Fig), but were
uncorrelated in CD2+T cells (p = 0.741), CD19+ B (p = 0.330) or granulocytes (p = 0.578)
among all subjects. GPRI5 expression was significantly up-regulated in CD14+ monocytes
(FC = 3.0; p = 0.02), CD19+ B (FC = 6.8; p = 1.17x10°®), and CD2+ T cells (FC = 2.4;

p = 0.016) (Fig 5E). F2RL3 was significantly up-regulated only in CD19+ B cells (FC = 2.7;
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Fig 5. Comparison of smoking-associated CpG methylation (A-C) and gene expression (D-F) differences between cell
lineages. Methylation levels were measured on 450K arrays and averages for nonsmokers and smokers are displayed (A)
¢g05575921 (AHRR), (B) cg19859270 (GPR15) and (C) cg03636183 (F2RL3). Gene expression level (D) AHRR, (E) GPR15
and (F) F2RL3for each cell type was measured by RT-PCR and averages are shown based on smoking status. Expression is
represented by fold change difference between smokers relative to the average of nonsmokers after normalization to 3-actin.
Bar = Mean + Standard Error; *p<0.05, **p<0.001, Student’s t-test.

doi:10.1371/journal.pone.0166486.9g005
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Fig 6. RRBS demonstrates regional impact and lineage-specific smoking DMRs within MYO1G and ITGAL. (A)
Increased levels of CpG methylation were observed in MYO1G across a ~500-bp region with greater effects in myeloid
cell types. (B) At cg22132788 the pattern of change across cell types closely matches 450K array results (S3C Fig). (C)
RRBS reveal hypomethylation in B cells that was not detected in 450K results. (D) T cell subsets show loss of
methylation consistent with 450K array results.

doi:10.1371/journal.pone.0166486.9006
p = 0.03) (Fig 5F). IER3, GFI1, MYOI1G and ITGAL mRNA were all easily detected but did not

display significant differences (S3H Fig). Of note, IER3 expression was dramatically increased
in 3 smokers (>20-fold) but not at all in most smokers (S6C Fig).

Chromatin state, DMRs and gene expression

Histone modifications (Roadmap Project[33]) and transcription factor (TF) occupancy
(ENCODE ChIP-seq,[34]) were examined for selected RRBS analyzed genes and cell types
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(54 Fig, S5 Fig). For F2RL3, the DMR (S4A Fig, red box) was adjacent to strong H3K27ac/
H3K4mel peaks in B cells. This is suggestive of an active enhancer in the promoter, however,
the same region also displays a strong repressive H3K27me3 mark (S4A Fig, blue box) and
gene expression was very low in unexposed B cells. Other cell types show similar chromatin
status in this region. Thus F2RL3, despite the presence of impressive DMRs in all cell types and
abundant possible TF binding, remains repressed at the gene expression level. Similarly, the
DMR in the potential enhancer near ALPPL2 (and IncRNA AC068134) is also strongly marked
by H3k27me3 (S4B and S4C Fig, blue box). In contrast, MYOIG and ITGAL (CD11A), show
strong activating histone modification (H3K4me3, H3K4mel, H3K27ac) with no H3K27me3
marks at their promoters and near the DMRs (S5 Fig). These genes show abundant TF binding
(dark boxes) near their promoters in lymphoid cells (indicated by “G”), particularly ELF1,
EGRI, NFKB, PU.1, PAX5 and MEF2A in MYOIG and EBF, PU.1 and EGR1 in ITGAL.

Smoking-associated changes in cell-type composition and cell-type
specific effects

Smoking can strongly affect immune cell composition [21,35] although in our small study we
observed only modest, nonsignificant differences between nonsmokers and smokers (based on
either computation or complete blood counts, Tables 1 and 2, S2A-S2F Fig). Relative leuko-
cyte composition (Fig 3) in relationship to relative change in cell-type composition and cell-
type specific methylation effects may combine to produce different measured outcomes in
whole blood. We observed that AHRR had greatly reduced methylation in granulocytes and
monocytes which compose ~60% of leukocytes, and granulocytes are frequently observed to
increase in smokers [21], making the smoking-associated methylation effect easily detected in
whole blood (Fig 5A). In contrast ITGAL methylation difference was most pronounced in T
cells (Fig 6B, S3D Fig), which often display reduced proportions in the blood of smokers [21],
and significant methylation change was not detected in whole blood.

Discussion

We examined methylation levels in a relatively heavy smoking population and followed up
with leukocyte cell-type analysis to assess methylation change patterns relative to whole blood.
It is remarkable that 28 of the top 30 genome-wide significant CpGs have previously been
observed in one or more studies (S1 Table), indicating an extraordinary level of reproducibility
of the smoking effect on the immune system, irrespective of population sampled. In the pres-
ent work, the distribution of males and females is skewed, however, despite this limitation and
the small sample size in the cell type study, the results align well with other studies. That we
observe highly significant differences for selected CpGs in both whole blood and in isolated
cell types from a small population sample further indicates the robust nature of the smoking-
DNA methylation biomarker. Interestingly, despite relatively heavy smoking levels observed,
pack-year analysis identifies many fewer (38 CpGs) genome-wide significant CpGs than “any
smoking” (738 CpGs). Although AHRR ¢g05575921 remains the most significant smoking-
associated CpG in pack-year analysis, higher levels of smoking showed only a modest increase
in effect size (see Fig 1B and 1C, S1A and S1B Fig). This lack of dose-response at higher expo-
sures suggests the smoking-methylation effect is saturated due to a relatively large reservoir of
blood cells, such as T cells, that remain largely unaffected. In contrast, AHRR ¢g05575921 and
many other CpGs appear very sensitive to relatively light smoking levels over a short period of
time (S1B Fig), which is consistent with other studies [18] [19]. AHRR methylation and gene
expression in monocytes were strongly correlated with serum cotinine, and also with each
other (S6A and S6B Fig). We observed that some individuals were outliers when comparing
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cotinine levels with either methylation, or gene expression (S6A Fig), and this is likely due to
new sources of nicotine exposure, such as electronic cigarettes. Although no subjects reported
electronic cigarette usage, the use of electronic cigarettes which deliver pure nicotine without
combustion smoke is very common now. It clearly has potential to confound the smoking-nic-
otine-cotinine relationship and this should be considered in future studies of smoking.

