
DNA methylation analysis: a powerful new tool for lung cancer diagnosis

Jeffrey A Tsou1, Jeffrey A Hagen2, Catherine L Carpenter3 and Ite A Laird-Offringa*,1,2

1Department of Biochemistry, University of Southern California, School of Medicine, Norris Comprehensive Cancer Center, NOR
6420, 1441 Eastlake Ave, Los Angeles, California, CA 90089-9176, USA; 2Department of Surgery, University of Southern
California, School of Medicine, Norris Comprehensive Cancer Center, NOR 6420, 1441 Eastlake Ave, Los Angeles, California,
CA 90089-9176, USA; 3Department of Preventive Medicine, University of Southern California, School of Medicine, Norris
Comprehensive Cancer Center, NOR 6420, 1441 Eastlake Ave, Los Angeles, California, CA 90089-9176, USA

Carcinoma of the lung is the most common cause of
cancer death worldwide. The estimated 5-year survival
ranges from 6 – 16%, depending on the cell type. The
best opportunity for improving survival of lung cancer
patients is through early detection, when curative
surgical resection is possible. Although the subjects at
increased risk for developing carcinoma of the lung
(long-term smokers) can be identified, only 10 – 20% of
this group will ultimately develop the disease. Screening
tests of long-term smokers employed to date (radio-
graphy and sputum cytology) have not been successful in
reducing lung cancer mortality. The application of
molecular markers specific for lung cancer offers new
possibilities for early detection. Hypermethylation of
CpG islands in the promoter regions of genes is a
common phenomenon in lung cancer, as demonstrated by
the analysis of the methylation status of over 40 genes
from lung cancer tumors, cell lines, patient sputum and/
or serum. Determination of the methylation patterns of
multiple genes to obtain complex DNA methylation
signatures promises to provide a highly sensitive and
specific tool for lung cancer diagnosis. When combined
with the development of non-invasive methods to detect
such signatures, this may provide a viable method to
screen subjects at risk for lung cancer.
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Lung cancer is the leading cause of cancer mortality in
most countries, causing over 1 million deaths world-
wide each year (Parkin et al., 2001). Approximately
90% of such cases are attributable to exposure to
cigarette smoke (Williams and Sandler, 2001). In the
United States, over 150 000 men and women die of
lung cancer each year (Ries et al., 1999). Lung cancer is
divided into four major histological subtypes as
proposed by the World Health Organization (WHO,
1982): Adenocarcinoma (AD), Squamous Cell Carci-
noma (SCC), Large Cell Lung Carcinoma (LC), and

Small Cell Lung Carcinoma (SCLC), accounting for
approximately 30, 30, 10 and 15% of lung cancers
respectively (reviewed by Travis et al., 1996). Since the
prognosis and treatment of SCLC is markedly different
from non-SCLC (NSCLC), the four histological
subtypes are clinically divided into SCLC and NSCLC
(comprising AD, SCC, LC and other minor forms)
(Travis et al., 1996). Early NSCLC is routinely resected
(Naruke et al., 1988), with survival rates of 35 to 85%,
depending on tumor stage. Unfortunately, most lung
cancers are detected late, so that the overall five-year
survival rate for NSCLC is only 16% (Ries et al.,
1999). The standard therapy for SCLC consists of
chemotherapy (Elias, 1997), which elicits a response in
over 60% of SCLC patients. However, the cancer
usually returns within a few months, resulting in an
abysmal overall five-year survival rate (6%) for SCLC
(Ries et al., 1999).

The survival rates for SCLC and NSCLC have
changed little over the past two decades. A major
factor in the high mortality of lung cancer patients is
the presence of metastatic tumors in approximately
two-thirds of patients at time of diagnosis (Ries et al.,
1999). Detection of cancer in these patients at earlier
stages could potentially increase survival rates 10 – 50-
fold (Figure 1 (Ries et al., 1999)). Lung cancer
screening by chest X-ray and sputum cytology have
proven ineffective in increasing patient survival (Ellis
and Gleeson, 2001; Marcus, 2001), leading to the
search for more sensitive and specific tests. One
promising approach is the identification of lung
cancer-specific biomarkers, and non-invasive methods
for the detection of these biomarkers at an early stage.
While proteins or other small molecular markers
derived from cancers have proven useful in some cases
(e.g. in prostate cancer; Ward et al., 2001), markers
based on changes in the genetic material have the
powerful advantage of allowing signal amplification by
polymerase chain reaction (PCR), thus increasing
sensitivity. One very promising DNA-based alteration
commonly occurring in cancer is DNA methylation, an
epigenetic modification of DNA. Studies of DNA
methylation in lung cancer to date strongly suggest
that the analysis of DNA methylation patterns could
become a powerful tool for accurate and early lung
cancer diagnosis, with unparalleled specificity and
sensitivity.*Correspondence: IA Laird-Offringa; E-mail: ilaird@hsc.usc.edu
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DNA methylation patterns are altered in cancer cells

In mammalian cells, DNA methylation occurs at the
carbon-5 position of cytosine, in palindromic CpG
dinucleotides (recently reviewed by Costello and Plass,
2001; Robertson, 2001; Bird, 2002). DNA methylation
is essential for proper mammalian development and
plays a role in transcriptional repression, modulation
of chromatin structure, X-chromosome inactivation,
genomic imprinting, and suppression of repetitive and
parasitic DNA sequences. CpG dinucleotides are less
common than expected in the genome, because
methylated cytosine is converted to thymidine upon
spontaneous deamination and such a thymidine is
repaired much less efficiently than uracil, the deamina-
tion product of unmethylated cytosine. Despite this
CpG depletion, the mammalian genome contains CpG
islands, CpG-rich areas of 0.2 to 1 kilobase in length.
CpG islands are frequently found in the promoter
regions of genes, and are protected from deamination-
mediated CpG depletion because they are usually
largely unmethylated in normal cells.

For more than fifteen years, it has been recognized
that the methylation patterns of tumor cells are
significantly altered compared to those of normal cells
(reviewed by Laird, 1997; Jones and Laird, 1999; Baylin
et al., 2001; Robertson, 2001; Rountree et al., 2001). In
cancer cells, a genome-wide hypomethylation is
observed, which could contribute to carcinogenesis
through oncogene activation, retrotransposon activation
and chromosome instability. At the same time, local
hypermethylation of certain CpG islands is seen. CpG
island hypermethylation is associated with gene silen-
cing; the methylated residues are thought to recruit
methyl-binding proteins (e.g. MeCP2) and associated
factors, such as histone deacetylases, leading to

chromatin remodeling and transcriptional shut-down
(reviewed by Wade, 2001). Thus, hypermethylation of
CpG islands in the promoter regions of growth
controlling genes (cell cycle regulators, DNA repair
enzymes, and other potential tumor suppressor genes),
can contribute importantly to cancer development and/
or progression. The identities of the hypermethylated
regions can vary between cancers from different organs
(Costello et al., 2000); certain genes such as CDKN2A
(p16INK4A) show promoter hypermethylation in almost
all cancers, while others show high frequencies of
methylation only in very specific tumor types. For
instance, glutathione S-transferase p (GSTP1) is methy-
lated in a high fraction of liver cancers and in about 30%
of breast cancers, but shows little or no methylation in
other types of cancers (Esteller et al., 2001).

The study of DNA methylation changes in cancer
and their effects has become a topic of intense
investigation, as evidenced by the many reviews (e.g.
Baylin et al., 2001; Costello and Plass, 2001; Roberts et
al., 1991) and research publications devoted to the
topic. DNA methylation changes can not only yield
insight in to the complex molecular pathways leading
to cancer, but also promise to provide a highly
sensitive and specific diagnostic tool. Below, we review
our current knowledge of DNA methylation changes in
lung cancer, and discuss its implications for patient
screening and diagnosis.

