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Lung cancer is the leading cause of cancer death worldwide, and adenocarcinoma is its most common histological subtype.

Clinical and molecular evidence indicates that lung adenocarcinoma is a heterogeneous disease, which has important

implications for treatment. Here we performed genome-scale DNA methylation profiling using the Illumina Infinium

HumanMethylation27 platform on 59 matched lung adenocarcinoma/non-tumor lung pairs, with genome-scale verifi-

cation on an independent set of tissues. We identified 766 genes showing altered DNA methylation between tumors and

non-tumor lung. By integrating DNA methylation and mRNA expression data, we identified 164 hypermethylated genes

showing concurrent down-regulation, and 57 hypomethylated genes showing increased expression. Integrated pathways

analysis indicates that these genes are involved in cell differentiation, epithelial to mesenchymal transition, RAS and WNT

signaling pathways, and cell cycle regulation, among others. Comparison of DNA methylation profiles between lung

adenocarcinomas of current and never-smokers showed modest differences, identifying only LGALS4 as significantly

hypermethylated and down-regulated in smokers. LGALS4, encoding a galactoside-binding protein involved in cell–cell and

cell–matrix interactions, was recently shown to be a tumor suppressor in colorectal cancer. Unsupervised analysis of the

DNA methylation data identified two tumor subgroups, one of which showed increased DNA methylation and was sig-

nificantly associated with KRASmutation and to a lesser extent, with smoking.Our analysis lays the groundwork for further

molecular studies of lung adenocarcinoma by identifying novel epigenetically deregulated genes potentially involved in

lung adenocarcinoma development/progression, and by describing an epigenetic subgroup of lung adenocarcinoma as-

sociated with characteristic molecular alterations.

[Supplemental material is available for this article.]

Lung cancer is the leading cause of cancer-related death worldwide

(Jemal et al. 2011). In many countries, adenocarcinoma has sur-

passed squamous carcinoma as the most common histological

subtype of lung cancer, and it is also themost commonhistological

subtype in women, Asians, and never-smokers (Toh et al. 2006).

Lung adenocarcinoma is increasingly recognized as a clinically and

molecularly heterogeneous disease. This is exemplified by recent

reclassifications based on pathology and patient survival (Travis

et al. 2011), the increasing number of clinical trials demonstrating

targeted treatments that specifically benefit patients defined by

molecular subtypes such as EGFR, KRAS, BRAF, and ERBB2 muta-

tions and EML4-ALK fusions (Pao et al. 2004, 2005a,b; Pao and

Girard 2011), as well as observed prognostic gene expression sig-

nature profiles (Bhattacharjee et al. 2001; Beer et al. 2002; Larsen

et al. 2007). DNA methylation-based profiling has also confirmed

the existence of epigenetic subtypes in several cancers (Issa 2004;

Li et al. 2010; Noushmehr et al. 2010; Hinoue et al. 2012). Promoter

DNA methylation, which is associated with gene silencing, can

regulate gene expression in a myriad of biological and pathological

processes, including lung cancer (Jones 2002; Belinsky 2004; Kerr

et al. 2007; Brock et al. 2008; Risch and Plass 2008). Unlike genetic

mutations, DNA methylation is an inherently reversible change,

and therefore is of great interest as an active target of drug devel-

opment (Esteller 2003; Rodriguez-Paredes and Esteller 2011).

While previous studies have profiled DNA methylation in

lung adenocarcinoma (Shiraishi et al. 2002; Divine et al. 2005; Tsou

et al. 2005, 2007; Toyooka et al. 2006; Tessema and Belinsky 2008;

Christensen et al. 2009; Goto et al. 2009; Kubo et al. 2009), they

have either been limited in the number of samples or genes assayed,

focused on a mix of lung cancer histologies, thereby limiting the

ability to identify subtypes, or lacked expression studies that allow

the potential function of DNA methylation alterations to be

determined. To address these issues, here we analyzed 59 lung
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adenocarcinoma tumors and matched adjacent non-tumor lung

(NTL) tissues. Because adenocarcinoma is the most common lung

cancer subtype found in never-smokers, it was important to ensure

that cancers from smokers and never-smokers would both be in-

cluded. Thus, we chose the cases so that approximately half of the

tumors were from patients who were never-smokers. Using the

Illumina InfiniumHumanMethylation27 platform,we interrogated

the DNAmethylation status of 27,578 CpG dinucleotides spanning

14,475 genes. Focusing on genes differentially methylated in tumor

vs. non-tumor lung, we integrated mRNA expression data to iden-

tifyDNAmethylation events with potential functional significance.

We verified our findings using an independent set of 28 lung ade-

nocarcinomas andmatched adjacent NTL, as well as validated select

DNA methylation data using an alternative assay, MethyLight.

Lastly, we used both supervised and unsupervised analyses of the

DNA methylation data to identify subgroups within the tumors.

Results

Genome-scale DNA methylation profiles were obtained for 59 lung

adenocarcinomas andmatched adjacent NTL tissue (Table 1). Thirty

tumors were from never-smokers (defined here as less than 100

cigarettes in a lifetime), while 29 were from current smokers. Before

any statistical tests were conducted, we inspected the data for the

presence of substantial confounding batch effects due to the sepa-

rate plates or chips (Leek et al. 2010). We did not observe any such

effects (see Supplemental Fig. 1; Methods). One NTL sample was

eliminated for quality-control reasons (see Methods); 117 samples

were thus further analyzed (as outlined in Supplemental Fig. 2).

Identification of differentially methylated regions

in lung adenocarcinoma

We first performed an exploratory two-dimensional (2D) hierar-

chical clustering of the top 5000 probes that variedmost across the

117 samples (Fig. 1A). TheDNAmethylation profiles of tumors and

NTL resulted in separate clusters, with the exception of one

NTL sample (3022_N), indicating a substantial difference in DNA

methylation profiles between the tumor and non-tumor samples.

We next performed a locus-by-locus differential DNAmethylation

analysis of tumors vs. NTL to identify differentially methylated

probes. Using our criteria of Q < 0.05 and a minimum median

b-value difference of 20%, we identified 681 probes (520 genes)

that were significantly hypermethylated in tumors, and 275 probes

(247 genes) that were significantly hypomethylated (Fig. 1B;

Supplemental Table 1). Some of our most hypermethylated loci

include HOX genes, specifically HOXB4, HOXA9, and HOXA7.

Seventeen different HOX genes passed our strict cutoffs, many

passing with multiple probes, supporting previous observations of

widespread DNA methylation of the Polycomb complex–targeted

HOX genes (Shiraishi et al. 2002; Rauch et al. 2007). Some of our

most hypomethylated loci include CASP8 and TNFRSF10A, both

involved in TNF-receptor-mediated apoptosis (Boldin et al. 1996;

Wang and El-Deiry 2003). To investigate the categories of genes

exhibiting altered DNA methylation, we performed a DAVID func-

tional annotation analysis (Huang da et al. 2009). The differentially

hypermethylated set of genes was significantly enriched in GO bi-

ological processes including regulation of transcription, embryonic

morphogenesis, cell–cell signaling, and cell surface receptor–linked

signal transduction, while the differentially hypomethylated set

was significantly enriched in processes including epidermal cell

differentiation, epithelial cell differentiation, and defense response

(Benjamini-Hochberg [BH] adjusted p < 0.05).

