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Lung cancer has become a global public health burden, further
substantiating the need for early diagnosis and more effective
targeted therapies. The key to accomplishing both these goals is
a better understanding of the genes and pathways disrupted during
the initiation and progression of this disease. Gene promoter hyper-
methylation is an epigenetic modification of DNA at promoter CpG
islands that together with changes in histone structure culminatesin
loss of transcription. The fact that gene promoter hypermethylation
is a major mechanism for silencing genes in lung cancer has
stimulated the development of screening approaches to identify
additional genes and pathways that are disrupted within the
epigenome. Some of these approaches include restriction landmark
scanning, methylation CpG island amplification coupled with rep-
resentational difference analysis, and transcriptome-wide screen-
ing. Genes identified by these approaches, their function, and
prevalence in lung cancer are described. Recently, we used global
screening approaches to interrogate 43 genes in and around the
candidate lung cancer susceptibility locus, 6q23-25. Five genes,
TCF21, SYNE1, AKAP12, IL20RA, and ACAT2, were methylated at
14 to 81% prevalence, but methylation was not associated with
age at diagnosis or stage of lung cancer. These candidate tumor
suppressor genes likely play key roles in contributing to sporadic
lung cancer. The realization that methylation is a dominant mech-
anism in lung cancer etiology and its reversibility by pharmacologic
agents has led to the initiation of translational studies to develop
biomarkers in sputum for early detection and the testing of deme-
thylating and histone deacetylation inhibitors for treatment of lung
cancer.
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Lung cancer has become a global public health burden, with 1.5
million deaths expected by 2010. The high mortality from this
disease stems from the lack of an effective screening approach for
early diagnosis and the refractiveness of advanced cancers to
conventional therapies, substantiating the need to develop more
effective targeted therapies and chemoprevention. Although
smoking cessation does reduce risk for lung cancer, approxi-
mately half of lung cancers diagnosed are in former smokers.
Adenocarcinoma is the major histologic type of cancer diagnosed
in smokers in the United States and now Europe (1, 2). An
incidence rate of 40% and up to 80% has been reported for this
histologic type of cancer in smokers and never smokers, re-
spectively, diagnosed with lung cancer. Non-small cell lung
cancer (NSCLC, comprising mainly adeno, squamous cell, and
large cell carcinoma) is diagnosed in approximately 80% of
patients, while the remaining 20% of tumors appear to be small
cell lung cancer (SCLC).

(Received in original form May 29, 2008; accepted in final form July 2, 2008)
Supported by NIH RO1 ES008801.

Correspondence and requests for reprints should be addressed to Steven A.
Belinsky, Ph.D., Lovelace Respiratory Research Institute, 2425 Ridgecrest Dr. SE,
Albuquerque, NM 87108. E-mail: sbelinsk@LRRI.org

Proc Am Thorac Soc Vol 5. pp 806-810, 2008

DOI: 10.1513/pats.200805-045TH
Internet address: www.atsjournals.org

The detection of numerous cytogenetic changes provided the
firstlink to the molecular pathogenesis of lung cancer. Mapping of
chromosomal sites for rearrangement, breakpoints, and losses
revealed both common and distinct changes in SCLC and
NSCLC. The commonality for specific regions in the genome
for allelic loss suggested the presence of tumor suppressor genes
(TSGs) within these loci. The retinoblastoma gene was the first
TSG linked to lung cancer (3). Loss of function of this gene
through either deletion or point mutation occurs in 90% of SCLC,
while less than 15% of NSCLCs harbor changes in this TSG (4).
The second major TSG inactivated in lung cancer is p53.
Although p53 inactivation is common across many malignancies,
the mutation spectrum within this gene tracks with specific tumor
types. In lung cancer, the most common mutation seen is the G:C
to T:A transversion, an alteration potentially stemming from the
inability to repair DNA damage caused by polyaromatic hydro-
carbons such as benzo[a]|pyrene, which is present in tobacco (5, 6).
Consistent with this hypothesis, the prevalence for transversion
mutations increased in tumors with increasing cumulative expo-
sure to cigarette smoke (7). Mutations in p53 are found in 70% of
SCLC, 65% of squamous cell cancer, and 33% of adenocarci-
noma. In lung cancer, the search for TSGs inactivated through the
two-hit mechanism of loss of one allele and mutation of the
remaining allele have not identified any genes whose prevalence
for inactivation approaches that seen for the retinoblastoma and
p53 genes. The exception to this is LKB gene that is mu-
tated exclusively in approximately one-third of adenocarcinomas
(8).

