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Abstract

Smoking-associated DNA hypomethylation has been observed in blood cells and linked to lung cancer risk. However, its
cause and mechanistic relationship to lung cancer remain unclear. We studied the association between tobacco smoking and
epigenome-wide methylation in non-tumor lung (NTL) tissue from 237 lung cancer cases in the Environment And Genetics in
Lung cancer Etiology study, using the Infinium HumanMethylation450 BeadChip. We identified seven smoking-associated
hypomethylated CpGs (P < 1.0 x 10~7), which were replicated in NTL data from The Cancer Genome Atlas. Five of these loci
were previously reported as hypomethylated in smokers’ blood, suggesting that blood-based biomarkers can reflect changes
in the target tissue for these loci. Four CpGs border sequences carrying aryl hydrocarbon receptor binding sites and enhancer-
specific histone modifications in primary alveolar epithelium and A549 lung adenocarcinoma cells. A549 cell exposure to
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cigarette smoke condensate increased these enhancer marks significantly and stimulated expression of predicted target xe-
nobiotic response-related genes AHRR (P=1.13 x 10~%%) and CYP1B1 (P < 2.49 x 10~°?). Expression of both genes was linked to
smoking-related transversion mutations in lung tumors. Thus, smoking-associated hypomethylation may be a consequence
of enhancer activation, revealing environmentally-induced regulatory elements implicated in lung carcinogenesis.

Introduction

Alterations in DNA methylation, an epigenetic modification, are
common in human malignancies (1). Environmental factors
such as tobacco smoke can modulate the establishment and
maintenance of DNA methylation, and could thereby influence
disease through complex mechanisms (2,3). Altered genome-
wide DNA methylation patterns associated with tobacco smok-
ing have been reported in studies of genomic DNA derived from
blood (4-26), buccal cells (27), and lung macrophages (14). These
observed DNA methylation changes, most of which are hypo-
methylation events, show variable permanence; some alter-
ations persist for many years while others wane rapidly after
smoking cessation (4,7,8,10,11,17,24-26,28,29). Blood-based DNA
methylation changes can thus be used as biomarkers of tobacco
smoke exposure and history (8,13,21). Importantly, an associa-
tion between smoking-related hypomethylation in blood and
lung cancer risk has been reported (30,31). The most consis-
tently replicated smoking-related DNA methylation change
across previous studies is at the cg05575921 CpG probe, located
in the third intron of the aryl hydrocarbon receptor repressor
gene (AHRR). An inverse correlation between smoking-
associated methylation and AHRR expression in human lung
tissue was previously reported for two other CpGs in the AHRR
gene, one of which is very near cg05575921 (9). The mechanisms
by which these hypomethylation events arise and how they
might increase lung cancer risk remain unclear.

To address this issue, we profiled genome-wide DNA meth-
ylation in histologically normal lung tissues from 237 lung can-
cer patients in the Environment and Genetics in Lung cancer
Etiology (EAGLE) study (32) and evaluated the association of
DNA methylation with cigarette smoking status and other
quantitative measures of tobacco smoking. We then sought to
replicate our findings using 60 histologically normal lung sam-
ples from The Cancer Genome Atlas (TCGA) (33). To gain insight
into the functional significance of observed DNA methylation
changes, we integrated the DNA methylation data with epige-
nomic profiles of purified primary alveolar epithelial cells and
the widely-studied A549 lung adenocarcinoma cell line and in-
vestigated the functional elements we identified.

Results

Identification of DNA methylation alterations associated
with smoking

Our experimental data generation and analyses are summa-
rized in a flow chart in Supplementary Material, Figure S1. We
used the Illumina Infinium HumanMethylation450 BeadChip ar-
ray to profile genome-wide DNA methylation in histologically
normal lung tissues (distant from the tumor) from the
Environment And Genetics in Lung cancer Etiology (EAGLE)
study (32,34). We opted not to use tumor samples to minimize
potential confounding effects due to the pronounced DNA
methylation changes associated with the tumorigenic process
(1,35). We included non-tumor lung (NTL) samples from 237
lung cancer patients (121 current cigarette smokers and 116

current nonsmokers of which 106 former and 10 never smokers,
Supplementary Material, Table S1). Seventy-five percent of for-
mer smokers had quit smoking for >10years before sample col-
lection. Following removal of repetitive and SNP-containing
probes and those on sex chromosomes, we examined the asso-
ciation of log-transformed DNA methylation (338,456 probes)
with current cigarette smoking status using linear regression
models adjusted for age, sex, body mass index, and smoking to-
bacco types other than conventional cigarettes. Adjusting for
the top three principal components based on methylation dis-
tribution did not materially change the results, excluding the
potential effect of hidden confounding factors. A quantile-
quantile plot revealed little evidence for global inflation of the
test statistics as compared to the expected distribution
(L=1.108, after adjustment for age, sex and principal compo-
nents, Supplementary Material, Fig. S2A). After Bonferroni cor-
rection, eight CpG probes were significantly hypomethylated in
NTL tissues of current smokers (P < 0.05/338,456=1.48 x 10’
Table 1, Supplementary Materials, Table S2, Fig. S2B).

In sensitivity analyses, excluding never-smokers, subjects
who smoked other types of tobacco, subjects with prior chemo-
therapy, or additionally adjusting for histology and stage of
paired tumor tissues yielded similar findings as in the primary
analyses (Supplementary Material, Table S3). Methylation of
all eight CpGs was associated with smoking duration
(Supplementary Material, Table S2). While methylation was in-
versely associated with smoking duration and pack-years, in-
creased DNA methylation was positively associated with years
after smoking cessation (P<0.05, Supplementary Material,
Table S2). We also evaluated time to first cigarette after waking
(TTFC) with DNA methylation of significant probes in normal
lung tissues, since TTFC was recently found to be independently
associated with lung cancer and is a marker of smoking depen-
dence (36). With adjustment for current cigarette smoking sta-
tus, those with TTFC 6-30min, or <5min showed significant
hypomethylation of probe cg05575921 (P=0.02 and 0.03 respec-
tively) and probe cg13787850 (P=0.01 and 0.005 respectively),
but this association did not remain significant after adjusting
for smoking duration. Since we only had 10 never smokers, we
performed clustering analysis using the top 5,000 most variable
CpG probes and then tested whether never smokers were en-
riched for some clusters. We did not find significant evidence
showing that never smokers differed from former smokers in
terms of methylation profiles, but for the eight CpG probes that
are identified in our primary analysis, the effect sizes were
stronger for the current vs. never smokers’ analysis
(Supplementary Material, Table S4). Methylation of six intronic
CpGs (cgl7113147 (NXN), cg05575921 (AHRR), cg07992500
(CDC42EP3), cg14120703 (NOTCH1), cgl11152412 (EDC3), and
cg03224163 (HIPK2) was also associated with pack-years and
years from quitting smoking (P < 0.05, Supplementary Material,
Table S2). The association between smoking status and methyl-
ation of these six loci and one additional intergenic probe from
the original eight loci (cg13787850 on chromosome 9) replicated
in NTL from TCGA samples (37,38) (n=60; 12 current smokers
and 48 current nonsmokers, including 45 former smokers and 3
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Table 1. Association between tobacco smoking measures and methylation in the EAGLE and TCGA studies
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#Probes in italics have been observed to be hypomethylated in smokers’ blood cell DNA.

