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The aim of this study was to clarify the significance of DNA methylation alterations during lung carcinogenesis. Infinium assay

was performed using 139 paired samples of non-cancerous lung tissue (N) and tumorous tissue (T) from a learning cohort of

patients with lung adenocarcinomas (LADCs). Fifty paired N and T samples from a validation cohort were also analyzed. DNA

methylation alterations on 1,928 probes occurred in N samples relative to normal lung tissue from patients without primary

lung tumors, and were inherited by, or strengthened in, T samples. Unsupervised hierarchical clustering using DNA methyla-

tion levels in N samples on all 26,447 probes subclustered patients into Cluster I (n 5 32), Cluster II (n 5 35) and Cluster III

(n 5 72). LADCs in Cluster I developed from the inflammatory background in chronic obstructive pulmonary disease (COPD) in

heavy smokers and were locally invasive. Most patients in Cluster II were non-smokers and had a favorable outcome. LADCs

in Cluster III developed in light smokers were most aggressive (frequently showing lymphatic and blood vessel invasion,

lymph node metastasis and an advanced pathological stage), and had a poor outcome. DNA methylation levels of hallmark

genes for each cluster, such as IRX2, HOXD8, SPARCL1, RGS5 and EI24, were again correlated with clinicopathological charac-

teristics in the validation cohort. DNA methylation profiles reflecting carcinogenetic factors such as smoking and COPD appear

to be established in non-cancerous lung tissue from patients with LADCs and may determine the aggressiveness of tumors

developing in individual patients, and thus patient outcome.

Lung cancer is the leading cause of cancer-related death
worldwide,1 and adenocarcinoma is the most common his-
tological subtype, both in smokers and non-smokers. Differ-
ences in the genetic features of lung adenocarcinomas
(LADCs) between smokers and non-smokers have been
described.2 LADCs arising in individuals who have never

smoked, especially women and those of East Asian ethnicity,
have been reported to have EGFR mutation and are thus
responsive to tyrosine kinase inhibitors, whereas those aris-
ing in smokers frequently show oncogenic missense muta-
tions in KRAS. EGFR and KRAS mutations in LADCs are
almost entirely mutually exclusive. With regard to TP53
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mutations, G:C to T:A transversions and A:T to G:C transi-
tions at CpG sites are characteristic of smoking-related lung
cancers, whereas G:C to A:T transitions at non-CpG sites
are associated with lung cancers in individuals who have
never smoked. However, the molecular changes responsible
for the development of LADCs in both smokers and non-
smokers, especially at the very early stages, are not yet fully
understood.

As well as genetic abnormalities, epigenetic changes have
been described in human cancers,3 one of the most consistent
being DNA methylation alterations. In LADCs, silencing of
the RASSF1A, CDKN2A, RARb, MGMT, APC, DAPK, FHIT
and CDH13 genes due to DNA hypermethylation around
their promoter regions has been frequently reported.4 More-
over, in various organs, DNA methylation alterations are
characteristically observed even at the precancerous stage5–7:
we and other groups have reported aberrant DNA methyla-
tion of specific genes or chromosomal loci in non-cancerous
lung tissue from LADC patients, or in lung tissue from
cancer-free smokers.4,8,9 DNA methylation alterations of
tumor-related genes have been reported in airway epithelial
cells from smokers. 8,10,11 Recently, methylome analysis using
single-CpG-resolution Infinium assay has been introduced.12

Although studies of lung cancers using the Infinium assay by
Selamat et al.13 and Lockwood et al.14 did not focus on non-
cancerous lung tissue obtained from the same patients, our
previous study revealed that alterations of DNA methylation
status in adjacent lung tissue are not nonsensical, but in fact
create alterations in the expression of mRNAs for specific
genes in cancerous tissue developing in the same individual
patients.15

It is known that DNA methylation profiles at the precan-
cerous stage are determined by carcinogenetic factors. For
examples, distinct DNA methylation profiles at the chronic
hepatitis or liver cirrhosis stage as a precancerous condition
for hepatocellular carcinoma16,17 or those in the stomach
mucosa harboring Helicobacter pylori infection as a precan-
cerous condition for stomach adenocarcinoma have been
reported.18 In this study, to further understand the signifi-
cance of DNA methylation alterations during lung carcino-
genesis, we examined correlations between epigenetic
clustering of patients with LADCs based on DNA methyla-
tion profiles in adjacent lung tissue and carcinogenetic fac-
tors such as cigarette smoking and chronic obstructive lung
disease (COPD).

