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Abstract: DNA methylation is a fundamental biochemical modification that in conjunction 

with noncoding RNAs, histone modifications, and chromatin remodeling institutes the epigenetic 

machinery of mammalian cells. As a result of the second decade of intense epigenetic research 

and its role in human disease, substantial new mechanisms have been uncovered. However, it 

is well acknowledged that we have just scratched the tip of the iceberg. Epigenetic deregulation 

appears to be one of the foundations of major human diseases, including lung cancer, which is the 

most frequent cause of cancer-related deaths. Currently, significant effort is made to dissect the 

role of epigenetic deregulation in the development of lung cancer and utilize this knowledge in 

diagnostic and therapeutic applications. Taking advantage of the recent technologies in genomic 

research, many studies have been conducted to discover and validate abnormal DNA methylation 

patterns that may shed light on cancer development pathways and open new areas of potential 

clinical exploitation. In this article, we provide basic information of the DNA methylation 

involved in gene regulation and review the latest literature on potential relevant translational 

applications in lung cancer. Particular emphasis is given to the development and validation of 

DNA methylation biomarkers that may assist in the clinical management of lung cancer.
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DNA methylation in transcriptional regulation
The term “Epigenetics” is used to define the heritable changes in phenotype or gene 

expression caused by mechanisms not involving primary DNA sequence alterations.1 

These mechanisms include DNA methylation, histone tail modifications, nucleosomal 

rearrangements/remodeling, and noncoding RNAs (ncRNAs). These mechanisms 

interact with each other and follow a precise molecular orchestration in order to main-

tain or change epigenetic marks throughout the genome; this crosstalk seems to be 

pivotal for the maintenance of cell differentiation, growth, and homeostasis.2,3 There 

are many enzymes mediating this crosstalk. For instance, MeCP2, a methyl-binding 

domain-containing protein, decks on methylated DNA and recruits co-repressor com-

plexes such as histone methyltransferases and histone deacetylases; thus, establishing 

an inactive chromatin state that hinders transcription factor accessibility and leads to 

loss of gene expression.4,5 It has been shown that DNA methylation status can deter-

mine nucleosome occupancy and further influence gene expression.6 Recently, it has 

been shown that long ncRNAs also regulate the interaction between chromatin and 

remodeling complexes, such as PRC2,7 by bringing them to specific genomic loci and 

shifting their position when necessary.8
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DNA methylation is the most studied epigenetic 

modification in humans. It designates the addition of a 

methyl group (CH
3
) at position 5′ of the amino base cyto-

sine within CpG dinucleotides,9 leading to the formation 

of 5-methylcytosine. This reaction is catalyzed by DNA 

methyltransferases (DNMTs), which can act de novo (mainly 

DNMT3a and DNMT3b) or maintain the existing methyla-

tion patterns (mainly DNMT1)10–12 assisted by accessory 

proteins such as UHRF1. Demethylation can be passive when 

the maintenance mechanism fails to copy the pattern to the 

newly synthesized strand following DNA replication, or an 

active process that occurs via a 5-hydroxymethyl cytosine 

intermediate catalyzed by TET proteins and encompasses the 

action of a number of accessory enzymes.11–17 It seems that 

the first oxidation of 5-methylcytosine to 5-hydroxymethyl 

cytosine is carried out by TET113 while several ways of there-

after transforming 5-hydroxymethyl cytosine to cytosine have 

been suggested and involve both nuclear and base excision 

repair pathways.15,16

DNA methylation is implicated in various physiologi-

cal processes, such as cell differentiation, X-chromosome 

inactivation, gene imprinting, and genomic stability. DNA 

methylation alterations in human disease are well established 

to date,18 although the list of epigenetic-driven diseases is 

growing fast. Global hypomethylation19 and loci-specific 

hypermethylation20 have been frequently reported in cancer.21 

Originally, changes in DNA methylation were studied in gene 

promoters, where hypermethylation was associated with 

downregulation of tumor suppressor genes and hypomethy-

lation triggers upregulation of oncogenes.22 More recently, 

taking advantage of the development of genome-wide analy-

sis techniques, intra- and intergenic methylation changes 

have also been described. Alterations of DNA methylation 

within the gene body can affect alternative intragenic pro-

moters and enhancers, ncRNA expression, transposable ele-

ments mobility, alternative splicing, or polyadenylation.23,24 

Intergenic methylation changes can also affect enhancers 

or insulators; therefore, leading to gene silencing or acti-

vation, respectively,25 or alter the expression of intergenic 

ncRNAs.23,24 The involvement of DNA methylation in tran-

scriptional regulation is based on the chromatin conforma-

tion changes that are associated with it. As mentioned DNA 

methylation occurs in combination with other epigenetic 

mechanisms and determines whether a particular stretch of 

DNA is loose and accessible to the transcriptional machin-

ery or is tightly wrapped around nucleosomes in a dense 

chromatin form prohibitive of transcription factor binding.23 

The most exciting point is probably that this relationship 

is bidirectional; it is now known that certain transcription 

factors can place epigenetic marks upon binding to DNA 

and can therefore alter DNA methylation.26

In biomarker studies, both DNA methylation and mes-

senger RNA (mRNA) expression compete for a place in 

molecular diagnostics. The main disadvantage of detecting 

DNA methylation only is that it does not indicate the level 

of expression deregulation of the affected gene(s). One 

would argue that expression deregulation ultimate proof is 

only demonstrated by protein assays; however, determining 

mRNA expression is providing good preliminary evidence. 

In the case of DNA methylation, there is no such evidence 

and one can hypothesize the outcome on RNA.

On the other hand, DNA methylation analysis has signifi-

cant analytical and biological advantages. DNA methylation 

changes require at least one cell cycle, which makes this 

modification robust following sampling; RNA expression 

profiles deteriorate quickly upon removal of the sample from 

the body. In addition, DNA is a much more stable chemical 

entity than RNA; therefore, DNA methylation assays do not 

need special sampling requirements and are applicable to 

archival material, where mRNA analysis can be particularly 

challenging.

Lung cancer biomarkers
Lung cancer is one of the most frequently diagnosed cancers 

in Europe27 and the US,28 accounting for 13% of all new cases 

of cancer in the world.29 Lung cancer is divided into two main 

types: small-cell lung cancer (SCLC) and non-small-cell lung 

cancer (NSCLC). NSCLC represents approximately 85% of 

lung tumors with adenocarcinoma, squamous cell carcinoma, 

and large cell carcinoma representing the main histological 

subtypes. The precise histomolecular classification of lung 

tumors plays a critical role in personalized medicine and 

effective treatment of patients.30 Lung cancer still remains 

the leading cause of cancer-related deaths worldwide.29 

This is mainly due to very late diagnosis,31 and there are 

worldwide efforts from the lung cancer research community 

to introduce national screening strategies.32 There is a con-

sensus that implementation of molecular markers can assist 

clinical management of lung cancer. Multiple studies focused 

on the development of biomarkers for early detection,33–36 

metastatic risk assessment,37,38 and therapeutic stratification 

of patients.39–41

According to the Biomarkers Definitions Working Group, 

the term “biomarker” is used to describe a characteristic that is 

objectively measured and evaluated as an indicator of normal 

biological processes, pathogenic processes, or pharmacologic 
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responses to a therapeutic intervention. Biomarker 

qualification involves four major steps: 1) discovery phase, 

2) experimental validation, 3) preclinical validation, and 

4) clinical validation.31,42 Numerous studies describe new 

biomarkers and their potential use in the clinic;43,44 however, 

very few of them manage to reach clinical validation.35 The 

main obstacles are the poor reproducibility of the studies, 

sample heterogeneity, methodological biases, quality control 

implementation, and significant interlaboratory variability 

in experimental performance and data analysis.45 To date, 

biomarkers for lung cancer are mainly used to define and 

monitor therapy (eg, EGFR, KRAS, or ALK mutations).46 

DNA-based biomarkers present practical advantages,47 

and the established evidence regarding the involvement of 

epigenetic deregulation in human cancer, including lung,48 

sets research of DNA methylation biomarkers at very high 

priority in lung cancer diagnostics.49

DNA methylation detection  
techniques and methodologies
The need for detection of abnormally methylated DNA in 

tissue samples and body fluids inevitably leads to discuss-

ing methodology issues and the appropriateness of different 

approaches. A large number of DNA methylation detection 

methods and modifications exist to date, each having certain 

advantages and disadvantages.