For the differentially methylated probes, we also investigated

whether or not they corresponded to genes with associated CpG

islands and were located in promoters (Fig. 1C). Sixty-four percent

of probes hypermethylated in tumors corresponded to genes with

associated CpG islands, vs. only 7% of probes hypomethylated

in tumors (Fisher p < 2.2 3 10�16). In addition, 77% of probes

hypermethylated in tumors were located in promoter regions (de-

fined as the region 1 kb upstream or downstream of the nearest

transcription start site), vs. only 68% of hypomethylated probes

(Fisher p < 0.005). Our findings support previous observations

showing significant differences between the characteristics of

genes that gain DNA methylation during tumorigenesis, vs. those

that lose DNA methylation (Ohm et al. 2007; Schlesinger et al.

2007). One gene, CDH13—known to be repressed in lung cancer

(Sato et al. 1998; Toyooka et al. 2003; Selamat et al. 2011)—was

represented by nine probes on this platform and was present in

both the hypermethylated and hypomethylated lists (Supple-

mental Figs. 3, 4). Three CDH13 probes were included in our set

of the 5000 most variable probes. Of these, two were statistically

significantly hypermethylated in tumors, while one was hypo-

methylated. The former were both located in the promoter region

of the gene, and four additional probes in this region also showed

hypermethylation in tumors, although they did notmeet the strict

criteria for significance. The hypomethylated probe was not lo-

cated in or near a CpG island and resided in intron 1 of the gene,

>10 kb from the transcription start site. The two additional probes

in this region showed trends of hypomethylation, although they

did not reach statistical significance in the discovery analysis.

Thus, the CDH13 gene appears to be characterized by widespread

differential and bidirectional changes in DNAmethylation in lung

adenocarcinoma vs. the adjacent NTL. This exemplifies the recent

observation thatmethylation gain in the promoter can be coupled

with methylation loss in the gene body (Berman et al. 2012).

To ensure that our findings were not dependent on the spe-

cific population analyzed, we performed an additional differential

DNA methylation analysis on an independent sample set of 28

lung adenocarcinomas and 27 NTL (Supplemental Table 2), using

the same Infinium platform. By applying identical statistical cri-

teria, we identified 313 significantly hypermethylated genes and

85 significantly hypomethylated genes in this verification set (Sup-

Table 1. Characteristics of subjects and tumors

Characteristic Classes
Never-
smokers

Current
smokersa Fisher P

Sex Male 7 7 1.00
Female 23 22

Race Asian 21 1 6.15 3 10�8

White 9 28
Ageb <68 10 15 0.19

$68 20 14
Stage Early (Stages I–II) 23 23 1.00

Late (Stages III–IV) 7 6
KRAS mutation WT 27 10 1.10 3 10�5

Mutant 3 19
EGFR mutation WT 13 29 6.19 3 10�7

Mutant 17 0
STK11 mutationc WT 27 22 0.052

Mutant 1 7

aRange (11–120 pack-years, mean = 53 pack-years).
bRange (39–86 yr, mean = 68 yr).
cSTK11 mutation status was unavailable for two never-smoker subjects.
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plemental Fig. 5A,B).While the smaller number of genes that passed

our criteria is expected due to the smaller sample size of the verifi-

cation set, we found that 95% of the hypermethylated genes and

80% of hypomethylated genes in the verification set had been

identified in our discovery analysis (Fig. 1D), supporting our initial

findings. To provide technical validation of our observations, we

assessed the DNAmethylation levels of 12 genes using the real-time

PCR-based MethyLight technique on DNA from 26 tumor/NTL

pairs, of which 10 tumors and 13 NTL samples were also part of the

Infinium verification data set (Supplemental Fig. 5C). These 12

genes were chosen based on significance, functional relevance, and

assay design compatibility. Differences in the observed absolute

levels of DNA methylation might be expected due to the more

stringent nature of the MethyLight assay, which requires multiple

fully methylated CpG dinucleotides in the region covered by the

primers and probe. In spite of this, all genes tested except one

(SOCS2) that were found to be hypermethylated in the Infinium

study were confirmed to be significantly

hypermethylated in the verification set

tumors. In addition, both hypomethy-

lated genes tested (Supplemental Fig. 5C,

right panels, FAM83A and SFN) were con-

firmed to be statistically significantly

hypomethylated in tumors.

Identification of potentially

functionally relevant DNA

methylation changes in lung

adenocarcinoma

To identify those DNA methylation

changes with concomitant changes in

gene expression, we integrated the gene

expression profiles andDNAmethylation

profiles of the EDRN tumor and NTL

tissue samples. We were able to examine

gene expression levels for 709 out of 766

of the differentiallymethylated genes. An

exploratory hierarchical clustering of the

expression levels of just these 709 genes

completely separated out tumors vs. NTL

(Fig. 2A). Using a BH-adjusted P-value

cutoff of 0.05, 349 genes were differen-

tially expressed. Of these, 164 genes were

statistically significantly hypermethylated

anddown-regulated (23%),while 57 genes

(8%) were significantly hypomethylated

and up-regulated (Fig. 2B; Supplemental

Table 3), suggesting that abnormal DNA

methylation might have functional con-

sequences in approximately one-third

of the genes showing differential DNA

methylation between tumor and NTL. We

used Ingenuity Pathways Analysis to in-

vestigate which gene networks might be

affected by the aberrant DNAmethylation

of these 221 genes. The top two gene

networks identified involved cell differ-

entiation, on the one hand, and MAPK

signaling/cell cycle control, on the other

(Fig. 2C). Prominent in the first network

were phosphoinositide-3-kinase (PIK3)

complex members, JUN transcription factors of the AP1 family,

transforming growth factor b, and WNT signaling pathway mem-

bers. Epigenetic interactionswithhistonesH3 andH4were also seen

in the first network. In the second network, genes of theMAPK and

FGF families, and CCNA1 and 2 (cyclin A1 and 2) were central.

Analysis of the top functional categories of deregulated genes

pointed to cellular movement and development, tissue de-

velopment, and cellular growth and proliferation (Fig. 2D).We then

used the NextBio database (http://www.nextbio.com) (Kupershmidt

et al. 2010) to identify biosets (uploaded data sets) that were signifi-

cantly associated with our list of 221 genes for which DNA

methylation changes were significantly inversely correlated with

changes in expression. We found highly statistically significant

overlaps (all p < 1.0 3 10�20) with several previously published

gene expression studies comparing lung adenocarcinoma to non-

tumor lung (Fig. 2E; Supplemental Fig. 6A–C; Wrage et al. 2009;