Material and Methods
Patients and tissue samples

As a learning cohort, 139 paired samples of non-cancerous
lung tissue (N) and the corresponding tumorous tissue (T)
were obtained from patients with primary LADCs who
underwent lung resection at the National Cancer Center Hos-
pital, Japan, between December 2000 and May 2008. None of
these patients had received any preoperative treatment. Sixty-
nine patients were males and seventy were females with a
median age of 60 years (range, 30–76 years). Clinicopatholog-
ical parameters in the learning cohort are summarized in
Supporting Information Table S1. Pleural anthracosis, which
mainly reflects the cumulative effects of smoking history, was
evaluated macroscopically according to the criteria described
previously.19 Presence or absence of emphysematous change,
respiratory bronchiolitis, interstitial fibrosis20,21 and atypical
adenomatous hyperplasia (AAH, a precancerous lesion for
LADC)22,23 was evaluated microscopically on the basis of the
criteria described previously. Histological diagnosis and grad-
ing were based on the 2004 World Health Organization clas-
sification.24 When, within a tumor, black dusty material25 is
seen to have accumulated in foci of active fibroblast prolifera-
tion, reflecting active cancer–stromal interaction associated
with a poorer outcome in LADC patients,26 the tumor is con-
sidered to be tumor anthracosis-positive (Supporting Infor-
mation Fig. S1). All the tumors were classified according to
the pathological tumor-node-metastasis (TNM) classifica-
tion.27 Recurrence was diagnosed by clinicians on the basis of
physical examination and imaging modalities such as com-
puted tomography, magnetic resonance imaging, scintigraphy
or positron-emission tomography, and sometimes confirmed
histopathologically by biopsy. A proportion of this cohort
had also been included in our previous study focusing on
recurrence-related genes.15

DNA methylation profiles of the 139 N samples and 139
T samples were compared with previously reported DNA
methylation profiles of 36 samples of normal lung tissue (C)
obtained from specimens surgically resected from 36 patients
without any primary lung tumors.15 Briefly, 22 of these
patients were males and 14 were females, with a median age
of 63 years (range, 27–83 years). Thirty-five had undergone
lung resection for metastatic lesions from primary cancers of
the colon, rectum, kidney, urinary bladder, thyroid, breast,
pancreas, ampulla of Vater and salivary gland, osteosarcoma,
synovial sarcoma, leiomyosarcoma, rhabdomyosarcoma,

What’s new?

While genetic abnormalities are well studied in human cancers, epigenetic changes, especially in the early stages of carcino-

genesis, remain largely unknown. Here, the authors perform a genome-wide analysis focusing on DNA methylation profiles in

“normal” lung tissue adjacent to lung adenocarcinomas. Using single-CpG-resolution Infinium assays, they identify distinct

DNA methylation profiles clustering with specific risk factors such as cigarette smoking, inflammation and chronic obstructive

pulmonary disease. The authors speculate that these epigenetic profiles detected in the neighboring cells may influence the

aggressiveness of tumors developing in individual patients and may thus help predict disease outcome.
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liposarcoma, dermatofibrosarcoma and myxofibrosarcoma.
The remaining one patient had undergone chest wall resec-
tion for lipoma with removal of adjacent lung tissue.

As a validation cohort, 50 paired samples of N and the
corresponding T were obtained from patients with primary
LADCs who underwent lung resection at the National Cancer
Center Hospital, Japan, between December 1997 and May
2000. None of these patients had received any preoperative
treatment. Thirty-three patients were males and seventeen
were females with a median age of 63 years (range, 40–81
years). Clinicopathological parameters in the validation
cohort are summarized in Supporting Information Table S1.

Tissue specimens were provided by the National Cancer
Center Biobank, Japan. This study was approved by the
Ethics Committee of the National Cancer Center, Japan, and
was performed in accordance with the Declaration of Hel-
sinki. All patients included in this study provided written
informed consent.

Infinium assay

Genomic DNA was extracted from all tissue samples using a
QIAamp DNA Mini kit (Qiagen, Valencia, CA). Five-
hundred-nanogram aliquots of DNA were subjected to bisulfite
conversion using an EZ DNA Methylation-Gold Kit (Zymo
Research, Irvine, CA). Subsequently, DNA methylation status
at 27,578 CpG loci was examined at single-CpG resolution
using the Infinium HumanMethylation27 Bead Array (Illu-
mina, San Diego, CA). This array contains CpG sites located
mainly within the proximal promoter regions of the transcrip-
tion start sites of 14,475 consensus coding sequences in the
National Center for Biotechnology Information Database. An
Evo robot (Tecan, M€annedorf, Switzerland) was used for auto-
mated sample processing. After whole-genome amplification
and hybridization, the specifically hybridized DNA was
fluorescence-labeled by a single-base extension reaction and
detected using a BeadScan reader (Illumina) in accordance
with the manufacturer’s protocols. The data were then
assembled using GenomeStudio methylation software (Illu-
mina). At each CpG site, the ratio of the fluorescence signal
was measured using a methylated probe relative to the sum of
the methylated and unmethylated probes, that is, the so-called
b-value, which ranges from 0.00 to 1.00, reflecting the methyl-
ation level of an individual CpG site.