®hg19 coordinates.

“Association was assessed using linear regression models adjusted for age, sex, body mass index, and non-cigarette smoking. P-values were two-sided for the analysis with EAGLE as the discovery sample, and one-sided for the

analysis using TCGA as the replication sample.

never smokers (Supplementary Material, Table S5) with single-
sided P-values<0.05 (Table 1 and Supplementary Material,
Table S2).

Of the seven hypomethylated CpGs that replicated in TCGA
data, five had been previously observed in the blood cell DNA of
smokers, as indicated in italics in Table 1. Cg05575921 has been
reported to be hypomethylated in virtually every published
study of white blood cells (4-26); cg14120703 in two studies
(17,25); cg11152412 in three studies (7,17,25); cg03224163 in one
study (25); and cg13787850 in three studies (7,25,26). This sug-
gests that there are key similarities in the effect of tobacco
smoke on the DNA methylation status of specific loci in white
blood cells and alveolar lung epithelium.

Investigation of epigenomic environment of replicated
hypomethylated CpGs

To gain insight into how smoke-induced hypomethylation of
the CpG dinucleotides that were replicated in TCGA might relate
to lung cancer, we investigated epigenetic marks in the region
near each CpG in a cell type relevant to lung cancer risk: alveo-
lar epithelial cells. Epigenetic patterns are highly cell type-
specific; analyzing purified cells is important to avoid the con-
founding effects of mixed cell populations (39). In fact, a recent
study demonstrated that changes in DNA methylation at a par-
ticular CpG in whole blood could be explained by tobacco
smoking-associated induction of specific lymphocyte cell types
rather than smoking-associated changes in DNA methylation
levels (40). With these concerns in mind, we integrated our
epigenome-wide data from lung tissue with epigenomic profiles
obtained from purified primary human type 2 alveolar epithelial
(AT2) cells acquired from remnant transplant lungs. AT2 cells
are the suspected precursors of lung adenocarcinoma, the most
common type of lung cancer (41,42). We used lungs from two
never-smokers because isolation of primary alveolar epithelial
cells from smokers is complicated by the frequent presence of
inflammation. We generated whole genome bisulfite sequenc-
ing (WGBS) and chromatin immunoprecipitation-sequencing
(ChIP-seq) data from these AT2 cells (~85% pure (43); biological
replicates) to examine the locations of each of the seven repli-
cated hypomethylated CpGs. The WGBS data showed that
€g05575921, cg07992500, and cg14120703 were partially methyl-
ated and lay adjacent to regions that are hypomethylated rela-
tive to the surrounding DNA (Fig. 1). The density of CpGs varied
considerably per location, for example, the intergenic region
showed only two hypomethylated CpGs (Fig. 1D). In addition,
cg13787850 (Fig. 1) and cgl11152412 (Supplementary Material,
Fig. S3) were unmethylated (87-100%) and were located in very
small hypomethylated patches in relatively CpG-poor areas. We
next examined the regions around the seven CpGs for histone
modifications typical of enhancers (44): histone 3 lysine 4
mono-methylation (H3K4mel, a mark of poised or active en-
hancers) and/or histone 3 lysine 27 acetylation (H3K27ac, often
present when enhancers are active). We noted that cg05575921,
cg07992500, cg14120703, and cg13787850 were in very clear en-
hancer peaks (Fig. 1). We chose to focus on those four CpGs
showing hypomethylation and histone marks for poised or ac-
tive enhancers: c¢g05575921, cg07992500, cg14120703, and
cg13787850. The remaining three CpGs were either not hypome-
thylated or did not lie in enhancer marks (Supplementary
Material, Fig. S3) and were not further investigated here.

We also mined publicly available ChIP-seq data produced in
the AS549 lung adenocarcinoma cell line by the ENCODE


Deleted Text: . 
Deleted Text: &percnt;-

A
cg05575021||  ch5370000 25K TTag0000
1 L |
RefSeq Genes a H T
AS49 Hakz7ac || )
Called Peaks ?;‘4 e aaa s A s e e
ATgalﬁ:L(ilZi; il.Ll L |..|‘ -..] L ||||| L e .JI..LI el
lo-10
ATgaTS(Ij('ZDZan(SZ |l ] u ‘L . - LJi s AL |J.h.||m..J|u‘I.JIJI.L .i; u .J|I{i|4h 1 l
AT2 HaKameT.1 k‘:s : Ty |
Called Peaks ||[aatisiseduedisli il ""' TP TR I [T
AT2 H3K4me1.2|||
Called PrZst [T R uludh.ﬁdmu.n FIRTT Y e
|0-49
A549 H3K4me1 L o . ‘ ' -
Called Peaks || B x ——
A549 DHSS || i
3 2
|0-62 )
arzweesRoptl . A b siahd

AT2 WGBS Rep2|,

WGBS Rep1 - al
WGBS Rep2
1
]
|
CEE 1008 8CTAEEC) EEACEES0CEaATECEATEYAAEAE
C
cg14120703 |+———c-—— 25kb — o —

¢hr9:139,410,000 139I ,420, 000

RefSeq Genes |

NOTCH1

A549 H3K27ac || l‘ Il

Called Peaks ||
0-18

ATgaT::clj(liZZi; | ki ol i L luH.M hiiiuh“....uu e Ll

0-16
AT2 H3K27ac.2 |
Called Peaks L..L calt d o b .Ll.u_.h.ﬂ{_ hl.u .Li.lujJLLLJ.AJ...

AT2 HaK4me1. 1) b Lu.u.muhmjlhu MMLN-.M

Called Peaks
0-14

AT2H3K4me1.2 ) I' “h“ s llidds

Called Peaks |“* |

(0

A549 H3K4mel
Called Peaks ||
AB49DHSS || |

AT2 WGBS Rep| |
AT2 WGBS Rep2| 4

WGBS Repf E
-
WGBS Rep2 -
=
]
| .
]

ECACCALCLorAELbb1ETolbol bl EALLETLLALALATLEL

Human Molecular Genetics, 2017, Vol. 26, No. 15 | 3017

B
— 25kh —————————
cg07992500 chr2:37,8?0,000 37i,900,ooo l
1 1 |

RefSeq Genes | CDCa2EPs
A549 H3K27ac | i .

Called Peaks ';_ e i
AT2 H3K27ac.1

Called Peaks H.ilhi..i..._.. lJI|H .Lu.l had.ii. lilﬂ. Lll MLJ Jﬂll,.. bk
AT2 HaK27ac.2 |

Called Peaks | PSRN [ o o .md.:..u uihﬂu l chodb il d

AT2 H3K4me1.1 )
Called Peaks Mhmm-lmmmuuummn.
AT2 H3K4me1.2 I I o M“M
W - mm..l

Called Peaks ||
|

0-65
A549 H3K4me1 |h| g ey ‘

Called Peaks

1
]
i
I
|
|

AT2 WGBS Repf| 30__@;4“1 MQWALWW aldigh o
1

AT2 WGBS Rep2j

WGBS Repi :E

WGBS Rep2

D

- (SN
cg13787850 G102, 130000 25K 55 500,000
| !