Among smoking-associated CpGs, we observed strong enrichment for ontological path-
ways related to hematological cancers, cardiovascular system disease, hematopoietic system
disease, and nervous system cancer (Table 1, S3 and S4 Tables). Of interest, most of these dis-
ease-associated genes displayed DMRs, with multiple, grouped CpGs that differ by smoking
(e.g. AHRR, ANPEP, GFI1, HOXA9, HOXA13, HOXB, HOXD11, IER3, ITGAL, RARA, RARG,
RUNX3, and SUMOI1). GFI1, HOXA, HOXB, RARA and RUNX3 are central to transcriptional
circuits important in malignant hematopoiesis [36-38]. We observe hypomethylation of six
CpG sites in ITGAL (Integrin alpha L chain, CD11a) in whole blood, and we can attribute this
primarily to a T cell-specific response (e.g. ¢g09099830, S3D Fig; see RRBS DMRs shown in
S5D Fig).

Chronic long-duration, high-intensity smoking could affect many aspects of the immune
system and smokers with many years of heavy smoking might display altered methylation sug-
gestive of chronic disease pathology. We used a novel stratified analysis to identify CpGs asso-
ciated with years of smoking among heavier smokers (>22 cigarettes/day) relative to lighter
smokers (<22 cigarette/day). Tumor-associated genes, MTSS1, NKX6-2, and BTG2 had CpGs
that were highly significant in heavy smokers but showed little or no significance in light
smokers (54 Table). Metastasis Suppressor 1 (MTSS1), is inactivated in metastatic cancer [39]
and has prognostic value for breast cancer [40] and lung cancer [41]. NKX6-2 and BTG2
(B-Cell Translocation Gene 2) are candidate tumor suppressor genes [42,43]. Further analysis
of MTSS1, NKX6-2, and BTG2 in the blood of heavy, long-time smokers might reveal a rela-
tionship between methylation and early signs of pathology or disease.

Characterizing cell-type differences in the epigenetic response to tobacco smoke is impor-
tant for understanding the variable detection of DMRs in whole blood DNA and for interpre-
tation of the biological significance of methylation differences. Comparing methylation in
whole blood to PBMC, and to individual cell types (e.g. Figs 2A-2C, 5A, 5C, S3A-S3C Fig), we
can conclude that effects that are unique to granulocytes or myeloid lineages will be more eas-
ily detected in whole blood rather than PBMCs. This is because granulocytes are greatly
depleted during PBMC preparation (S2B Fig). Several of the CpGs we examined (e.g. AHRR
cg05575921, ALPPL2, IER3, F2RL3, GFII1 and MYOIG) showed greater methylation differences
in myeloid lineages (CD15+ granulocytes, CD14+ monocytes) than in lymphoid lineages. In
addition, most other strong differentially methylation CpGs in whole blood (Fig 2A green
box) had a similar pattern. This methylation pattern across cell types suggests a common
underlying biological mechanism for altering these CpGs, possibly related to innate immune
response and cell-type proliferation rate. Methylation levels were strongly correlated between
myeloid lineages, suggesting that smoking may have effects at the level of myeloid progenitor
cell differentiation or alter regulation of common lineage-specific transcription factors.

The mechanism for tobacco smoke-induced effects in lymphoid lineages is likely to be very
different than myeloid effects. GPR15, previously implicated in the T cell inflammatory
response [44], has a unique lymphoid lineage-specific pattern for both methylation
(cg19859270) and expression (Figs 2, 5B and 5E). It was recently suggested that the smoking-
associated GPR15 methylation signal in whole blood [45] was due to an increased number of a
specific T-cell subtype that expresses GPR15 protein on its cell surface. The present data are
consistent with this observation for T cells although we also detect significant changes for both
GPR15 methylation and expression in CD19+ B cells, which were not measured by Bauer et al.
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An increased number of GPR15 expressing T and B cells may represent a lymphoid-specific
inflammatory response to tobacco smoke that originates at the lymphoid progenitor cell level
or in response to inflammatory signals generated from injured tissues. Similar to GPRI5,
ITGAL methylation differences were strongest in T cells (Fig 6C, S3D Fig), which were some-
what lower in smokers, reducing the effect size in whole blood (S3D Fig). In contrast, the effect
size of the AHRR methylation difference could be amplified by the increased proportion of
granulocytes observed in smokers. Exposure-related shifts in cell-type percentage in whole
blood might obscure or positively influence detection of exposure- or disease-associated meth-
ylation effects in whole blood. Smoking may induce activation of many different cell types in
whole blood and this activation is not captured in the current separation scheme and approach
to cell type composition deconvolution. We are currently measuring smoking-altered methyla-
tion in an expanded set of separated leukocyte cell types and extending this concept further
using mass cytometry-based immuno-phenotyping to identify uniquely affected cells among
>20 leukocyte subtypes [46].

Lineage-specific methylation changes may result from many possible biological mecha-
nisms. Wiencke et al [23] have suggested that differences might be driven by immune cell acti-
vation (e.g. activated natural killer cells) and clonal selection in smokers. A more direct type of
selection may involve selection for progenitor cells in the bone marrow that express genes that
permit hematopoietic differentiation under conditions of toxic exposure to carbon monoxide,
DNA damaging polycyclic aromatic hydrocarbons, nicotine and many thousands of tobacco
smoke components. Chromatin state, transcription factor binding and methylation level vary
dramatically across hematopoietic lineages at thousands of enhancers and methylation level at
these locations is negatively correlated with enhancer activity [27,47]. It is noteworthy that the
longest lived leukocyte cells in the circulation (B and T cells), which receive the greatest cumu-
lative dose of tobacco smoke, appear to be less affected by smoke exposure relative to the
short-lived myeloid lineages.

RRBS analysis of several of the smoke-altered CpGs across cell types validated the 450K
results (Fig 6) and permitted striking visualization of DMRs (100-500nt) that co-locate with
individual affected CpGs. Fine mapping by RRBS revealed co-location of DMRs with actively
repressed enhancers in F2RL3 and near ALPPL2 (S4 Fig) and active enhancers in MYOI1G and
ITGAL (S5 Fig). These enhancers co-locate with numerous occupied transcription factor bind-
ing sites in hematopoietic cells as determine by ENCODE ChIP-seq (54 and S5B and S5C Figs,
cell line code G Fig). The observed relationship between altered methylation and gene expres-
sion among leukocyte subtypes suggests that cell-type context is important for interpreting
biological implications. Each of the smoking-associated CpGs are located near or in
ENCODE/Roadmap identified enhancer regions displaying H3K4me2/H3K27Ac marks,
DNasel hypersensitivity, and/or clusters of transcription factor binding sites in hematopoietic
cells (e.g., S4A-S4C and S5A-S5E Figs). For example, ENCODE data shows that the ITGAL
DMR displayed strong binding of the B cell lineage-commitment factor EBF1 [48] in B lym-
phoid cells (S5E Fig red box). In S5D Fig the DMR in CD19+ B cells showed increased methyl-
ation with smoking while each of the other cell types showed strong demethylation.