DNA hypomethylation in lung cancer

Early studies showed genome-wide and gene-specific
hypomethylation (of the human growth hormone, g-
globin, and HRAS genes) in lung tumors compared to
the normal tissue counterparts (Feinberg and Vogel-

Figure 1 Stage distribution and relative five year survival rates for SCLC (left) and NSCLC (right), based on the Surveillance,
Epidemiology and End Results (SEER) study (Ries et al, 1999). The stage distribution (black bars) is based on SEER study num-
bers from 1983 – 1996. The stages are defined as follows: Localized: a tumor confined entirely to the organ of origin; Regional: a
tumor that has extended beyond the organ of origin directly into surrounding organs or tissues and/or regional lymph nodes; Dis-
tant: a tumor that has spread to parts of the body remote from the primary tumor by direct extension or by metastasis; Unstaged:
information is not sufficient to assign stage. The relative five year survival rates (white bars) are based on follow-up of patients from
1983 – 1996 and represent the likelihood that a patient will not die from the cancer within five years. Note that for both SCLC and
NSCLC the largest group is the Distant category, and that survival of this group is 10 – 50-fold lower than that of Localized cancers
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stein, 1983a,b; Wain et al., 1986). Hypomethylation has
been proposed to participate in tumorigenesis by
several possible mechanisms (reviewed by Costello
and Plass, 2001; Robertson, 2001). Originally, the
most important effect of hypomethylation was thought
to be the transcriptional activation of oncogenes.
However, there has been little evidence to support a
role of hypomethylation in cancer by this mechanism.
One possible example might be the activation of
MAGE genes in NSCLC (Jang et al., 2001). MAGE
genes, whose function is unknown, are normally only
expressed in the testis, placenta, and skin during
wound healing, but are activated in many different
cancers. Expression of these genes has been observed in
70 – 85% of NSCLC tumors, where it was significantly
correlated with loss of methylation, detected in 75 –
80% of tumors. Until the function of the MAGE genes
is elucidated, it remains unclear whether their expres-
sion can be classified as an example of oncogene
activation.

Another possible mechanism by which hypomethyla-
tion could contribute to cancer development is through
the activation of parasitic genetic elements, such as
retroviruses and retrotransposons. Activation of these
elements could lead to transcriptional activation of
adjacent genes by existing or newly transposed
elements, or to the disruption of tumor suppressor
genes following transposition. To our knowledge there
are no reports to support a role of hypomethylation in
lung cancer by this mechanism.

Chromosomal instability resultant from hypomethy-
lation could also potentially affect cancer development
(reviewed by Costello and Plass, 2001). This is based
on the observation of deletions and translocations of
hypomethylated regions of chromosome 1 and 16 in
breast adenocarcinomas, ovarian epithelial and other
cancers. One study of NSCLC showed that samples
exhibiting loss of one of the HRAS alleles were twice
as likely to show methylation of the remaining HRAS
gene (Vachtenheim et al., 1994), indicating that
hypomethylation of the 3’ region of HRAS may
stimulate gene loss. Loss of the wild type HRAS gene
has been implicated in cancer development in mice
(Bremner and Balmain, 1990). In humans, the loss of
heterozygosity (LOH) in NSCLC tumors could extend
beyond HRAS to other genes that map along
chromosome 11p, a chromosomal region that is prone
to loss in a variety of tumor types.

Although the biological consequences of hypomethy-
lation in cancer remain largely unknown, consistently
observed hypomethylation could be useful as a
biological marker for cancer (Jang et al., 2001;
Woodson et al., 2001). However, documented cases
of methylation loss have thus far been rare.

DNA hypermethylation in lung cancer:
a summary of findings

While reports of hypomethylation in lung cancer have
been very limited, a flood of studies showing

hypermethylation in lung cancer has emerged in the
last few years. This is not unexpected, given the large
number of studies demonstrating abnormal promoter
CpG island methylation of many genes in a variety of
neoplasms (Baylin et al., 2001; Costello and Plass,
2001; Robertson, 2001). In lung cancer, the methyla-
tion status of over 40 genes has been assessed in
tumors, cell lines, serum, and/or sputum. Table 1
summarizes methylation analyses of lung tumors and
cell lines to date. Due to differences between the design
of the various studies, the materials used, and the
techniques applied, the results for each gene listed may
not be directly comparable (Siegmund and Laird,
2002). Heterogeneity in the samples or inherent
differences between the kinds of samples used (e.g.
primary tumors vs cell lines or different lung cancer
histologies) may affect the percentage methylated
samples observed. Some of the techniques used to
assess hypermethylation yield qualitative data (such as
Methylation Specific PCR or MSP), resulting in yes/no
answers with regard to the presence of methylation,
while others generate quantitative data, such as the
real-time PCR-based MethyLight assay (Eads et al.,
2000; Trinh et al., 2001). The various methods also
differ in the number of CpG dinucleotides for which
methylation is determined during the analysis. This
varies from minimally one, e.g. when using methyla-
tion-sensitive restriction enzymes, to ten or more, when
using MethyLight or bisulfite genomic sequencing.
Bisulfite treatment, which converts unmethylated Cs
to Us but does not affect methylated Cs (Olek et al.,
1996), is used to incorporate the methylation informa-
tion in the DNA sequence. The location of the sampled
CpGs may also affect outcome, since the methylation
patterns within a given CpG island may not be
uniform (Zheng et al., 2000). Despite these differences,
it is reassuring that overall the results obtained for
individual loci agree reasonably well (Table 1). While
some variability exists, the various studies consistently
identify certain genes as showing no detectable or low
methylation, while others are methylated in a substan-
tial percentage of lung cancers. For example,
CDKN2B/p15INK4B, ARF/p14 and GSTP1 are not or
infrequently methylated in lung cancers. In contrast,
multiple reports indicate high percentages of lung
tumors showing methylation of APC, CDKN2A/
p16INK4A, and RARB (Table 1).

In many cases, cell lines have also been studied. They
provide a virtually limitless supply of DNA as well as
the possibility for mechanistic studies of the effect of
hypermethylation, including measuring gene expression
following drug-mediated DNA methylation reversal.
How well does the data from tumors agree with that
obtained from cell lines? While global analyses of
DNA methylation suggest that cell lines are consis-
tently more heavily methylated than primary tissues
(Flatau et al., 1983; Smiraglia et al., 2001), the source
of this difference is presently unclear. For many loci
listed in Table 1, the percentage of cell lines positive for
methylation was in the same range as that of positive
tumors (e.g. APC, BCL2, CDH1, CDH13, CDKN2A,
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Table 1 Hypermethylation of promoter CpG islands in human lung cancer

Samples
Fraction Percentage Histological Sample Technique

Genesa Alternative gene name methylated methylated typeb typec usedd Reference

AR Androgen receptor 19/47, 20/44 40, 45 NSCLC, SCLC CL ML Virmani et al., 2002

ARF p14 9/107, 0/126, 8, 0, 6e NSCLC TU MSP Esteller et al., 2001;
4/62e Kim et al., 2001b;

Zochbauer-Muller et al., 2001b
0/46, 0/43 0, 0 NSCLC, SCLC CL ML Virmani et al., 2002

APC Adenomatous polyposis 86/91 95 NSCLC TU ML Brabender et al., 2001
coli 22/48, 0/17e 46, 0e NSCLC TU MSP Esteller et al., 2001; Virmani et al., 2001

95/99 96 NSCLC/other TU ML Usadel et al., 2002
34/58, 13/50 59, 26 NSCLC, SCLC CL MSP Virmani et al., 2001
34/46, 25/43 74, 58 NSCLC, SCLC CL ML Virmani et al., 2002

BCL2 B-cell CLL/lymphoma-2 28/120, 0/14 23, 0 NSCLC, SCLC TU SO Nagatake et al., 1996
6/11 55 NSCLC CL SO Nagatake et al., 1996

BRCA1 breast cancer 1 1/22e 4e NSCLC TU MSP Esteller et al., 2001

CALCA calcitonin 8/20, 16/18 40, 89 NSCLC, SCLC TU, CL SO Baylin et al., 1986
35/46, 37/43 76, 86 NSCLC, SCLC CL ML Virmani et al., 2002

CDH1 E-cadherin 19/107 18 NSCLC TU MSP Zochbauer-Muller et al., 2001b
13/46, 9/43 28, 21 NSCLC, SCLC CL ML Virmani et al., 2002

CDH13 H-cadherin 18/42 43 NSCLC TU MSP Toyooka et al., 2001a
9/20, 5/7 45, 71 SCLC TU/CL MSP Sato et al., 1998
15/30, 6/30 50, 20 NSCLC, SCLC CL MSP Toyooka et al., 2001a