RefSeq Genes intergenic

0-10
AB49 H3K27ac b ol akiada 1........-‘.“;.-1.-. o Bhasid
Called Peaks [

0-19
AT2 H3K27ac )1 b o Wi W...u [ TP || B

Called Peaks
0-11 I
|
AT2 H3k27ac.2 [IE g all bty e _uhl.,. ik dota B,
Called Peaks
0-6
AT2 H3K4met. 1 Wil b ol Llh. Ak ll
Ca||ed Peaks ey i Al e | - PR TR T Ty i

AT2 H3K4me1.2
Callod Peake ,.-ILl.HI.l.I.. i ||LL o ndula .&M bk b i et

0-40
AS49 H3Kdmet || _____‘u_“u s
Called Peaks ||| - B
A549 DHSS !

[

0-4:
AT2 WGBS Rep1 %.Lu._ .u.uhuh..ﬂ ik Lm.._ o
AT2 WGBS Rep2

WGBS Rept

WGBS Rep2

6 S E LI GERTEEAMMTAICCG0ETELGEAGEECAGRAGRET

Figure 1. Four CpGs hypomethylated in smoker NTL are adjacent to unmethylated loci in AT2 cells and marked by regulatory histone marks in AT2 and A549 cells.
Displayed from top to bottom for each CpG: the genomic location with RefSeq genes (if present; hgl9 coordinates); H3K27ac (purple) & H3K4me1l (green) profiles in
A549 cells and in two biological replicates of AT2 with called peaks underlined; DNase hypersensitive sites in A549; and two biological replicates of whole genome bi-
sulfite sequencing (WGBS) with the CpG of interest magnified (blue=unmethylated; red = methylated; gray=no CpG present). A549 data were downloaded from
ENCODE (45). The sequencing depth of AT2 cells is less than that of the A549 cell line owing to the difficulty in obtaining large numbers of primary human cells.

consortium (45). A549 cells exhibited similar enhancer signatures
and each region contained DNase-hypersensitive sites indicative
of accessibility to transcription factors (TFs) (Fig. 1). Interestingly,
analysis of these putative enhancer regions revealed the presence

of a predicted aryl hydrocarbon receptor (AHR) binding motif
(CACGCA) in all four regions (Fig. 2A). AHR is a ligand-activated
helix-loop-helix transcription factor that is highly expressed in
the alveolar lung epithelium (46) and is implicated in lung cancer
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Figure 2. CSC-induced changes in enhancer marks in A459 cells. (A) Each diagram displays RefSeq genes at top (if present; hgl9 coordinates) and from top to bottom,
ENCODE data in A549 cells: Illumina Infinium HumanMethylation450 BeadChip CpG methylation status (blue =unmethylated; orange/purple = partially methylated;
the CpGs of interest are marked by black arrowheads at bottom); DNase hypersensitive sites (DHSS) as black boxes; H3K27ac and H3K4me1 profiles with called peaks
underlined and peak height scale indicated. Locations of PCR primers used for ChIP assays of H3K27ac and H3K4me1 panel B are indicated by purple and green vertical
lines respectively. The region highlighted in pale yellow was cloned into a basal promoter-containing luciferase gene reporter vector (pGL4.26, panel C). The positions
of AHR binding sites are indicated by gray arrowheads at the bottom. (B) ChIP assays of H3K27ac and H3K4me1 in vehicle- or CSC-treated A549 cells expressed as % in-
put. * indicates luciferase activity statistically significantly different from vehicle (P < 0.05 paired Student’s t test). Bars represent mean + SEM of samples assayed in
three or more independent trials of A549 cells exposed to CSC for 48 h. (C) Luciferase reporter assays to test for CSC-regulated enhancer activity. The region highlighted
in pale yellow in panel A was cloned into the basal promoter-containing luciferase vector pLG4.26. In each case we ensured that the DNase hypersensitive site closest
to the hypomethylated CpG was included. The plasmids were transfected into A549 cells that were treated with vehicle or CSC at the indicated doses 24 h after trans-
fection. A renilla expression plasmid was cotransfected for DNA quantity normalization. Luciferase activity was measured at 24 h after CSC exposure, and is indicated
relative to empty vector. All expression levels were statistically significantly elevated relative to pGL4.26. Significant induction relative to vehicle is indicated by an as-
terisk and the fold induction is noted for 20 pg/ml CSC. Bars represent mean + SEM of three or more independent experiments.

(47). In response to xenobiotics, such as polycyclic aromatic hy- smoke, we exposed A549 cells to cigarette smoke condensate
drocarbons (PAHS) present in tobacco smoke, it heterodimerizes (CSC) for 48h and performed targeted ChIP of H3K4mel and
with the ARNT protein and induces expression of target genes H3K27ac (Fig. 2A and B). All four regions sustained significant

(47-49), including cytochrome P450 enzymes (e.g. CYP1Al or increases in H3K4mel, indicating increased readiness for activ-
CYP1B1) that metabolize procarcinogens like PAH. The AHR/ARNT ity. In addition, the regions adjacent to cg05575921 and
heterodimer also induces AHRR, which is a suppressor and feed- cg07992500 gained H3K27ac, indicative of regions actively en-
back regulator of AHR activity (47,50,51). gaged in regulating gene transcription. We note that enhancers

can be activated in the absence of H3K27ac (52).

We further empirically verified the enhancer activity of the
four regions in a reporter assay. We cloned regions spanning
each CpG and nearby DNase hypersensitive sites (Fig. 2A) into a
To investigate whether the four differentially methylated CpGs luciferase reporter vector containing a minimal promoter and
mark regulatory elements that can be activated by tobacco transfected these plasmids into A549 cells. All four constructs

Functional investigation of putative regulatory elements
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exhibited statistically significantly elevated luciferase activity
relative to the empty vector pGL4.26 (~3-25-fold Fig. 2C) in the
absence of CSC. Importantly, luciferase activity was signifi-
cantly increased upon exposure to 20 pg/ml CSC for all four re-
gions (Fig. 2C; fold increase over vehicle indicated). These
observations indicate that the four regions can function as CSC-
responsive enhancers even outside of their genomic context.