Hou et al. 2010; Lu et al. 2010). One hundred and seven of the 221

Figure 1. Identification of DNA methylation differences between lung adenocarcinoma and NTL. (A)
Two-dimensional hierarchical clustering was performed using the 5000 most variable Infinium DNA
methylation probes across all samples (n = 117). Probes are in rows; samples are in columns. Note that
both hypermethylation and hypomethylation in tumors compared with NTL is seen, and that hypo-
methylation largely occurs outside of CpG islands. (B) Volcano plot of the differential DNA methylation
analysis. (X-axis) Median b-value difference (median tumor-median NTL); (y-axis) Q-values for each
probe (�1 3 log10 scale). (Vertical dotted lines) 20% change in b-values; (horizontal dotted line)
the significance cutoff. One gene, CDH13, showed both significant hypermethylation and hypo-
methylation (see text and Supplemental Figs. 3 and 4). (C ) Proportions of probes from genes with
associated CpG islands (CGI) and probe locations, categorized as promoter (61 kb from TSS) or non-
promoter regions. (D) Overlap of significant unique gene lists using an independent sample set (see also
Supplemental Figs. 2 and 5).
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Figure 2. Identification of genes showing coordinately changed DNA methylation and gene expression. (A) Two-dimensional hierarchical clustering
with 1061 probes corresponding to 709 genes across all tumors (n = 58) and NTL (n = 58). Rows represent probes; columns are samples. (B) Starburst plot
integrating differential DNA methylation and gene expression analyses. (X-axis) DNA methylation Q-values (�1 3 log10 scale); (y-axis) BH adjusted
P-values (�1 3 log10 scale). Indicated are genes that are hypermethylated and down-regulated in tumors (red); hypomethylated and up-regulated in
tumors (green); hypermethylated and up-regulated in tumors (blue); or hypomethylated and down-regulated in tumors (orange). (C ) Top gene networks
identified through integrative pathways analysis of significant DNA methylation changes associated with significant inverse gene expression changes.
Indicated are genes that are hypomethylated and up-regulated in tumors (green) or hypermethylated and down-regulated in tumors (red). (Solid lines)
Direct interaction; (dashed lines) indirect interaction. (D) The most significantly enriched biological process categories within genes showing significant
DNA methylation changes associated with significant inverse gene expression changes. (E) Venn diagram of NextBio analysis showing the overlap of our
bioset (genes showing significant DNA methylation changes in conjunction with significant inverse gene expression changes) with the three most highly
correlated NextBio biosets (see also Supplemental Fig. 6).
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genes were found in all of the top three most correlated biosets

(48%), while 184 of the 221 genes (83%) were found in at least one

of the top three most correlated biosets. Additionally, our 221

genes were highly correlated with two colorectal cancer DNA

methylation studies (Supplemental Fig. 6D,E; Hinoue et al. 2012;

YH Kim and YS Kim, unpubl.).

To identify the top changing genes, we applied a twofold

cutoff to the average change in gene expression (Fig. 3A), finding

45 genes that were coordinately hypermethylated and down-

regulated in tumors, and 16 genes that were coordinately hypo-

methylated and up-regulated (Tables 2A, 2B). Thus, ;9% of the

genes identified as hypermethylated in lung adenocarcinoma are

also down-regulated on average more than twofold in the same

tissues, a percentage similar to that found in colorectal cancer

(Hinoue et al. 2012). In a more global integration analysis using all

genes in common between the DNA methylation and gene ex-

pression platforms, we identified these same genes as our top

candidates for showing DNA methylation-based deregulation

(data not shown). For many of the genes we identified, little to

nothing is known about DNA methylation-based deregulation in

cancer. In addition to those genes showing inverse relationships

between DNA methylation and gene expression changes, five

genes were found to be hypermethylated but up-regulated in

tumors, while 10 genes were found to be hypomethylated and

down-regulated (Supplemental Table 4). We attempted to charac-

terize the different groups of genes by examining whether or not

they were associated with CpG islands and/or promoter regions.

We found a statistically significant association between group

membership and CpG island status (Fisher p < 0.001) (Fig. 3B);

genes for which DNA methylation increased were significantly

associated with CpG islands, regardless of the direction of the gene

expression difference. We found no statistically significant differ-

ence between group membership and whether or not probes were

located in the promoter region (Fisher p < 0.44) (Fig. 3B). Scatter-

plots illustrate the negative correlation between DNAmethylation

and gene expression for select genes as well as the distinct distri-

bution of tumor and NTL sample values (Fig. 3C).

Examination of the clinical characteristics of the tumors

(Table 1) yielded the expected statistically significant correlations

of smoking with KRAS mutations and never-smoking with EGFR

mutations (Sun et al. 2007). To examine the overall difference

in DNA methylation between tissues from smokers and never

smokers, we performed a correlation analysis, which showed

very similar DNAmethylation profiles in both groups, although

the correlation for NTL was highest (Fig. 4A,D). We then per-

formed a locus-by-locus differential DNA methylation analysis of

smoker vs. never-smoker tissue (tumors

as well as NTL) to identify differentially

methylated probes.WhileNTL showedno

significant differential DNA methylation

between smokers and never-smokers, six

genes were statistically significantly dif-

ferent between the tumor tissues of smokers

and never-smokers (Fig. 4B,E). IRF8, IHH,

LGALS4, IL18BP, and VTN were hyper-

methylated in current smoker tumors,

while KLF11 was hypomethylated (Sup-

plemental Table 5). Only LGALS4 showed

a statistically significant corresponding

down-regulation in gene expression in

current smoker tumors (BH p < 0.0069). A

scatterplot of DNA methylation vs. gene

expression for LGALS4, which encodes a

galactoside-binding protein involved in

cell–cell and cell–matrix interactions, dem-

onstrates the dramatic hypermethylation

and down-regulation of the gene in cur-

rent smoker tumors (Fig. 4C).

One problem with the studied sam-

ple collection was a bias in the ethnic

composition (Table 1); only one of the 29

smokers was Asian, whereas 21/30 never-

smokers were Asian. To address this bias,

we performed amultiple linear regression

analysis and found that even with ad-

justment for race, all five genes that were

significantly hypermethylated in smokers

remained significant. KLF11 hypometh-

ylation, however, did not. We examined

LGALS4, the only gene showing signifi-

cantly altered gene expression, more

closely. When we performed a linear re-

gression analysiswith adjustment for race

as well as KRAS and EGFR status, the cor-

relation between LGALS4 and smoking

Figure 3. Genes showing the most significant changes in DNA methylation and gene expression.
(A) Three-dimensional starburst plot of 709 genes, integrating significant changes in DNA methylation
(x-axis) and gene expression (z-axis), with amean twofold or greater change in gene expression (y-axis).
Colors are as in Figure 2B. (B) Presence of CpG islands and probe locations for genes exhibiting hyper-
or hypomethylation and up- or down-regulation. (C ) Correlation plots of DNA methylation vs. gene
expression in tumors and normal tissues for select genes.
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remained statistically significant. In addition, a comparison of all

Asian vs. all Caucasian tumors did not identify LGALS4 as signifi-

cantly differentially methylated between the two populations.

Lastly, in an analysis limited to onlyCaucasian tumors (ninenever-

smokers vs. 28 current-smokers), LGALS4 was found to be differ-

entially methylated (Wilcoxon p < 0.009, median b-value differ-

ence = 0.22). These observations support an association between

LGALS4 hypermethylation in lung adenocarcinoma and smoking.

The limited number of significant differences between cur-

rent and never-smoker lung adenocarcinomas and their highly

similar global DNAmethylation profiles (Fig. 4A) prompted further

investigation. We examined 30 genes that had previously been

reported to show differences between smokers and never-smokers.