CDKN2A cyclin-dependent kinase Esteller et al., 1999b;
inhibitor 2A, p16INK4A 14/33, Kashiwabara et al., 1998;

10/29, 9/22, Ng et al., 2002; Kim et al., 2001b;
27/107, 42, 34, 41, Zochbauer-Muller et al., 2001b;
51/185, 25, 28, 21, Ahrendt et al., 1999;
8/38, 12/47, 26, 38, 43, NSCLC TU MSP Sanchez-Cespedes et al., 1999,
19/50, 9/21, 26, 31e, 61, 2001; Seike et al., 2000;
18/68, 80 Gorgoulis et al., 1998;
28/89e, Belinsky et al., 1998; Esteller et al., 2001;
11/18, 8/10 Palmisano et al., 2000
3/4 75 NSCLC TU MSP-ISH Nuovo et al., 1999
6/19 32 NSCLC TU MSP Hou et al., 1999
21/101, 8/15 21, 53 NSCLC TU SO Herman et al., 1996; Tanaka et al., 1998
0/5, 0/6 0, 0 SCLC TU SO Herman et al., 1996; Merlo et al., 1995
1/6 17 SCLC TU MSP Seike et al., 2000
14/33 42 NSCLC TU MSP Ng et al., 2002
3/8, 2/3 38, 67 NSCLC, SCLC CL SO Zhu et al., 2001
8/24, 7/11, 33, 64, 78, NSCLC CL SO Herman et al., 1996;
7/9, 6/32 19 Otterson et al., 1995; Hamada et al., 1998;

Merlo et al., 1995
3/4, 1/10, 75, 10, 10 SCLC CL SO Herman et al., 1996;
1/10 Otterson et al., 1995; Merlo et al., 1995
22/46, 16/43 48, 37 NSCLC, SCLC CL ML Virmani et al., 2002

CDKN2B cyclin-dependent kinase 0/27e, 0/21 0e, 0 NSCLC TU MSP Esteller et al., 2001; Seike et al., 2000
inhibitor 2B, p15 0/15, 0/6 0, 0 NSCLC, SCLC TU SO Herman et al., 1996

1/11, 1/10 9, 10 NSCLC, SCLC CL SO Herman et al., 1996
1/20 5 NSCLC CL MSP Hanada et al., 1998
6/46, 8/43 13, 19 NSCLC, SCLC CL ML Virmani et al., 2002;

CDKN2D cyclin-dependent kinase 0/3, 0/8 0 NSCLC/SCLC CL MSP Zhu et al., 2001
inhibitor 2D, p19

CTNNB1 b-catenin 0/47, 0/42 0, 0 NSCLC, SCLC CL ML Virmani et al., 2002

DAPK death-associated protein 59/135, 44, 25 NSCLC TU ML Kim et al., 2001a; Tang et al., 2000
kinase 47/185

20/107, 19, 23 NSCLC TU MSP Esteller et al., 1999b;
5/22 Zochbauer-Muller et al., 2001b
10/64e 16e NSCLC TU MSP Esteller et al., 2001
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Table 1 (Continued )

Samples
Fraction Percentage Histological Sample Technique

Genesa Alternative gene name methylated methylated typeb typec usedd Reference

EDN1 endothelin 1 14/20 70 NSCLC TU SO Takai et al., 2001

EGFR epidermal growth factor 7/7, 2/3 100, 67 NSCLC, SCLC CL SO Gamou et al., 1988
receptor

ESR1 estrogen receptor a 11/46, 4/11 24, 36 NSCLC, SCLC TU, CL SO Issa et al., 1996
34/46, 24/43 74, 56 NSCLC, SCLC CL ML Virmani et al., 2002

ESR2 estrogen receptor b 29/47, 23/44 62, 52 NSCLC, SCLC CL ML Virmani et al., 2002

FHIT fragile histidine triad 40/107 37 NSCLC TU MSP Zochbauer-Muller et al., 2001a
16/25, 14/22 64, 64 NSCLC, SCLC CL MSP Zochbauer-Muller et al., 2001a

GDF10 growth/differentiation 5/6 83 NSCLC CL RLGS/SO Dai et al., 2001
factor (BMP3B)

GSTP1 glutathione S-transferase p 2/21e 9e NSCLC TU MSP Esteller et al., 2001
7/107, 2/22 7, 9 NSCLC TU MSP Esteller et al., 1999b;

Zochbauer-Muller et al., 2001b
19/47, 26/44 40, 59 NSCLC, SCLC CL ML Virmani et al., 2002

HIC1 hypermethylated in cancer 17/51 33 NSCLC TU SO Eguchi et al., 1997
46/47, 44/44 98, 100 NSCLC, SCLC CL ML Virmani et al., 2002

HOXB homeobox B cluster 3/4f 75f SCLC TU MSP Flagiello et al., 1996

HTR1B 5-hydroxytryptamine 14/20, 2/2 70, 100 NSCLC TU, CL SO Takai et al., 2001
receptor 1B

MGMT 06-methylguanine-DNA 27/92, 29, 21, NSCLC TU MSP Esteller et al., 1999a;
methyltransferase 22/107, 27, 60 Palmisano et al., 2000;

6/22, 6/10 Wolf et al., 2001;
Zochbauer-Muller et al., 2001b

18/83e 21e NSCLC TU MSP Esteller et al., 2001
10/41,
10/34 24/29 NSCLC, SCLC TU MSP Esteller et al., 1999a
38/47, 40/44 81, 91 NSCLC, SCLC CL ML Virmani et al., 2002
8/47g, 10/44g 17g, 23g NSCLC, SCLC CL ML Virmani et al., 2002

MLH1 Mut L homolog 0/20e 0e NSCLC TU MSP Esteller et al., 2001
2/46, 1/43 4, 2 NSCLC, SCLC CL ML Virmani et al., 2002

MTHER 5-,10-methylene-tetra- 46/47, 42/42 98, 100 NSCLC, SCLC CL ML Virmani et al., 2002
hydrofolate reductase

MYOD1 myogenic factor 3 30/46, 18/43 65, 42 NSCLC, SCLC CL ML Virmani et al., 2002

PGR progesterone receptor 38/47, 37/42 81, 88 NSCLC, SCLC CL ML Virmani et al., 2002

PTGS2 prostaglandin G/H 36/46, 41/43 78, 95 NSCLC, SCLC CL ML Virmani et al., 2002
synthase, cyclooxygenase-2

PTHRPh parathyroid hormone 6/7 85; 0 at NSCLC TU BGS Ganderton et al., 1995
related protein Cpg islandh

RARB retinoic acid receptor b 21/49, 13/21 43, 62 NSCLC, SCLC TU MSP Virmani et al., 2000
43/107 40 NSCLC TU MSP Zochbauer-Muller et al., 2001b
31/78, 50/66 40, 76 NSCLC, SCLC CL MSP Virmani et al., 2000

RASSF1A RAS effector homologue 32/107 30 NSCLC TU MSP Burbee et al., 2001
22/58, 14/41 38, 34 NSCLC TU BGS Agathanggelou et al., 2001;

Dammann et al., 2000
2/2, 21/29 100, 72 SCLC TU BGS Agathanggelou et al., 2001
16/16 100 SCLC CL BGS Dammann et al., 2000
17/27, 47/47 63, 100 NSCLC, SCLC CL MSP Burbee et al., 2001
4/11, 18/25 36, 72 NSCLC, SCLC CL BGS Agathanggelou et al., 2001
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RARB, RASSF1A, and TIMP3), suggesting that local
methylation changes in tumors may be generally
maintained in cell lines. A recent analysis of bladder
cancers and their corresponding cell lines over time
supports this observation (Markl et al., 2001). These
results indicate that cell lines might be viable tools to
prescreen large sets of potential new DNA methylation
markers, an exciting possibility (Virmani et al., 2002).
Further comparisons of tumors and cell lines will be
required to determine whether this is true.