The most commonly mutated oncogene in lung cancer is K-ras
with approximately 30 to 40% of adenocarcinomas harboring an
activating mutation, while mutations in squamous cell and SCLC
are rarely observed (9, 10). Mutations are localized to codons 12,
13, and 61 with the majority (> 85%) occurring within codon 12.
Nearly 70% of the mutations seen are G to T transversions within
codon 12 that change a glycine codon (GGT) to valine (GTT) or
cysteine (TGT) that may reflect DNA adducts formed by
metabolism of polyaromatic hydrocarbons in tobacco. Recently,
a whole genomic approach was taken to address how many
mutations are seen in cancer (11). These studies were focused
on breast and colon cancer, but most likely reflect the paradigm
seen in lung cancer studies that have evaluated candidate genes
discovered through various screening modalities. In this whole
genome sequencing study, approximately 80 gene mutations were
identified that alter amino acids. What was surprising was that the
prevalence of the majority of these mutations in primary tumors
was less than 5%. The authors concluded that these minor
mutations would each be associated with a “small fitness advan-
tage” that would drive tumor progression, and thus, it is not the
most common genetic changes but these rare changes that
dominate the cancer genome landscape (11). While this is an
interesting hypothesis, the emergence of epigenetic modifications
of critical regulatory genes indicates that the epigenome may play
an equal, if not greater role in driving cancer initiation and
progression than genetic mutations.

The most common epigenetic change in cancer is methylation
of DNA at the fifth position of the cytosine ring. Cytosine located
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5’ to guanine (CpG) is the prime target of methylation in the
mammalian genome and this dinucleotide is concentrated in
a much higher frequency than a random genome-wide distribu-
tion in regions called CpG islands. About 50% of human
promoters contain CpG islands that often extend into exon 1 of
many critical regulatory genes (12, 13). When DNA hyper-
methylation occurs within a CpG island located in the promoter
region of a gene, it is also accompanied by histone modifications
(such as acetylation, methylation, or phosporylation of histone
tails) within the island. Together, these two epigenetic changes
create a closed chromatin configuration around the promoter
region denying access to RNA polymerase and regulatory
proteins needed for transcription (12, 14). The end result of this
process is loss of gene transcription and hence “silencing of gene
function.” With the development of the methylation-specific
PCR assay that can screen for gene methylation in specific
promoters, there has been tremendous growth over the past
decade in the identification of genes that are silenced in lung
cancer through promoter hypermethylation (15). Transcriptional
silencing by CpG island hypermethylation now rivals genetic
changes that affect coding sequence as a critical trigger for
neoplastic development and progression (12, 15). Genes respon-
sible for all types of normal cellular function are targeted for
inactivation by methylation at prevalences of 15 to 80% in lung
tumors (15). These include genes involved in cell cycle regulation
(e.g.,p16), apoptosis (e.g., death associated protein kinase), DNA
repair (e.g., O%methylguanine-DNA methyltransferase), cell
adhesion (e.g., H-cadherin), signal transduction (e.g., ras effector
homolog 1 [RASSF1A]), and cell differentiation (e.g., RAR-B).
Importantly, many of these genes appear to be inactivated at the
earliest histologic stage of lung cancer and in cytologically
normal-appearing bronchial epithelial cells from smokers (15).
Understanding which pathways are inactivated in the tumor cell
and bronchial epithelium of smokers will be essential for de-
veloping targeted therapy for lung cancer and cancer prevention.
The realization of gene promoter methylation as a major alter-
ation in the cancer cell has stimulated the development of
screening approaches to identify additional genes and pathways
that are disrupted within the epigenome. The sections below
describe some of the high-throughput genome screening
approaches used to identify methylated genes in cancer and
arecent study (16) by our group evaluating promoter methylation
of genes in and around the candidate lung cancer susceptibility
locus 6q23-25 using a combination of screening approaches.