There are three major approaches regarding the means 

of discrimination between 5′-methyl cytosine and cytosine:

1.	 Chromatin immunoprecipitation,50 which utilizes anti-5′-
methyl cytosine34 or methyl-binding domain proteins.50

2.	 Methylation-specific restriction enzyme51-based methods, 

which take advantage of the differential recognition of 

methylated DNA sequences over their unmethylated 

counterparts.52

3.	 Bisulfite-based methods, which utilize the fact that 

bisulfite deaminates cytosine to uracil but does not affect 

5′-methyl cytosine, effectively transforming this epige-

netic modification into a sequence difference.53

Regarding throughput, genome-wide or gene/

locus-specif ic approaches are employed according to 

the needs. Microarrays and deep sequencing are mainly 

employed in the first type while dideoxy sequencing,54 

pyrosequencing,55 and MALDI-TOF56 are normally uti-

lized for medium-throughput, locus-specific applications. 

Historically, a few other techniques have been used, such 

as single-strand conformation polymorphism analysis57 

and high-resolution melting.58 A very frequent method also 

used for locus-specific applications is methylation-specific 

polymerase chain reaction (MSP)53,59 and its quantitative 

real-time derivative qMSP60 or MethyLight.61

Various particularities can be recognized in detecting 

DNA methylation in body fluids. These samples are known to 

carry a tiny load of abnormal nucleic acids in the presence of 

high amounts of “contaminating” normal DNA. Exception to 

this is the detection of DNA methylation in the peripheral leu-

kocytes in leukemias or for monitoring therapeutic schemes 

with epigenetic drugs62 where the target DNA is ample.

The reliable detection of nucleic acids associated with 

minimal residual disease in samples such as plasma/serum, 

urine, sputum, bronchial washings (BWs), saliva, is demand-

ing and devious. The most widely used approach has been 

bisulfite conversion of DNA followed by MSP or qMSP. 

The concept here is that methylation-specific primers bearing 

cytosines (forward) and guanines (reverse) preferably at the 

3′ end of both primers will generate amplicons only from the 

methylated DNA copies of the target sequence under optimal 

conditions. The vast experience of the research community in 

polymerase chain reaction amplification techniques allows, in 

combination with the availability of new engineered hot-start 

Taq (Thermus Aquaticus) polymerases and reliable thermo-

cycling hardware, to reach high levels of fidelity. Endpoint 

MSP is a method that revolutionized epigenetic research.53 

Its main disadvantage is the lack of quantitation efficiency as 

well as problems in sensitivity and specificity. The latter can 

be overcome by using methylation enrichment pyrosequenc-

ing, which employs pyrosequencing to confirm the status of 

an MSP amplicon.63 The real-time version of MSP, referred 

to as qMSP60 or MethyLight,61 overcomes many of the end-

point assay problems. It is highly sensitive (especially when 

using fluorescent probes) in visualizing minute amounts that 

would never been seen on gels. The use of fluorescent probes 

adds one more level of sequence specificity and allows for 

multicolor detection of internal controls to normalize for DNA 

input. What is currently missing from qMSP/MethyLight is 

an internal control of bisulfite conversion.

As mentioned, an important problem in body fluids is 

the low availability of DNA. To make the problem more 

challenging, bisulfite conversion reduces DNA quality while 

the subsequent cleanup limits significantly recovery of DNA 

quantities. It is widely accepted today in the epigenetic 

biomarker research community that it is unlikely to find the 

perfect single marker. Most studies point to the discovery of 

panels of biomarkers, and thus multiple assays. Therefore, 

the tiny amount of DNA recovered has to be split in different 

reactions. One way to overcome this problem is to multi-

plex four targets per reaction using probes with different 
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fluorescent dyes.64 Of course the level of optimization required 

to prove equal amplification factors over five concentration 

logs between the different amplicons is significant. The 

abundance of each target is different; thus, in the absence of 

such calibration, the high-abundance target (10−1–10−2 per 

genome) will probably consume resources impairing ampli-

fication of the rare (#10−3) copies. A different approach is the 

post-bisulfite whole-genome (bisulfitome) amplification,65 

which demonstrates promising findings, but further research 

is required to prove the potential extent of its use.

A last important point, frequently bypassed, regarding 

methodology is the amount of DNA added in a qMSP reaction. 

qMSP users claim detection of targets in dilution with normal 

DNA as low as 10−4. In this case, one needs to ensure 104 

genome equivalents (32 ng) are added in the reaction to have 

one abnormal copy keeping in mind that MSP targets only 

one bisulfite converted strand. This is also an important issue 

for consideration in whole bisulfite amplification.

Overall, massive progress has been demonstrated in the 

last decade in methodological approaches for DNA methyla-

tion detection in body fluids. Many academic groups have 

involved themselves in this research, and the contribution 

of the biotechnical industry must also be acknowledged. 

Although there are still issues regarding the quality control 

of the used techniques, there should be no doubt that these 

will be overcome and a clinically useful method will be very 

soon available.

DNA methylation aberrations  
in lung cancer
The high frequency of DNA methylation aberrations in 

lung cancer has been shown in a large number of studies. 

Development of epigenetic biomarkers, which could reach 

clinically validated applications, would assist in personal-

ized management of patients with lung cancer. Identification 

of markers for early detection (diagnosis), risk assessment 

(prognosis), and therapeutic stratification of patients is of 

utmost importance and has been the subject of numerous 

studies during the last decade.66 Investigating the tumorous, 

dysplastic, or normal lung tissue is a more direct way to search 

for biomarkers when compared with surrogate tissues. The 

relevant literature is vast, and older studies have been previ-

ously reviewed.49 In the present review, we are summariz-

ing the most recent (post-2012) information and attempt to 

evaluate the progress of DNA methylation biomarkers in the 

clinical management of lung cancer. We searched for reports 

in PubMed using combinations of keywords such as “lung 

cancer”, “DNA methylation”, “biomarker”, “diagnosis”, “early 

detection”, “prognosis”, “body fluids”, “plasma”, “serum”, 

“sputum”, “bronchial lavage”, and “bronchial washings”.

The findings of recent DNA methylation studies in lung 

cancer tissue are summarized in Table 1. This table contains 

131 genes that can be categorized according to the bio-

logical processes they are involved in (Figure 1). While the 

vast majority of the studies analyzed in Table 1 are mainly 

focused on the aberrant promoter DNA methylation, studies 

investigating whole genome as well as gene body methyla-

tion patterns are also included. For instance, Nelson et al67 

tried to identify new methylation key markers utilizing 

whole-genome and exonic regions of various lung cancer-

related genes. Among the most thoroughly studied genes 

for DNA methylation in lung cancer are RASSF1, RARβ, 

p16 (CDKN2A), MGMT, SHOX2, APC, BRCA1, and DAPK, 

providing a fair list of candidates with biomarker potential. 

However, Do et al,68 in an attempt to confirm previous studies 

showing tumor-specific methylation of DNA repair genes, 

suggest that methylation frequency of lung cancer-associated 

genes like ATM, BRCA1, MLH1, and XPC is likely to be 

overestimated in the literature. This raises the importance of 

diligent validation of previous results, especially if obtained 

using different methodologies.