DNA hypermethylation in lung cancer:
biological implications

The genes thus far found to be hypermethylated in
over 30% of lung tumors (based on at least two
independent studies) are: APC, CDKN2A, CHD13,
RARB, and RASSF1A (Table 1). Each of these five
genes has been demonstrated to be transcriptionally
silenced in cell lines/tissues showing methylation (Table
1). Re-expression of these genes was seen in lung
cancer cell lines following treatment with the methyla-
tion inhibitor 5-aza-2’ deoxycytidine, further
supporting the notion that methylation caused their

inactivation (Brabender et al., 2001; Dammann et al.,
2000; Merlo et al., 1995; Otterson et al., 1995; Toyooka
et al., 2001a; Virmani et al., 2000; Zhu et al., 2001).
These commonly methylated genes are potential tumor
suppressors, involved in the regulation of cell cycle,
adhesion, apoptosis, and signal transduction. Their
silencing argues for DNA methylation as a common
mechanism for gene inactivation in lung cancer. The
observation of methylation of multiple other genes,
albeit less well documented, suggests that many more
genes are inactivated by this mechanism. However,
caution should be exercised, since methylation does not
guarantee gene silencing (Baylin and Herman, 2001).
Irrespective of whether or not they lead to gene
silencing, consistently occurring methylation events
are of great interest due to their potential applicability
as epigenetic lung cancer markers.

While much can be learned from which genes are
methylated in lung cancer, information can also be
gleaned from the (sometimes unexpected) absence of
hypermethylation. A number of genes shown to be
methylated in other cancers (ARF, CDKN2B,
CTTNB1, MLH1, RB1) have exhibited little or no
methylation in lung cancer. For example, no methyla-
tion of the RB1 gene was detected in lung cancer cell

Table 1 (Continued )

Samples
Fraction Percentage Histological Sample Technique

Genesa Alternative gene name methylated methylated typeb typec usedd Reference

RB1 retinoblastoma 1 0/14 0 NE/SCLC TU SO Gouyer et al., 1998
0/120, 0/14 0, 0 NSCLC, SCLC TU SO Nagatake et al., 1996
0/47, 0/43 0, 0 NSCLC, SCLC CL ML Virmani et al., 2002

RIZI retinoblastoma protein- 2/7, 1, 1 29, 100 NSCLC, SCLC CL BGS/SO Du et al., 2001
interacting zinc finger

S100A2 nuclear calcium-binding 8/9 89 NSCLC CL MSP Feng et al., 2001
protein

SRBC serum deprivation response 11/14 79 NSCLC TU BGS Xu et al., 2001
factor, c-raf-1

TGFBR2 transforming growth factor 3/25, 0.21 12, 0 NSCLC, SCLC CL MSP, SO Hougaard et al., 1999; Osada et al., 2001
b receptor II 0/47, 3/42 0, 7 NSCLC, SCLC CL ML Virmani et al., 2002

THBS1 thrombospondin 1/47, 2/44 2, 5 NSCLC, SCLC CL ML Virmani et al., 2002

TIMP3 tissue inhibitor of 28/107 26 NSCLC TU MSP Zochbauer-Muller et al., 2001b
metalloproteinase 3 4/21e, 6/12 19e, 50 NSCLC TU, CL MSP Bachman et al., 1999; Esteller et al., 2001

14/47, 22/44 30, 50 NSCLC, SCLC CL ML Virmani et al., 2002

TP73 tumor protein 73 0/22e 0e NSCLC TU MSP Esteller et al., 2001

TSLC1 tumor suppressor in lung 21/54, 6/12 39, 50 NSCLC TU, CL BGS Kuramochi et al., 2001
cancer 1

TYMS thymidylate synthetase 0/47, 1/44 0, 2 NSCLC, SCLC CL ML Virmani et al., 2002

aHuman Genome Organization (HUGO) designation used when available. Genes for which silencing has been demonstrated are indicated in
bold; bSmall cell lung carcinoma (SCLC) or non-small cell lung carcinoma (NSCLC); cSample type denoted as tumor (TU) or cell line (CL);
dTechniques used for methylation analysis: Methylation Specific PCR (MSP), Southern blot (SO), MethyLight (ML), Bisulfite Genomic
Sequencing (BGS), Restriction Landmark Genomic Sequencing (RLGS), and Methylation Specific PCR In Situ Hybridization (MSP-ISH);
eTumor type was not specified by authors, however NSCLC tumors are the most widely used and SCLC tumors are rare so it is likely that the
tumor samples are NSCLC; f3/4 tumors were methylated for more than 5 HOX genes, and 1/4 tumors was methylated for 1 HOX gene; gThe
region analysed for methylation was at the first exon/intron boundary instead of the promoter region; hMethylation was found at a CpG cluster
upstream of the CpG island at the promoter of the PTHRP gene; no methylation was found in the promoter
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lines (Gouyer et al., 1998; Nagatake et al., 1996;
Virmani et al., 2002) even though RB1 is thought to be
inactivated in virtually all SCLC (Viallet and Minna,
1990), and RB1 is inactivated by methylation in a

significant proportion of retinoblastoma tumors (Stir-
zaker et al., 1997). Similarly, the cell cycle regulator
genes ARF and CDKN2B show very little methylation
in lung cancer (Esteller et al., 2001; Zochbauer-Muller

Table 2 Detection of promoter hypermethylation in remote media (blood/exfoliative material) from lung cancer patients and high-risk subjects

Fraction of Fraction of remote medium samples Subsequent tumor development
tumors showing positive for methylation and in patients with positive remote

Genes Remoted medium source methylation relationship to matched tumors medium samples Reference

CDKN2A Sputum collected from ND 8/33 sputum samples 3/8 subjects diagnosed with Belinsky et al., 1998
smokers before lung cancer at time of sputum
knowledge of medical collection (2 NSCLC and 1
history SCLC/NSCLC), 1/8 developed

SCLC one year later, 4/8
remain cancer-free

Sputum collected from 0/3 18/123 sputum samples so far no subjects positive for Palmisano et al., 2000
high risk cancer-free CDNK2A methylation have
patients exposed to developed lung cancer; 3 lung
tobacco and/or radon cancer cases developed in

cases with negative sputum
Sputum collected from 3/3 7/25 sputum, bronchoalveolar 3/25 subjects developed cancer Kersting et al., 2000
chronic smokers with lavage or brushing samples (2 lung, 1 esophagus), all 3
no cancer positive for methylation
Sputum collected 5 – 35 10/11 10/10 sputum samples from only sputum samples from Palmisano et al., 2000
months prior to SCC methylated tumors, 1/11 from patients who developed SCC
diagnosis unmethylated tumors were analysed
Sputum from SCC 8/10 8/8 sputum samples from NA Palmisano et al., 2000
patients collected at methylated tumors, 0/2 from
time of diagnosis unmethylated tumors
Sputum collected from 4/5 26/51 sputum, bronchoalveolar NA Kersting et al., 2000
lung cancer patients lavage or brushing samples
Serum collected from 9/22 3/9 serum samples from NA Esteller et al., 1999b
lung cancer patients methylated tumors, 0/13 from

unmethylated tumors
Bronchoalveolar lavage 19/50 12/19 bronchoalveolar lavage NA Ahrendt et al., 1999
from 50 patients with samples from methylated tumors,
resectable (stage I – IIIa) 0/31 from unmethylated tumors
lung cancer

MGMT Sputum collected from 2/3 31/123 sputum samples so far 2 subjects positive Palmisano et al., 2000
high risk cancer free for MGMT methylation
patients exposed to have developed lung cancer,
tobacco and/or radon both tumors are for positive

for methylation; 1 methylation
negative lung cancer developed
from a sputum negative subject

Sputum collected 5 – 35 9/11 7/11 sputum samples from NA Palmisano et al., 2000
months prior to SCC methylated tumors, 0/2 from
diagnosis unmethylated tumors
Sputum from SCC 6/10 4/6 sputum samples from NA Palmisano et al., 2000
patients collected at methylated tumors, 1/4
time of diagnosis from unmethylated tumors
Serum collected from 6/22 4/6 serum samples from methylated NA Esteller et al., 1999b
lung cancer patients tumors, 0/16 from unmethylated

tumors

DAPK Serum collected from 5/22 4/5 serum samples from methylated NA Esteller et al., 1999b
lung cancer patients tumors, 0/17 from unmethylated

tumors

GSTP1 Seurm collected from 2/22 1/2 serum samples from methylated NA Esteller et al., 1999b
lung cancer patients tumors, 0/20 from unmethylated

tumors

APC Serum/plasma collected 95/96 42/89 available serum/plasma NA Usadel et al., 2002
from lung cancer samples; 0/1 from the
patients at time of unmethylated tumor; 0/50
surgery from cancer-free controls

ND: not done, NA: not applicable. Highlighted areas indicate that sputum samples were taken from subjects for which presence of cancer was
unknown
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et al., 2001b; Herman et al., 1996; Virmani et al.,
2002), but have been shown to be inactivated in lung
cancer by other means, such as deletions (Herman et
al., 1996; Sanchez-Cespedes et al., 1999). The basis for
the differences in mechanisms of gene silencing/loss in
cancers arising in different organs is intriguing. It is
likely related to the timing of the inactivation of
individual genes (whether they occur early or late in a
particular kind of cancer) and the mechanisms for gene
inactivation available in the cell at those times. For
example, the previous inactivation of repair enzymes
by methylation may promote mutation as a common
mechanism for subsequent inactivation events. The
type of carcinogenic stimuli to which different kinds of
tissues are exposed is also likely to influence the
mechanism and sequence of gene inactivation. For the
moment, data about the timing of hypermethylation
events in lung cancer is limited and sometimes
contradictory.