Changes in DNA methylation across a DMR region could reflect changes in transcription
factor binding and chromatin state, and one might hypothesize that such DNA methylation
changes would be accompanied by gene expression changes. However, it is notable that there
are distinctive lineage-specific smoking-response profiles for gene expression that do not cor-
respond to distinct DNA methylation profiles (Fig 5, S3 Fig). For example, AHRR ¢g05575921
methylation was reduced in both myeloid lineages and B cells—but not T cells (Fig 5A). How-
ever, differential mRNA expression was strong in monocytes, no change in granulocytes, and
surprisingly, also showed increased expression in both B and T cells (Fig 5D). Thus while the
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usual assumption about the inverse relationship between enhancer methylation and mRNA
expression appears to hold for monocytes, the situation is more complex in different cell-type
contexts. It is possible that in response to exposure, a subset of CD14+ monocytes such as
CD16+ monocytes, and also a subset of CD2+ T cells such as activated natural killer (NK)
cells, have de-methylated AHRR, as suggested by Wiencke et al [23], leading to up-regulated
AHRR mRNA. The dynamic range of real-time PCR detection of AHRR mRNA is such that
upregulation in even a small number of activated cells would be detected much more easily
than differences in methylation level. F2RL3 also displayed highly significant decreases in
methylation level across monocytes, granulocytes, B cells and T cell subsets (Fig 5C, S4A Fig),
but expression changes were only evident in CD19+ B cells of smokers (Fig 5F). Roadmap
Project [33] histone modifications and RNA-seq data for F2RL3 gene were available for non-
smoking individuals. The presence of H3K27me3 marks and undetectable RNA-seq (S4A Fig,
blue box) in B cells strongly suggests active repression of the F2RL3 gene. Similarly, the strong
DMR in all cell types located near ALPPL2 also displayed strong repressive histone marks in all
cell types (S4C Fig, CD19 shown, blue box). It is interesting that JER3 (Immediate early
response 3), which is known to be induced by growth factors, cytokines, ionizing radiation, or
viral infection [49] was observed to have extremely high induction of gene expression in B
cells of 3 individual smokers (S3E and S6C Figs) but this did not reflect methylation levels in
these individuals or smoking dose, and was not associated with any variable identified on our
medical history for these participants. Lineage-specific transcription factors/co-activators and
chromatin conditions, as well as genetic variability may mediate many of these differences in
the methylation/gene expression responses across cell types and individuals.

Characterizing the distinct exposure-induced DNA methylation patterns in immune cells
may provide an early view of immune system dysfunction that might predispose to disease. In
addition, developing more detailed models to assess the specific leukocyte subtypes affected by
exposure could be important for understanding the mechanism driving methylation change in
hematopoietic cells and the subsequent functional consequences. While functional links
between methylation and gene expression may not be apparent in a cross-sectional study,
exposure-induced DMRs in immune cells might alter enhancers in a way that affects subse-
quent responses and leads to pathology. For example, we hypothesize that the coordinated
change in AHRR methylation and gene expression in CD14+ monocytes obtained from smok-
ers may point to a subset of monocytes primed to overcome a smoking-induced block to dif-
ferentiation, either caused by DNA damage or by Ah Receptor activation-mediated
suppression of monocyte-to-macrophage differentiation [50]. As recently reported, AHRR
mRNA was strongly up-regulated when normal monocytes were induced to differentiate into
macrophages [51] and the in vivo smoking-associated changes in AHRR that we observe may
represent the beginning of this transition. It is unknown if these smoking affected monocytes/
macrophages would display an altered cellular phenotype, such as a proinflammatory
response, but we have hypothesized that these cells could be implicated in atherosclerotic pla-
que formation related to monocyte-derived endothelial macrophages [31].

Understanding the meaning of smoking-associated epigenetic changes remains a challenge.
Although many studies have explored smoking and DNA methylation using whole blood or
mononuclear cells, the present study provides a detailed look at selected CpGs in granulocytes,
monocytes, B and T lymphocytes, and reveals their genomic context within fine-mapped
DMRs. Importantly, we demonstrated cell-type specificity of smoking-induced methylation
changes and reveal discordance of gene expression changes complicating biological interpreta-
tion. More detailed studies are needed to fully characterize smoking effects on the whole epi-
genome, to evaluate how genotype may influence epigenetic alterations and to reveal
mechanisms that link these factors with cellular phenotypes and biological outcomes.
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Methods
Study populations

253 individual study participants consisting of 172 smokers and 81 nonsmokers enrolled
between 1993 and 1995 as healthy volunteers from the general public in Durham and Chapel
Hill, North Carolina. These subjects were part of a community-based sample comprised of 294
healthy unrelated blacks and whites; collection and processing have been described in several
studies [3,4,52]. An independent group of black and white females (20 smokers and 14 non-
smokers) was recruited at the NIEHS Clinical Research Unit (protocol 10-E-0063) between
March 2013 and January 2015 from the Raleigh, Durham and Chapel Hill, NC area. All non-
smokers were self-reported as not having smoked >100 cigarettes in their lifetime. Smokers
reported their average daily cigarette consumption for the past 3 months. Age and smoking
history of all subjects are given in Tables 1 and 2 as average and range. Peripheral blood mono-
cytes, lymphocytes, eosinophils, basophils and neutrophils were counted by an automated cell
counter, Coulter HmX AL Hematology Analyzer (Beckman Coulter, UK) by the Hematologi-
cal Laboratory at NIEHS. Serum nicotine/cotinine levels were measured by HPLC-MS (Quest,
Inc). More details for all methods are provided in the Supporting files.

Ethics statement

The Institutional Research Board of the National Institute of Environmental Health Science-
NIH approved this research. Written informed consent was obtained from all subjects and the
analysis of samples was carried out under approved human subject protocols (NIEHS 86-E-
0037 and 10-E-0063).