Identification of potential enhancer target genes

Enhancers are increasingly understood to regulate promoters of
distant genes, and less than 10% are reported to interact with
the nearest gene (53). Most target genes are located within 1 Mb
from their enhancers (54-59). To identify candidate target genes
of our four putative enhancers, we exposed A549 cells to CSC for
48h and for two weeks. We confirmed the induction of CYP1A1,
a gene encoding a cytochrome P450 enzyme that is known to be
induced in response to CSC exposure (49) by targeted PCR
(Supplementary Material, Fig. S4A). CYP1Al was robustly in-
duced at all CSC concentrations at 48h and 2 weeks, so we pro-
ceeded to perform RNA-seq to identify genes that were
differentially expressed in a 1Mb window flanking each CpG
(Fig. 3A). AHRR was the only gene induced in the window sur-
rounding cg05575921 (P=3.20x10"7 and 1.13x10 2, at 48h and
two weeks, respectively, Bonferroni corrected for the number of
genes in the 1Mb flanking windows), indicating that the en-
hancer element, located in intron 3 of AHRR, is likely driving its
nearest gene. This makes sense, given that AHRR is known to be
induced by AHR in a regulatory feedback loop (47,50,51).
Cg07992500 is located in the first intron/promoter region of
CDC42EP3, but the expression of this gene was not regulated by
CSC. Instead, CYP1B1, a member of the cytochrome P450 family
located ~400kb upstream of cg07992500, was the only gene in-
duced in the 1Mb window around this CpG (48 h, P=6.78x10%%;
two weeks, P =2.93x10°%). Cg14120703 is located in NOTCH1 in-
tron 4, but we noted no significant changes in NOTCH1
expression. However, we observed smoking-associated downre-
gulation of ENTPD2, located at the far end of the 1 Mb window,
after 2weeks of CSC exposure (P=2.79 x 10°°). ENTPD2 is a
member of the ecto-nucleoside triphosphate diphosphohydro-
lase family of proteins that hydrolyze 5’-triphosphates and may
affect ATP and purine metabolism (60). These enzymes are im-
plicated in immune responses related to cancer (61) and can be
regulated by xenobiotics (62). Lastly, in the window surrounding
cg13787850, we found that NR4A3, located ~400 kb downstream,
was significantly downregulated in response to CSC (48h
P=4.75 x 10" % two weeks P=1.34 x 10 %°). NR4A3, previously
called NOR1, encodes an orphan nuclear hormone receptor and
is a known tumor suppressor (63). We validated CSC-regulated
expression of AHRR, CYP1B1, ENTPD2, and NR4A3 in A549 cells
by gqRT-PCR (Supplementary Material, Fig. S4B).

To validate these cell-based observations in lung tissue, we
examined the relationship between smoking status and the ex-
pression of AHRR, CYP1B1, ENTPD2 and NR4A3 in TCGA NTL tis-
sues (n=100, Supplementary Material, Table S6) (Fig. 3B). AHRR
and CYP1B1 were significantly elevated per smoking history
(P=1.53x10""%, and 3.48 x10 '° respectively), while ENTPD2
was significantly downregulated (P=0.021) (Supplementary
Material, Table S7). These findings confirm the association be-
tween tobacco smoke exposure and altered regulation of the
three genes in human lung tissue. In contrast, NR4A3 expres-
sion was not significantly associated with smoking (Fig. 3B and
Supplementary Material, Table S7). In addition to these four
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target genes, we investigated whether other genes in the 1Mb
window flanking each CpG exhibited smoking-associated ex-
pression in TGCA NTL. Only CYP1B1-AS1 (C20rf58), located in the
1IMb window flanking cg07992500 and encoding a CYP1B1-over-
lapping non-coding antisense RNA, was identified as an addi-
tional induced gene (P=1.27 x 1072, linear regression adjusted
for age and sex and Bonferroni-corrected for the total number of
genes in the windows around the four hypomethylated CpG
probes) (Supplementary Material, Fig. S5). Extending the win-
dow to 2 Mb did not identify any additional genes whose expres-
sion significantly changed in relation to smoking exposure. We
next examined the relationship between methylation of the
four CpGs and expression of AHRR, CYP1B1, ENTPD2, and NR4A3,
respectively, in TCGA NTL samples for which DNA methylation
and RNA-seq data were available (n=28, Supplementary
Material, Table S8). As expected, expression of AHRR and
CYP1B1 was significantly negatively correlated with methylation
of the respective CpGs, while ENTPD2 expression was margin-
ally correlated with methylation of cg14120703. In contrast,
NR4A3 expression was not associated with cg13787850 methyla-
tion (Fig. 3C and Supplementary Material, Table S9). Thus, both
our cell-based and the tissue-based expression analyses suggest
that AHRR, CYP1B1, and ENTPD?2 are likely the target genes regu-
lated by the three out of four putative enhancers marked by
smoking-associated CpGs. It is noteworthy that AHR binding
sites (5’-CACGCA-3’) are predicted in the promoters of AHRR
(chr5:420,905-421,071), CYP1B1 (chr2:38,304,144-38,304,788), and
ENTPD2 (chr9:139,948,461-139,948,481) as well as in the putative
enhancer elements that we identified (Fig. 2A), suggesting a
common gene regulatory mechanism of these smoking-
associated enhancers and their target genes.

Methylation status of probes associated with expression
in response to CSC exposure

In TCGA LUAD data, the methylation status of cg05575921 and
€g07992500 was inversely correlated with expression levels of
the tobacco smoke-responsive genes AHRR and CYP1B1 respec-
tively (Figs 2 and 3). We sought to determine whether methyla-
tion levels of either probe were responsive to CSC-exposure in
vitro. To this end, we exposed A549 cells to 0, 5, 10, or 20 ug/ml
CSC for 48 h or two weeks, and assessed the methylation of both
probes by targeted sodium bisulfite pyrosequencing with the
primers listed in Supplementary Material, Table S10. The meth-
ylation status of both probes changed in a dose-dependent and
statistically significant manner at both time points (Fig. 4).
Comparing DNA methylation levels at 0 and 20 pg/ml CSC, the
methylation of ¢g05575921 diminished by 4.8% after a 48-h ex-
posure (P=0.009) and by ~3.6% after a two-week exposure
(P=0.0177). For cg07992500, methylation diminished by 2.6% af-
ter 48h of exposure (P=0.0196), and 3.4% after two-weeks
(P=0.0297). These results suggest that loss of DNA methylation
is an early event occurring during enhancer activation.

A possible link between smoking-induced epigenetic
events and lung cancer

Given the presence of AHR binding sites in all four putative en-
hancers, the presence of AHR binding sites in the promoters of
AHRR, CYP1B1, and ENTPD2, and the dual role of AHR targets in
detoxification and bioactivation of pro-carcinogens in tobacco
smoke (47), we examined whether AHRR, CYP1B1, or ENTPD2 ex-
pression was associated with specific mutation signatures in
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Figure 3. RNA-seq investigation of 1 Mb regions flanking the putative CSC-regulated enhancers. (A) Genes induced in a 1Mb window around each CpG in A549 cells
treated for 48 h or 2 weeks with 20 pg/ml CSC. RNA-seq data were obtained from three independent treatments of A549 cells with CSC. (B) RNA-seq data from TCGA
NTL samples (n=100, Supplementary Material, Table S6) was analyzed to examine whether genes identified in A were associated with smoking history. NS=non-
smoker; >15 and <15 indicates smoking cessation more than or less than 15 years ago. Fold change values between NS and current smoker were 4.58 for AHRR, 2.91 for
CYP1B1, -0.40 for ENTPD2 and 0.87 for NR4A3. (C) TCGA NTL lung samples were used to examine the correlation between DNA methylation and RNA expression (n =28,

Supplementary Material, Table S8).

adenocarcinoma tumors after adjusting for age and sex (TCGA,
n=407, Supplementary Material, Table S11). We found a posi-
tive association of AHRR expression and, to a lesser extent,
CYP1B1 expression with smoking-associated transversion
ratio (P=1.14x10"7; and P=2.04x10*, respectively) and C>A
mutations (P=2.0 x10* and P=9.4x10"3 respectively)
(Supplementary Material, Table S12), which remained signifi-
cant after adjusting for smoking status (Supplementary
Material, Table S13). Interestingly, while expression of these
genes was positively associated with smoking-related muta-
tions, it was negatively associated with C > T mutations, which
have been found across many cancers and tend to increase with
age (64). ENTPD2 expression, which was negatively associated
with smoking, was marginally inversely associated with
smoking-specific mutations (P =1.45x10"3; for C > A mutations,
P=0.055) (Supplementary Material, Table S12). Thus, associa-
tions between expression of these genes and smoking-specific
transversion mutations suggest one pathway linking smoking-
induced epigenetic events to lung cancer.