One of the genes that is thought to be prone to
hypermethylation early during lung cancer develop-
ment is cell cycle regulator CDKN2A. CDKN2A is the
gene that has been studied most in DNA methylation
analyses of lung cancer (Table 1). The strongest
evidence supporting early methylation of CDKN2A is
the observation that methylation of this gene can
precede clinical diagnosis of lung cancer. Two studies
independently report the detection of CDKN2A in
sputum of individuals with no detectable cancer
(Kersting et al., 2000; Palmisano et al., 2000). In one
of these studies, CDKN2A methylation was evident in
two sputum samples which had been collected from
subjects almost three years prior to diagnosis (Palmi-
sano et al., 2000). Very early methylation of CDKN2A
is also supported by an analysis of four SCC samples
using methylation-specific PCR in situ hybridization
(MSP-ISH), which allows the methylation status of a
gene to be studied in individual cells (Nuovo et al.,
1999). MSP-ISH showed that methylation of
CDKN2A first becomes visible in dysplastic cells that
are the earliest progenitors of SCC.

Studies similar to those described above for
CDKN2A will be very useful to determine the timing
of hypermethylation of other genes. To date, such
studies have been limited to a handful of genes (Table
2). In combination with the use of animal models, in
which methylation changes are studied in animals
exposed to carcinogens from tobacco smoke (Belinsky,
1998; Belinsky et al., 1998; Swafford et al., 1997), this
should eventually yield an epigenetic roadmap describ-
ing the contribution of hypermethylation in the
molecular pathway to lung cancer.

Sensitivity and specificity of DNA methylation markers
for lung cancer detection

An early diagnosis of lung cancer is not easily made
(reviewed by Black, 1999). Small lesions detected by
radiography or other imaging methods must be
sampled in order to be histologically or cytologically

examined, but tumor tissue is frequently difficult to
obtain. Resections are invasive procedures, carried out
only when they clearly benefit the patient (usually
limited to NSCLC stages I, II and IIIA). Fine needle
aspirates (FNA) may be used to obtain tumor material
for diagnosis, but yields may be low and the reliability
of the obtained sample is highly dependent on the
ability to accurately locate the biopsy area. Exfoliative
material (present in sputum, bronchoalveolar lavage,
and bronchial brushings) offers diagnostic possibilities,
but the sensitivity of current cytological tests is low.
Diagnostic tools that would provide high specificity
and sensitivity would clearly be of enormous benefit to
patients, particularly if the specimens could be
obtained by non-invasive means. DNA-based diagnos-
tics allow signal amplification by PCR, and thus could
provide an improved sensitivity. Tumor DNA can be
found in exfoliative material (Ahrendt et al., 1999;
Belinsky et al., 1998; Kersting et al., 2000; Palmisano
et al., 2000) and in the blood of a substantial fraction
of cancer patients (Esteller et al., 1999b; Leon et al.,
1977; Usadel et al., 2002). Recent reports of DNA
methylation analyses carried out with serum, plasma,
sputum and bronchial lavages or brushings (henceforth
referred to collectively as ‘remote media’) are therefore
of great interest (Table 2).

Of primary concern for the utility of DNA
methylation markers for lung cancer diagnosis is the
sensitivity and specificity of the marker. Sensitivity is
the ability to identify a cancer case, and is mathema-
tically defined as the ratio of correctly identified
positive samples (‘true positives’) over all existing
cancer-positive patients (‘true positives’ plus ‘false-
negatives’). Optimal sensitivity is achieved when the
number of false negatives approaches zero. Specificity
is the ability to correctly identify cancer-free subjects,
and is mathematically defined as the ratio between
correctly identified non-cancer cases (‘true negatives’)
and all existing cancer-free subjects (‘true negatives’
plus ‘false-positives’). Specificity is high when the
number of false positives is low (Fleiss, 1981).

How sensitive and specific can DNA methylation
analysis be when applied to lung cancer diagnosis? The
sensitivity depends foremost on the prevalence of the
methylation change in lung cancer. If hypermethylation
of the tested gene is absent in a substantial percentage of
tumors, the sensitivity will be poor. This appears to be
so in all cases but those of APC and RASSF1A (Table
1, and white sections, Table 2). Low prevalence
problems can be addressed by using panels of genes
instead of individual ones (Kersting et al., 2000;
Virmani et al., 2002). Signatures derived from multiple
genes can provide unprecedented pattern recognition, as
evidenced by the recent observation that expression
profiles could be used to predict clinical outcome of
breast cancer patients (van’t Veer et al., 2002). This
appears to hold true for methylation patterns as well;
methylation patterns differ between cancers from
different organs (Costello et al., 2000; Esteller et al.,
2001) and even between different cancer histologies
from the same organ (Toyooka et al., 2001b; Virmani et

DNA methylation in lung cancer
JA Tsou et al

5457

Oncogene



al., 2002). The applicability of DNA methylation
analysis to the discrimination between different histolo-
gical subtypes of lung cancer is strongly supported by
the observation that methylation patterns of SCLC cell
lines differ from those of NSCLC lines. In a study of
almost 100 NSCLC and SCLC cell lines, the methyla-
tion analysis of a mere 23 loci yielded seven genes
exhibiting statistically significant differences in methyla-
tion levels between the two groups (Virmani et al.,
2002). The subsequent application of a hierarchical
clustering algorithm using data from the seven genes
allowed the distinction between SCLC and NSCLC cell
lines with a specificity and sensitivity of 78% (Virmani
et al., 2002). While clinically applicable markers require
better sensitivity and specificity, it should be emphasized
that this study was the first of its kind, and that the
panel of markers tested was very modest, in particular
when compared with the size of panels routinely used
for expression analyses (thousands). Thus, it is highly
likely that with the expansion of the collection of
informative markers, the ability of methylation panels
to discriminate between different histological subtypes
of lung cancer will improve substantially. Such panels
would be extremely valuable at several different levels.
In their most simple application, they could be used to
analyse samples derived from lung cancer tissue
(obtained by resection, biopsy or FNA). They would
serve as diagnostic aids for the pathologist, helping
establish the correct histology of the cancer. The ability
to discriminate between NSCLC and SCLC is of high
clinical relevance due to the important differences in
treatment and survival of patients with these cancers. As
more knowledge is gained about clinical correlations
with methylation patterns, methylation signatures may
also provide information about response to therapy and
prognosis within a given histological group.

If the cancer-specific methylation signature is
detectable in remote media, its presence could be used
to monitor the patient’s response to therapy; loss of
markers from lung cancer patient sera following
resection, and return of markers following recurrence
has been reported (Usadel et al., 2002). Whether
methylation analysis of remote media could be used
as a diagnostic tool for lung cancer would depend on
the frequency with which methylation signatures can be
detected. This will depend on the level of ‘shedding’ of
tumor DNA into the sampled tissue or fluid, and will
likely vary dependent on tumor location and stage.
Poor representation in the remote medium will
negatively affect sensitivity. The presence of tumor
DNA in patient blood is generally estimated to occur
in less than half of cancer cases, thereby strongly
reducing the sensitivity of serum analyses (e.g. see
APC, Table 2 (Usadel et al., 2002)). In contrast,
detection can approach 100% when sputum of SCC
patients is analysed (Palmisano et al., 2000). This is
encouraging, although it remains to be seen whether it
will also hold true for other histological subtypes of
lung cancer that arise more peripherally in the lung.