Diagnostic markers
As mentioned earlier, despite the advances in medicine 

and cancer biology, lung cancer is largely diagnosed at late 

stages, leading to poor prognosis and high mortality rates.31 

Still the only screening method is low-dose computerized 

tomography scan of the lungs that is applied to high-risk 

individuals but includes exposure to radiation, a high rate 

of potential false positives, and high cost.69 Development of 

a biomarker-based test could boost early or more accurate 

diagnosis that is able to distinguish among the different types 

of lung cancers. Zhao et al70 proposed a panel of four genes 

(MYF6, SIX6, BCL2, and RARβ) that could offer a sensitivity 

of 93.07% and a specificity of 83.33% in the diagnosis of 

stage I NSCLC. A similar study shows that the methylation 

status of NEUROG2, NID2, RASSF1A, APC, and HOXC9 

can also serve in early diagnosis of NSCLC (sensitivity 

91.26%, specificity 84.62%); in particular, NEUROG2 

seems to be able to discriminate between adenocarcinomas 

and squamous cell carcinomas.71 The DNA methylation 

status of miRNAs could also serve as a diagnostic marker in 

NSCLC. Hypermethylation in NSCLC tissue was observed 

for hsa-miR-34a, hsa-miR-9-2, and hsa-miR-9-333 as well as 

miR-193.72 Furthermore, in order to empower the precision of 

the diagnostic outcome of each study, several meta-analyses 

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


Research and Reports in Biochemistry 2015:5 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

15

DNA methylation and its role in lung cancer

T
ab

le
 1

 L
is

t 
of

 r
ec

en
t 

(p
os

t-
20

12
) 

st
ud

ie
s 

id
en

tif
yi

ng
 a

bn
or

m
al

 D
N

A
 m

et
hy

la
tio

n 
pa

tt
er

ns
 in

 h
um

an
 lu

ng
 c

an
ce

r 
tis

su
e

P
ub

lic
at

io
n

G
en

e 
(g

en
om

ic
 r

eg
io

n)
M

et
hy

la
ti

on
M

et
ho

do
lo

gy
Sa

m
pl

e 
si

ze
C

om
m

en
ts

Be
di

ag
a 

et
 a

l33
hs

a-
m

iR
-4

3a
H

yp
er

 8
3%

Py
ro

se
qu

en
ci

ng
39

 N
SC

LC
 p

at
ie

nt
s 

(T
/N

)
D

N
A

 m
et

hy
la

tio
n 

ab
no

rm
al

iti
es

 c
on

tr
ib

ut
e 

lit
tle

 t
o 

th
e 

de
re

gu
la

tio
n 

of
 t

he
 m

iR
N

A
s 

te
st

ed
hs

a-
m

iR
-9

.2
H

yp
er

 4
5%

hs
a-

m
iR

-9
.3

H
yp

er
 4

6%
hs

a-
m

iR
-2

7b
H

yp
o 

51
%

hs
a-

m
iR

-1
82

H
yp

o 
31

%
hs

a-
m

iR
-2

4.
1

H
yp

o 
39

%
hs

a-
m

iR
-2

3b
H

yp
o 

28
%

hs
a-

m
iR

-2
00

b
H

yp
o 

23
%

ha
s-

m
iR

-4
86

H
yp

o 
44

%
hs

a-
m

iR
-3

38
H

yp
o 

74
%

Li
N

e-
1

H
yp

o 
77

%
Br

ad
ly

 e
t 

al
77

M
G

M
T,

 D
AP

K,
 R

AS
SF

1,
 C

D
H

1,
  

LE
T7

-3
-a

, N
O

RE
1,

 P
TE

N
N

o 
ag

e-
re

la
te

d 
di

ffe
re

nc
es

Py
ro

se
qu

en
ci

ng
19

8 
N

SC
LC

 p
at

ie
nt

s
Pa

tie
nt

s 
$

60
 y

ea
rs

 w
ith

 p
16

 h
yp

er
m

et
hy

la
tio

n 
ha

d 
sh

or
te

ne
d 

tim
e 

to
 r

ec
ur

re
nc

e 
an

d 
a 

sh
or

te
ne

d 
su

rv
iv

al
 t

im
e

p1
6

H
yp

er
Br

un
o 

et
 a

l11
0

W
T1

M
ea

n 
pe

rc
en

ta
ge

 o
f  

m
et

hy
la

tio
n 

tu
m

or
s: 

16
.2

±3
.4

  
no

rm
al

 a
dj

ac
en

t t
iss

ue
: 5

.6
±1

.7

Py
ro

se
qu

en
ci

ng
16

 N
SC

LC
 p

at
ie

nt
s

A
C

s 
pr

es
en

t 
gr

ea
te

r 
w

T
1 

m
et

hy
la

tio
n 

th
an

 S
C

C
s

A
s 

th
e 

sm
ok

in
g 

ha
bi

t 
in

cr
ea

se
s,

 m
et

hy
la

tio
n 

de
cr

ea
se

s
C

ar
va

lh
o 

et
 a

l11
1

CD
KN

2A
H

yp
er

M
et

hy
lC

ap
-s

eq
 v

al
id

at
io

n:
 

bi
su

lfi
te

 s
eq

ue
nc

in
g,

 M
SP

7 
N

SC
LC

 p
at

ie
nt

s 
(T

/N
) 

va
lid

at
io

n:
 9

6 
N

SC
LC

  
pa

tie
nt

s 
(T

/N
)

St
at

is
tic

al
ly

 s
ig

ni
fic

an
t 

di
ffe

re
nc

es
 w

er
e 

ob
se

rv
ed

 
fo

r 
ea

ch
 o

f t
he

 fi
ve

 lo
ci

/g
en

es
 b

et
w

ee
n 

lu
ng

 c
an

ce
r 

sa
m

pl
es

 a
nd

 c
on

tr
ol

s
ch

r2
:1

19
,3

31
,3

43
 t

o 
11

9,
33

1,
69

2
H

yp
er

ch
r2

:1
19

,3
28

,0
97

 t
o 

11
9,

32
8,

40
0

H
yp

er
T

he
 m

et
hy

la
tio

n 
st

at
us

 o
f t

he
 c

hr
om

os
om

ic
 r

eg
io

n 
ch

r2
:1

19
,3

31
,3

43
 t

o 
11

9,
33

1,
69

2 
co

ul
d 

di
st

in
gu

is
h 

be
tw

ee
n 

A
C

 a
nd

 S
C

C
RA

SS
F1

H
yp

er
ZI

C4
H

yp
er

C
or

té
s-

Se
m

pe
re

 
et

 a
l92

IG
FB

P3
M

et
hy

la
te

d 
in

 r
es

is
ta

nt
 t

o 
ci

sp
la

tin
 p

at
ie

nt
s

Bi
su

lfi
te

, M
SP

61
 N

SC
LC

 p
at

ie
nt

s 
(T

)
T

he
 a

ut
ho

rs
 p

ro
po

se
 a

 t
es

t 
th

at
 c

ou
ld

 p
re

di
ct

 
re

si
st

an
ce

 t
o 

ci
sp

la
tin

 t
he

ra
py

, w
ith

 a
n 

ac
cu

ra
cy

 
an

d 
pr

ec
is

io
n 

of
 0

.8
4 

an
d 

0.
9,

 r
es

pe
ct

iv
el

y
de

 F
ra

ip
on

t 
et

 a
l88

RA
SS

F1
, D

AP
K1

 
M

SP
, p

yr
os

eq
ue

nc
in

g
20

8 
N

SC
LC

 s
am

pl
es

 (
T

)
R

A
SS

F1
A

 m
et

hy
la

tio
n 

is
 r

el
at

ed
 t

o 
po

or
 p

ro
gn

os
is

 
of

 e
ar

ly
-s

ta
ge

 N
SC

LC
 a

nd
 lo

ng
er

 d
is

ea
se

-fr
ee

 
su

rv
iv

al
 a

fte
r 

pa
cl

ita
xe

l-b
as

ed
 n

eo
ad

ju
va

nt
 

ch
em

ot
he

ra
py

R
A

SS
F1

 a
nd

 D
A

PK
1 

m
et

hy
la

tio
n,

 a
lo

ng
 w

ith
 t

um
or

 
st

ag
e,

 c
an

 d
efi

ne
 t

hr
ee

 s
ub

gr
ou

ps
 w

ith
 s

tr
ik

in
gl

y 
di

ffe
re

nt
 p

ro
gn

os
is

D
ie

tr
ic

h 
et

 a
l84

PI
TX

2,
 S

H
O

X
2

M
ea

n 
pe

rc
en

t 
of

 m
et

hy
la

tio
n 

fo
r 

SH
O

X
 w

as
 4

1.
8%

 a
nd

 fo
r 

Pi
T

X
2 

w
as

 1
3.