The reliability of DNA methylation levels (b-values) deter-
mined by Infinium assay has been verified in our previous
studies.7,15 In addition, DNA methylation levels of the repre-
sentative genes (NUPR1, EVI2B, CASP8 and KRTAP11-1
genes) based on the Infinium assay in representative samples
included in this study were verified using the quantitative
pyrosequencing method (Supporting Information Fig. S2),
thus confirming the reliability of the Infinium assay. More-
over, we compared the DNA methylation levels of 545 repre-
sentative Infinium probes, whose b values were unrelated to
the clinicopathological parameters of the tumors or patient
outcome (recurrence or death), between all samples in the

learning cohort (obtained between December 2000 and May
2008) and the validation cohort (obtained between December
1997 and May 2000). No significant differences in DNA
methylation levels between the learning and validation
cohorts were observed in any of the 545 probes examined
(Supporting Information Fig. S3). Supporting Information
Figure S3 clearly indicates the excellent concordance of DNA
methylation status between the two cohorts (r 5 1.000, p <
2.20 3 10216), confirming that the epigenetic changes did
not degrade over time.

Statistics

In the Infinium assay, all CpG sites on chromosomes X and
Y were excluded, to avoid any gender-specific methylation
bias. In addition, the call proportions (p-value of <0.01 for
detection of signals above the background) for 39 probes
(shown in Supporting Information Table S2) in 36 C sam-
ples, 139 N samples and 139 corresponding T samples in the
learning cohort were less than 90%. As such a low proportion
may be attributable to polymorphism at the probe CpG sites,
these 39 probes were excluded from the present assay, leaving
a final total of 26,447 autosomal CpG sites.

Infinium probes showing significant differences in DNA
methylation levels between the 36 C samples and 139 N sam-
ples in the learning cohort were identified by the Welch’s
t-test. Ordered differences from 36 C to 139 N, and then to
139 T samples themselves in the learning cohort were exam-
ined by the Jonckheere–Terpstra trend test. A false discovery
rate (FDR) of q 5 0.01 was considered significant. Unsuper-
vised hierarchical clustering (Euclidean distance, Ward method)
based on DNA methylation levels of the 139 N samples in the
learning cohort was performed. Correlations between clusters
of patients and clinicopathological parameters were examined
using Kruskal–Wallis test, Fisher’s exact test and Kruskal–
Wallis exact test at a significance level of p < 0.05. Survival
curves of patients belonging to each cluster were calculated by
the Kaplan–Meier method, and the differences were compared
by the Log-rank test. The hallmark genes discriminating the
clusters were identified by Welch’s t-test. Correlations between
DNA methylation levels of such hallmark genes in N samples
and clinicopathological parameters of patients in the validation
cohort were examined using Welch’s t-test and ANOVA test at
a significance level of p < 0.05. All statistical analyses were per-
formed using programming language R.

Results
DNA methylation alterations during lung carcinogenesis

(i) Welch’s t-test revealed that DNA methylation levels on the
3,778 probes were already altered in N samples in the learning
cohort relative to those in C samples (FDR, q 5 0.01, Table
1A). (ii) The Jonckheere–Terpstra trend test revealed ordered
differences in the DNA methylation level from the 39 C sam-
ples to the 139 N samples, and then to the 139 T samples
themselves in the learning cohort on the 12,368 probes (FDR,
q 5 0.01, Table 1B). (iii) Among the probes, 1,928 satisfied
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the above criteria (i) and (ii): DNA methylation alterations on
the 1,928 probes occurred even in N samples relative to C
samples, and such DNA methylation alterations were inherited
by, or strengthened in, the T samples (Table 1C).

Epigenetic clustering of LADCs based on DNA methylation

profiles in N samples

As DNA methylation alterations already occurred in Ns,
unsupervised hierarchical clustering using DNA methylation
levels in N samples (bN) on all 26,447 probes was performed
in 139 patients with LADCs in the learning cohort. Such
clustering based on DNA methylation profiles in N samples
subclustered 139 patients in the learning cohort into Cluster
I (n 5 32), Cluster II (n 5 35) and Cluster III (n 5 72, Fig.
1a). The clinicopathological parameters of the patients in
these clusters are summarized in Table 2.

Most of the patients in Cluster I were heavy smokers
(median number of cigarettes smoked per day 3 year index:
810) and frequently showed severe pleural anthracosis, which
mainly reflects the cumulative effects of smoking.19 With
regard to the non-cancerous lung tissue, patients belonging to
Cluster I frequently showed histological findings compatible
with emphysema, respiratory bronchiolitis and interstitial fibro-
sis, and they frequently suffered from obstructive ventilation
impairment (Table 2). In Cluster I, LADCs with a large diame-
ter, a progressed T stage, a high histological grade and frequent
pleural invasion were accumulated (Table 2). In addition,
tumor anthracosis reflecting active cancer–stromal interaction26

was frequent in Cluster I (Table 2). These data indicated that
LADCs in Cluster I were locally invasive tumors.