RESTRICTION LANDMARK GENOME SCANNING

Restriction landmark genome scanning (RLGS) is a two-dimen-
sional gel electrophoresis technique that allows the determina-
tion of the methylation status of approximately 2,000 promoter
sequences in a single gel (17). High-molecular-weight DNA is
digested with methylation-sensitive restriction enzymes such as
Notl, end labeled with 3?P, and then digested with a second
restriction enzyme (EcoRV). The basis for creating different sizes
of DNA fragments stems from the specificity of the Notl
endonuclease for methylated CpG dinucleotides. DNA frag-
ments are separated in a first dimension followed by a third
restriction digestion with Hinfl and separation on a second
dimension polyacrylamide gel followed by exposure to X-ray
film. The RLGS profiles between normal and tumor tissue are
superimposed to identify differences in intensities and/or pres-
ence of the radiolabeled fragments. Global screening studies with
RLGS in tumor types that included head and neck estimated that
an average of 600 CpG islands of the 45,000 in the genome were
aberrantly methylated (17). Subsequent studies have identified
specific genes methylated in lung tumors that include bone
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morphogenesis protein 3B and TCF21 (18, 19). Major limitations
of this approach include sensitivity, exclusion of CpG islands that
do not contain NotI sites, and the fact that adjacent tumor tissue
may contain methylated genes.

METHYLATED CpG ISLAND AMPLIFICATION COUPLED
WITH REPRESENTATIONAL DIFFERENCE ANALYSIS

The methylated CpG island amplification (MCA)/representia-
tional difference analysis (RDA) technique was originally de-
veloped by Toyota and coworkers (20) and is a PCR/subtraction
hybridization-based assay that allows for the rapid amplification
and selection of densely methylated CpG-rich regions ranging in
size from 200 bp to 2 kb. It has been used most often for the
identification of genes methylated in colon and pancreatic cancers
(21, 22). Our group used this technique to identify the PAXS «
and PAXS B genes that are methylated in approximately 50 to
70% of adenocarcinomas and squamous cell carcinomas (23).
The PAXS B gene encodes for the transcription factor B cell-
specific activating protein that, in turn, directly regulates CD19,
a gene shown to negatively control cell growth. A strong
association was observed in this study between PAXS 8 methyl-
ation and loss of expression of CD19, demonstrating that in-
activation of the PAXS B gene likely contributes to neoplastic
development by inhibiting growth regulation through effects on
CD19 gene expression. Several other genes identified through
this scanning approach are currently being evaluated for meth-
ylation in primary lung tumors. Recently, the MCA procedure
was coupled to CpG island microarray (MCAM) to increase the
throughput for methylation profiling and the sensitivity and
specificity to detect hypermethylated loci (24). Those studies
identified hundreds of newly methylated genes in colon cancer
with a sensitivity and specificity of 88% and 96%. MCAM may
represent a high-throughput platform for profiling methylation
changes in clinical tumors.