Peripheral blood leukocyte subtype isolation

Granulocytes were isolated directly from whole blood using anti-CD15+ antibody-coated
magnetic beads following the protocol (Invitrogen). Density gradient centrifugation using His-
topaque-1077 Ficoll medium and Accuspin™ Tubes (Sigma-Aldrich) was used to isolate the
mononuclear layer, which was used for isolation of CD14+ monocytes, CD2+ pan T lympho-
cytes, CD19+ B lymphocytes, CD4 T cells, CD8 T cells and CD56 natural killer cells using anti-
body-coated magnetic beads (Invitrogen).

Methylation analyses

Extracted DNA was bisulfite converted and applied to the Human Methylation 450 BeadChip
(Nlumina) to measure methylation at 485,577 CpG sites. The ChAMP pipeline was used to
normalize and batch correct methylation array data [53-55]. Probes with SNPs (MAF > =
0.01 in 1000 Genomes Project) at CpG sites were excluded to avoid SNP (single-nucleotide
polymorphism) effects on methylation measurement. To investigate associations between
smoking and DNA methylation, normalized and batch-corrected beta-values were trans-
formed to log ratio, defined as log,[B/(1 -B)], and then fitted using robust linear regression
[32] adjusted for age, sex, race and cell type counts ("CD4T", "CD8T", "Bcell", "Mono", "NK",
"Neu", "Eos"), estimated using the method of Houseman et al. [22]. The difference in methyla-
tion level between groups was calculated by t-test. To explore the associated between years of
smoking in heavy smokers, we considered the top 1000 CpGs associated with any level of
smoking, then we carried out a stratified analysis based on the median level of smoking, <22
cigarettes/day versus >22 cigarettes/day, and then ranked CpGs by p-value for association
with years of smoking in each stratum. We then calculated the difference in rank across the
strata for each CpG.
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Reduced Representation Bisulfite Sequencing

To investigate the relationship between smoking and CpG methylation not captured by micro-
array, and to qualitatively visualize DMRs, RRBS libraries were constructed as previously
described [20,31] (see supporting Methods). Briefly, libraries were constructed from DNA
extracted from CD14+ monocytes, CD15+ granulocytes, CD19+ B cells, CD4+ T cells, CD8+,
and CD56+ NK cells from 5 smokers and 5 nonsmokers and sequenced on Illumina HiSeq
2500 at the NIH Intramural Sequencing Center.

Enrichment analysis of methylation regions associated with smoking

We used the GREAT (Genomic Regions Enrichment of Annotations Tool, http://bejerano.
stanford.edu/great/public/html/) [47] to find enriched functional terms of genes near our top
738 CpGs as these terms indicate the potential regulatory functions of these CpGs. Each CpG
probe was first assigned a gene regulatory domain that extends in both directions to the mid-
point between the nearest gene’s TSS and the nearest adjacent gene’s TSS, but no more than
100kb in one direction; then GREAT was run with default parameters. We focused on the
enrichments having the following properties: (1) regions hits > 100; (2) hypergeometric test
enrichment fold > 2; and (3) FDR q < 0.05. If a term was a parent of another term based on
the ontology tree, then the parent term was removed.

Reverse transcription quantitative polymerase chain reaction (RT-gPCR)

RNA and DNA were isolated using the ALLPrep DNA/RNA/miRNA Universal Kit (Qiagen).
cDNA was generated using the SuperScript®) III First-Strand Synthesis (Life Technologies).
For each individual RNA sample, target and reference genes (AHRR, GPR15, F2RL3, IER3,
GFI1, ITGAL and f3-actin) were amplified in triplicate using TagMan assays designed to span
exon junctions (Life Technologies AHRR: Hs01005075_m1; GPR15: Hs00922903_s1; B-actin:
Hs01060665_g1; F2RL3: Hs01006385_g1; ALPPL2: Hs00741068_g1; IER3: Hs04187506_g1;
GFI1: Hs00382207_m1), using the Universal PCR Master Mix (Life Technologies) and the
ABI 7900HT Real-time PCR machine. Gene level data was normalized to B-actin and fold
change (FC) was assessed relative to nonsmokers using delta-delta Ct method. AHRR expres-
sion levels in CD14+ monocytes for 10 individual subjects were previously reported [31].

Supporting Information

S1 Fig. Modest impact of higher smoking dose or cumulative smoking dose on methylation
of AHRR ¢g05575921. (A) Scatterplot of cg05575921 methylation versus cigarettes per day.
(B) Scatterplot of cg05575921 methylation versus pack-years (packs smoked per day x years of
smoking).

(TIF)

S2 Fig. The cell composition (%) of each collected cell fraction from nonsmokers and
smokers was determined computationally by cell-type specific methylation signature using
Housman et. al [22] and Reinius et al [25]. The estimated composition of CD14+, CD15+,
CD4+, CD8+, CD19+, CD56+ in (A) whole blood, (B) Peripheral blood mononuclear cells
(PBMC), (C) CD14+, (D) CD15+, (E) CD19 and (F) CD2+T cells. PBMC fraction is nearly
devoid of CD15+ granulocyte cells.

(TIF)

S3 Fig. Methylation profiles in whole blood, PBMC, and purified leukocytes: (A)
cg06126421 (IER3), (B) cg09935388 (GFI1), (C) cg22132788 (MYOIG), (D) cg09099830
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(ITGAL) and (I) cg21566642 (ALPPL2). Gene expression profiles in purified leukocytes: (E)
IER3, (F) GFII, (G) MYOIG, and H) ITGAL.
(TIF)

S$4 Fig. DMRs within F2RL3 and near ALPPL2 co-locate with gene regulatory regions but
display repressive chromatin. (A) Decreased levels of CpG methylation were observed in
F2RL3 across a ~300-bp region in each cell type but the H3K27me3 mark and lack of expres-
sion suggests active repression. (B) At Cg21566642 near ALPPL2 repressive H3K27me3 marks
were observed.

(TIF)

S5 Fig. Chromatin state, TF binding and transcription of MYOI1G and ITGAL. (A)
Increased levels of CpG methylation were observed in MYOIG across a ~500-bp gene regula-
tory region (B) with greatest increase in methylation in CD14+ monocytes. (C) The promoter
of the highly expressed MYO1G gene displays activating histone marks and transcription fac-
tor binding. (D) ITGAL, sometimes called CD11A, shows a unique DMR in CD19+ B cells. It
displays activating histone modifications and is highly expressed in CD19+ B cells. (E) EBF1, a
B cell specific TF occupies its binding motif near the DMR in B lymphoblastoid cells.