1%

qM
SP

46
5 

(S
H

O
X

2)
 a

nd
 4

45
  

(P
iT

X
2)

 N
SC

LC
 p

at
ie

nt
s 

(T
)

H
ig

h 
m

et
hy

la
tio

n 
of

 S
H

O
X

2 
an

d 
Pi

T
X

2 
w

as
 a

 
pr

ed
ic

to
r 

of
 p

ro
gr

es
si

on
-fr

ee
 s

ur
vi

va
l

(C
on

tin
ue

d)

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


Research and Reports in Biochemistry 2015:5submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

16

Pantazi et al

T
ab

le
 1

 (
Co

nt
in

ue
d)

P
ub

lic
at

io
n

G
en

e 
(g

en
om

ic
 r

eg
io

n)
M

et
hy

la
ti

on
M

et
ho

do
lo

gy
Sa

m
pl

e 
si

ze
C

om
m

en
ts

D
o 

et
 a

l68
 

 F
re

qu
en

cy
 o

f m
et

hy
la

tio
n:

M
S-

H
R

M
. e

xt
er

na
l v

al
id

at
io

n 
us

in
g 

th
e 

T
C

G
A

 d
at

ab
as

e.
 

v
al

id
at

io
n:

 B
ig

 D
ye

 t
er

m
in

at
or

 
v3

.1

56
 N

SC
LC

 s
am

pl
es

 (
T

)
Pr

om
ot

er
 m

et
hy

la
tio

n 
fr

eq
ue

nc
y 

of
 A

T
M

, B
R

C
A

1,
 

M
LH

1,
 a

nd
 X

PC
 is

 li
ke

ly
 t

o 
be

 o
ve

re
st

im
at

ed
 in

 
th

e 
lit

er
at

ur
e

AT
M

N
o 

m
et

hy
la

tio
n 

de
te

ct
ed

BR
CA

1
N

o 
m

et
hy

la
tio

n 
de

te
ct

ed
M

LH
1

N
o 

m
et

hy
la

tio
n 

de
te

ct
ed

X
PC

N
o 

m
et

hy
la

tio
n 

de
te

ct
ed

ER
CC

1
2%

M
G

M
T

13
%

N
EI

L1
42

%
RA

D
23

B
2%

G
en

g 
et

 a
l71

N
EU

RO
G

2,
 N

ID
2,

 R
AS

SF
1A

, A
PC

  
an

d 
H

O
X

C9
M

SP
15

 h
ea

lth
y 

vo
lu

nt
ee

rs
,  

10
3 

st
ag

e 
i N

SC
LC

 t
um

or
s 

 
(T

), 
an

d 
26

 n
on

ca
nc

er
ou

s 
 

co
nt

ro
ls

 (
N

)

T
hi

s 
fiv

e-
ge

ne
 p

an
el

 w
ith

 s
en

si
tiv

ity
 o

f 9
1.

26
%

 w
ith

 
sp

ec
ifi

ci
ty

 o
f 8

4.
62

%
 c

ou
ld

 d
et

ec
t 

st
ag

e 
i N

SC
LC

T
he

 m
et

hy
la

tio
n 

st
at

us
 o

f N
eU

R
O

G
2 

co
ul

d 
di

st
in

gu
is

h 
A

C
 fr

om
 S

C
C

Z
ha

o 
et

 a
l70

M
G

M
T

M
ed

ia
n 

pe
rc

en
t 

m
et

hy
la

tio
n 

in
 t

um
or

s 
w

as
 2

6.
1%

 a
nd

 in
 

no
rm

al
 a

dj
ac

en
t 

tis
su

e 
2.

4%

M
SP

, q
M

SP
1,

16
0 

N
SC

LC
 t

is
su

es
 a

nd
  

97
0 

co
nt

ro
ls

T
hi

s 
m

et
a-

an
al

ys
is

 id
en

tifi
ed

 a
 s

tr
on

g 
as

so
ci

at
io

n 
be

tw
ee

n 
m

et
hy

la
tio

n 
of

 M
G

M
T

 g
en

e 
an

d 
N

SC
LC

G
u 

et
 a

l74
P1

6IN
K4

A
M

ed
ia

n 
pe

rc
en

t 
m

et
hy

la
tio

n 
 

in
 t

um
or

s 
w

as
 4

4%
 a

nd
 in

  
no

rm
al

 a
dj

ac
en

t 
tis

su
e 

15
%

M
SP

, q
M

SP
2,

65
2 

N
SC

LC
 p

at
ie

nt
s 

w
ith

 
5,

17
5 

sa
m

pl
es

 (
T

/N
)

St
ro

ng
 a

nd
 s

ig
ni

fic
an

t 
co

rr
el

at
io

n 
be

tw
ee

n 
tu

m
or

 
tis

su
e 

an
d 

au
to

lo
go

us
 s

am
pl

es
 o

f P
16

iN
K

4A
 

pr
om

ot
er

 m
et

hy
la

tio
n

G
uo

 e
t 

al
75

AP
C

H
yp

er
m

et
hy

la
te

d 
in

 c
an

ce
r

M
SP

, q
M

SP
2,

25
9 

N
SC

LC
 t

um
or

 s
am

pl
es

 
an

d 
1,

03
9 

co
nt

ro
ls

Th
is 

m
et

a-
an

al
ys

is 
sh

ow
ed

 t
ha

t 
A

PC
 m

et
hy

la
tio

n 
w

as
 s

tr
on

gl
y 

as
so

ci
at

ed
 w

ith
 N

SC
LC

, e
sp

ec
ia

lly
 A

C
H

ar
ad

a 
et

 a
l78

BR
CA

1
M

et
hy

la
tio

n 
in

 1
3 

of
  

70
 p

at
ie

nt
s 

(1
8.

6%
)

M
SP

70
 p

at
ie

nt
s 

w
ith

 c
ur

at
iv

el
y 

 
re

se
ct

ed
 s

ta
ge

 i 
N

SC
LC

  
(T

/N
)

R
ec

ur
re

nc
e-

fr
ee

 s
ur

vi
va

l r
at

e 
in

 p
at

ie
nt

s 
w

ith
 

BR
C

A
1 

m
et

hy
la

tio
n 

w
as

 lo
w

er
 t

ha
n 

in
 t

ho
se

 
w

ith
ou

t 
BR

C
A

1 
m

et
hy

la
tio

n
H

el
le

r 
et

 a
l72

m
iR

-1
93

a
M

ea
n 

pe
rc

en
t 

m
et

hy
la

tio
n 

 
in

 t
um

or
s 

w
as

 3
3%

 a
nd

 in
  

no
rm

al
 a

dj
ac

en
t 

tis
su

e 
21

%

M
S-

H
R

M
, B

G
S

10
1 

pa
tie

nt
s 

(T
/N

) 
w

ith
  

st
ag

e 
i–

iii
 N

SC
LC

76
%

 o
f t

he
 p

at
ie

nt
s 

w
er

e 
m

et
hy

la
te

d 
fo

r 
m

iR
-9

-3
 

an
d/

or
 m

iR
-1

93
a

m
iR

-9
-3

M
ea

n 
pe

rc
en

t 
m

et
hy

la
tio

n 
 

in
 t

um
or

s 
w

as
 2

5%
 a

nd
 in

  
no

rm
al

 a
dj

ac
en

t 
tis

su
e 

11
%

Po
or

 s
ur

vi
va

l o
f p

at
ie

nt
s 

w
ith

 m
iR

-9
-3

–m
et

hy
la

te
d 

co
m

pa
re

d 
to

 m
iR

-9
-3

–u
nm

et
hy

la
te

d 
SC

C

H
el

le
r 

et
 a

l79
 

Fr
eq

ue
nc

y 
of

 m
et

hy
la

tio
n

M
et

hy
la

te
d 

D
N

A
  

im
m

un
op

re
ci

pi
ta

tio
n,

  
m

ic
ro

ar
ra

y,
 M

S-
H

R
M

.  
v

al
id

at
io

n:
 B

G
S

10
1 

st
ag

e 
i, 

ii,
 o

r 
iii

 N
SC

LC
 

pa
tie

nt
s 

(T
/N

)
H

O
X

A
2 

an
d 

H
O

X
A

10
 m

et
hy

la
tio

n 
w

as
 a

ss
oc

ia
te

d 
w

ith
 b

et
te

r 
su

rv
iv

al
 in

 S
C

C

H
O

X
A2

78
%

PR
D

M
14

 
72

%

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


Research and Reports in Biochemistry 2015:5 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