If methylation signatures obtained from remote
media are to be used as diagnostic tools, a high

specificity is crucial. How frequently a given methyla-
tion signature is seen in patients who do not develop
cancer is an important question to address, since false
positive results are highly undesirable due to the
psychological and clinical consequences. False positives
could be caused by environmental factors such as
exposure to smoke, lung disease, and age of the subject,
which could affect methylation patterns even in subjects
that never develop cancer (Belinsky et al., 1998). A
number of studies have been done to determine the
effect of smoking on DNA methylation (Belinsky, 1998;
Eguchi et al., 1997; Hou et al., 1999; Kersting et al.,
2000; Kim et al., 2001b; Swafford et al., 1997). An
increase in cytosine DNA-methyltransferase activity in
alveolar type II cells was reported in mice treated with
the tobacco-specific carcinogen NKK (Belinsky, 1998),
and hypermethylation of CDKN2A has been seen in
rats exposed to NKK, tobacco smoke, radioisotopes
and/or X-rays (Belinsky et al., 1998; Swafford et al.,
1997). Contradictory results have been obtained from
studies of the relationship between smoking and DNA
methylation in human lung tumors. Several analyses of
hypermethylation of CDKN2A, DAPK, GSTP1, and
APC showed no correlation between methylation at
these loci and the smoking history of subjects
(Brabender et al., 2001; Kim et al., 2001a; Sanchez-
Cespedes et al., 2001). However, other studies suggest
that such a link does exist: an analysis of 185 primary
NSCLC cases showed significant associations between
CDKN2A methylation and pack years smoked as well
as duration of smoking (Kim et al., 2001b). Another
study showed a close association between a higher
deposition of black dust matter in the lung and
hypermethylation of CDKN2A (Hou et al., 1999). In
an analysis of eight symptomatic chronic smokers with
no detectable cancer but evidence of CDKN2A
methylation in sputum, three subjects later developed
malignancies (two lung cancers and one esophageal
cancer) and all three showed methylation of CDKN2A
in the tumors (Kersting et al., 2000). Methylation of the
HIC1 locus in paired tumor and non-tumor lung tissue
from 51 NSCLC patients was also shown to be
associated with smoking status, when DNA of tumor
as well as non-tumor tissue was examined (Eguchi et al.,
1997). Thus, it appears that exposure to smoke can
affect methylation patterns. Age of the tested subjects
could also influence the observed methylation patterns,
since methylation has been seen to increase with age
(Issa, 2000). Further studies will be required to more
clearly define the role of smoking and age in the
development of methylation patterns, and determine the
specificity of methylation markers obtained from
smokers and non-smokers of different ages.

Related to the issue of specificity is the question of
similarities in methylation patterns found in tumors
from different organs. Some genes which show high
levels of methylation in lung cancer, such as APC
(Brabender et al., 2001; Usadel et al., 2002; Virmani et
al., 2001), are also highly methylated in other cancers
(in the case of APC, cancers of the digestive tract
(Esteller et al., 2001). Thus, a patient with a positive
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APC methylation signal in serum might have lung
cancer, colon cancer, colon cancer metastasized to the
lung, or any other neoplasm in which APC methylation
is common. While the source of the methylation
signature and other clinical characteristics of a patient
may help pinpoint the location of a malignancy,
ideally, specific methylation signatures should be
identified to distinguish between neoplasms from
different organs. With the sampling of sufficiently large
panels of methylation markers, this should be feasible
(Esteller et al., 2001; Virmani et al., 2002).

Screening high risk groups for lung cancer using DNA
methylation signatures

Whether screening of high risk groups such as long-
term smokers for lung cancer is feasible or even
desirable has often been debated (reviewed by Black,
1999; Ellis and Gleeson, 2001; Marcus, 2001). Previous
trials of chest radiography and sputum cytology did
not improve survival. It has also been argued that
screening may lead to overdiagnosis and the adminis-
tration of invasive treatments to subjects who might
never have required treatment under normal circum-
stances. The development of highly specific and
sensitive methylation analyses would remove these
objections, provided adequate non-invasive means of
obtaining these signatures could be developed. The
sensitivity and specificity of sputum cytology and chest
radiography are very low compared to what could
potentially be achieved with a highly informative panel
of methylation markers. In addition, studies exploring
correlations between clinical parameters (survival, risk
of relapse, response to treatment, etc.) and methylation
signatures could be carried out, and with the screening
of sufficient markers, will likely generate powerful
prognostic indicators. Therefore, next to identifying
patients with cancer, methylation signatures could also
provide information on which treatment is indicated.
One of the biggest challenges will be the improvement
of non-invasive procedures for obtaining these signa-
tures. The technical optimization of assays such as
MethyLight, and the combination of sputum and
serum analyses might increase sensitivity. The most
immediate challenge, however, is to identify a panel of
markers with the highest sensitivity and specificity.

How would such a panel be developed? One method
for doing so is to use a candidate gene approach in

which promoter CpG islands, selected based on
knowledge about the corresponding genes (their
putative function, their inactivation/methylation in
certain cancers, etc.) are tested (Virmani et al., 2002).
Alternatively, a global approach can be applied, in
which thousands of CpG islands are tested simulta-
neously (Costello et al., 2000). The gene BMP3B/
GDF10 was identified as a possible new methylation
marker for lung cancer from a screen of over 1000
CpG islands in NSCLC cell lines (Dai et al., 2001). The
power of methylation analyses to generate specific
signatures is formidable, considering that the genome
contains an estimated 45 000 CpG islands, each of
which could be methylated or not (resulting in 245 000

possible distinct methylation patterns). While this
complexity may not entirely approach that which
may be obtained using gene expression profiles,
technically methylation analysis has several advantages.
The first is that the variables studied (CpG island
methylation) are largely negative in normal tissues, so
that positive methylation will usually be informative.
In contrast, in expression studies, genes may be
transcribed at different levels in a variety of tissues or
under a variety of normal conditions that are not
necessarily related to cancer. The second advantage is
that methylation analyses require DNA, instead of the
more labile RNA, and can be carried out on many
different kinds of samples (including paraffin-embedded
fixed material) using a high through-put technology
(Eads et al., 2000).

Harnessing the power of methylation signatures will
be a challenge, requiring the identification of possible
markers, the testing of these markers through case –
control association studies and prospective trials
(Sullivan Pepe et al., 2001), and the development of
statistical tools to analyse complex methylation data
(Siegmund and Laird, 2002). However, the investment
will be well worth the effort, as it promises to yield one
of the most powerful diagnostic tools yet.

Acknowledgements
The authors are grateful for the generous support provided
by Mr and Mrs Eri and Mary Lou Metler and the Lung
Cancer Methylation Fund, and for critical comments on
the manuscript by members of the Laird-Offringa labora-
tory.

References

Agathanggelou A, Honorio S, Macartney DP, Martinez A,
Dallol A, Rader J, Fullwood P, Chauhan A, Walker R,
Shaw JA, Hosoe S, Lerman MI, Minna JD, Maher ER and
Latif F. (2001). Oncogene, 20, 1509 – 1518.

Ahrendt SA, Chow JT, Xu LH, Yang SC, Eisenberger CF,
Esteller M, Herman JG, Wu L, Decker PA, Jen J and
Sidransky D. (1999). J. Natl. Cancer Inst., 91, 332 – 339.

Bachman KE, Herman JG, Corn PG, Merlo A, Costello JC,
Cavenee WK, Baylin SB and Graff JR. (1999). Cancer
Res., 59, 798 – 802.

Baylin SB and Herman JG. (2001). J. Natl. Cancer Inst., 93,
664 – 665.

DNA methylation in lung cancer
JA Tsou et al

5459

Oncogene



Baylin SB, Esteller M, Rountree MR, Bachman KE,
Schuebel K and Herman JG. (2001). Hum. Mol. Genet.,
10, 687 – 692.

Baylin SB, Hoppener JWM, de Bustros A, Steenbergh PH,
Lips CJM and Nelkin BD. (1986). Cancer Res., 46, 2917 –
2922.