(TIF)

S6 Fig. Gene expression in AHRR and IER3. (A) AHRR mRNA expression (RT-PCR, log2
fold change relative to nonsmokers) in monocytes vs serum cotinine values. Cotinine outliers
marked by red. (B) AHRR mRNA levels (log2 fold change) in monocytes vs methylation (log2)
in monocytes. Cotinine outliers (red) were not outliers for methylation vs expression, sugges-
tive of a secondary exposure to nicotine such as eCigarettes. (C) Individual IER3 log2 fold
change expression values in B cells for nonsmokers (n = 10) and smokers (n = 19) relative to
nonsmoker mean.

(TIF)
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(DOCX)
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(DOCX)

S4 Table. Top 100 CpGs associated with duration of smoking among heavy smokers.
(DOCX)

Acknowledgments

We thank the NIEHS Clinical Research Unit and Hematology Core for support and the
NIEHS Molecular Genetics Core, NIH Intramural Sequencing Center, and NCI DCEG Center
for Genomics Research for methylation analysis.

Author Contributions
Conceptualization: DAB DS.

PLOS ONE | DOI:10.1371/journal.pone.0166486 December 9, 2016 18/22


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0166486.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0166486.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0166486.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0166486.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0166486.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0166486.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0166486.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0166486.s011

@° PLOS | ONE

Distinct Epigenetic Effects of Tobacco Smoking among Leukocyte Subtypes

Formal analysis: DS XW BDB DAB.

Funding acquisition: DAB.

Investigation: DS MRC DKP GSP CLC RNG KNA MW NE ZH SKM.

Methodology: DS DKP GSP RNG KNA MW NE BDB XW.

Project administration: GSP.

Software: XW BDB.

Supervision: DAB.

Validation: DS MRC DKP MW NE.

Visualization: DS XW MRC GSP DAB.

Writing - original draft: DS XW DAB.

Writing - review & editing: DS XW MRC GSP DAB.

References

1.

10.

11.

12

Stampfli MR, Anderson GP (2009) How cigarette smoke skews immune responses to promote infec-
tion, lung disease and cancer. Nature reviews Immunology 9: 377-384. doi: 10.1038/nri2530 PMID:
19330016

Phillips DH, Hewer A, Martin CN, Garner RC, King MM (1988) Correlation of DNA adduct levels in
human lung with cigarette smoking. Nature 336: 790-792. doi: 10.1038/336790202909886 PMID:
3205307

Jones IM, Moore DH, Thomas CB, Thompson CL, Strout CL, Burkhart-Schultz K (1993) Factors affect-
ing HPRT mutant frequency in T-lymphocytes of smokers and nonsmokers. Cancer epidemiology, bio-
markers & prevention: a publication of the American Association for Cancer Research, cosponsored by
the American Society of Preventive Oncology 2: 249—260.

Bell DA, Liu Y, Cortopassi GA (1995) Occurrence of bcl-2 oncogene translocation with increased fre-
quency in the peripheral blood of heavy smokers. Journal of the National Cancer Institute 87: 223-224.
PMID: 7707410

Pfeifer GP, Denissenko MF, Olivier M, Tretyakova N, Hecht SS, Hainaut P (2002) Tobacco smoke car-
cinogens, DNA damage and p53 mutations in smoking-associated cancers. Oncogene 21: 7435-7451.
doi: 10.1038/sj.0onc.1205803 PMID: 12379884

Breton CV, Byun HM, Wenten M, Pan F, Yang A, Gilliland FD (2009) Prenatal Tobacco Smoke Expo-
sure Affects Global and Gene-specific DNA Methylation. American Journal of Respiratory and Critical
Care Medicine 180: 462—467. doi: 10.1164/rccm.200901-01350C PMID: 19498054

Monick MM, Beach SR, Plume J, Sears R, Gerrard M, Brody GH, et al. (2012) Coordinated changes in
AHRR methylation in lymphoblasts and pulmonary macrophages from smokers. Am J Med Genet B
Neuropsychiatr Genet 159B: 141-151. doi: 10.1002/ajmg.b.32021 PMID: 22232023

Joubert BR, Haberg SE, Nilsen RM, Wang X, Vollset SE, Murphy SK, et al. (2012) 450K epigenome-
wide scan identifies differential DNA methylation in newborns related to maternal smoking during preg-
nancy. Environ Health Perspect 120: 1425-1431. doi: 10.1289/ehp.1205412 PMID: 22851337

Breton CV, Siegmund KD, Joubert BR, Wang X, Qui W, Carey V, et al. (2014) Prenatal tobacco smoke
exposure is associated with childhood DNA CpG methylation. PloS one 9.

Dogan MV, Shields B, Cutrona C, Gao L, Gibbons FX, Simons R, et al. (2014) The effect of smoking on
DNA methylation of peripheral blood mononuclear cells from African American women. BMC Genomics
15: 1471-2164.

Elliott HR, Tillin T, McArdle WL, Ho K, Duggirala A, Frayling TM, et al. (2014) Differences in smoking
associated DNA methylation patterns in South Asians and Europeans. Clin Epigenetics 6: 1868—7083.
Flanagan JM, Brook MN, Orr N, Tomczyk K, Coulson P, Fletcher O, et al. (2015) Temporal stability and

determinants of white blood cell DNA methylation in the breakthrough generations study. Cancer Epide-
miol Biomarkers Prev 24: 221-229. doi: 10.1158/1055-9965.EPI-14-0767 PMID: 25371448

PLOS ONE | DOI:10.1371/journal.pone.0166486 December 9, 2016 19/22


http://dx.doi.org/10.1038/nri2530
http://www.ncbi.nlm.nih.gov/pubmed/19330016
http://dx.doi.org/10.1038/336790a02909886
http://www.ncbi.nlm.nih.gov/pubmed/3205307
http://www.ncbi.nlm.nih.gov/pubmed/7707410
http://dx.doi.org/10.1038/sj.onc.1205803
http://www.ncbi.nlm.nih.gov/pubmed/12379884
http://dx.doi.org/10.1164/rccm.200901-0135OC
http://www.ncbi.nlm.nih.gov/pubmed/19498054
http://dx.doi.org/10.1002/ajmg.b.32021
http://www.ncbi.nlm.nih.gov/pubmed/22232023
http://dx.doi.org/10.1289/ehp.1205412
http://www.ncbi.nlm.nih.gov/pubmed/22851337
http://dx.doi.org/10.1158/1055-9965.EPI-14-0767
http://www.ncbi.nlm.nih.gov/pubmed/25371448