Of these, 14 genes showed statistically significant differences in

DNAmethylation, but only one gene, CDKN2A, showed a median

b-value difference of >20% between current smokers and never-

smokers (Supplemental Table 6). Our results therefore suggest that

smoking status did not greatly influence the DNA methylation

profiles of the tumors in our collection.

Class discovery: Identification of DNA methylation subgroups

in lung adenocarcinoma

Weperformedanunsupervised analysis of the entire 59-tumor set to

identify any intrinsic DNAmethylation-based subclasses that could

then be investigated in relation to known clinical features. We used

either the top 5000most variable probeswithin the tumors (Fig. 5A)

or the 766 differentiallymethylated genes (Supplemental Fig. 7A,C).

Table 2A. Top hypermethylated and down-regulated genes in lung adenocarcinoma

HUGOa HUGO gene namea: functionb Referencesc

ABCA3d ATP-binding cassette, subfamily A, member 3: ATP-binding cassette transporter Schimanski et al. 2010
ACVRL1d Activin A receptor type II-like 1: TGF-beta receptor, serine/threonine kinase Hu-Lowe et al. 2011
ADCY4 Adenylate cyclase 4: Membrane-bound adenylyl cyclase Rui et al. 2008
ALDH1A2 Aldehyde dehydrogenase 1 family, member A2: Retinoic acid synthesis Kim et al. 2005
C1orf87 Chromosome 1 open reading frame 87: Undetermined None available
C7 Complement component 7: Component of complement system Oka et al. 2001
CDH13 Cadherin 13: Cell adhesion Selamat et al. 2011
CDO1 Cysteine dioxygenase, type I: Regulator of cellular cysteine concentrations Dietrich et al. 2010
CLDN5 Claudin 5: Integral membrane protein, tight junction component Sato et al. 2003
CLEC14A C-type lectin domain family 14, member A: Undetermined Mura et al. 2012
CLEC1A C-type lectin domain family 1, member A: Cell adhesion, cell–cell signaling None available
CSF3R Colony stimulating factor 3 receptor: Cell proliferation, differentiation, survival Wang et al. 2010
CTNNAL1 Catenin (cadherin-associated protein), alpha-like 1: Modulates Rho signaling Noordhuis et al. 2011
CYYR1 Cysteine/tyrosine-rich 1: Undetermined Vitale et al. 2007
DOCK2d Dedicator of cytokinesis 2: Cytoskeletal rearrangements, activate RAC1, RAC2 Nishihara et al. 2002
EFCAB1 EF-hand calcium binding domain 1: Undetermined None available
EFEMP1d EGF containing fibulin-like extracellular matrix protein 1: Binds EGF, EGFR; cell adhesion, migration Yue et al. 2007
EPB41L3 Erythrocyte membrane protein band 4.1-like 3: Meningiomas pathogenesis Kikuchi et al. 2005
GATA2 GATA binding protein 2: Transcriptional activator Acosta et al. 2011
HBA1 Hemoglobin, alpha 1: Oxygen transport from lung to peripheral tissues None available
HDC Histidine decarboxylase: Converts L-histidine to histamine Suzuki-Ishigaki et al. 2000
HOXA5d Homeobox A5: transcription factor; development, up-regulates p53 Shiraishi et al. 2002
ICAM2 Intercellular adhesion molecule 2: Cell adhesion interaction Hiraoka et al. 2011
JAM2d Junctional adhesion molecule 2: Tight junctions Oster et al. 2011
LTC4S Leukotriene C4 synthase: Production of leukotriene C4 Sakhinia et al. 2006
MALd Mal, T-cell differentiation protein: Integral membrane protein, trafficking Lind et al. 2007
MAMDC2 MAM domain containing 2: Undetermined None available
NDRG2d NDRG family member 2: Dendritic/neuron cell differentiation, anti-tumor activity Piepoli et al. 2009
PRX Periaxin: Peripheral nerve myelin maintenance Lehtonen et al. 2004
RHOJ Ras homolog gene family, member J: GTP-binding protein; cell morphology Kaur et al. 2011
SCARA5 Scavenger receptor class A, member 5: Ferritin receptor Huang et al. 2010
SCN4B Sodium channel, voltage-gated, type IV, beta: Modulate channel gating kinetics Chioni et al. 2009
SLC15A3 Solute carrier family 15, member 3: Proton oligopeptide cotransporter Ibragimova et al. 2010
SNRPN Small nuclear ribonucleoprotein polypeptide N: Tissue-specific alternative RNA processing Kohda et al. 2001
SOCS2d Suppressor of cytokine signaling 2: Cytokine transduction, negative regulator in GH/IFG1 signaling Wikman et al. 2002
SOSTDC1 Sclerostin domain containing 1: BMP antagonist; Wnt and TGF-beta signaling Clausen et al. 2011
SOX17 SRY (sex determining region Y)-box 17: Transcription regulator; Wnt signaling inhibitor Zhang et al. 2008
SPARCL1 SPARC-like 1 (hevin): Undetermined Bendik et al. 1998
SPON1d Spondin 1, extracellular matrix protein: Cell adhesion Pyle-Chenault et al. 2005
TEK TEK tyrosine kinase, endothelial: Endothelial cell proliferation, differentiation Mazzieri et al. 2011
TM6SF1 Transmembrane 6 superfamily member 1: Undetermined Tao et al. 2011
TMEM204 Transmembrane protein 204: Cell adhesion and cellular permeability Shimizu et al. 2011
TOX2 TOX high mobility group box family member 2: Transcriptional activator None available
TUBB6 Tubulin, beta 6: Major constituent of microtubules Leandro-Garcia et al. 2010
ZEB2 Zinc finger E-box binding homeobox 2: Transcriptional inhibitor, interacts with activated SMADs Rodenhiser et al. 2008

First report of DNA methylation in lung cancer shown in bold.
aHuman Genome Organization nomenclature.
bGene function from GeneCards website, http://www.genecards.org/.
cPreviously reported studies in order of relevance: DNAmethylation in lung cancer, DNAmethylation in non-lung cancer, known in lung cancer, known in
non-lung cancer.
dTested in independent population using MethyLight (see Supplemental Fig. 5).
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Both hierarchical clustering analyses identified two distinct clus-

ters, with only two tumors changing memberships between the

two clustering approaches. Comparison of DNA methylation of

the 5000 most variable probes among the tumor tissues showed

considerable hypermethylation: 962 probes (753 genes) were sig-

nificantly hypermethylated in Cluster 1 vs. Cluster 2, and only one

gene was significantly more methylated in Cluster 2 vs. Cluster 1

(RUNX1) (Fig. 5B; Supplemental Table 7). We investigated whether

this hypermethylationwas tumor-specific andhow it related to the

probes previously identified as differentially methylated between

all tumors vs. all NTL (Fig. 5C,D). Two hundred and sixty-two

probes overlapped between the two groups, representing CpGs

that were differentially methylated between all tumors and NTL,

and that showed significant additional hypermethylation in the

tumors of Cluster 1. Notably, 694 probes that had been identified

as differentially methylated between all tumors and NTL did not

overlap with probes differentially methylated between the two

clusters. These probes comprised ones hypomethylated in the tu-

mors as well as probes that were hypermethylated in tumors, but

not additionally hypermethylated in Cluster 1 (Fig. 5D, blue dots).