Belinsky SA. (1998). Exp. Lung. Res., 24, 463 – 479.
Belinsky SA, Nikula KJ, Palmisano WA, Michels R,
Saccomanno G, Gabrielson E, Baylin SB and Herman
JG. (1998). Proc. Natl. Acad. Sci. USA, 95, 11891 – 11896.

Bird A. (2002). Genes Dev., 16, 6 – 21.
Black WC. (1999). Cancer Screening; theory and practice.
Kramer BS, Gohagan JK and Prorok PC (eds). New York:
Marcel Dekker, Inc., pp. 327 – 377.

Brabender J, Usadel H, Danenberg KD, Metzger R,
Schneider PM, Lord RV, Wickramasinghe K, Lum CE,
Park J, Salonga D, Singer J, Sidransky D, Holscher AH,
Meltzer SJ and Danenberg PV. (2001). Oncogene, 20,

3528 – 3532.
Bremner R and Balmain A. (1990). Cell, 61, 407 – 417.
Burbee DG, Forgacs E, Zochbauer-Muller S, Shivakumar L,
Fong K, Gao B, Randle D, Kondo M, Virmani AK, Bader
S, Sekido Y, Latif F, Milchgrub S, Toyooka S, Gazdar AF,
Lerman MI, Zabarovsky E, White M and Minna JD.
(2001). J. Natl. Cancer Inst., 93, 691 – 699.

Costello JC and Plass C. (2001). J. Med Genet., 38, 285 – 303.
Costello JC, Fruhwald MC, Smiraglia DJ, Rush LJ,
Robertson GP, Gao X, Wright FA, Feramisco JD,
Peltomaki P, Lang JC, Schuller DE, Yu L, Bloomfield
CD, Caligiuri MA, Yates A, Nishikawa R, Huang HJS,
Petrelli NJ, Zhang X, O’Dorisio MS, Held WA, Cavenee
WK and Plass C. (2000). Nature Genet., 25, 132 – 138.

Dai Z, Lakshmanan RR, W-G Z, Smiraglia DJ, Rush LJ,
Fruhwald MC, Brena RM, Li B, Wright FA, Ross P,
Otterson GA and Plass C. (2001). Neoplasia, 3, 314 – 323.

Dammann R, Li C, Yoon J-H, Chin PL, Bates S and Pfeifer
GP. (2000). Nature Genet., 25, 315 – 319.

Du Y, Carling T, Fang W, Piao Z, Sheu J-C and Huang S.
(2001). Cancer Res., 61, 8094 – 8099.

Eads CA, Danenberg KD, Kawakami K, Saltz LB, Blake C,
Shibata D, Danenberg PV and Laird PW. (2000). Nucleic
Acids Res., 28,E32.

Eguchi K, Kanai Y, Kobayashi K and Hirohashi S. (1997).
Cancer Res., 57, 4913 – 4915.

Elias AD. (1997). Chest, 112, 251S – 258S.
Ellis JRC and Gleeson FV. (2001). Br. J. Radiol., 74, 478 –
485.

Esteller M, Corn PG, Baylin SB and Herman JG. (2001).
Cancer Res., 61, 3225 – 3229.

Esteller M, Hamilton SR, Burger PC, Baylin SB and Herman
JG. (1999a). Cancer Res., 59, 793 – 797.

Esteller M, Sanchez-Cespedes M, Rosell R, Sidransky D,
Baylin SB and Herman JG. (1999b). Cancer Res., 59, 67 –
70.

Feinberg AP and Vogelstein B. (1983a). Nature, 301, 89 – 92.
Feinberg AP and Vogelstein B. (1983b). Biochem. Biophys.
Res. Commun., 111, 47 – 54.

Feng G, Xu X-C, Youssef EM and Lotan R. (2001). Cancer
Res., 61, 7999 – 8004.

Flagiello D, Poupon M-F, Cillo C, Dutrillaux B and Malfoy
B. (1996). FEBS Lett., 380, 103 – 107.

Flatau E, Bogenmann E and Jones PA. (1983). Cancer Res.,
43, 4901 – 4905.

Fleiss JL. (1981). Statistical methods for rates and propor-
tions. Wiley series in probability and mathematical
statistics. New York: Wiley..

Gamou S, Shimasato Y, Merlino GT and Shimizu N. (1988).
Jpn. J. Cancer Res., 79, 989 – 995.

Ganderton RH, Day INM and Briggs RSJ. (1995). Eur. J.
Cancer, 31A, 1697 – 1700.

Gorgoulis VG, Zacharatos P, Kotsinas A, Liloglou T,
Kyroudi A, Veslemes M, Rassidakis A, Halazonetis TD,
Field JK and Kittas C. (1998). Am. J. Pathol., 153, 1749 –
1765.

Gouyer V, Gazzeri S, Bolon I, Drevet C, Brambilla C and
Brambilla E. (1998). Am. J. Resp. Cell Mol. Biol., 18, 188 –
196.

Hamada K, Kohno T, Kawanishi M, Ohwada S and Yokota
J. (1998). Genes Chrom. Cancer, 22, 232 – 240.

Herman JG, Jen J, Merlo A and Baylin SB. (1996). Cancer
Res., 56, 722 – 727.

Hou M, Morishita Y, Iljima T, Inadome Y, Mase K, Dai K
and Noguchi M. (1999). Int. J. Cancer, 84, 609 – 613.

Hougaard S, Norgaard P, Abrahamsen N, Moses HL,
Spang-Thomsen M and Skovgaard Poulsen H. (1999).
Br. J. Cancer Res., 79, 1005 – 1011.

Issa JP. (2000). Curr. Top. Microbiol. Immunol., 249, 101 –
118.

Issa JP, Baylin SB and Belinsky SA. (1996). Cancer Res., 56,
3655 – 3658.

Jang SJ, Soria J-C, Wang L, Hassan KA, Morice RC, Walsh
GL, Hong WK and Mao L. (2001). Cancer Res., 61, 7959 –
7963.

Jones PA and Laird PW. (1999). Nature Genet., 21, 163 – 167.
Kashiwabara K, Oyama T, Sano T, Fukuda T and
Nakamima T. (1998). Int. J. Cancer, 79, 215 – 220.

Kersting M, Friedl C, Kraus A, Behn M, Pankow W and
Schuermann M. (2000). J. Clin. Oncol., 18, 3221 – 3229.

Kim D-H, Nelson HH, Wiencke JK, Christiani DC, Wain
JC, Mark EJ and Kelsey KT. (2001a). Oncogene, 20,

1765 – 1770.
Kim D-H, Nelson HH, Wiencke JK, Zheng S, Christiani DC,
Wain JC, Mark EJ and Kelsey KT. (2001b). Cancer Res.,
61, 3419 – 3124.

Kuramochi M, Fukuhara H, Nobukuni T, Kanabe T,
Maruyama T, Ghosh HP, Pletcher M, Isomura M,
Onizuka M, Kitamura T, Sekiya T, Reeves RH and
Murakami Y. (2001). Nature Genet., 27, 427 – 430.

Laird PW. (1997). Molec. Med. Today, May 97, 223 – 229.
Leon SA, Shapiro B, Sklaroff DM and Yaros MJ. (1977).
Cancer Res., 37, 646 – 650.

Marcus PM. (2001). J. Clin. Oncol., 19, 83S – 86S.
Markl IDC, Cheng J, Liang G, Shibata D, Laird PW and
Jones PA. (2001). Cancer Res., 61, 5875 – 5884.

Merlo A, Herman JG, Mao L, Lee DJ, Gabrielson E, Burger
PC, Baylin SB and Sydranski D. (1995). Nat. Med., 1,
686 – 692.

Nagatake M, Osada H, Kondo M, Uchida K, Nishio M,
Shimokata K, Takahashi T and Takahashi T. (1996).
Cancer Res., 56, 1886 – 1891.

Naruke T, Goya T, Tsuchiya R and Suemasu K. (1988). J.
Thorac. Cardiovasc. Surg., 96, 440 – 447.

Ng CSH, Zhang J, Wan S, Lee TW, Arifi AA, Mok T, Lo
YMD and Yim APC. (2002). J. Surg. Oncol., 79, 101 – 106.

Nuovo GJ, Plaia TW, Belinsky SA, Baylin SB and Herman
JG. (1999). Proc. Natl. Acad. Sci. USA, 96, 12754 – 12759.