Most of the patients in Cluster II were non-smokers
(median number of cigarettes smoked per day 3 year index:
0) and less frequently showed emphysematous changes in
their adjacent lung tissue (Table 2). The correlation between

epigenetic clustering of LADCs and patient age and sex may
be attributable to the fact that younger female non-smokers28

were accumulated in Cluster II. LADCs in Cluster II showed
less aggressive clinicopathological features (Table 2).

Most of the patients in Cluster III were light smokers and
tended to have a lower incidence of emphysematous changes
in their adjacent lung tissue (Table 2). LADCs in Cluster III
frequently showed lymphatic vessel invasion, blood vessel
invasion, high N stage and high TNM stage (Table 2), indi-
cating that they were the most aggressive tumors.

Figure 1b shows the Kaplan–Meier survival curves of
patients belonging to Clusters I, II and III. The period covered
ranged from 196 to 3,957 days (mean, 1,634 days). The cancer-
free and overall survival rates of patients in Cluster III were
significantly lower than those of patients in Cluster II (p 5

1.24 3 1024 and p 5 1.58 3 1022, respectively, Fig. 1b).

DNA methylation profiles of N samples belonging to each

cluster in the learning cohort

Scattergrams of average DNA methylation levels in N sam-
ples (averagebN) of patients belonging to Clusters I, II and III
and average DNA methylation levels in C samples (averagebC)
for all 26,447 probes are shown in Figure 2. In Cluster I,
DNA methylation levels on probes normally showing a low
or medium degree of DNA methylation (average bC < 0.6)
were elevated in N samples relative to C samples, and DNA
methylation levels on probes normally showing a high or
medium degree of DNA methylation (average bC > 0.3) were
reduced in N samples relative to C samples (Fig. 2a). In
Cluster II, DNA methylation levels on probes normally show-
ing a low degree of DNA methylation (average bC < 0.2) were
elevated in N samples relative to C samples, and DNA meth-
ylation levels on probes normally showing a high degree of
DNA methylation (average bC > 0.7) were reduced in N

Table 1. DNA methylation alterations during lung carcinogenesis

The number of probes showing DNA hypermethylation and DNA hypomethylation

(A) The probes on which DNA methylation levels were altered in 139 samples of non-cancerous lung tissue (N) obtained from patients
with lung adenocarcinomas (LADCs) in the learning cohort relative to those in 39 samples of normal lung tissue (C) obtained from
patients without any primary lung tumors. (Welch’s t-test, False discovery rate [FDR] q 5 0.01)

DNA hypermethylation (bC < bN) 1,526

DNA hypomethylation (bC > bN) 2,252

Total 3,778

(B) The probes on which DNA methylation levels showed ordered differences from 39 C samples to 139 N samples, and then to 139
tumorous tissue (T) samples in the learning cohort. (Jonckheere–Terpstra trend test, FDR q 5 0.01)

DNA hypermethylation (bC < bN < bT, bC < bN � bT or bC� bN < bT) 6,460

DNA hypomethylation (bC > bN > bT, bC > bN � bT or bC � bN > bT) 5,908

Total 12,368

(C) The probes satisfying both of the above criteria (A) and (B): DNA methylation alterations on these probes occurred even in N samples
relative to C samples, and such DNA methylation alterations were inherited by, or strengthened in, T samples.

DNA hypermethylation (bC < bN < bT or bC < bN � bT) 484

DNA hypomethylation (bC > bN > bT or bC > bN � bT) 1,444

Total 1,928

C
an

ce
r
G
en
et
ic
s

322 Epigenetic clustering of lung adenocarcinomas

Int. J. Cancer: 135, 319–334 (2014) VC 2013 The Authors. Published by Wiley Periodicals, Inc. on behalf of UICC



Figure 1. (a) Unsupervised hierarchical clustering (Euclidean distance, Ward method) using DNA methylation levels on all 26,447 probes in

samples of non-cancerous lung tissue (N) from 139 patients with lung adenocarcinomas in the learning cohort. Based on DNA methylation

status in adjacent lung tissue, 139 patients were subclustered into Cluster I (n 5 32), Cluster II (n 5 35) and Cluster III (n 5 72). Correla-

tions between this epigenetic clustering and clinicopathological parameters of the patients are summarized in Table 2. (b) Kaplan–Meier

survival curves of patients belonging to Clusters I, II and III. The period covered ranged from 196 to 3,957 days (mean, 1,634 days). The

cancer-free (p 5 1.24 3 1024) and overall (p 5 1.58 3 1022) survival rates of patients in Cluster III were significantly lower than those of

patients in Cluster II (log-rank test).
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Table 2. Correlation between epigenetic clustering of patients with lung adenocarcinomas based on DNA methylation profiles in adjacent
lung tissue and clinicopathological parameters