This suggests that the hypermethylation seen in Cluster 1 is not

a global phenomenon but appears to occur in a particular group of

genes. Lastly, 701 probes (red dots) were differentially methylated

in Cluster 1 vs. 2 but were not identified as differentially meth-

ylated between all tumors vs. NTL. These probes were hyper-

methylated in tumor vs. NTL samples from Cluster 1, but not

from Cluster 2 (Fig. 5E). To determine whether the differential

DNA methylation of these latter probes might be of functional

relevance, we examined the expression levels of these probes in

Cluster 1 tumors vs. Cluster 1 NTL, identifying 13 genes that were

concordantly down-regulated and hypermethylated, and three

genes that were hypermethylated and up-regulated (Supple-

mental Table 8). Of interest was the hypermethylation and

down-regulation of two genes encoding cell adhesion molecules,

junctional adhesionmolecule 3 (JAM3) and claudin 11 (CLDN11).

Hypermethylation-based silencing of CLDN11 has been impli-

cated in gastric cancer metastasis (Agarwal et al. 2009). Also

notable was the hypermethylated and down-regulated gene

GFRA1, encoding a membrane protein that interacts with the RET

tyrosine kinase (Leppanen et al. 2004). Interestingly, chromosomal

translocations that activate RET were recently described in lung

adenocarcinoma (Ju et al. 2012; Lipson et al. 2012). The signifi-

cance of GFRA1 deregulation and other Cluster 1–specific gene

deregulatory events is worthy of further investigation, because

it might point to patient subgroup-specific targets for epigenetic

therapy.

Investigating the relationship of the two clusters to their

clinical and genetic properties, we found no significant differences

in clinical stage, age, gender, race, STK11 or EGFRmutation status,

or survival between the two clusters (all p > 0.05) (Fig. 5A; Sup-

plemental Fig. 7B). However, we did observe statistically signifi-

cant positive associations between Cluster 1 membership and

KRAS mutation and smoking status (Fig. 5F,G). These results held

true with both hierarchical clustering approaches. We determined

that within KRAS mutants, there was no association between

cluster membership and smoking (Fisher p = 0.21), whereas within

current smokers, there was a significant association between KRAS

mutation and Cluster 1 (Fisher p = 0.02), indicating that KRAS

rather than smoking is associated with the more heavily methyl-

ated cluster.We foundno significant association between the types

of KRAS mutations and cluster membership (Fisher’s p < 0.49),

although this analysis was limited by the modest number of

samples in this study. To further investigate the relationship be-

tween KRAS mutational status and cluster membership, we sub-

divided Cluster 1 and 2 tumors by KRAS mutational status and

compared the median DNA methylation b-values among these

groups. The median b-values for the KRAS mutant vs. wild-type

tumors was well-correlated in both clusters (Supplemental Fig.

8A,B). In addition, Cluster 1 tumors showed higher median

b-values in numerous CpGs irrespective of the KRAS mutational

status (Supplemental Fig. 8C,D). These observations suggest that

while KRAS mutational status is positively associated with Cluster

1 membership, it is not the driver behind Cluster 1–specific DNA

methylation.

Table 2B. Top hypomethylated and up-regulated genes in lung adenocarcinoma

HUGOa HUGO gene namea: functionb Referencesc

AGR2 Anterior gradient homolog 2: Proto-oncogene; cell migration, differentiation and growth Pizzi et al. 2012
AIM2 Absent in melanoma 2: Tumor suppressor; represses NF-kappa-B transcription Pedersen et al. 2011
CFB Complement factor B: Component of complement system None available
FAM83Ad Family with sequence similarity 83, member A: Undetermined Jensen et al. 2008
GRB7 Growth factor receptor-bound protein 7: Integrin signaling pathway, cell migration Tanaka et al. 2006
HABP2 Hyaluronan binding protein 2: Activates coagulation factor VII Wang et al. 2002
KRT8 Keratin 8: Cellular structure; signal transduction Sartor et al. 2011
LAMB3 Laminin, beta 3: Interaction with ECM, cell migration, attachment Sathyanarayana et al. 2003
MX2 Myxovirus (influenza virus) resistance 2: GTPase Kobayashi et al. 2004
PROM2 Prominin 2: Organization of plasma membrane Rohan et al. 2006
RAB25 RAB25, member RAS oncogene family: Cell survival, migration, and proliferation Goldenring and Nam 2011
SFNd Stratifin: Epithelial cell growth; stimulates Akt/mTOR pathway; p53-regulated inhibitor of G2/M progression Osada et al. 2002
SPDEF SAM pointed domain containing ETS transcription factor: Androgen-independent

transactivator of PSA, SERPINB5
Ghadersohi et al. 2004

TCN1 Transcobalamin I: Vitamin B12–binding protein Remmelink et al. 2005
TM4SF4 Transmembrane 4 L six family member 4: Cell proliferation, growth, motility None available
ZNF750 Zinc finger protein 750: Undetermined None Available

First report of DNA methylation in lung cancer shown in bold.
aHuman Genome Organization nomenclature.
bGene function from GeneCards website, http://www.genecards.org/.
cPreviously reported studies in order of relevance: DNAmethylation in lung cancer, DNAmethylation in non-lung cancer, known in lung cancer, known in
non-lung cancer.
dTested in independent population using MethyLight (see Supplemental Fig. 5).
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We next investigated whether the differential DNA methyl-

ation between the two clusters could be due to differential ex-

pression of proteins known to influence DNA methylation levels.

We found no significant differences in expression levels ofDNMT1,

DNMT3A, DNMT3B, DNMT3L, TET1, TET2, and TET3 between the

two clusters (Supplemental Fig. 9). However, when we examined

global gene expression differences between the two clusters, we

identified 36 genes that were statistically significantly differen-

tially expressed (unrelated to DNAmethylation), with seven genes

meeting a twofold cutoff (Fig. 5H; Supplemental Table 9). Of these,

three were cytokines (CXCL9, CXCL10, and CXCL14), while an-

other gene, PHLDA1, encodes a regulator of IGF1-mediated apo-

ptosis (Toyoshima et al. 2004).

Discussion

Using genome-level interrogation of DNA methylation, we iden-

tified 766 genes showing significant differential DNAmethylation

in cancer tissues. These genesmay be useful to develop biomarkers

for diagnostic or prognostic purposes. For example, the compari-

son of lung adenocarcinoma DNAmethylation profiles with those

of white blood cells and other types of cancers (e.g., through The

Cancer Genome Atlas; http://cancergenome.nih.gov/), could lead

to the development of improved DNA methylation-based blood

biomarkers specific for lung adenocar-

cinoma (Esteller et al. 1999; Usadel et al.