Discussion

The relationship between DNA methylation alterations in blood
and tobacco smoke exposure has been widely documented, but
to date no epigenome-wide association study (EWAS) of tobacco
smoking had been carried out in normal lung tissue. Using
EAGLE samples, we identified seven smoking-associated hypo-
methylated CpGs that were replicated in lung tissue from TCGA.

The number of significantly hypomethylated CpGs was smaller
than in many blood-related studies, but was in line with expec-
tations given the sample size and the need for Bonferroni
correction for the number of functional probes on the
HumanMethylation450 BeadChip. Analysis of larger numbers of
samples in the future may uncover additional smoking-
associated DNA methylation changes. We compared our results
with those from a large blood DNA methylation study (7), which
has 1793 blood samples in their discovery phase. This study
identified 972 CpG probes with P < 107, of which 769 passed our
quality control filters. Out of these 769 CpG probes, 578 (75.1%)
have the same direction in their data and our data (P=8 x 10 ¥’
based on binomial test). In addition, 159 (out of 578) were repli-
cated in our data with P <0.05. These data suggest a reasonably
high consistency between the two data sets even with a rela-
tively small sample size in our study. Another factor potentially
limiting the number of identified CpGs in our study might be
that in the EAGLE population, only 10% of the current non-
smokers were never smokers, and this limits the size of the
DNA methylation effects that can be observed (Supplementary
Material, Table S4).

Of the seven hypomethylated CpGs we identified, five had been
previously reported in blood. Hypomethylation of cg05575921 in
AHRR has been widely reported in whole blood, lymphoblasts, and
pulmonary macrophages (6,7,10,11,13,14,16,21,28,30), and is in-
versely correlated with AHRR expression in lymphoblasts (14).
Together with our observations in lung tissue, this suggests that
hypomethylation of ¢g05575921 may be predictive of increased
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Figure 4. Targeted sodium bisulfite pyrosequencing of ¢g05575921 and
€g07992500 in CSC-treated A549 cells. A549 cells were exposed in quadruplicate
to CSC in vitro for 48h and 2 weeks at 0, 5, 10 or 20 pg/ml. DNA methylation was
assessed by pyrosequencing of sodium bisulfite-treated DNA. All 4 plots showed
a significant trend as indicated in the chart and a statistically significant reduc-
tion in DNA methylation between 0 and 20 pg/ml CSC (AHRR: P=0.009 and
0.0177 at 48 h and 2 weeks respectively; CYP1B1: P=0.0196 and 0.0297 at 48h and
2 weeks, respectively (t-test, one-sided)).

AHRR expression in multiple tissues. The nearby AHRR cg23576855
probe has been reported to be hypomethylated in 27 smokers’ lung
tissue and to be inversely correlated with AHRR expression com-
paring five smokers with five non-smokers (9). Its location about 80
nts upstream of cg05575921 suggests it may mark the enhancer we
identified, though interpretation of methylation data from this
CpG is complicated by the fact that it carries a SNP (CpG to CpA) (9).

Besides cg05575921, four other CpGs, including two that
mark putative enhancers in AT2 cells (cgl4120703 and
cg13787850), have been reported to be hypomethylated in blood
in several studies (Table 1). We examined the epigenomic envi-
ronment for these five common hypomethylated CpGs in the
lymphoblastoid cell line GM12878 using epigenetic data from
ENCODE (Supplementary Material, Fig. S6). Histone enhancer
marks suggests that two CpGs might also mark the flanks of en-
hancers in GM12878 cells: cg05575921 and cg13787850. Thus,
several smoking-associated CpG probes appear to be shared be-
tween blood and lung tissue, and might mark similar regulatory
elements. This suggests that hypomethylation in blood DNA
can be a good surrogate for hypomethylation at certain, al-
though not all, CpGs in lung tissue.

Our observation that four of the hypomethylated CpGs flank
regions that are unmethylated in primary human alveolar epi-
thelial cells and that carry enhancer histone marks which are
acutely regulated by CSC suggests that, at least in some cases,
hypomethylation may be a byproduct of enhancer activation.
Loss of DNA methylation has been well-documented to occur
upon enhancer activation, as transcription factors interact with
the enhancer element and presumably protect it from mainte-
nance DNA methyltransferase activity (65,66). A recent study of
disease-associated genetic variants supports the idea that dif-
ferential occupancy of transcription factors affects DNA methyl-
ation (67). Loss of DNA methylation can thus be a powerful tool
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to identify regulatory elements and allow mechanistic dissec-
tion of the effects of environmental tobacco smoke; in the cur-
rent investigation it led to the identification of four smoking-
responsive regulatory elements. Our observation that DNA
methylation is reduced at the two CpGs inversely associated
with gene expression (cs05575921 and cg07992500) at 48h fol-
lowing CSC exposure suggests that DNA methylation loss is a
rapid event. The magnitude of the DNA methylation loss in vitro
at 48h and 2weeks (<5%) is less than what we observed in
EAGLE data (~9-10%) but these two systems may not be fully
comparable. Because A549 cells divide rapidly, the observed
DNA methylation loss could be due to passive loss of the DNA
methylation mark if it is not replaced following cell division.
However, active demethylation is also a possibility and should
be investigated.

Smoking-associated increases in histone marks and lucifer-
ase activity and the presence of AHR binding sites suggest all
four regions function as tobacco smoke-inducible enhancers.
No induced genes were as yet identified for cg14120703 and
cg13787850, and examination of a window expanded to 2Mb
around the elements did not yield any candidates (data not
shown). ENTPD2 downregulation could be mediated by AHR,
which has been known to cause gene repression (68,69).
Repression could also be a consequence of transcription factor
sequestration, a possible mechanism proposed for gene silenc-
ing by enhancers (70). Alternatively, the enhancer might trans-
activate genes more distant than 2Mb or genes on different
chromosomes that in turn repress ENTPD2.

While the significance of ¢g14120703 and cgl13787850 re-
mains to be further investigated, the identification of AHRR and
CYP1B1 as likely target genes provides clues to the link with
lung cancer risk. Cytochrome P450 enzyme CYP1B1, which
makes relatively inert and hydrophobic PAHs in tobacco smoke
more hydrophilic for purposes of detoxification by excretion
(‘biotransformation’), can also make these compounds more re-
active and toxic in the process (‘bioactivation’), causing DNA ad-
ducts that commonly result in transversion mutations (71).
Indeed, mutation signatures with high transversion mutation
ratios are common in tobacco-related tumors (64), and both
AHRR and CYP1B1 expression were positively associated with
transversion mutations in TCGA.