Clinicopathological parameters
Cluster I
(n 5 32)

Cluster II
(n 5 35)

Cluster III
(n 5 72) P1

Patients Age (year)

Median 64 57 60 2.03 3 1022 2

Interquartile range 59–68 54–62 53–64

Sex

Male 24 11 34 1.35 3 1023 3

Female 8 24 38

Smoking history (number of cigarettes
smoked per day 3 year index)

Median 810 0 0 8.80 3 1026 2

Interquartile range 195–1,113 0–140 0–635

Adjacent lung tissue

Pleural anthracosis

G1 13 24 48 2.46 3 1022 4

G2-3 19 11 24

Emphysematic change

Negative 8 24 46 2.50 3 1024 4

Positive 24 11 26

Respiratory bronchiolitis

Negative 2 14 10 2.80 3 1023 4

Positive 22 21 58

Interstitial fibrosis

Negative 24 35 68 5.72 3 1024 4

Positive 8 0 4

Obstructive ventilation impairment

Forced expiratory volume in 1 sec (FEV1):
forced vital capacity (FVC) �0.70

24 34 65 9.86 3 1023 4

FEV1:FVC <0.70

FEV1 �80% of predicted value 4 1 6

FEV1 <80% but �50% of predicted value 4 0 1

Atypical adenomatous hyperplasia

Absence 30 30 65 5.72 3 1021 4

Presence 2 5 7

Lung adenocarcinomas

Tumor diameter (cm)

Median 3.4 2.3 3.1 1.64 3 1024 4

Interquartile range 2.5–4.9 2.1–2.9 2.5–4.5

Tumor stage

T1a-T1b 6 19 19 1.60 3 1024 4

T2a-T2b 12 14 39

T3-4 14 2 14

Histological grades

G1 8 20 26 2.37 3 1023 4

G2 11 12 34

G3 13 3 12
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samples relative to C samples (Fig. 2b). In Cluster III, DNA
methylation levels on probes normally showing a high or
medium degree of DNA methylation (average bC > 0.3) were
reduced in N samples relative to C samples (Fig. 2c).

Hallmark CpG sites for each cluster in the learning cohort

One hundred sixteen CpG sites were identified as hallmarks
of the DNA methylation profile (Fig. 2a) of N samples
belonging to Cluster I: on these 116 CpG sites, the average
bN–C values in Cluster I were significantly different from
those in Clusters II and III (Welch’s t-test, p < 1 3 1023)
and the average bN–C value in Cluster I was 0.1 or more
higher or lower than those in Clusters II and III (Table 3A
and Supporting Information Table S3). One CpG site was
identified as a hallmark for the DNA methylation profile
(Fig. 2b) of N samples belonging to Cluster II: on the CpG

site, the average bN–C value in Cluster II was significantly dif-
ferent from that in Clusters I and III (Welch’s t-test, p < 1
3 1023) and the average bN–C value in Cluster II was 0.1 or
more higher than those in Clusters I and III (Table 3B). Four
CpG sites were identified as a hallmark for the DNA methyl-
ation profile (Fig. 2c) of N samples belonging to Cluster III:
on the four CpG sites, average bN–C values in Cluster III
were significantly different from those in Clusters I and II
(Welch’s t-test, p < 1 3 1023) and average bN–C values in
Cluster III were 0.1 or more higher or lower than those in
Clusters I and II (Table 3C). In 119 of the 120 CpG sites in
Table 3 or Supporting Information Table S3, which were
identified based on the DNA methylation profiles in N sam-
ples, stepwise DNA methylation alterations from C to N, and
then to T samples were revealed by Jonckheere–Terpstra
trend test (Table 3 and Supporting Information Table S3).

Table 2. Correlation between epigenetic clustering of patients with lung adenocarcinomas based on DNA methylation profiles in adjacent
lung tissue and clinicopathological parameters (Continued)

Clinicopathological parameters
Cluster I
(n 5 32)

Cluster II
(n 5 35)

Cluster III
(n 5 72) P1

Tumor anthracosis

Negative 6 20 39 1.70 3 1023 4

Positive 25 15 33

Pleural invasion

Negative 12 22 35 9.62 3 1023 4

Invasion to the visceral pleura beyond the elastic fiber 6 9 17

Invasion to the surface of the visceral pleura 4 4 15

Invation to the parietal pleura 10 0 5

Lymphatic vessel invasion

Negative 9 18 16 8.54 3 1023 4

Positive 23 17 56

Blood vessel invasion

Negative 7 18 15 3.02 3 1023 4

Positive 25 17 57

Nodal status

N0 17 26 25 8.72 3 1025 4

N1 10 6 18

N2-3 5 3 29

Metastatic status

M0 31 34 66 4.40 3 1021 4

M1a-1b 1 1 1

Pathological Tumor-Node-Metastasis stage

IA-IB 5 24 18 4.36 3 1026 4

IIA-IIB 21 7 19

IIIA-IV 6 4 35

1Pvalues of <0.05 are underlined.
2Kruskal-Wallis test.
3Fisher’s exact test.
4Kruskal-Wallis exact test.
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DNA methylation profiles in the validation cohort