17

DNA methylation and its role in lung cancer

EV
X

1 
68

%
G

A
T

A
3 

w
as

 m
os

t 
fr

eq
ue

nt
ly

 m
et

hy
la

te
d 

in
 A

C
, 

w
hi

le
 S

FM
BT

2 
in

 S
C

C
s

PC
D

H
A1

2 
62

%
TA

L1
61

%
IR

X
2

56
%

PO
U

3F
4

55
%

G
AT

A3
46

%
PO

U
3F

4 
m

et
hy

la
tio

n 
w

as
 a

ss
oc

ia
te

d 
w

ith
 s

ex
SF

M
BT

2
45

%
H

O
X

A1
0 

40
%

G
A

T
A

3 
m

et
hy

la
tio

n 
w

as
 o

bs
er

ve
d 

m
or

e 
fr

eq
ue

nt
ly

 in
 la

te
 s

ta
ge

s
D

M
RT

A2
39

%
SH

O
X

2
39

%
H

oc
hh

au
se

r 
 

et
 a

l95

M
G

M
T

 1
.3

5%
qM

SP
A

m
on

g 
74

0 
pa

tie
nt

s 
 

sc
re

en
ed

, o
nl

y 
10

 N
SC

LC
  

ca
se

s 
w

er
e 

po
si

tiv
e 

fo
r 

 
M

G
M

T
 m

et
hy

la
tio

n

A
im

 o
f t

hi
s 

cl
in

ic
al

 t
ri

al
 w

as
 t

o 
in

ve
st

ig
at

e 
w

he
th

er
 

re
sp

on
se

 t
o 

te
m

oz
ol

om
id

e 
ca

n 
be

 p
re

di
ct

ed
 b

y 
M

G
M

T
 m

et
hy

la
tio

n.
 L

ow
 n

um
be

r 
of

 c
as

es
 le

d 
to

 
un

in
te

rp
re

ta
bl

e 
re

su
lts

H
ua

 e
t 

al
73

RA
Rβ

H
yp

er
m

et
hy

la
te

d 
in

 c
an

ce
r

M
SP

1,
34

7 
N

SC
LC

 t
is

su
e 

sa
m

pl
es

  
an

d 
1,

13
7 

au
to

lo
go

us
  

co
nt

ro
ls

T
hi

s 
m

et
a-

an
al

ys
is

 s
ho

w
ed

 t
ha

t 
R

A
R

β 
pr

om
ot

er
 

m
et

hy
la

tio
n 

w
as

 h
ig

he
r 

in
 t

um
or

 t
is

su
es

 c
om

pa
re

d 
to

 c
on

tr
ol

H
ua

ng
 e

t 
al

11
2

1,
41

3 
ge

ne
s

M
et

hy
la

tio
n 

pr
ofi

le
s 

fr
om

 G
en

e 
ex

pr
es

sio
n 

O
m

ni
bu

s 
w

ith
 th

e 
ac

ce
ss

io
n 

nu
m

be
r 

G
Se

16
55

9

57
 N

SC
LC

 p
at

ie
nt

s 
an

d 
 

52
 c

on
tr

ol
 s

am
pl

es
20

 c
lu

st
er

s 
of

 d
ys

fu
nc

tio
na

l g
en

es
 in

 N
SC

LC
 w

er
e 

id
en

tifi
ed

 b
as

ed
 o

n 
m

et
hy

la
tio

n,
 m

iR
N

A
, a

nd
 

m
R

N
A

 d
iff

er
en

ce
s

Jia
 e

t 
al

11
3

D
AC

T2
M

et
hy

la
tio

n 
fo

un
d 

in
 4

1%
  

of
 t

um
or

 a
nd

 0
%

 o
f n

or
m

al
  

sa
m

pl
es

M
SP

, b
is

ul
fit

e 
se

qu
en

ci
ng

  
(B

SS
Q

)
10

6 
N

SC
LC

 s
am

pl
es

 a
nd

  
4 

tis
su

e 
sa

m
pl

es
 fr

om
  

pa
tie

nt
s 

w
ith

ou
t 

ca
nc

er

D
A

C
T

2 
pr

om
ot

er
 m

et
hy

la
tio

n 
ob

se
rv

ed
 in

 lu
ng

 
ca

nc
er

K
o 

et
 a

l89
 BA

X
Fr

eq
ue

nc
y 

of
 m

et
hy

la
tio

n
67

%
M

SP
32

8 
FF

Pe
s 

fr
om

 p
at

ie
nt

s 
w

ith
 

re
se

ct
ed

 N
SC

LC
 (

T
)

H
yp

er
m

et
hy

la
tio

n 
of

 R
A

SS
F1

A
 w

as
 a

ss
oc

ia
te

d 
w

ith
 

hi
gh

 r
isk

 o
f r

ec
ur

re
nc

e 
in

 n
od

e-
ne

ga
tiv

e 
st

ag
e 

i  
an

d 
ii 

N
SC

LC
s

G
ST

P1
11

%
H

O
X

A1
1

72
%

In
te

gr
in

 a
4

28
%

M
yo

D
1

59
%

RA
Rβ

2
34

%
RA

SS
F1

A
52

%
SO

CS
-1

42
%

K
og

a 
et

 a
l80

CH
FR

Fr
eq

ue
nc

y 
of

 m
et

hy
la

tio
n: 

10
%

M
SP

16
5 

A
C

s 
(T

)
C

H
FR

 h
yp

er
m

et
hy

la
tio

n 
w

as
 c

or
re

la
te

d 
w

ith
 p

oo
r 

pr
og

no
si

s 
an

d 
ly

m
ph

at
ic

 v
es

se
l i

nv
as

io
n

K
on

tic
 e

t 
al

14
4

 
M

ed
ia

n 
(iQ

R)
 m

et
hy

la
tio

n 
ch

an
ge

 b
et

w
ee

n 
tu

m
or

s 
an

d 
no

rm
al

 a
dj

ac
en

t t
iss

ue

Py
ro

se
qu

en
ci

ng
65

 N
SC

LC
 p

at
ie

nt
s 

(T
/N

) 
 

an
d 

51
 b

lo
od

 s
am

pl
es

H
ig

he
r 

m
et

hy
la

tio
n 

of
 R

A
SS

F1
A

, C
D

H
13

, a
nd

 D
A

PK
 

ge
ne

s 
in

 lu
ng

 tu
m

or
s 

co
m

pa
re

d 
to

 n
or

m
al

 lu
ng

RA
SS

F1
A

0.
91

 (
−0

.1
5,

 1
1.

7)
H

is
to

lo
gy

 a
nd

 s
ex

 w
er

e 
as

so
ci

at
ed

 w
ith

 C
D

H
13

 
m

et
hy

la
tio

n
CD

H
13

2.
43

 (
−1

.4
1,

 6
.9

)

(C
on

tin
ue

d)

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


Research and Reports in Biochemistry 2015:5submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

18

Pantazi et al

T
ab

le
 1

 (
Co

nt
in

ue
d)

P
ub

lic
at

io
n

G
en

e 
(g

en
om

ic
 r

eg
io

n)
M

et
hy

la
ti

on
M

et
ho

do
lo

gy
Sa

m
pl

e 
si

ze
C

om
m

en
ts

M
G

M
T

0.
12

 (
−0

.2
7,

 0
.9

5)
St

ag
e 

w
as

 a
ss

oc
ia

te
d 

w
ith

 m
et

hy
la

tio
n 

of
 M

G
M

T
ES

R1
0.