2002). To distinguish DNA methylation

events of potential functional signifi-

cance (‘‘driver events’’) from those that

do not biologically contribute to tumor-

igenesis (‘‘passenger events’’), we inte-

grated the DNA methylation data with

gene expression profiles of the same tu-

mors. One hundred and sixty-four genes

were concordantly hypermethylated

and down-regulated, and 57 genes were

concordantly hypomethylated and up-

regulated. Ingenuity Pathways Analysis

identified two top deregulated networks:

one involved in epithelial-to-mesenchy-

mal transition, the other centered on

growth factor signal transduction and cell

cycle control. More stringent filtering of

genes requiring a minimal mean twofold

change in expression yielded 45 hyper-

methylated and down-regulated genes,

including novel methylated genes such

as ABCA3, an ATP-binding cassette

transporter protein with a critical role in

lung development and surfactant me-

tabolism in humans (Shulenin et al.

2004) and mice (Cheong et al. 2007).

Also of interest are SOX17, a canonical

WNT antagonist previously shown to

be functionally hypermethylated in

breast and colorectal cancers (Zhang

et al. 2008; Fu et al. 2010), andTMEM204,

a transmembrane protein that plays

a role in cell adhesion and is hyper-

methylated and down-regulated in pan-

creatic cancer (Shimizu et al. 2011). To

our knowledge, this is the first report of

the epigenetic deregulation of these and numerous other genes

in lung cancer.

The top hypomethylated and up-regulated gene, FAM83A,

has been demonstrated previously to be specifically up-regulated in

lung cancer, especially in lung adenocarcinomas (Li et al. 2005). Ex-

pression of FAM83Ahas been used to detect circulating cancer cells in

the peripheral bloodof lung cancer patients (Liu et al. 2008). FAM83A

was also shown to be epigenetically regulated in an in vitro model of

arsenic-mediatedmalignant transformation (Jensen et al. 2008). Also

of interest are AGR2, KRT8, and SFN. AGR2 is a known proto-onco-

gene recently confirmed to be overexpressed in lung adenocarci-

noma (Pizzi et al. 2012), and has been shown to promote cell pro-

liferation and migration in several different cancers (Ramachandran

et al. 2008; Vanderlaag et al. 2010; Park et al. 2011). KRT8, encoding

keratin 8, was previously reported to be up-regulated in lung ade-

nocarcinoma (Wikman et al. 2002); and SFN, encoding stratifin, has

been reported to be overexpressed in early invasive lung adenocar-

cinoma (Shiba-Ishii et al. 2011). Investigating the link between loss of

methylation and increased expression of these genes will be impor-

tant, given the increasing use of epigenetic therapies in cancer

treatment.

In addition to genes showing an inverse correlation between

DNA methylation and expression, we also identified several genes

that were coordinately hypermethylated and up-regulated, or

Figure 4. Identification of DNA methylation differences between lung adenocarcinoma tumors and
NTL with regard to smoking. (A) Correlation matrix of median b-values of tumors from current smokers
vs. never-smokers, with the Spearman rho correlation given in the top left corner. (B) Volcano plot of the
differential DNA methylation analysis between tumors from smokers and never-smokers. (Vertical
dotted lines) 20% change in b-values; (horizontal dotted line) the significance cutoff. (C ) Correlation
plot of DNAmethylation vs. expression for LGALS4. The Spearman rho correlation coefficient is provided
on top. (D) Correlation matrix of median b-values of NTL from current smokers vs. never-smokers, with
the Spearman rho correlation given in the top left corner. (E) Volcano plot of the differential DNA
methylation analysis betweenNTL from smokers and never-smokers. (Vertical dotted lines) 20% change
in b-values; (horizontal dotted line) the significance cutoff. No significant DNA methylation differences
are seen between NTL from smokers and never-smokers.
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hypomethylated and down-regulated. While these two groups of

genes do not fit into the classical paradigm of DNA methylation

regulation, increasing evidence from recent deep sequencing

studies show that DNA methylation regulation may be more

complex. The Illumina Infinium

HumanMethylation27 platform is based

on probe hybridization and single nu-

cleotide extension, and therefore levels of

DNAmethylation observed with a partic-

ular probe are highly dependent on

whether the probe is located within or

outside of a CpG island and its proximity

to the transcription start site of a gene

(Brenet et al. 2011; van Vlodrop et al.

2011). Additionally, the identification of

long-range DNA methylation, or spread-

ing of DNA methylation (Clark 2007), as

well as roles for DNA methylation on the

border or just outside CpG islands,

termed ‘‘shores’’ and ‘‘shelves’’ (Irizarry

et al. 2009), DNA methylation-regulated

alternate transcripts (Maunakea et al.

2010), the role of DNA methylation in

chromatin arrangement and organiza-

tion of the genome (Berman et al. 2012),

miRNA regulation (Lopez-Serra and Esteller

2012), and even gene silencing by non-

CpG island DNA methylation (Han et al.

2011) add increasing intricacy to the re-

lationship between DNA methylation and

gene regulation. The new Illumina Infi-

nium HumanMethylation450 bead array,

whole-genome bisulfite-sequencing, and

RNA-seq will be able to shed more light

onto thesepossibilities (Bermanet al. 2012).

Distinct mutational and gene ex-

pression differences between lung adeno-

carcinomas of smokers and never-smokers

have been frequently noted (e.g., Belinsky

et al. 2002; Toyooka et al. 2003; Pao et al.

2004, 2005b; Sun et al. 2007; Landi et al.

2008). Previous candidate-gene studies

(Belinsky et al. 2002; Pulling et al. 2003)

were recapitulated in our study albeit with

smaller differences. It should be consid-

ered that the second most common form

of lung cancer, squamous cell carcinoma,

occurs predominantly in smokers, while

adenocarcinoma is the most common

lung cancer histology in never-smokers.

Our study focuses exclusively on lung

adenocarcinoma, and the modest dif-

ferences we detect may therefore be due

to different histological compositions as

well as to differences in methodology.

Two recent studies suggest no simple re-

lationship between tobacco smoke car-

cinogens and DNA methylation. In a

study comparing peripheral blood DNA

methylation profiles of smokers and non-

smokers, only one differentially meth-

ylated locus was found (Breitling et al.

2011). An in vitro study of human lung cells chronically exposed to

a tobacco carcinogen also showed little to no effect on DNA meth-

ylation profiles in treated vs. untreated cells (Tommasi et al. 2010).

In our genome-scale supervised approach, we noted only six sig-

Figure 5. Hierarchical clustering of tumors identifies two distinct DNA-methylation based clusters. (A)
Two-dimensional hierarchical clustering of the top 5000 most variant probes among 59 tumors. Rows are
probes; columns are samples. Fisher P-values for different sample parameters are shown on the left; pa-
rameters are indicated at right (the listed characteristic is marked as a black tick mark, except as indicated in
the keybeside the heatmap). The twomain clusters aremarked in color at the topof theheatmap. (B) Volcano
plot showing statistically significant DNA methylation alterations between the two clusters. (Vertical dotted
lines) 20% change in b-values; (horizontal dotted line) the significance cutoff. (C ) Overlap of probes
hypermethylated in all tumors vs. NTL and probes hypermethylated in Cluster 1 vs. Cluster 2. (D) Correlation
matrix of median b-values of tumors vs. NTL for the three color groups indicated in C. Note that probes that
were differentially methylated in Cluster 1 but had not been identified as differentially methylated in the all
tumor vs. all NTL comparison (red dots) fell near the diagonal. (E) Correlation matrix of median b-values of
tumors vs. NTL for probes differentially methylated between clusters but not between all tumors vs. NTL (red
dots in C). The distribution seenwhen these probes are examined in either Cluster 1 (green dots) or Cluster 2
(purple dots) samples. Note that within Cluster 1 samples, these probes are hypermethylated in tumors. (F)
Associations of cluster membership with KRAS mutation status and (G) smoking status. (H) Volcano plot
showing statistically significant gene expression differences (unrelated toDNAmethylation) between the two
clusters. (Vertical dotted lines) A twofold change in expression; (horizontal dotted line) the significance cutoff.
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nificantly differentially methylated genes between smokers and

never-smokers, and of these only LGALS4 showed a corresponding

down-regulation in gene expression in current smoker tumors.