Materials and Methods

Human tissue

The EAGLE study (32) included 2098 lung cancer cases and 2120
population controls enrolled in Italy between 2002 and 2005.
The study was approved by local and NCI Institutional Review
Boards, and all participants signed an informed consent form.
Lung tissue samples were snap-frozen in liquid nitrogen within
20min of surgical resection. Surgeons and pathologists ensured
correct sampling of tissue from the tumor, the area adjacent to
the tumor and an additional area distant from the tumor (1-
Scm). For the purpose of this study, we used the samples from
an area distant from the tumors. Multiple samples were taken
from each subject. At least one sample/subject was histologi-
cally confirmed to have no tumor nuclei. Remnant human
transplant lungs were obtained in compliance with Institutional
Review Board-approved protocols for the use of human source
material in research (HS-07-00660) and processed to obtain type
2 alveolar epithelial cells (AT2) as described (43). AT2 Rep1 cells
were obtained from a 62-year-old family-reported never-smoker
Caucasian male who died of a cerebrovascular accident and
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intracerebral hemorrhage. AT2 Rep2 cells were obtained from a
25-year-old family-reported never-smoker Caucasian male who
died of head trauma.

Primary human alveolar epithelial and A549 cell culture

Human lung tissue was processed as previously described (43)
from non-smoker donors by inclusion of anti-EpCAM conju-
gated beads to select for epithelial cells. A549 lung adenocarci-
noma cells were kindly provided by Dr. Zea Borok (USC Keck
School of Medicine) and were mycoplasma-free. A549 and pri-
mary lung epithelial cells were respectively plated in RPMI 1640
and 50:50 DMEM high glucose media (Gibco # 21063, Grand
Island, NY) DMEM-F12 (Sigma # D6421, St. Louis MO) supple-
mented with 10% fetal bovine serum, 2.0mM of L-glutamine,
100 units/mL of penicillin, and 100 pg/mL of streptomycin. A549
cells were exposed to the indicated doses of cigarette smoke
condensate (CSC) manufactured by Murty Pharmaceuticals
(Lexington, KY; purchased from Fisher # NC9028647, Waltham,
MA) and renewed every 2 days.

RNA and DNA isolation

EAGLE fresh frozen lung tissue samples remained frozen while
approximately 30mg was subsampled for DNA extraction into
pre-chilled 2.0ml microcentrifuge tubes. Lysates for DNA ex-
traction were generated by incubating 30 mg of tissue in 1ml of
0.2mg/ml Proteinase K (Ambion) in DNA Lysis Buffer (10 mM
Tris-Cl (pH 8.0), 0.1 M EDTA (pH 8.0), and 0.5% (w/v) SDS) for 24h
at 56 °C with shaking at 850 rpm in Thermomixer R (Eppendorf).
DNA was extracted from the generated lysate using the QlAamp
DNA Blood Maxi Kit (Qiagen) according to the manufacturer’s
protocol. RNA and DNA were extracted from primary human
epithelial cells with the Illustra TriplePrep Kit (GE LifeSciences #
28-9425-44, Piscataway, NJ) and from A549 cells with the AllPrep
DNA/RNA/Protein kit (Qiagen #8004, Valencia, CA).

EAGLE Sample DNA methylation measurement and pre-
processing

Bisulfite treatment and Ilumina Infinium Human Methylation450
BeadChip assays were performed by the Southem California
Genotyping Consortium at UCLA following Illumina’s protocols.
This assay generates DNA methylation data for 485,511 methylation
probes and 66 SNP probes for the purpose of data quality control.
Raw methylated and unmethylated intensities were background
corrected, and dye-bias equalized, to correct for technical variation
in signal between arrays. For background correction, we applied a
normal-exponential convolution, using the intensity of the Infinium
I probes in the channel opposite their design to measure non-
specific signal. Dye-bias equalization used a global scaling factor
computed from the ratio of the average red and green fluorescing
normalization control probes. Both methods were conducted using
the methylumi package in Bioconductor version 2.11. For each
probe, DNA methylation level was summarized as a p-value, esti-
mated as the fraction of signal intensity obtained from the methyl-
ated beads over the total signal intensity. Probes with detection P-
values of >0.05 were considered not significantly different from
background noise and were labeled as missing. Methylation probes
were excluded if any of the following criteria was met: on X/Y chro-
mosome, annotated in repetitive genomic regions, annotated to
harbor SNPs, or missing rate >5% (34). This method is described in
FDb.InfinijumMethylationhgl9 package combined with UCSC

common SNPs track v136 http://bioconductor.org/packages/release/
data/annotation/html/FDb.InfiniumMethylation.hgl9.html; date last
accessed May 19, 2017 and httpy//bioconductor.org/packages/release/
data/annotation/html/FDb.UCSC.snp135common.hgl9html;  date
last accessed May 19, 2017. After excluding probes on the X-/Y-chro-
mosomes, 473,864 probes remained. After further excluding probes
with genetic variants, 414,634 probes remained. After excluding
probes in repetitive regions, 338,730 remained. After additionally ex-
cluding those with a missing rate of >5%, methylation for 338,456
autosomal probes remained. Because the B-values for the 66 SNP
probes included in the array are expected to be similar in matched
pair of normal and tumor tissues, we performed PCA using these 66
SNP probes to confirm the labeled pairs. We then performed PCA us-
ing the 5000 most variable methylation probes with var>0.02 and
found that the normal tissues were clustered together and well sep-
arated from the tumor tissues. We further excluded 5 normal tis-
sues that were relatively close to the tumor cluster. From the
remaining 239 normal tissue samples, we used 237 of them with
smoking information available, including 121 current cigarette
smokers and 116 current nonsmokers (106 former and 10 never
smokers). Among the former smokers, 75% had quit for 10 or more
years. The median (inter-quartile range) time since quitting smok-
ing was 13 (11) years.

AT2 cell whole genome bisulfite sequencing

For whole genome bisulfite sequencing (WGBS) of AT2 cells, to-
tal DNA from 8x10° cells was isolated using the Illustra Triple
Prep kit (GE Healthcare Life Sciences, Pittsburg, PA). Four pg of
sample genomic DNA was sonicated using a Covaris S2 to an av-
erage molecular weight of 150bp. Achievement of the desired
size range was verified by Bioanalyzer (Agilent) analysis.
Fragmented DNA was repaired to generate blunt ends using the
END-It kit (Epicentre Biotechnologies, Madison, WI) according to
manufacturer’s instructions. Following incubation, the treated
DNA was purified using AmpureX beads from Agencourt. In
general, magnetic beads were employed for all nucleic acid puri-
fications in the following protocol. Following end repair, A-tail-
ing was performed using the NEB dA-tailing module according
to manufacturer’s instructions (New England Biolabs, Ipswich,
MA). Adapters with a 3’ “T" overhang were then ligated to the
end-modified DNA. For whole genome bisulfite sequencing,
modified I[llumina paired-end (PE) adapters were used in which
cytosine bases in the adapter are replaced with 5-methylcyto-
sine bases. Ligation was carried out using ultrapure, rapid T4 li-
gase (Enzymatics, Beverly, MA) according to manufacturer’s
instructions. The final product was then purified with magnetic
beads to yield an adapter-ligation mix. Prior to bisulfite conver-
sion, bacteriophage lambda DNA that had been through the
same library preparation protocol described above to generate
adapter-ligation mixes was combined with the genomic sample
adapter ligation mix at 0.5% w/w. Adapter-ligation mixes were
then bisulfite converted using the Zymo DNA Methylation Gold
kit (Zymo Research, Orange, CA) according to the manufac-
turer’s recommendations. The final modified product was puri-
fied by magnetic beads and eluted in a final volume of 20 ul.
Amplification of one-half the adapter-ligated library was per-
formed using Kapa HiFi-U Ready Mix for the following protocol:
98° 2’, then six cycles of: 98° 30”, 65° 15”, 72° 60”, with a final 72°
10’ extension, in a 50 pl total volume reaction. Final library prod-
uct was examined on the Agilent Bioanalyzer, then quantified
using the Kapa Biosystems Library Quantification kit according
to manufacturer’s instructions. Optimal concentrations to get
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the right cluster density were determined empirically but
tended to be higher than for non-bisulfite libraries. Libraries
were plated using the Illumina cBot and run on the Hi-Seq 2000
according to manufacturer’s instructions using HSCS v 1.5.15.1.
Rep 1 underwent Paired End 100 cycling; rep 2 underwent Paired
End 75 cycling. Image analysis and basecalling were carried out
using RTA 1.13.48.0, deconvolution and fastq file generation
were carried out using CASAVA_v1.7.1a5. Alignment to the ge-
nome was carried out using bsmap V 2.5. Aligned bam files were
visualized using IGViewer V2.3.40 (Broad Institute, Cambridge
MA) with alignments colored by Bisulfite mode “CG”, which col-
ors each methylated C red, each unmethylated C in a CpG con-
text blue, and each C not residing in a CpG gray. AT2 WGBS has
been made publically available through GEO record GSE94986.