The correlations between the DNA methylation status of hall-
mark CpG sites for Clusters I, II and III in N samples and clini-
copathological parameters of patients in the validation cohort
were examined. DNA methylation levels on 17 and 2 hallmark
CpG sites for Cluster I were significantly correlated with pleu-
ral anthracosis and pulmonary emphysema in the adjacent
lung tissue in the validation cohort, respectively (Table 4A),
whereas hallmark CpG sites for Clusters II and III never
showed such a correlation. In addition, in the validation
cohort, DNA methylation levels on 18 hallmark CpG sites for
Cluster I were significantly correlated with the presence of
AAH, a precancerous lesion for LADCs, in the adjacent lung
tissue (Table 4A), even though the correlation between the
presence of AAH and epigenetic clustering did not reach statis-
tically significant levels (Table 2). DNA methylation levels on
13 hallmark CpG sites for Cluster I were significantly corre-
lated with tumor anthracosis in LADCs in the validation
cohort (Table 4A), whereas hallmark genes for Clusters II and
III never showed such a correlation. Hallmark genes for Clus-
ter I showing such correlations with pleural anthracosis,
emphysema, presence of AAH or tumor anthracosis are
described in Table 3A, and hallmark genes not showing such
correlations are described in Supporting Information Table S3.

Hallmark gene ABCC12 was shared between Clusters II
and III. The DNA methylation level of ABCC12 was signifi-

cantly correlated with N stage and TNM stage in the valida-
tion cohort (Table 4B). In the learning cohort, the DNA
methylation level of the ABCC12 gene was high in Cluster II
showing low N and TNM stages, and that of the ABCC12
gene was low in Cluster III showing high N and TNM stages.
Therefore, it is feasible that the DNA methylation level of the
ABCC12 gene was significantly higher in patients showing
lower N and TNM stages in the validation cohort (Table 4B).
DNA methylation levels of two of the three remaining hall-
mark genes (three hallmark genes other than ABCC12) for
Cluster III were significantly correlated with lymph vessel
invasion in LADCs in the validation cohort, and the DNA
methylation levels of all three remaining hallmark genes for
Cluster III were significantly correlated with high N and
TNM stages (Table 4B). Taken together, correlations between
DNA methylation profiles in N samples and clinicopathologi-
cal characteristics in the adjacent lung tissue or LADCs in
the learning cohort were reproduced in the validation cohort.

Discussion
In this study, we focused on DNA methylation profiles in the
adjacent non-cancerous lung tissue obtained from patients
with LADCs and analyzed the results of methylome analysis
of lung tissue samples including 189 N samples at single-
CpG resolution. DNA methylation alterations occurred even
in N samples relative to C samples, and were inherited by, or

Figure 2. Distribution of average DNA methylation levels on all 26,447 probes of non-cancerous lung tissue (N) samples obtained from

patients with lung adenocarcinomas belonging to Clusters I (a), II (b) and III (c) and 36 samples of normal lung tissue (C) obtained from

patients without any primary lung tumors. (a) In Cluster I, DNA methylation levels on probes normally showing a lower or medium degree of

DNA methylation (averagebC < 0.6, red) were elevated in N samples relative to C samples, and DNA methylation levels on probes normally

showing a higher or medium degree of DNA methylation (average bC > 0.3, blue) were reduced in N samples relative to C samples. (b) In

Cluster II, DNA methylation levels on probes normally showing a lower degree of DNA methylation (average bC <0.2,red) were elevated in N

samples relative to C samples, and DNA methylation levels on probes normally showing a higher degree of DNA methylation (average bC

>0.7,blue) were reduced in N samples relative to C samples. (c) In Cluster III, DNA methylation levels on probes normally showing a higher

or medium degree of DNA methylation (average bC >0.3,blue) were reduced in N samples relative to C samples.
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strengthened in, T samples (Table 1). These findings are
compatible with the “field cancerization” concept in the
lung.29 In our previous study using the Infinium assay, we
proved that DNA methylation alterations in N samples
resulted in silencing of tumor-related genes in tumorous tis-
sue.15 However, the correlation between the results of the
Infinium assay in N samples and carcinogenetic factors was
not examined in detail.