LGALS4 has been implicated in several cancers, including gastric,

colon, and sinusoidal adenocarcinomas (Sakakura et al. 2005;

Tripodi et al. 2009; Watanabe et al. 2011). Recently, a mechanism

for the involvement of LGALS4 as a tumor suppressor in colorectal

cancer was proposed involving theWNT signaling pathway (Satelli

et al. 2011). This is especially interesting given the well-established

role that WNT signaling plays in the development of lung cancer

(Mazieres et al. 2005; Nguyen et al. 2009). Importantly, previous

studies have suggested that the WNT pathway is involved in ciga-

rette smoke–induced tumorigenesis (Lemjabbar-Alaoui et al. 2006;

Hussain et al. 2009). To our knowledge, this is the first report of dif-

ferential expression of LGALS4 between smoker and never-smoker

lung tumors and of DNA methylation as a potential regulator of

LGALS4 expression. Functional validation of LGALS4 regulation

in lung adenocarcinoma is a highly interesting avenue of future

investigation.

Genome-wide DNAmethylation profiling has led to increased

knowledgeof epigenetic subtypes of colorectal cancer, glioblastoma,

and multiple myeloma, among others (Noushmehr et al. 2010;

Walker et al. 2011; Hinoue et al. 2012). The best-established DNA

methylation-based subgroup is that of CpG island methylator

phenotype (CIMP), first identified in colorectal cancer (Toyota et al.

1999). CIMP tumors possess high frequency and levels of cancer-

specific DNAmethylation at loci that show little or nomethylation

in non-CIMP tumors. CIMP sometimes shows differences in patient

survival and is closely associated with BRAF activating mutations,

but this does not appear to drive CIMP (Teodoridis et al. 2008). The

existence of CIMP has been suggested in NSCLC (Marsit et al. 2006;

Suzuki et al. 2006) using a very limited number of genes. However,

another study did not support this conclusion (Vaissiere et al. 2009).

Our use of 27,578 probes enabled a more thorough examination of

DNAmethylation, andwe find no evidence for classic CIMP in lung

cancer. An additional epigenotype, termed CIMP-low, has been

reported and confirmed in several independent populations of co-

lorectal tumors using different methodologies (Ogino et al. 2006;

Shen et al. 2007; Yagi et al. 2010; Hinoue et al. 2012). CIMP-low

exhibits moderately high levels of DNA hypermethylation at a

subset of CIMP-associated loci, and in each study was found to be

associated with KRAS mutation. Although the current lung adeno-

carcinoma study is limited by a modest sample size, we too observe

an epigenetic subtype of lung adenocarcinoma with higher DNA

methylation levels that is associated with KRAS mutation. In 2006,

a higher methylation index in KRASmutant tumors in comparison

to KRAS wild-type tumors was described (Toyooka et al. 2006).

However, like CIMP-low in colorectal cancer, KRAS mutations ap-

pear not to drive this epigenetic subgroup, and a more complex

molecular mechanism may cause the observed epigenetic hetero-

geneity (Hinoue et al. 2012). The hypermethylated cluster was also

associated (albeit more weakly) with smoking status, which is not

surprising given the fact that KRASmutations are most common in

smokers (Ahrendt et al. 2001).

To further characterize the CIMP-low cluster, we identified

genes that show cluster and tumor-specific DNA methylation-

based down-regulation, including GFRA1. These genes, which

might constitute new DNA-methylation-based deregulated driver

genes characteristic for a subset of lung adenocarcinomas, merit

further exploration. In addition, we identified seven genes show-

ing statistically significant expression changes of at least twofold,

unrelated to DNA methylation. Three out of the seven genes were

cytokines recently shown toplay a role in tumorigenesis (Andersson

et al. 2011), while PHLDA1, a regulator of IGF1-mediated apopto-

sis (Toyoshima et al. 2004), has recently been suggested to be

a putative epithelial stem cell marker in the human intestine

(Sakthianandeswaren et al. 2011). The role of cytokines in tu-

morigenesis is of increasing interest (Dranoff 2004; Li et al. 2011),

and the connection between DNA methylation, cytokines, and

cancer is an intriguing avenue of investigation (Yoshikawa et al.

2001; Galm et al. 2003; Niwa et al. 2005; Sunaga et al. 2012).While

we do not find a survival difference between the two DNA

methylation-based clusters, further characterization of the identi-

fied molecular differences may lead to the development of new

treatment strategies targeted to this subgroup of tumors.

In summary, our DNA methylation profiling of 59 lung ade-

nocarcinomas and matched adjacent non-tumor lung tissue ac-

complished three goals: (1) the identification of numerous new

cancer-specific DNA methylation changes that can be pursued as

potential lung adenocarcinoma biomarkers; (2) the identification

of potentially functional DNA methylation changes that may

constitute driver alterations in lung adenocarcinoma; and (3) the

identification of an epigenetic subgroup of lung adenocarcinoma

with higher levels of DNA methylation that is reminiscent of

CIMP-low in colorectal cancer, is correlated with KRAS mutation,

and shows specific gene expression alterations. Our observations

lay the groundwork for further diagnostic and mechanistic studies

of lung adenocarcinoma that could lead to improvements in de-

tection, patient classification, and therapy.

Methods

Study samples

The Early Detection Research Network (EDRN)/Canary Founda-

tion tissue collection consisted of 60 lung adenocarcinoma tumors

and matched adjacent histologically confirmed non-tumor lung

(NTL), collected after surgery. Forty-five adenocarcinoma/NTL

pairs were obtained from the Vancouver General Hospital

(Vancouver, Canada) and 15 adenocarcinoma/NTL pairs from

the British Columbia Cancer Agency Tumor Tissue Repository

(Vancouver, Canada, BCCA Research Ethics Board #H09-00008).

Thirty subjectswerenever-smokers (defined as less than100 lifetime

cigarettes), and 30 were current smokers (average 53 pack-years,

range 11–120 pack-years). One tumor sample was excluded after

pathology review later revealed it to be a large cell carcinoma. Sub-

ject characteristics for the remaining 59 subjects are detailed inTable

1. For verification of DNA methylation profiling, an independent

sample set of 28 lung adenocarcinomas and 27 NTL was used.