ChiIP-seq of AT2 cells

Human AT?2 cells underwent ChIP-seq using a modified version
of the Sigma ChIP-it kit Protocol (Sigma). Specifically, 2 million
human AT2 were used per ChIP-seq of H3K27Ac (Cat # 39135,
ActiveMotif) and H3K4me1l (Cat # 39297, ActiveMotif). All cells
were crosslinked with 3.75% formaldehyde at 25° for 5min with
gentle nutation. Fixation was quenched with 2.5mM glycine and
samples were frozen at -80° before further processing. Each
sample underwent nuclei fractionation using cell lysis buffer
prepared per manufacturer’s recommendations. Upon nuclei
isolation, cells were sonicated into fragments (average size
300bp) using a Bioruptor2000 (Diagenode) with 30-s pulses for a
total of 30 min of sonication (15 on, 15 off). StaphSeq (Cat # S6576,
Sigma) was used for antibody binding. All ChIPs were verified for
enrichment by site-specific PCR prior to sequencing using the ac-
tive region of PGDH for enhancer marks. All ChIP-seq samples
underwent library preparation and sequencing at the USC
Epigenomic Core, where they were multiplexed using adapter
barcoding and underwent single-end 50bp sequencing using the
NluminaHiSeq2000. Reads with a quality score > 20 were aligned
to the hgl9 human genome build using Bowtie2 (72). Alignment
metrics are provided in Supplementary Material, Table S14. For
A549 cells, Bowtie-mapped ChIP-seq and DNAse Hypersensitivity
datasets were downloaded from the UCSC Genome browser
(https://genome.ucsc.edu; date last accessed May 19, 2017).

Targeted ChIP in A549 cells

ChIP for H3K4me1l (Diagenode #pAb-037-050, Denville, NJ) and
H3K27Ac (Active Motif #39133, Carslbad, CA) were performed as
previously described with DNA sonicated to an average length
of 200-800bp (43). Enrichment was normalized to % input DNA
for each CSC exposure group after subtracting non-specific
binding determined using pre-immune IgG (Santa Cruz #sc-
2027, Santa Cruz, CA).

ChIP-seq peak calling and data visualization

SICERvV1.1 peak calling was performed using a window size of
200bp and gap size of 200bp (73). Input DNA was used for
background normalization. ChIP-seq reads from AT2 cells
were observed at or near read saturation. The Integrative
Genomics Viewer v1.5 was used to visually inspect and graph
peak quality (74). Respective window sizes for H3K27ac ChIP-
seq and H3K4me1l ChIP-seq were set to: 50bp and 100bp, while
gap sizes were set to 50bp and 200bp, respectively (FDR cut-
off =5 x 107%).
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Quantitative polymerase chain reactions

For expression studies, mRNA was reverse transcribed from
RNA using the iScript cDNA Synthesis kit (Biorad #170-8891
Hercules, CA). Quantitative PCR and reverse transcription(RT)-
PCR were respectively performed with ChIP elutes and template
cDNA using iQ SYBR Green Supermix (BioRad # 170-8882) and
primers listed in Supplementary Material, Table S15 and S16. All
PCR reactions were analyzed using a DNA engine Opticon (MJ
Research, Waltham, MA).

Luciferase reporter gene assays

Putative enhancer regions spanning each hypomethylated
CpG and closest A549 DNase HSS were PCR amplified from nor-
mal human gDNA (Promega) and inserted upstream of the
minimal promoter contained within the pGL4.26-luciferase
construct (Promega). All constructs were verified by sequenc-
ing. Primers used in amplification of each locus are provided
in Supplementary Material, Table S17. A549 cells were tran-
siently transfected with one of the constructs under study,
pmaxGFP (constitutive transfection efficiency control vector,
Lonza/Amaxa, # VSC-1001, Walkersville, MD), and pRL-CMV
(constitutive Renilla control vector, Promega) with Fugene HD
(Promega) according to the manufacturer’s instructions. Cells
were exposed to the indicated doses of CSC 24h post-
transfection. Cells were harvested 48 h post-treatment and as-
sayed for luciferase activity with the Dual-Luciferase Reporter
Assay System™ (Promega, #1960) according to the manufac-
turer’s instructions. Raw luciferase values were normalized to
Renillla luciferase activity and pGL4.26 ‘empty’ vector activity.
Data are expressed as the mean = S.E.M. of three independent
biological replicates assayed in duplicate. Significance was as-
sessed via student’s t-test.

RNA-seq analysis of A549 cells

Library construction was performed at the USC Epigenome
Center at the Norris Comprehensive Cancer Center from total
cell RNA extracted from vehicle or CSC-exposed A549 cells as
described previously (43) with modifications. Briefly, total cell
RNA was DNase I digested and then subjected to ribosomal
RNA depletion with the Ribominus™ Eukaryote v2 kit (Life
Technologies, # A15020, Grand Island, NY). Libraries were con-
structed with the TruSeq RNA Sample Prep Kit v2 (llumina #
RS-122-2001) and underwent Illumina HiSeq 2000 paired-end
sequencing (2 x 75bp) according to the manufacturer’s in-
structions. Sequence reads were filtered such that>90% of
each read had a quality score>20. Reads that passed filter
were aligned to hgl9 with TopHat2 v2.0.7 and corrected for
GC-bias (75). Alignment metrics for BAM files were assessed
with Picard Tools (https://broadinstitute.github.io/picard/;
date last accessed May 19, 2017) and Samtools (http://sam
tools.sourceforge.net; date last accessed May 19, 2017), and are
provided in Supplementary Material, Table S18. Reads that
mapped to ribosomal RNA or microRNA were excluded from
analysis, and genes that did not have at least 10 counts
per million (CPM >10) mapped reads in at least two samples
were also filtered prior to differential expression testing per-
formed in edgeR (70). Genes that were more than 2-fold differ-
ent between treatment groups (absolute log2>1) and had a
Benjamini-Hochberg FDR < 0.05 were considered differentially
expressed.
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Targeted DNA methylation assessment in A549 cells via
sodium bisulfite pyrosequencing

DNA was extracted from CSC or vehicle-exposed A549 cells after
the indicated exposure periods with the Qiagen DNeasy Blood
and Tissue Kit (Qiagen, #69504) according to the manufacturer’s
instructions. Two micrograms of DNA from each sample were
subjected to bisulfite treatment with the EpiTect Fast Bisulfite
Conversion Kit (Qiagen, # 59802). Bisulfite-converted DNA was
PCR amplified with the Pyromark PCR Kit (Qiagen # 978703) and
the primers listed in Supplementary Material, Table S10. Biotin-
labeled amplicons were pyrosequenced and analyzed on a
Qiagen Pyromark Q96 ID with PyroMark Gold Q96 Reagents
(Qiagen #972804) and the analysis software included with the in-
strument (v 1.0.9) according to the manufacturer’s instructions.