TRANSCRIPTOME-WIDE SCREENING
FOR METHYLATION

A hallmark of gene silencing by DNA methylation is the presence
of heterochromatin over the gene promoter region that denies
access to regulatory proteins needed for transcription. The
chromatin structure is modified during gene silencing by affecting
acetylation, phosphorylation, methylation, and/or ubiquitylation
of histone tails (12, 14). Histone H3 is a common target for
deacetylation, and this process has been strongly linked to main-
taining compacted nucleosomes to block transcription (25). The
transcriptome-wide screening approach uses a pharmacologic
approach to identify silenced hypermethylated genes in cell lines
(26). The DNA demethylating agent 5-aza-2'-deoxycytidine
(DAC) can robustly induce gene re-expression and also decrease
recruitment of chromatin-modifying proteins to increase tran-
scription of genes without CpG islands. In contrast, the histone
deacetylase inhibitor trichostatin A (TSA) alone will not induce
re-expression of densely methylated gene promoters, but modu-
late expression of genes whose transcription is regulated by
modification of chromatin structure. Thus, cell lines are treated
with vehicle, DAC, or TSA, RNA isolated, and cDNA hybridized
to 44K Agilent microarrays. Changes in gene expression between
vehicle and TSA, and vehicle and DAC, treatment are charac-
terized and a zone in which TSA treatment does not alter gene
expression (—1.4- to 1.4-fold) compared with vehicle is identified.
Within this zone, a characteristic spike of DAC-induced gene
expression (Figure 1) is seen for genes that fall into two
categories: top tier (expression levels of 2-fold or greater) and
second tier (expression levels of 1.5- to < 2.0-fold). The initial
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Figure 1. Changes in gene expression profile of a lung cancer cell line
after treatment with 5-aza-2’-deoxycytidine (DAC) or trichostatin A
(TSA). Agilent 44K microarrays were interrogated with cDNA from
treated cells, and top-tier genes were identified based on increased
expression of twofold or greater after DAC treatment after subtracting
the expression change from the control. Next tier genes showed a 1.5-
to less than 2.0-fold increase in expression after treatment with DAC.

studies developing this approach were focused on colon cancer
and determined that 318 to 532 genes were present in the top-tier
response zone in colon cancer cell lines. Importantly, random
selection of these genes revealed that 65 to 91% were in fact
methylated in the respective cell lines and in primary tumors (26).
Furthermore, the second tier contains more than 1,000 genes, and
studies to date suggest that up to 50% of these genes could also be
methylated. These studies bring to the forefront the magnitude of
genes that are silenced through methylation in colon cancer and
identify a robust and high-throughput protocol that can be used
for all tumor types. Several laboratories (27, 28), including ours,
are using this or a similar protocol to identify novel genes
methylated in lung cancer, and the genes identified along with
prevalence for methylation in primary tumors are shown in Table 1.
Our laboratory is asking a critical question: Can transcriptome-
wide screening identify genes whose propensity for silencing by
promoter hypermethylation differs between adenocarinomas
from smokers and never-smokers? Cell lines derived from
adenocarcinoma from smokers and never-smokers have been
exposed to DAC or TSA, and microarray results indicate 300 to
450 and 150 to 200 genes in the top tier in cell lines from smokers
and never-smokers, respectively (M. Tessema, unpublished
data). Genes with biological plausibility for contributing to de-
velopment of lung cancer are currently being validated first in
a large series of lung tumor—derived cell lines and then in primary
tumors from smokers and never-smokers. These studies will pro-
vide a comprehensive characterization of genes and pathways that
may be causal for the development of adenocarcinoma.

IDENTIFICATION AND CHARACTERIZATION OF
PROMOTER METHYLATION OF GENES WITHIN
CHROMOSOME 6q

A recently conducted genome-wide linkage analysis of 52 ex-
tended pedigrees with a minimum of three family members with
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TABLE 1. PREVALENCE FOR METHYLATION OF GENES
DISCOVERED THROUGH TRANSCRIPTOME PROFILING
IN PRIMARY LUNG TUMORS

Prevalence for

Gene Proposed Function Methylation (%) Reference
LOX Arachidonic acid metabolism 19/20 (95) 29
MSX1 Homeobox transcription factor 11/20 (55) 29
BNC1 Transcription factor for 18/20 (90) 29
multiple pathways
CTSz Cysteine protease 10/20 (50) 29
ALDHTA3 Retinoic acid biosynthesis 9/20 (45) 29
CCNAT1 Meiosis regulation 14/20 (70) 29
NRCAM Neuronal cell adhesion 18/20 (90) 29
SOX15 Muscle regeneration 17/20 (85) 29
PAK3 Cytoskeleton organization 16/34 (47) 28
NISCH Imidazine receptor 12/34 (35) 28
KIF1A Organelle transporter 8/34 (24) 28
OGDHL Citric acid cycle 2/34 (6) 28