@° PLOS | ONE

Distinct Epigenetic Effects of Tobacco Smoking among Leukocyte Subtypes

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

Harlid S, Xu Z, Panduri V, Sandler DP, Taylor JA (2014) CpG sites associated with cigarette smoking:
analysis of epigenome-wide data from the sister study. Environ Health Perspect 122: 673-678. doi: 10.
1289/ehp.1307480 PMID: 24704585

Sun YV, Smith AK, Conneely KN, Chang Q, Li W, Lazarus A, et al. (2013) Epigenomic association anal-
ysis identifies smoking-related DNA methylation sites in African Americans. Hum Genet 132: 1027-
1037. doi: 10.1007/s00439-013-1311-6 PMID: 23657504

Wan ES, Qiu W, Baccarelli A, Carey VJ, Bacherman H, Rennard SI, et al. (2012) Cigarette smoking
behaviors and time since quitting are associated with differential DNA methylation across the human
genome. Hum Mol Genet 21: 3073-3082. doi: 10.1093/hmg/dds135 PMID: 22492999

Zeilinger S, Kuhnel B, Klopp N, Baurecht H, Kleinschmidt A, Gieger C, et al. (2013) Tobacco smoking
leads to extensive genome-wide changes in DNA methylation. PloS one 8.

Tsaprouni LG, Yang TP, Bell J, Dick KJ, Kanoni S, Nisbet J, et al. (2014) Cigarette smoking reduces
DNA methylation levels at multiple genomic loci but the effect is partially reversible upon cessation. Epi-
genetics 9: 1382—-1396. doi: 10.4161/15592294.2014.969637 PMID: 25424692

Joubert BR, Haberg SE, Bell DA, Nilsen RM, Vollset SE, Midttun O, et al. (2014) Maternal smoking and
DNA methylation in newborns: in utero effect or epigenetic inheritance? Cancer Epidemiol Biomarkers
Prev 23: 1007—1017. doi: 10.1158/1055-9965.EPI-13-1256 PMID: 24740201

Philibert RA, Beach SR, Brody GH (2012) Demethylation of the aryl hydrocarbon receptor repressor as
a biomarker for nascent smokers. Epigenetics 7: 1331-1338. doi: 10.4161/epi.22520 PMID: 23070629

Ziller MJ, Gu H, Muller F, Donaghey J, Tsai LT, Kohlbacher O, et al. (2013) Charting a dynamic DNA
methylation landscape of the human genome. Nature 500: 477—481. doi: 10.1038/nature12433 PMID:
23925113

Smith MR, Kinmonth AL, Luben RN, Bingham S, Day NE, Wareham NJ, et al. (2003) Smoking status
and differential white cell count in men and women in the EPIC-Norfolk population. Atherosclerosis
169: 331-337. PMID: 12921986

Houseman EA, Accomando WP, Koestler DC, Christensen BC, Marsit CJ, Nelson HH, et al. (2012)
DNA methylation arrays as surrogate measures of cell mixture distribution. BMC Bioinformatics 13: 86.
doi: 10.1186/1471-2105-13-86 PMID: 22568884

Wiencke JK, Butler R., Hsuang G., Eliot M., Kim S., Sepulveda M/A., Siegel D., Houseman E. A., Kelsey
K. T. (2016) The DNA methylation profile of activated human natural killer cells. Epigenetics 11: 363—
380. doi: 10.1080/15592294.2016.1163454 PMID: 26967308

Adalsteinsson BT, Gudnason H, Aspelund T, Harris TB, Launer LJ, Eiriksdottir G, et al. (2012) Hetero-
geneity in white blood cells has potential to confound DNA methylation measurements. PloS one 7:
e46705. doi: 10.1371/journal.pone.0046705 PMID: 23071618

Reinius LE, Acevedo N, Joerink M, Pershagen G, Dahlen SE, Greco D, et al. (2012) Differential DNA
methylation in purified human blood cells: implications for cell lineage and studies on disease suscepti-
bility. PloS one 7:e41361. doi: 10.1371/journal.pone.0041361 PMID: 22848472

Houseman EA, Molitor J, Marsit CJ (2014) Reference-free cell mixture adjustments in analysis of DNA
methylation data. Bioinformatics 30: 1431-1439. doi: 10.1093/bicinformatics/btu029 PMID: 24451622

Birney E, Smith GD, Greally JM (2016) Epigenome-wide Association Studies and the Interpretation of
Disease -Omics. PLoS Genet 12: €1006105. doi: 10.1371/journal.pgen.1006105 PMID: 27336614

Jaffe AE, Irizarry RA (2014) Accounting for cellular heterogeneity is critical in epigenome-wide associa-
tion studies. Genome Biol 15: R31. doi: 10.1186/gb-2014-15-2-r31 PMID: 24495553

Koestler DC, Jones MJ, Usset J, Christensen BC, Butler RA, Kobor MS, et al. (2016) Improving cell mix-
ture deconvolution by identifying optimal DNA methylation libraries (IDOL). BMC Bioinformatics 17:
120. doi: 10.1186/512859-016-0943-7 PMID: 26956433

Kim S, Eliot M, Koestler DC, Houseman EA, Wetmur JG, Wiencke JK, et al. (2016) Enlarged leukocyte
referent libraries can explain additional variance in blood-based epigenome-wide association studies.
Epigenomics 8: 1185-1192. doi: 10.2217/epi-2016-0037 PMID: 27529193

Reynolds LM, Wan M, Ding J, Taylor JR, Lohman K, Su D, et al. (2015) DNA Methylation of the Aryl
Hydrocarbon Receptor Repressor Associations With Cigarette Smoking and Subclinical Atherosclero-
sis. Circ Cardiovasc Genet 8: 707-716. doi: 10.1161/CIRCGENETICS.115.001097 PMID: 26307030

Fox J, Weisberg S (2011) An R Companion to Applied Regression. 449.