28
 (

−0
.6

7,
 1

.4
6)

D
AP

K
0.

87
 (

−0
.9

7,
 2

.2
6)

Le
e 

et
 a

l11
4

TM
EF

F2
M

et
hy

la
tio

n 
fo

un
d 

in
 5

2.
5%

  
of

 t
um

or
 s

am
pl

es
M

SP
T

um
or

 a
nd

 c
or

re
sp

on
di

ng
  

no
nm

al
ig

na
nt

 lu
ng

 t
is

su
e 

 
sp

ec
im

en
s 

(n
=1

39
)

T
M

eF
F2

 m
et

hy
la

tio
n 

w
as

 m
or

e 
fr

eq
ue

nt
 in

 A
C

s 
w

ith
ou

t 
eG

FR
 m

ut
at

io
n

Le
e 

et
 a

l90
RA

SS
F1

A
M

et
hy

la
tio

n 
fo

un
d 

in
 4

4.
7%

  
of

 t
um

or
 a

nd
 2

.6
%

 o
f n

or
m

al
 

sa
m

pl
es

Py
ro

se
qu

en
ci

ng
, M

SP
20

6 
N

SC
LC

 t
um

or
 a

nd
  

40
 a

dj
ac

en
t 

no
rm

al
 s

am
pl

es
R

A
SS

F1
A

 m
et

hy
la

tio
n 

w
as

 m
or

e 
fr

eq
ue

nt
 in

 e
ve

r-
sm

ok
er

s 
an

d 
tu

m
or

s 
w

ith
 T

P5
3 

m
ut

at
io

n

St
ro

ng
 m

et
hy

la
tio

n 
w

as
 a

n 
un

fa
vo

ra
bl

e 
pr

og
no

st
ic

 
fa

ct
or

 fo
r 

st
ag

e 
i a

nd
 S

C
C

 p
at

ie
nt

s
Le

e 
et

 a
l11

5
W

if1
M

et
hy

la
tio

n 
fo

un
d 

in
 4

7.
5%

  
of

 t
um

or
 a

nd
 2

0.
9%

 o
f  

no
rm

al
 t

is
su

es

M
SP

13
9 

N
SC

LC
 p

at
ie

nt
s 

(T
/N

)
w

if1
 is

 h
yp

er
m

et
hy

la
te

d 
in

 t
um

or
s 

co
m

pa
re

d 
to

 
no

rm
al

 a
dj

ac
en

t 
tis

su
e

w
if1

 m
et

hy
la

tio
n 

is
 a

ss
oc

ia
te

d 
w

ith
 u

nf
av

or
ab

le
 

pr
og

no
si

s 
in

 A
C

s 
pa

tie
nt

s 
w

ith
 e

G
FR

 m
ut

at
io

n
Li

 e
t 

al
11

6
 

 
D

N
A

 M
et

hy
la

tio
n 

da
ta

 fr
om

 
N

C
Bi

 G
eO

: a
cc

es
si

on
 n

um
be

r 
G

Se
32

86
7

28
 A

C
s 

an
d 

27
 a

dj
ac

en
t 

 
no

rm
al

 s
am

pl
es

Id
en

tifi
ca

tio
n 

of
 1

08
 d

iff
er

en
tia

lly
 m

et
hy

la
te

d 
ge

ne
s 

in
 t

um
or

 c
om

pa
re

d 
to

 n
or

m
al

 t
is

su
es

, i
nv

ol
ve

d 
in

 
ce

ll 
de

ve
lo

pm
en

t, 
im

m
un

e 
re

sp
on

se
, a

nd
 a

po
pt

os
is

 
pa

th
w

ay
s

Li
 e

t 
al

94
m

iR
-5

03
M

et
hy

la
tio

n 
fo

un
d 

in
 8

0%
 o

f  
tu

m
or

 a
nd

 2
0%

 o
f n

or
m

al
 

sa
m

pl
es

Bi
su

lfi
te

 R
es

tr
ic

tio
n 

A
na

ly
si

s 
 

(C
O

BR
A

), 
Bi

su
lfi

te
-t

re
at

ed
  

D
N

A
 s

eq
ue

nc
in

g 
as

sa
ys

 (
BS

P)

65
 N

SC
LC

 p
at

ie
nt

s 
(T

/N
)

m
iR

-5
03

 is
 m

et
hy

la
te

d 
in

 t
um

or
s 

co
m

pa
re

d 
to

 
no

rm
al

 s
am

pl
es

Li
u 

et
 a

l11
7

AN
KR

D
18

A
M

et
hy

la
tio

n 
fo

un
d 

in
 6

8.
4%

  
of

 t
um

or
 a

nd
 0

%
 o

f n
or

m
al

  
sa

m
pl

es

M
et

hy
la

tio
n-

sp
ec

ifi
c 

PC
R

, 
bi

su
lfi

te
-s

eq
ue

nc
in

g 
PC

R
38

 N
SC

LC
 t

um
or

s 
an

d 
 

20
 n

or
m

al
 s

am
pl

es
A

N
K

R
D

18
A

 h
yp

er
m

et
hy

la
tio

n 
w

as
 a

ss
oc

ia
te

d 
w

ith
 lu

ng
 c

an
ce

r

Li
u 

et
 a

l11
8

AN
KR

D
18

B
M

et
hy

la
tio

n 
fo

un
d 

in
 5

3.
1%

  
of

 t
um

or
 a

nd
 0

%
 o

f n
or

m
al

  
sa

m
pl

es

M
et

hy
la

tio
n-

sp
ec

ifi
c 

PC
R

 a
nd

  
BG

S
98

 N
SC

LC
 p

at
ie

nt
s 

 
(1

0 
ad

ja
ce

nt
 n

or
m

al
 s

am
pl

es
)

A
N

K
D

18
B 

ex
hi

bi
te

d 
hi

gh
er

 m
et

hy
la

tio
n 

in
 t

um
or

 
co

m
pa

re
d 

to
 n

or
m

al
 s

am
pl

es

A
N

K
D

18
B 

hy
pe

rm
et

hy
la

tio
n 

w
as

 a
ss

oc
ia

te
d 

w
ith

 
po

or
 d

iff
er

en
tia

tio
n 

an
d 

ea
rl

ie
r 

st
ag

e 
tu

m
or

s
Li

u 
et

 a
l11

9
AL

X
4

M
et

hy
la

tio
n 

fo
un

d 
in

 5
5%

  
of

 t
um

or
 a

nd
 0

%
 o

f n
or

m
al

  
sa

m
pl

es

M
SP

 a
nd

 B
G

S
98

 N
SC

LC
 p

at
ie

nt
s 

 
(2

0 
ad

ja
ce

nt
 n

or
m

al
 s

am
pl

es
)

T
um

or
 s

up
pr

es
so

r 
A

LX
4 

is
 d

ow
nr

eg
ul

at
ed

 in
 

N
SC

LC
 d

ue
 t

o 
D

N
A

 m
et

hy
la

tio
n

Li
u 

et
 a

l12
0

LH
X

6 
M

et
hy

la
tio

n 
fo

un
d 

in
 5

6%
  

of
 t

um
or

 a
nd

 0
%

 o
f n

or
m

al
  

sa
m

pl
es

M
SP

 a
nd

 B
G

S
93

 p
ri

m
ar

y 
N

SC
LC

 t
um

or
  

an
d 

20
 n

or
m

al
 s

am
pl

es
T

um
or

 s
up

pr
es

so
r 

LH
X

6 
is

 d
ow

nr
eg

ul
at

ed
 in

 
N

SC
LC

 d
ue

 t
o 

D
N

A
 m

et
hy

la
tio

n

Lo
kk

 e
t 

al
87

w
ho

le
 g

en
om

e
D

iff
er

en
tia

l m
et

hy
la

tio
n 

of
  

cl
us

te
re

d 
ge

ne
s

In
fin

iu
m

H
 H

um
an

- 
M

et
hy

la
tio

n2
7 

R
ev

B 
 

Be
ad

C
hi

ps
 (

ill
um

in
a 

in
c.