aerodigestive cancer identified a lung cancer susceptibility locus
at chromosome 6q23-25 (29). The high frequency for loss of het-
erozygosity in this region and the potential existence of a suscep-
tibility locus within 6q23-25 supports the existence of TSGs
inactivated through the classical Knudson’s two-hit model, in
which complete loss of gene function arises through loss of one
allele and mutation of the second allele (30). However, only one
candidate tumor suppressor gene, p34, localized to 6q25 has been
identified, but this gene was not found to be associated with
familial lung cancer susceptibility (31). This scenario is reminis-
cent of the chromosome 3p14-25, in which loss of heterozygosity
(LOH) is commonly seen in lung tumors, although no major TSG
inactivated by mutation has been identified in this locus. Rather,
genes inactivated by promoter hypermethylation at prevalences
ranging from 30 to 58% have been identified within this locus.
These include RASSF1A, BLU, SEMA38, and retinoic acid
receptor B (32).

Chromosome 6 is one of the gene- and CpG island-rich
chromosomes that contains about 1,557 genes and 1,070 CpG
islands (33, 34). The fact that chromosome 6q accumulates
genetic aberrations in the form of LOH could also make this
region a hot spot for silencing of genes by promoter hyper-
methylation. Support for this supposition is growing, as genes
silenced by methylation in lung tumors are now being identified
within 6q. Estrogen receptor «, which maps to 6q25, has been
shown by our laboratory to be silenced by promoter hyper-
methylation in 20% and 36% of lung tumors from smokers and
never-smokers, respectively (35). Recently, Smith and colleagues
(19) identified a tumor suppressor gene, TCF21, within the 6q23—
24 locus that is normally expressed in lung airway epithelial cells,
but silenced in aerodigestive tumors. The goal for our studies on
chromosome 6q was to identify novel genes in and around the
candidate lung cancer susceptibility locus 6q23-25 that are
inactivated by promoter hypermethylation and to compare their
prevalence in adenocarcinomas from smokers and never-smok-
ers. A multifaceted strategy was undertaken that used compar-
ative genomic hybridization, a transcriptome microarray, iz silico
screening, and a candidate approach to select and evaluate the
methylation patterns of genes within chromosome 6q (16).

A total of 43 genes with CpG-rich promoters that met the CpG
island criteria of Takai and Jones (36) were selected from 6q for
methylation analysis. Combined bisulfite restriction analysis
(COBRA) was used to screen lung tumor—derived cell lines,
normal bronchial epithelial cells (HBECs), and normal periph-
eral blood lymphocytes (PBMCs) for methylation of gene
promoters. The COBRA analysis revealed that eight of 43 genes
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were methylated in at least one cell line and devoid of methyl-
ation in HBECs and PBMC:s. Five of these eight genes (TCF21,
SYNEI1, AKAPI12, IL20RA, and ACAT?2) were methylated at
prevalence greater than 20% in cell lines and thereby selected for
further analysis in primary adenocarcinomas from smokers (n =
100) and never-smokers (n = 75). The overall prevalence for
methylation of these genes was 81 %, 50%, 39%, 26%, and 14%,
respectively, and did not differ by smoking status or age at
diagnosis (Figure 2). The density of the methylation within the
CpG islands of the SYNE1, AKAP12, and IL20RA genes was
defined through bisulfite sequencing. Dense methylation was
seen for the three gene promoters in cell lines and primary lung
adenocarcinomas that correlated with loss of gene expression
(16). Similarly, dense methylation of the TCF21 promoter has
been described in NSCLC and head and neck tumors (19).
Finally, we have also shown that treatment of cell lines with
DAC restored expression of the SYNE1, AKAP12, and IL20RA
genes, confirming that transcription was being regulated through
aberrant promoter hypermethylation.