In this epigenetic clustering of patients with LADCs based
on DNA methylation profiles in N samples, many of the
patients belonging to Cluster I were heavy smokers. In fact,
pleural anthracosis, which mainly reflects the long-term cumu-
lative effects of cigarette smoking, was marked in the lungs of
patients belonging to Cluster I. Smoking is known to be a cause
of COPD. In fact, many patients in Cluster I actually suffered
from obstructive ventilation impairment, and histological find-
ings compatible with emphysema and lung fibrosis were
observed in their N samples. Moreover, recurrent inflamma-
tion is generally associated with COPD,30 and histological find-
ings compatible with respiratory bronchiolitis20,21 were
actually observed in the lungs of patients belonging to Cluster
I. Inflammation is known to be one of the major causes of
DNA methylation alterations in precancerous conditions in
various organs, such as chronic hepatitis16,17 and chronic pan-
creatitis.31,32 Taken together, the data suggest that the DNA
methylation profiles characterizing Cluster I may be estab-
lished in lung tissue through the long-term cumulative effects
of cigarette smoking via chronic inflammation under the con-
ditions of COPD. Unlike the previous study, which revealed
aberrant DNA methylation of several tumor-related genes in
lung cancers themselves of patients with COPD,33 this study
demonstrated for the first time the presence of distinct DNA
methylation profiles related to COPD in N samples, based on
genome-wide analysis.

The majority of patients belonging to Cluster II were non-
smokers, especially young females. DNA methylation profiles
characterizing Cluster II may reflect the carcinogenetic pathway
that is unrelated to cigarette smoking. Mutation of the EGFR
gene is well known to be a driver of LADCs in young female
non-smokers, especially in Asia.34 However, Cluster II included
LADCs without EGFR gene mutations in non-smokers (data
not shown), indicating that DNA methylation profiles in Clus-
ter II were not entirely induced by EGFRmutation.

Although many of the patients belonging to Cluster III
were smokers, the average number of cigarettes smoked per
day 3 year index was lower in Cluster III than in Cluster I.
In fact severe pleural anthracosis was not so frequently evi-
dent in the lungs of patients belonging to Cluster III. In addi-
tion, the incidence of emphysematous change and fibrosis
was lower in the adjacent lung tissue of patients in Cluster
III than in that of patients in Cluster I. DNA methylation
profiles in Cluster III did not develop from a background of
chronic inflammation in COPD, but may have developed
rapidly before the long-term effects of cigarette smoking had
accumulated in the adjacent lung tissue (possibly through

more direct effects of carcinogens related or unrelated to cig-
arette smoking). However, to evaluate more precisely the
effects of smoking on DNA methylation profiles, detailed
DNA methylation analysis should be performed using puri-
fied epithelial cells, such as those from the airway epithelium.

Distinct DNA methylation profiles seem to be established
in the non-cancerous lung during the carcinogenetic pathway
via inflammation in COPD in heavy smokers (Fig. 2a), the
carcinogenetic pathway unrelated to cigarette smoking (Fig.
2b), and the carcinogenetic pathway that occurs not via
COPD but possibly via more direct effects of carcinogens
(Fig. 2c). Each pathway may have distinct target genes as
hallmarks for Clusters I, II and III (Table 3 and Supporting
Information Table S3). Among 120 hallmark genes for Clus-
ters I, II and III, 119 (one exception, ABCC12, being shared
between Clusters II and III) showed ordered differences of
DNA methylation from C to N, and then to T samples of the
relevant cluster (p < 0.05, Jonckheere–Terpstra trend test,
Table 3 and Supporting Information Table S3), indicating
that a distinct DNA methylation profile in N samples of each
cluster is inherited during progression to Ts.

A proportion of genes described in Table 3 and Supporting
Information Table S3 may be simple hallmarks of each cluster
(simple target genes of each carcinogenetic pathway). However,
at least a proportion of DNA methylation alterations occurring
during each carcinogenetic pathway actually result in altered
expression of target genes, and may participate in establishment
of the clinicopathological characteristics of LADCs in each clus-
ter. The DNA methylation profiles in Cluster I may participate
in the generation of locally invasive LADCs, which have a large
diameter, a progressed T stage, a high histological grade, fre-
quent pleural invasion and tumor anthracosis. DNA methyla-
tion profiles in Cluster II may participate in the generation of
clinicopathologically less aggressive LADCs with a favorable
outcome. DNA methylation profiles in Cluster III may partici-
pate in the generation of the most aggressive LADCs showing
frequent lymphatic vessel invasion, blood vessel invasion, a
high N stage, a high TNM stage and a poor outcome.