Kundaje A, Meuleman W, Ernst J, Bilenky M, Yen A, Heravi-Moussavi A, et al. (2015) Integrative analy-
sis of 111 reference human epigenomes. Nature 518: 317-330. doi: 10.1038/nature14248 PMID:
25693563

Thurman RE, Rynes E, Humbert R, Vierstra J, Maurano MT, Haugen E, et al. (2012) The accessible
chromatin landscape of the human genome. Nature 489: 75-82. doi: 10.1038/nature11232 PMID:
22955617

PLOS ONE | DOI:10.1371/journal.pone.0166486 December 9, 2016 20/22


http://dx.doi.org/10.1289/ehp.1307480
http://dx.doi.org/10.1289/ehp.1307480
http://www.ncbi.nlm.nih.gov/pubmed/24704585
http://dx.doi.org/10.1007/s00439-013-1311-6
http://www.ncbi.nlm.nih.gov/pubmed/23657504
http://dx.doi.org/10.1093/hmg/dds135
http://www.ncbi.nlm.nih.gov/pubmed/22492999
http://dx.doi.org/10.4161/15592294.2014.969637
http://www.ncbi.nlm.nih.gov/pubmed/25424692
http://dx.doi.org/10.1158/1055-9965.EPI-13-1256
http://www.ncbi.nlm.nih.gov/pubmed/24740201
http://dx.doi.org/10.4161/epi.22520
http://www.ncbi.nlm.nih.gov/pubmed/23070629
http://dx.doi.org/10.1038/nature12433
http://www.ncbi.nlm.nih.gov/pubmed/23925113
http://www.ncbi.nlm.nih.gov/pubmed/12921986
http://dx.doi.org/10.1186/1471-2105-13-86
http://www.ncbi.nlm.nih.gov/pubmed/22568884
http://dx.doi.org/10.1080/15592294.2016.1163454
http://www.ncbi.nlm.nih.gov/pubmed/26967308
http://dx.doi.org/10.1371/journal.pone.0046705
http://www.ncbi.nlm.nih.gov/pubmed/23071618
http://dx.doi.org/10.1371/journal.pone.0041361
http://www.ncbi.nlm.nih.gov/pubmed/22848472
http://dx.doi.org/10.1093/bioinformatics/btu029
http://www.ncbi.nlm.nih.gov/pubmed/24451622
http://dx.doi.org/10.1371/journal.pgen.1006105
http://www.ncbi.nlm.nih.gov/pubmed/27336614
http://dx.doi.org/10.1186/gb-2014-15-2-r31
http://www.ncbi.nlm.nih.gov/pubmed/24495553
http://dx.doi.org/10.1186/s12859-016-0943-7
http://www.ncbi.nlm.nih.gov/pubmed/26956433
http://dx.doi.org/10.2217/epi-2016-0037
http://www.ncbi.nlm.nih.gov/pubmed/27529193
http://dx.doi.org/10.1161/CIRCGENETICS.115.001097
http://www.ncbi.nlm.nih.gov/pubmed/26307030
http://dx.doi.org/10.1038/nature14248
http://www.ncbi.nlm.nih.gov/pubmed/25693563
http://dx.doi.org/10.1038/nature11232
http://www.ncbi.nlm.nih.gov/pubmed/22955617

@° PLOS | ONE

Distinct Epigenetic Effects of Tobacco Smoking among Leukocyte Subtypes

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Michaud DS, Houseman EA, Marsit CJ, Nelson HH, Wiencke JK, Kelsey KT (2015) Understanding the
Role of the Immune System in the Development of Cancer: New Opportunities for Population-Based
Research. Cancer Epidemiol Biomarkers Prev 24: 1811-1819. doi: 10.1158/1055-9965.EPI-15-0681
PMID: 26396143

Ablain J, de The H (2011) Revisiting the differentiation paradigm in acute promyelocytic leukemia.
Blood 117:5795-5802. doi: 10.1182/blood-2011-02-329367 PMID: 21444912

Phelan JD, Shroyer NF, Cook T, Gebelein B, Grimes HL (2010) Gfi1-cells and circuits: unraveling tran-
scriptional networks of development and disease. Current Opinion in Hematology 17: 300-307. doi: 10.
1097/MOH.0b013e32833a06f8 PMID: 20571393

Costa BM, Smith JS, Chen Y, Chen J, Phillips HS, Aldape KD, et al. (2010) Reversing HOXA9 onco-
gene activation by PI3K inhibition: epigenetic mechanism and prognostic significance in human glio-
blastoma. Cancer research 70: 453-462. doi: 10.1158/0008-5472.CAN-09-2189 PMID: 20068170

Mertz KD, Pathria G, Wagner C, Saarikangas J, Sboner A, Romanov J, et al. (2014) MTSS1 is a metas-
tasis driver in a subset of human melanomas. Nature communications 5: 3465. doi: 10.1038/
ncomms4465 PMID: 24632752

Parr C, Jiang WG (2009) Metastasis suppressor 1 (MTSS1) demonstrates prognostic value and anti-
metastatic properties in breast cancer. European journal of cancer 45: 1673—-1683. doi: 10.1016/j.ejca.
2009.02.019 PMID: 19328678

Kayser G, Csanadi A, Kakanou S, Prasse A, Kassem A, Stickeler E, et al. (2015) Downregulation of
MTSS1 expression is an independent prognosticator in squamous cell carcinoma of the lung. British
journal of cancer 112: 866—873. doi: 10.1038/bjc.2015.2 PMID: 25625275

Chung W, Bondaruk J, Jelinek J, Lotan Y, Liang S, Czerniak B, et al. (2011) Detection of bladder cancer
using novel DNA methylation biomarkers in urine sediments. Cancer epidemiology, biomarkers & pre-
vention: a publication of the American Association for Cancer Research, cosponsored by the American
Society of Preventive Oncology 20: 1483—-1491.