Subject characteristics for the validation population are detailed in

Supplemental Table 2. Of these, 21 tumor and 20 NTL de-identified

samples were purchased from the Ontario Tumor Bank (OTB,

Ontario, Canada), while seven tumors and sevenNTLwere collected

at the University Hospital at the University of Southern California

(USC IRB protocol #HS-06-00447). For MethyLight verification of

selected probes, OTB samples were used (26 tumors and 26 NTL),

of which 25 pairs were matched. Ten of the tumors and 13 of the

NTL samples examined byMethyLight were the same tissues used

for the genome-wide verification. EDRN/Canary samples were

assessed by an experienced pathologist (A.F.G.), while the verifi-

cation samples were assessed by a separate expert lung patholo-

gist (M.N.K.). All sample collections were performed conforming

to protocols approved by the appropriate local Institutional Re-

view Boards and were acquired with informed consent. The

identities of the subjects were not made available to the labora-

tory investigators.
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DNA methylation data production

DNA was extracted by proteinase K digestion following manual

microdissection from slides prepared from fresh frozen tissue

blocks. The DNA was then bisulfite-converted using the EZ DNA

Methylation kit (Zymo Research) with a modification to the

manufacturer’s protocol in which samples were cycled 16 times for

30 sec at 90°C and 1 h at 50°C. The Illumina Infinium Human-

Methylation27 BeadChip assays were performed by the USC Epi-

genome Center according to the manufacturer’s protocols (Illu-

mina). This assay generates DNAmethylation data for 27,578 CpG

dinucleotides covering 14,473 unique genes. DNA methylation

levels are reported as b-values, calculated from mean methylated

(M) and unmethylated (U) signal intensities for each locus for each

sample using the formula [b = M/(M + U)]. Probes with detection

P-values of >0.05 were deemed not significantly different from

background noise and were labeled ‘‘NA.’’ Data for all samples are

publicly available at the EDRN Public Portal (http://www.cancer.

gov/edrn). MethyLight experiments were performed as previously

described (Campan et al. 2009). MethyLight measurements are

represented as percentage methylated reference (PMR), defined by

the GENE:ALU ratio of a sample, wherein ALU refers to a reference

primer/probe combination that lacks CpGs and is designed to bind

to a subset of ALU repeat sequences (Weisenberger et al. 2006),

divided by the GENE:ALU ratio of M.SssI-treated reference DNA.

This results in a PMR range of 0–100, where a PMR of 0 indicates no

detectable DNA methylation and a PMR of 100 represents fully

methylated molecules. Occasionally, a PMR of >100 can be ob-

served, which may result when the reference DNA was not fully

methylated at a particular site. Tominimize this, the same batch of

reference DNA that has been exhaustively enzymatically methyl-

ated is used throughout the experiments (Selamat et al. 2011).

Previously published MethyLight primer/probe sets were used for

the SFN andMAL locus and the ALU reference (Weisenberger et al.

2006; Noushmehr et al. 2010). Other MethyLight primer/probe

sequences are detailed in Supplemental Table 10.

DNA methylation data analysis

Data analyses were performed using R (R Development Core Team

2011) and Bioconductor (Gentleman et al. 2004). The analyses of

120 tissue samples necessitated conducting the experiment with

the samples randomized and spread over two bisulfite treatment

plates and 16 InfiniumBeadChips. Batch effect investigationswere

performed as recommended (Leek et al. 2010) and are illustrated in

Supplemental Figure 1. Three tissue samples were excluded from

analyses: one tumor/NTL tissue pair (07L36_T/N) found to be a

large cell carcinoma instead of a lung adenocarcinoma and one

NTL sample (3023_N) for which correlation analyses suggested

this was neither a lung adenocarcinoma nor NTL tissue. Probes

targeting the X and Y chromosomes were excluded, as were probes

containing a known single-nucleotide polymorphism, probes that

contain repeat sequences of$10 bp, and probes that were found to

be non-unique in the genome (Noushmehr et al. 2010). Hierar-

chical clusteringwas performed usingWard linkagewith Euclidean

distance for samples and Pearson correlation coefficients for

probes. For each comparison analysis, the top 5000 most variable

probes across all samples included in the comparison as measured

by SD/SDMAXwere retained (CancerGenomeAtlas ResearchNetwork

2011). Locus-by-locus analyses were conducted using the non-

parametric Wilcoxon rank-sum test, and multiple comparisons

correction was performed using Q-values from the qvalue package

in R (Storey and Tibshirani 2003). Probes were considered statis-

tically significantly different between the tested groups with a Q <

0.05. We also included an additional filter requiring the median

b-value difference between groups to be$0.2, or a minimum 20%

difference for all group comparisons. MethyLight data were ana-

lyzed usingWilcoxon signed-rank tests onGraphPad Prismversion

5.00 (GraphPad Software).

Functional classification/gene network analyses

Differentially methylated genes were analyzed for Gene Ontology

enrichments in comparison to all genes available on the Illumina

Infinium HumanMethylation27 platform using the DAVID Func-

tional Annotation Tool (Huang da et al. 2009). Genes for which

expression levels change in concordance with DNA methylation

changes were analyzed for gene network and biological processes

enrichment using IPA (Ingenuity Systems; http://www.ingenuity.

com). Meta-analyses to identify correlated biosets and overlapping

genes in publicly available data sets were performed using the

NextBio online database (NextBio, Cupertino, CA; http://www.

nextbio.com). Accession numbers are GSE10799, GSE17648,

GSE19188, GSE19804, and GSE25062.

Integration of gene expression analysis

Gene expression profiles were generated using RNA obtained by

TRIzol extraction (Invitrogen) from microdissected alternate sec-

tions of the same 59 EDRN lung AD/NTL frozen tissue pairs used

for the DNA methylation analysis. Expression data were obtained

using the Illumina Human WG-6 v3.0 Expression BeadChips (Illu-

mina) at the Genomics Core at UT Southwestern. Bead-summarized

data were obtained using the Illumina BeadStudio software, ex-

pression values were log2-transformed, and Robust Spline Nor-

malization (RSN) was performed with the lumi package in R (Du

et al. 2008). The ReMOAT annotation of gene expression data was

used to include only ‘‘perfect’’ and ‘‘good’’ annotated probes

(Barbosa-Morais et al. 2010). Exploratory quality-control analyses

revealed no strong batch effects (data not shown), although one

tumor sample was excluded (3035_T) due to quality concerns. Out

of 766 differentiallymethylated genes identified (Q < 0.05, median

b-value difference$0.2), we were able to examine gene expression

levels for 709 genes after the probe quality filtering detailed above.

For genes with multiple probes, we selected the probe with the

highest variance and analyzed differential expression using t-tests

and a Benjamini-Hochberg (BH) multiple comparisons correction.

Statistical significance was called at BH-adjusted p < 0.05. An ad-

ditional stringent filter of mean twofold change was used to

identify top changing genes. Correlation between gene expression

and DNA methylation for each gene was measured using the

Spearman correlation coefficient. For genes with multiple probes

measuring DNA methylation, we selected the probe with the

highest SD/SDmax value for DNA methylation.

Data access

The DNAmethylation and expression data generated for the study

have been submitted to the NCBI Gene Expression Omnibus (GEO)

(http://www.ncbi.nlm.nih.gov/geo/) under accession number

GSE32867. All genome-scale data generated in the study are also

publicly available at the EDRN Public Portal (http://edrn.nci.nih.

gov/).
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