Olek A, Oswald J and Walter J. (1996). Nucleic Acids Res.,
24, 5064 – 5066.

Osada H, Tatematsu Y, Masuda A, Saito T, Sugiyama M,
Yanagisawa K and Takahashi T. (2001). Cancer Res., 61,
8331 – 8339.

DNA methylation in lung cancer
JA Tsou et al

5460

Oncogene



Otterson GA, Khlief SN, Chen W, Coxon AB and Kaye FJ.
(1995). Oncogene, 11, 1211 – 1216.

Palmisano WA, Divine KK, Saccomanno G, Gilliland FD,
Baylin SB, Herman JG and Belinsky SA. (2000). Cancer
Res., 60, 5954 – 5958.

Parkin DM, Bray F, Ferlay J and Pisani P. (2001). Int. J.
Cancer, 94, 153 – 156.

Ries LAG, Kosary CL, Hankey BF, Miller BA, Clegg LX
and Edwards BK. (eds) (1999). SEER Cancer Statistics
Review, 1973 – 1996 National Cancer Institute, NIH Pub.
No. 99-2789. Bethesda, MD.

Roberts EA, Eisenbraun TL, Andrews CL and Bear DG.
(1991). Biochemistry, 30, 5429 – 5437.

Robertson KD. (2001). Oncogene, 20, 3139 – 3155.
Rountree MR, Bachman KE, Herman JG and Baylin SB.
(2001). Oncogene, 20, 3156 – 3165.

Sanchez-Cespedes M, Decker PA, Doffek K, Esteller M,
Westra WH, Alawi EA, Herman JG, Demeure MJ,
Sidransky D and Ahrendt SA. (2001). Cancer Res., 61,

2092 – 2096.
Sanchez-Cespedes M, Reed AL, Buta M, Wu L, Westra WH,
Herman JG, Yang SC, Jen J and Sidransky D. (1999).
Oncogene, 18, 5843 – 5849.

Sato M, Mori Y, Sakurada A, Fujimura S and Horii A.
(1998). Hum. Genet., 103, 96 – 101.

Seike M, Gemma A, Hosoya Y, Hemmi S, Taniguchi Y,
Fukuda S, Yamanaka N and Kudoh S. (2000). Clin.
Cancer Res., 6, 4307 – 4313.

Siegmund KD and Laird PW. (2002). Methods in press.
Smiraglia DJ, Rush LJ, Fruhwald MC, Dai Z, Held WA,
Costello JC, Lang JC, Eng C, Li B, Wright FA, Caligiuri
MA and Plass C. (2001). Hum. Mol. Genet., 10, 1413 –
1419.

Stirzaker C, Millar DS, Paul CS, Warnecke PM, Harrison J,
Vincent PC, Frommer M and Clark SJ. (1997). Cancer
Res., 57, 2229 – 2237.

Sullivan Pepe M, Etzioni R, Feng Z, Potter JD, Thompson
ML, Thornquist M, Winget M and Yasui Y. (2001). J.
Natl. Cancer Inst., 93, 1054 – 1061.

Swafford DS, Middleton SK, Palmisano WA, Nikula KJ,
Tesfaigzi J, Baylin SB, Herman JG and Belinsky SA.
(1997). Mol. Cell Biol., 17, 1366 – 1374.

Takai D, Yagi Y, Wakazono K, Ohishi N, Morita Y,
Sugimura T and Ushijima T. (2001). Oncogene, 20, 7505 –
7513.

Tanaka H, Fujii Y, Hirabayashi H, Miyoshi S, Sakaguchi M,
Yoon H-E andMatsuda H. (1998). Int. J. Cancer, 79, 111 –
115.

Tang X, Khuri FR, Lee JJ, Kemp BL, Liu D, Hong WK and
Mao L. (2000). J. Natl. Cancer Inst., 92, 1511 – 1516.

Toyooka KO, Toyooka S, Virmani AK, Sathyanarayana
UG, Euhus DM, Gilcrease M, Minna JD and Gazdar AF.
(2001a). Cancer Res., 61, 4556 – 4560.

Toyooka S, Toyooka KO, Maruyama R, Virmani AK,
Girard L, Miyajima K, Harada K, Ariyoshi Y, Takahashi
T, Sugio K, Brambilla E, Gilcrease M, Minna JD and
Gazdar AF. (2001b). Mol. Cancer Therap., 1, 61 – 67.

Travis WD, Linder J and Mackay B. (1996). Lung cancer:
principles and practice Pass HI, Mitchell JB, Johnson DH
and Turrisi AT (eds). Philadelphia: Lippincott-Raven
Publishers, pp. 361 – 395.

Trinh BN, Long TI and Laird PW. (2001). Methods, 25,

456 – 462.
Usadel H, Brabender J, Danenberg KD, Jeronimo C, Harden
S, Engles J, Danenberg PV, Yang S and Sidransky D.
(2002). Cancer Res., 62, 371 – 375.

Vachtenheim J, Horakova I and Novotna H. (1994). Cancer
Res., 54, 1145 – 1148.

van’t Veer LJ, Dai H, van de Vijver MJ, He YD, Hart AA,
Mao M, Peterse HL, van der Kooy K, Marton MJ,
Witteveen AT, Schreiber GJ, Kerkhoven RM, Roberts C,
Linsley PS, Bernards R and Friend SH. (2002). Nature,
415, 530 – 536.

Viallet J and Minna JD. (1990). Am. J. Respir. Cell. Mol.
Biol., 2, 225 – 232.

Virmani AK, Rathi A, Sathyanarayana UG, Padar A,
Huang CX, Cunningham HT, Farinas AJ, Milchgrub S,
Euhus DM, Gilcrease M, Herman JG, Minna JD and
Gazdar AF. (2001). Clin. Cancer Res., 7, 1998 – 2004.

Virmani AK, Rathi A, Zochbauer-Muller S, Sacchi N,
Fukuyama Y, Bryant D, Maitra A, Heda S, Fong KM,
Thunnissen F, Minna JD and Gazdar AF. (2000). J. Natl.
Cancer Inst., 92, 1303 – 1307.

Virmani AK, Tsou JA, Siegmund KD, Shen L, Long TI,
Laird PW, Gazdar AF and Laird-Offringa IA. (2002).
Cancer Epid. Biom. Prev., 11, 291 – 297.

Wade PA. (2001). Oncogene, 20, 3166 – 3173.
Wain JC, Wilkins SJ, Benfield JR and Smith SS. (1986). Curr.
Surg., 43, 489 – 492.

Ward AM, Catto JW and Hamdy FC. (2001). Ann. Clin.
Biochem., 38, 633 – 651.

WHO. (1982).. World Health Organization: Geneva,.
Williams MD and Sandler AB. (2001). Cancer Treat. Res.,
105, 31 – 52.

Wolf P, Hu YC, Doffek K, Sidransky D and Ahrendt SA.
(2001). Cancer Res., 61, 8113 – 8117.

Woodson K, Mason J, Choi SW, Hartman T, Tangrea J,
Virtamo J, Taylor PR and Albanes D. (2001). Cancer Epid.
Biom. Prev., 10, 69 – 74.

Xu XL, Wu LC, Du F, Davis A, Peyton M, Tomizawa Y,
Maitra A, Tomlinson G, Gazdar AF, Weissman BE,
Bowcock AM, Bear R and Minna JD. (2001). Cancer Res.,
61, 7943 – 7949.

Zheng S, Chen A, McMillan A, Lafuente A, Lafuente MJ,
Ballesta A, Trias M and Wiencke JK. (2000). Carcinogen-
esis, 21, 2057 – 2064.

Zhu W-G, Dai Z, Ding H, Srinivasan K, Hall J, Duan W,
Villalona-Calero MA, Plass C and Otterson GA. (2001).
Oncogene, 20, 7787 – 7796.

Zochbauer-Muller S, Fong KM, Maitra A, Lam S, Geradts
J, Ashfaq R, Virmani AK, Milchgrub S, Gazdar AF and
Minna JD. (2001a). Cancer Res., 61, 3581 – 3585.

Zochbauer-Muller S, Fong KM, Virmani AK, Geradts J,
Gazdar AF and Minna JD. (2001b). Cancer Res., 61, 249 –
255.

DNA methylation in lung cancer
JA Tsou et al

5461

Oncogene


	tab_xref1
	tab_xref2