). 
 

v
al

id
at

io
n:

 S
an

ge
r 

Se
qu

en
ci

ng

48
 p

at
ie

nt
s 

w
ith

 s
ta

ge
 i 

 
N

SC
LC

 a
nd

 1
8 

m
at

ch
in

g 
 

ca
nc

er
-fr

ee
 lu

ng
 s

am
pl

es

D
X

S9
87

9e
 (

LA
G

e3
), 

R
T

eL
1 

an
d 

M
T

M
1 

hy
pe

rm
et

hy
la

tio
n,

 a
nd

 S
C

U
Be

3,
 S

Y
T

2,
 K

C
N

C
3,

 
K

C
N

C
4,

 G
R

iK
3,

 C
R

B1
, S

O
C

S2
, A

C
T

A
1,

 Z
N

F6
60

, 
M

D
Fi

, A
LD

H
1A

3,
 a

nd
 S

R
D

5A
2 

hy
po

m
et

hy
la

tio
n 

w
er

e 
as

so
ci

at
ed

 w
ith

 p
oo

r 
su

rv
iv

al

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


Research and Reports in Biochemistry 2015:5 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

19

DNA methylation and its role in lung cancer

Lu
 e

t 
al

12
1

ln
cR

N
A

 M
eG

3
M

et
hy

la
tio

n 
fo

un
d 

in
 6

8%
 o

f 
no

rm
al

 a
nd

 9
6%

 o
f t

um
or

 
sa

m
pl

es

Bi
su

lfi
te

 s
eq

ue
nc

in
g

44
 p

at
ie

nt
s 

(T
/N

)
D

on
w

re
gu

la
tio

n 
of

 ln
cR

N
A

 M
eG

3 
ob

se
rv

ed
 

in
 N

SC
LC

 is
 p

ar
tly

 d
ue

 t
o 

pr
om

ot
er

 
hy

pe
rm

et
hy

la
tio

n
M

en
g 

et
 a

l12
2

m
iR

-3
1

 
TC

G
A

 d
at

a 
se

t (
ill

um
in

a 
 

In
fin

iu
m

 H
um

an
 D

N
A

  
M

et
hy

la
tio

n 
45

0 
be

ad
ch

ip
 d

at
a)

17
7 

lu
ng

 A
C

 s
am

pl
es

  
co

nt
ai

ni
ng

 b
ot

h 
m

et
hy

la
tio

n 
 

an
d 

m
iR

-3
1 

ex
pr

es
si

on
 fr

om
  

th
e 

23
3-

pa
tie

nt
 s

et
 o

f t
he

  
da

ta
ba

nk

D
N

A
 p

ro
m

ot
er

 m
et

hy
la

tio
n 

le
ad

s 
to

 r
ep

re
ss

io
n 

of
 

m
iR

-3
1 

ex
pr

es
si

on

M
or

án
 e

t 
al

91
CA

LC
A,

 M
M

P-
2

H
yp

er
ill

um
in

a 
G

ol
de

nG
at

e 
 

M
et

hy
la

tio
n 

be
ad

 a
rr

ay
,  

va
lid

at
io

n 
w

ith
 q

M
SP

 (
on

ly
  

fo
r 

R
A

SS
F1

 a
nd

 p
16

)

46
 N

SC
LC

 s
am

pl
es

 (
T

/N
)

H
yp

er
m

et
hy

la
tio

n 
of

 C
A

LC
A

 a
nd

 M
M

P-
2 

w
as

 
as

so
ci

at
ed

 w
ith

 a
 p

oo
r 

cl
in

ic
al

 o
ut

co
m

e

RA
SS

F1
H

yp
er

H
yp

er
m

et
hy

la
tio

n 
of

 R
A

SS
F1

 w
as

 a
 p

ro
te

ct
iv

e 
va

ri
ab

le
CA

LC
A,

 H
O

X
B2

, I
RF

7,
 M

O
S,

  
M

T1
A,

 M
YC

L2
, p

16
, R

AR
A,

 R
AS

SF
1,

 
SE

PT
5,

 S
O

X
17

 a
nd

 S
PA

RC

H
yp

er
SC

C
 w

as
 a

ss
oc

ia
te

d 
w

ith
 h

yp
er

m
et

hy
la

tio
n 

of
 

th
es

e 
12

 g
en

es

G
lo

ba
l h

yp
er

m
et

hy
la

tio
n 

w
as

 a
ss

oc
ia

te
d 

w
ith

 b
ad

 
pr

og
no

si
s 

in
 s

ta
ge

 ii
iA

 N
SC

LC
 p

at
ie

nt
s

SF
N

 (1
4-

3-
3 

sig
m

a)
H

yp
o

w
el

l-d
iff

er
en

tia
te

d 
tu

m
or

s 
sh

ow
ed

 
hy

pe
rm

et
hy

la
tio

n 
of

 iR
F5

 a
nd

 N
PR

2
ZM

YN
D

10
H

yp
o

IR
F5

, N
RP

2
H

yp
er

N
a 

et
 a

l85
D

KK
1

M
et

hy
la

tio
n 

fo
un

d 
in

 4
8.

9%
  

of
 t

um
or

s 
an

d 
22

.3
%

 o
f  

no
rm

al
 s

am
pl

es

M
SP

13
9 

N
SC

LC
 p

at
ie

nt
s 

(T
/N

)
D

K
K

1 
m

et
hy

la
tio

n 
w

as
 m

or
e 

fr
eq

ue
nt

 in
 p

at
ie

nt
s 

w
ith

 s
ta

ge
 i 

N
SC

LC

D
K

K
1 

m
et

hy
la

tio
n 

w
as

 a
ss

oc
ia

te
d 

w
ith

 b
et

te
r 

su
rv

iv
al

 o
f m

al
es

, e
ve

r-
sm

ok
er

s 
an

d 
A

C
 p

at
ie

nt
s 

w
ith

ou
t 

eG
FR

 m
ut

at
io

n
N

ad
al

 e
t 

al
82

M
ic

ro
R

N
A

-3
4b

/c
M

or
e 

th
an

 5
%

 m
et

hy
la

tio
n 

 
fo

un
d 

in
 4

2%
 o

f t
um

or
 a

nd
  

10
%

 o
f n

or
m

al
 s

am
pl

es

M
el

tin
g-

cu
rv

e 
an

al
ys

is
. 

v
al

id
at

io
n:

 B
G

S
14

0 
ea

rl
y-

st
ag

e 
lu

ng
 A

C
s 

 
an

d 
10

 n
on

m
al

ig
na

nt
 s

am
pl

es
M

et
hy

la
tio

n 
of

 m
ic

ro
R

N
A

-3
4b

/c
 p

re
di

ct
s 

po
or

 
di

se
as

e-
fr

ee
 s

ur
vi

va
l i

n 
ea

rl
y-

st
ag

e 
A

C
s

N
el

so
n 

et
 a

l67
 

M
et

hy
la

tio
n 

fo
ld

 c
ha

ng
e 

in
  

ca
nc

er
:

ill
um

in
a 

G
ol

de
nG

at
e 

ar
ra

ys
, v

al
id

at
io

n:
 b

is
ul

fit
e 

py
ro

se
qu

en
ci

ng

47
 N

SC
LC

 p
at

ie
nt

s.
  

v
al

id
at

io
n 

se
t: 

99
 N

SC
LC

  
pa

tie
nt

s 
(T

/N
)

T
he

 id
en

tifi
ed

 g
en

es
 c

on
si

st
en

tly
 h

av
e 

al
te

re
d 

m
et

hy
la

tio
n 

in
 lu

ng
 t

um
or

s 
(n

o 
di

ffe
re

nc
e 

be
tw

ee
n 

SC
C

 a
nd

 A
C

s)
H

O
X

A9
H

yp
er

 (
10

.3
 fo

ld
)

SO
X

1
H

yp
er

 (
5.