Table 3 includes homeobox genes, such as IRX2 and
HOXD8, a gene that has been implicated in cell migration,
SPARCL1, and genes that have been implicated in apoptosis,
such as RGS5 and EI24. IRX2 is known to participate in early
lung development in mouse embryos.35 HOXD8 is known to be
methylated and/or down-regulated in human malignancies,
especially in metastatic, rather than in primary lesions.36,37

SPARCL1 is an extracellular matrix glycoprotein known to be
correlated with cancer invasion.38,39 RGS5 is a member of the
family of molecules regulating G protein signaling, and stimu-
lates hypoxia-inducible apoptosis.40 Positive correlations
between RGS5 expression and both tumor differentiation and a
favorable outcome have been reported.41,42 EI24 is induced by
p53, suppresses cell growth and induces apoptosis.43 Reduced
expression associated with DNA methylation of IRX2, HOXD8,
SPARCL1, RGS5 and EI24 in our cohort of LADCs has been
confirmed using expression microarray (data not shown). It is
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feasible that these target genes of each carcinogenetic pathway
participate in determining the clinicopathological characteris-
tics of LADCs in each cluster.

In the validation cohort, the DNA methylation status of
hallmark genes identified in N samples of Cluster I was sig-
nificantly correlated with pleural anthracosis, which reflects
the long-term cumulative effects of smoking, and COPD
(pulmonary emphysema) in the adjacent lung and tumor
anthracosis, which reflect active cancer–stromal interaction in
LADCs. The DNA methylation status of the hallmark gene
identified in N samples of Cluster II was significantly corre-
lated with lower aggressiveness (low N stage and low TNM
stage) of LADCs in the validation cohort. The DNA methyla-
tion status of hallmark genes identified in N samples of Clus-
ter III was significantly correlated with aggressiveness of
LADCs, such as lymph vessel invasion, a high N stage and a
high TNM stage, in the validation cohort. Thus, correlations
between distinct DNA methylation profiles in N samples and
both carcinogenetic background factors in the adjacent lung
tissue and clinicopathological characteristics of LADCs were
confirmed in the validation cohort (Table 4).

Receiver operating characteristic curve (ROC) analysis was
performed for N samples in the learning cohort, and the thresh-
olds of the representative hallmark genes described in Table 4
were set so that they were nearest to the top left corner of the
ROC. Using these thresholds, the sensitivity, specificity and accu-
racy for prediction of lymphatic vessel involvement, lymph node
metastasis, TNM stage and patient outcome (recurrence and
death) were calculated in both the learning and validation cohorts
(Supporting Information Table S4). Even though Supporting
Information Table S4 suggests that the aggressiveness of tumors
developing in the same individual patients and patient outcome
may be predictable on the basis of DNA methylation status in N
samples, further examinations will be needed to set strict criteria
for maximal sensitivity, specificity and accuracy.

Although bulk tissue comprising several cell lineages, for a
large number of C, N and T samples, was examined in this
study, it would be preferable to examine the DNA methyla-
tion status of purified cells. Therefore, the DNA methylation
status of the representative gene CASP8 (Infinium probe ID:
cg26799474), included in Table 1B, was compared between

cancer cells and normal peripheral airway epithelial cells
obtained by microdissection from formalin-fixed, paraffin-
embedded tissues of representative patients with LADCs and
patients without primary lung cancers, respectively, using
pyrosequencing. The DNA methylation levels in T samples
(0.279 6 0.184) were significantly lower than those in C
samples (0.689 6 0.042) by Infinium assay (p 5 3.64 3

1024). Such a significant difference was reproduced upon
comparison with microdissected normal airway epithelium:
pyrosequencing showed that the DNA methylation levels in
microdissected cancer cells (0.273 6 0.313) were significantly
lower than those in microdissected normal airway epithelial
cells (0.765 6 0.104) (p 5 2.74 3 1023).

Differences in DNA methylation levels among different cell
lineages, such as epithelial and stromal components, are also an
important issue. Cancer cells and their stromal cells, such as
cancer-associated fibroblasts, were again collected separately by
microdissection from formalin-fixed, paraffin-embedded tissues
from representative patients with LADCs. The DNA methyla-
tion levels of representative genes described in Table 1B were
evaluated quantitatively by pyrosequencing. In one of the exam-
ined genes (CASP8 [Infinium probe ID: cg26799474]), the
DNA methylation statuses of cancer cells (0.273 6 0.313) and
stromal cells (0.219 6 0.094) were almost equal, indicating that
both may be affected by carcinogenetic factors. For the other
examined gene (LHX1 [Infinium probe ID: cg22660578]), the
DNA methylation statuses of cancer cells (0.096 6 0.141) and
stromal cells (0.538 6 0.486) differed from each other, probably
reflecting differences in susceptibility to the effects of carcino-
gens, or differences in cell lineage.

In summary, DNA methylation profiles reflecting carcino-
genetic background factors, such as smoking, inflammation
and COPD, appear to be established in adjacent lung tissue
in patients with LADCs. Such DNA methylation profiles in
adjacent lung tissue may play a role in determining the
aggressiveness of tumors developing in the same individual
patients, and thus patient outcome.
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