All five genes identified in this study are candidate tumor-
suppressor genes located in and around the candidate 6q23-25
lung cancer susceptibility loci, and were epigenetically silenced in
lung cancer. TCF21 is a basic-helix-loop-helix (bHLH) transcrip-
tion factor that is critical for lung development. The SYNEI1 gene
is a multifunctional gene involved in cytokinesis, nuclear organi-
zation and the structural integrity, and function of the Golgi
apparatus (37, 38). AKAP12/Gravin is one of the A kinase—
anchoring proteins (AKAPs) that regulates mitogenesis by
anchoring key signaling proteins (such as protein kinase A and
C) and modulating the expression of genes involved in cell cycle
and apoptosis (39). It suppresses tumor cell viability and growth
by inducing apoptosis via caspase 3, up-regulation of Bax, and
down-regulation of Bcl-2 expression (40). Similarly, IL20RA,
which encodes a receptor for interleukin 20 (IL-20) and IL-24,
also functions as a tumor suppressor by modulating the bystander
tumor-specific cytotoxicity of IL-24 (33). IL-24 (MDA-7) induces
G2/M cell cycle arrest and apoptotic cell death through up-
regulation of proapoptotic proteins (Bax, Bak) and down-regu-
lation of antiapoptotic proteins (Bcl-2, BCL-xL) (41, 42). A final
key question from this study was the contribution of the identified
genes silenced in adenocarcinoma to familial susceptibility for
lung cancer. It is clear for early-onset cancers (such as breast
cancers associated with germ line BRCA1/2 mutations) that the
second hit in the affected locus plays a major role in the genesis of
the disease. However, the five methylated genes (TCF21, SYNEL,
AKAP12,IL20RA, and ACAT2) within the 6q23-25 locus where
LOH is frequent in susceptible families did not show an increased
prevalence for silencing in patients with early-onset (< 50 yr) lung
cancer. Thus, while the genes discovered in this study probably do
not predispose one for lung cancer, their high prevalence for
silencing likely contributes to the development of sporadic lung
cancer in smokers and never-smokers.

FUTURE DIRECTIONS

The realization that methylation is a dominant mechanism in lung
cancer etiology, and its reversibility by pharmacologic drugs, has
led to the initiation of translational studies in several areas. First,
we are assessing whether detection of gene promoter methylation
in sputum can be used as a biomarker for early lung cancer
detection and/or monitoring for response to therapy or pre-
ventive interventions. Methylation of a 6-gene panel in sputum
was associated with a 6.5-fold increased risk for lung cancer and
a sensitivity and specificity for prediction of incident lung cancer
of 65% (43). Studies are ongoing to identify additional genes
whose methylation in sputum can distinguish persons with early
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Figure 2. Promoter methylation of chromosome 6q genes in primary
lung adenocarcinoma. The five genes (TCF21, SYNET, AKAP12, IL20RA,
and ACAT2) that showed greater than 20% prevalence for tumor-
specific methylation in lung cancer cell lines were analyzed in 175
primary lung adenocarcinoma samples using MSP. Results are com-
pared with methylation in PBMC, NHBEC, and cell lines.

lung cancer from smokers. Our group is also assessing whether
gene promoter methylation in sputum and/or blood can be used to
predict tumor recurrence and response to L-selenomethionine in
a national Phase III Chemoprevention trial in which stage I
resected lung cancer patients are receiving this agent for up to
4 years (44).

The other major area of translation from the bench to the
bedside is testing the efficacy of demethylation therapy for
treatment of lung cancer. Clinical trials with demethylating
agents alone or combined with HDAC inhibitors have shown
promising responses in the treatment of myeloid malignancies
(45, 46). Approximately 65% of the 30 patients treated with the
lowest-dose combination of 5-AZA followed by the HDAC
inhibitor MS275 have shown responses that ranged from high
lineage recovery to complete response. Treatment was also
associated with induction of acetylation of histones H3 and H4.
All responders showed cytogenetic effects and demethylation of
the p15 or CDH-1 promoters, while nonresponders showed no
demethylation (46). The extension of this targeted approach to
solid tumors such as those in the lung may also hold promise as
atherapy. Our work, in which combined treatment with DAC and
sodium phenylbutyrate reduced the number of developing lung
tumors in a murine model by over 50%, supports this supposition
(47). An NCI-supported Phase I/II trial is now underway in lung
cancer at Johns Hopkins and the University of New Mexico.
These types of translational studies could ultimately determine if
the epigenome is the key target to winning the battle against lung
cancer.
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