Statistical analyses

EWAS of DNA methylation and smoking in EAGLE. We evaluated
the association between current cigarette smoking and methyl-
ation in 237 NTL tissues (Supplementary Material, Table S1). For
the methylation of each probe, a linear regression analysis was
conducted using log-transformed methylation as the response
variable, current smoking status as the main exposure, adjust-
ing for age, sex, body mass index, non-cigarette smoking and
the top three principal components based on methylation with
the goal to remove potential confounding factors. The signifi-
cance level for the discovery stage in EAGLE was set at
P <1.48 x 1077 (0.05/338,456 probes), after Bonferroni-correction
for multiple comparisons.

We conducted a series of sensitivity analyses, using similar
models as we did in the primary analyses (Supplementary
Material, Table S2). First, we excluded never smokers to compare
only current smokers to former smokers, leaving 227 samples (121
current and 106 former smokers). Second, we additionally ad-
justed for histology or stage of the tumor to verify whether the as-
sociation between smoking and methylation in normal lung
tissues was confounded by the status of the paired tumor tissues.
Third, we excluded subjects who smoked non-cigarettes (includ-
ing cigarillos, cigars, or pipes, n=39) to control for the effect of
other tobacco products on methylation, leaving 198 samples (102
current smokers and 96 non-current smokers, including 86 former
and 10 never smokers). Fourth, we excluded seven subjects who
underwent chemotherapy before sample collection to minimize
the potential molecular alterations caused by chemotherapy, leav-
ing 230 samples (118 current smokers and 102 former smokers).
These sensitivity analyses did not appreciably change the results.

We tested the association between cumulative smoking
measures (smoking pack-years, duration, and time after smok-
ing cessation) with methylation of significant probes identified
in the discovery stage in normal lung tissues. We conducted lin-
ear regression analyses with log-transformed methylation as
the response variable and smoking variables as the main expo-
sure, adjusting for the same covariates as in the primary analy-
ses. For analysis of TTFC, we additionally adjusted for current
cigarette smoking status or smoking duration. For the analysis
of smoking pack-years, duration, and TTFC, never smokers
were excluded, leaving 223 subjects for the analysis. For the
analysis of smoking cessation, we only included former smok-
ers (n=91 with information). Regression coefficient and P value
were calculated for methylation alteration of each probe per 10
pack-years, per 10years’ smoking duration, or per 10years after
quitting smoking. P < 0.05 with the same direction as in the pri-
mary analyses (positive for smoking pack-years and duration

and negative for years after smoking cessation) was considered
significant for the analyses of cumulative smoking measures.

Replication of DNA methylation and smoking using TCGA NTL
data. We used linear regression adjusting for age and sex. A sig-
nificant epigenome-wide association identified in EAGLE lung
data was considered replicated if the association was found in
the TCGA samples with the same direction and one-sides P-
value <0.05.

A549 CSC-treated vs. vehicle treated analysis of gene expression in
1 Mb window flanking CpGs. Differentially expressed genes were
tested using the edgeR package in Bioconductor (76) (TMM nor-
malization). Genes within a 1Mb window flanking each of the
four CpGs showing gene expression changes of >2 fold and a
Bonferroni-corrected P value <0.05 (corrected for the number of
genes within the 1Mb flanking windows) were considered sig-
nificantly differentially expressed.

Validation of significant smoking vs. expression genes in TCGA and
examination of smoking vs. expression in 1 Mb windows flanking CpGs.
Both Human Methylation450 BeadChip data (level 3) and RNA-
seq data (level-3) from 100 NTL samples obtained from lung ade-
nocarcinoma (LUAD) and squamous cell lung cancer (LUSC) pa-
tients was downloaded from the TCGA Data Portal website
(http://cancergenome.nih.gov/; date last accessed May 19, 2017).
RNA-seq expression value (rsem or RNA-seq by expected maxi-
mization) was log2 transformed and normalized by quantile nor-
malization. Samples were categorized into 4 groups by smoking
status: Smokers (n=21); Current reformed smokers for > 15years
(n=24); Current reformed smokers for<15years (n=48); and
Non-smokers (n=7). Linear regression analysis was performed to
examine associations between smoking status and AHRR,
CYP1B1, ENTPD2 and NR4A3 gene expression, and models were
adjusted for age and gender of the patient. To investigate all
genes within a 1Mb region on either side of the four methylation
probes in TCGA we use R package TxDb.Hsapiens.UCSC.
hg19.knownGene: Annotation package for TxDb objects(s) R pack-
age version 3.0.0 [https://bioconductor.org/packages/release/data/
annotation/html/TxDb.Hsapiens.UCSC hgl9.knownGene.html; date
last accessed May 19, 2017] with average normalized log2-
transformed expression (log2(1+ rsem)) > 3, testing under the lin-
ear regression model; P values are corrected with Bonferroni
method, adjusting for the number of genes in the 1Mb windows.
Associations between gene expression and smoking-status with a
Bonferroni-corrected P value < 0.05 were considered significant.

TCGA NTL expression vs. DNA methylation. Based on 28 TCGA
NTL samples, we calculated the B-coefficient and log2 trans-
formed expression values (rsem) for the associations between
DNA methylation and the expression level of four genes (AHRR,
CYP1B1, ENTPD2, and NR4A3), using “Pearson’s product moment
correlation coefficient” method in R 3.0.0.

TCGA gene expression-mutation association. We tested for the
associations between the total number of non-synonymous
point mutations, and the expression level of three genes in lung
adenocarcinoma tissues. Because the data show non-normality,
we performed quantile normalization for the expression data so
that each genomic feature had a standard normal distribution.
The association was assessed by linear regression, adjusted for
sex, age of diagnosis, and stage. Analysis was based on 407 sub-
jects with non-missing genomic/clinical data, including 91 cur-
rent smokers and 316 current non-smokers.

Data Access

ChIP-seq and WGBS data for AT2 cells can be accessed at the
NCBI GEO database (http://www.ncbi.nlm.nih.gov/geo/; date last
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accessed May 19, 2017) under accession number GSE94986; the
RNA sequencing data of A459 under the GEO accession number
GSE69770; and the methylation data under the GEO accession
code GSE52401.

Supplementary Material

Supplementary Material is available at HMG online.
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