Mao B, Zhang Z, Wang G (2015) BTG2: a rising star of tumor suppressors (review). International Jour-
nal of Oncology 46: 459—-464. doi: 10.3892/ij0.2014.2765 PMID: 25405282

Nguyen LP, Pan J, Dinh TT, Hadeiba H, O’Hara E 3rd, Ebtikar A, et al. (2015) Role and species-specific
expression of colon T cell homing receptor GPR15 in colitis. Nature immunology 16: 207-213. doi: 10.
1038/ni.3079 PMID: 25531831

Bauer M, Linsel G, Fink B, Offenberg K, Hahn AM, Sack U, et al. (2015) A varying T cell subtype
explains apparent tobacco smoking induced single CpG hypomethylation in whole blood. Clinical Epige-
netics 7: 81. doi: 10.1186/s13148-015-0113-1 PMID: 26246861

Bjornson ZB, Nolan GP, Fantl WJ (2013) Single-cell mass cytometry for analysis of immune system
functional states. Current Opinion in Immunology 25: 484—494. doi: 10.1016/j.c0i.2013.07.004 PMID:
23999316

McLean CY, Bristor D, Hiller M, Clarke SL, Schaar BT, Lowe CB, et al. (2010) GREAT improves func-
tional interpretation of cis-regulatory regions. Nat Biotechnol 28: 495-501. doi: 10.1038/nbt.1630
PMID: 20436461

Nechanitzky R, Akbas D, Scherer S, Gyory |, Hoyler T, Ramamoorthy S, et al. (2013) Transcription fac-
tor EBF1 is essential for the maintenance of B cell identity and prevention of alternative fates in commit-
ted cells. Nature immunology 14: 867—-875. doi: 10.1038/ni.2641 PMID: 23812095

Arlt A, Schafer H (2011) Role of the immediate early response 3 (IER3) gene in cellular stress response,
inflammation and tumorigenesis. Eur J Cell Biol 90: 545-552. doi: 10.1016/j.ejcb.2010.10.002 PMID:
21112119

van Grevenynghe J, Rion S, Le Ferrec E, Le Vee M, Amiot L, Fauchet R, et al. (2003) Polycyclic aro-
matic hydrocarbons inhibit differentiation of human monocytes into macrophages. J Immunol 170:
2374-2381. PMID: 12594260

Saeed S, Quintin J, Kerstens HH, Rao NA, Aghajanirefah A, Matarese F, et al. (2014) Epigenetic pro-
gramming of monocyte-to-macrophage differentiation and trained innate immunity. Science 345:
1251086. doi: 10.1126/science.1251086 PMID: 25258085

Lunn RM, Langlois RG, Hsieh LL, Thompson CL, Bell DA (1999) XRCC1 polymorphisms: effects on
aflatoxin B1-DNA adducts and glycophorin A variant frequency. Cancer research 59: 2557-2561.
PMID: 10363972

Morris TJ, Butcher LM, Feber A, Teschendorff AE, Chakravarthy AR, Wojdacz TK, et al. (2014)
ChAMP: 450k Chip Analysis Methylation Pipeline. Bioinformatics 30: 428—430. doi: 10.1093/
bioinformatics/btt684 PMID: 24336642

PLOS ONE | DOI:10.1371/journal.pone.0166486 December 9, 2016 21/22


http://dx.doi.org/10.1158/1055-9965.EPI-15-0681
http://www.ncbi.nlm.nih.gov/pubmed/26396143
http://dx.doi.org/10.1182/blood-2011-02-329367
http://www.ncbi.nlm.nih.gov/pubmed/21444912
http://dx.doi.org/10.1097/MOH.0b013e32833a06f8
http://dx.doi.org/10.1097/MOH.0b013e32833a06f8
http://www.ncbi.nlm.nih.gov/pubmed/20571393
http://dx.doi.org/10.1158/0008-5472.CAN-09-2189
http://www.ncbi.nlm.nih.gov/pubmed/20068170
http://dx.doi.org/10.1038/ncomms4465
http://dx.doi.org/10.1038/ncomms4465
http://www.ncbi.nlm.nih.gov/pubmed/24632752
http://dx.doi.org/10.1016/j.ejca.2009.02.019
http://dx.doi.org/10.1016/j.ejca.2009.02.019
http://www.ncbi.nlm.nih.gov/pubmed/19328678
http://dx.doi.org/10.1038/bjc.2015.2
http://www.ncbi.nlm.nih.gov/pubmed/25625275
http://dx.doi.org/10.3892/ijo.2014.2765
http://www.ncbi.nlm.nih.gov/pubmed/25405282
http://dx.doi.org/10.1038/ni.3079
http://dx.doi.org/10.1038/ni.3079
http://www.ncbi.nlm.nih.gov/pubmed/25531831
http://dx.doi.org/10.1186/s13148-015-0113-1
http://www.ncbi.nlm.nih.gov/pubmed/26246861
http://dx.doi.org/10.1016/j.coi.2013.07.004
http://www.ncbi.nlm.nih.gov/pubmed/23999316
http://dx.doi.org/10.1038/nbt.1630
http://www.ncbi.nlm.nih.gov/pubmed/20436461
http://dx.doi.org/10.1038/ni.2641
http://www.ncbi.nlm.nih.gov/pubmed/23812095
http://dx.doi.org/10.1016/j.ejcb.2010.10.002
http://www.ncbi.nlm.nih.gov/pubmed/21112119
http://www.ncbi.nlm.nih.gov/pubmed/12594260
http://dx.doi.org/10.1126/science.1251086
http://www.ncbi.nlm.nih.gov/pubmed/25258085
http://www.ncbi.nlm.nih.gov/pubmed/10363972
http://dx.doi.org/10.1093/bioinformatics/btt684
http://dx.doi.org/10.1093/bioinformatics/btt684
http://www.ncbi.nlm.nih.gov/pubmed/24336642

o @
@ : PLOS | ONE Distinct Epigenetic Effects of Tobacco Smoking among Leukocyte Subtypes

54. Teschendorff AE, Marabita F, Lechner M, Bartlett T, Tegner J, Gomez-Cabrero D, et al. (2013) A beta-
mixture quantile normalization method for correcting probe design bias in lllumina Infinium 450 k DNA
methylation data. Bioinformatics 29: 189-196. doi: 10.1093/bioinformatics/bts680 PMID: 23175756

55. Johnson WE, Li C, Rabinovic A (2007) Adjusting batch effects in microarray expression data using
empirical Bayes methods. Biostatistics 8: 118—127. doi: 10.1093/biostatistics/kxj037 PMID: 16632515

PLOS ONE | DOI:10.1371/journal.pone.0166486 December 9, 2016 22/22


http://dx.doi.org/10.1093/bioinformatics/bts680
http://www.ncbi.nlm.nih.gov/pubmed/23175756
http://dx.doi.org/10.1093/biostatistics/kxj037
http://www.ncbi.nlm.nih.gov/pubmed/16632515