9-
fo

ld
)

D
D

R1
H

yp
o 

(8
.1

-fo
ld

)
K

o 
et

 a
l89

SL
C5

A8
H

yp
er

m
et

hy
la

te
d 

in
 c

an
ce

r
Re

st
ric

tio
n 

la
nd

m
ar

k 
ge

no
m

ic
 

sc
an

ni
ng

. V
al

id
at

io
n:

 b
isu

lfi
te

-
m

od
ifi

ed
 s

eq
ue

nc
in

g 
an

d 
qM

SP

23
 N

SC
LC

 p
at

ie
nt

s 
(T

/N
)

H
yp

er
m

et
hy

la
tio

n 
of

 S
LC

5A
8 

pr
om

ot
er

, w
hi

ch
 is

 
m

ai
nl

y 
ob

se
rv

ed
 in

 t
um

or
 s

am
pl

es
, s

ee
m

s 
to

 a
ffe

ct
 

th
e 

ex
pr

es
si

on
 o

f S
LC

5A
8

R
am

na
th

 e
t 

al
86

CY
P2

4A
1

M
or

e 
th

an
 1

0%
 m

et
hy

la
tio

n 
 

fo
un

d 
in

 3
5.

5%
 o

f t
um

or
  

sa
m

pl
es

Bi
su

lfi
te

 D
N

A
 p

yr
os

eq
ue

nc
in

g
90

 s
ur

gi
ca

lly
 r

es
ec

te
d 

 
lu

ng
 A

C
s

Pa
tie

nt
s 

w
ith

 u
nm

et
hy

la
te

d 
C

Y
P2

4A
1 

ha
d 

w
or

se
 

di
se

as
e-

fr
ee

 a
nd

 o
ve

ra
ll 

su
rv

iv
al

(C
on

tin
ue

d)

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


Research and Reports in Biochemistry 2015:5submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

20

Pantazi et al

T
ab

le
 1

 (
Co

nt
in

ue
d)

P
ub

lic
at

io
n

G
en

e 
(g

en
om

ic
 r

eg
io

n)
M

et
hy

la
ti

on
M

et
ho

do
lo

gy
Sa

m
pl

e 
si

ze
C

om
m

en
ts

Sa
nd

ov
al

 e
t 

al
12

3
H

IS
T1

H
4F

, P
CD

H
G

B6
, N

PB
W

R1
, 

AL
X

1,
 a

nd
 H

O
X

A9
 

D
N

A
 m

et
hy

la
tio

n 
m

ic
ro

ar
ra

y.
 

v
al

id
at

io
n:

 p
yr

os
eq

ue
nc

in
g

A
rr

ay
: 4

44
 s

ta
ge

 i 
N

SC
LC

  
pa

tie
nt

s.
 v

al
id

at
io

n:
  

14
3 

st
ag

e 
i N

SC
LC

 p
at

ie
nt

s

A
 s

ig
na

tu
re

 b
as

ed
 o

n 
th

e 
nu

m
be

r 
of

 
hy

pe
rm

et
hy

la
te

d 
ev

en
ts

 d
is

tin
gu

is
he

d 
st

ag
e 

i 
N

SC
LC

 p
at

ie
nt

s 
w

ith
 h

ig
h 

an
d 

lo
w

 r
is

k 
of

 r
el

ap
se

Sa
to

 e
t 

al
12

4
AD

CY
5,

 E
VX

1,
 G

FR
A1

, P
D

E9
A,

  
an

d 
TB

X
20

H
yp

er
Si

ng
le

-C
pG

 r
es

ol
ut

io
n 

 
In

fin
iu

m
 a

rr
ay

. V
al

id
at

io
n:

  
py

ro
se

qu
en

ci
ng

14
5 

A
C

 p
at

ie
nt

s 
(T

/N
) 

an
d 

 
36

 n
or

m
al

 t
is

su
e 

fr
om

  
pa

tie
nt

s 
w

ith
ou

t 
an

y 
 

pr
im

ar
y 

lu
ng

 t
um

or

M
et

hy
la

tio
n 

of
 t

he
se

 fi
ve

 g
en

es
 in

 t
um

or
 s

am
pl

es
 

w
as

 c
or

re
la

te
d 

w
ith

 le
ss

 m
R

N
A

 p
ro

du
ct

io
n 

an
d 

tu
m

or
 a

gg
re

ss
iv

en
es

s

Sa
to

 e
t 

al
12

5
G

en
om

e 
w

id
e

 
Si

ng
le

-C
pG

 r
es

ol
ut

io
n 

 
In

fin
iu

m
 a

rr
ay

. V
al

id
at

io
n:

  
py

ro
se

qu
en

ci
ng

13
9 

N
SC

LC
 p

ai
re

d 
sa

m
pl

es
  

an
d 

36
 n

or
m

al
 s

am
pl

es
 fr

om
  

pa
tie

nt
s 

w
ith

ou
t 

an
y 

ca
nc

er
  

pr
ev

io
us

ly
 t

es
te

d.
 v

al
id

at
io

n:
  

50
 p

ai
re

d 
sa

m
pl

es

D
N

A
 m

et
hy

la
tio

n 
pr

ofi
le

s 
re

la
te

d 
to

 c
ar

ci
no

ge
ne

tic
 

fa
ct

or
s 

su
ch

 a
s 

sm
ok

in
g 

an
d 

ch
ro

ni
c 

ob
st

ru
ct

iv
e 

pu
lm

on
ar

y 
di

se
as

e 
ap

pe
ar

 to
 b

e 
es

ta
bl

ish
ed

 in
 

no
nc

an
ce

ro
us

 lu
ng

 ti
ss

ue
 fr

om
 p

at
ie

nt
s 

w
ith

 A
C

s 
an

d 
m

ay
 d

et
er

m
in

e 
th

e 
ag

gr
es

siv
en

es
s 

of
 th

e 
tu

m
or

s
Sc

es
na

ite
 e

t 
al

12
6

 
Fr

eq
ue

nc
y 

of
 m

et
hy

la
tio

n
M

SP
21

2 
N

SC
LC

 p
at

ie
nt

s
H

yp
er

m
et

hy
la

tio
n 

of
 p

16
 w

as
 p

re
do

m
in

an
t 

in
 m

en
 

an
d 

SC
C

s
p1

6,
 R

AR
B,

 R
AS

SF
1

20
%

–3
0%

R
A

R
B 

hy
pe

rm
et

hy
la

tio
n 

w
as

 m
or

e 
fr

eq
ue

nt
 in

 
fe

m
al

es
 a

nd
 A

C
s

M
G

M
T,

 D
AP

K1
15

%
–2

0%
Sh

i e
t 

al
12

7
C

os
-t

ra
ns

-m
et

hy
la

tio
n 

 
qu

an
tit

at
iv

e 
tr

ai
t 

lo
ci

 in
  

th
e 

ge
no

m
e

 
Ill

um
in

a 
In

fin
iu

m
  

H
um

an
M

et
hy

la
tio

n4
50

  
Be

ad
C

hi
p,

 m
et

hy
la

tio
n 

 
qu

an
tit

at
iv

e 
tr

ai
t 

lo
ci

 a
na

ly
se

s

24
4 

st
ag

e 
i–

iii
A

 N
SC

LC
  

pa
tie

nt
s 

(T
/N

)
Id

en
tifi

ca
tio

n 
of

 3
4,

30
4 

ci
s-

 a
nd

 5
85

 t
ra

ns
-

m
et

hy
la

tio
n 

qu
an

tit
at

iv
e 

tr
ai

t 
lo

ci

Sh
in

jo
 e

t 
al

12
8

CC
N

A1
, A

CA
N

, G
FR

A1
, E

D
AR

AD
D

,  
M

G
C4

58
00

, a
nd

 p
16

 
G

en
om

e-
w

id
e 

D
N

A
  

m
et

hy
la

tio
n 

m
ic

ro
ar

ra
y 

 
an

al
ys

is
. v

al
id

at
io

n:
  

py
ro

se
qu

en
ci

ng

41
 A

C
 p

at
ie

nt
s.

 v
al

id
at

io
n:

  
12

8 
A

C
 p

at
ie

nt
s 

(T
/N

)
T

he
 s

tu
dy

 r
ev

ea
ls

 s
ix

 n
ew

ly
 id

en
tifi

ed
 C

IM
P 

(C
pG

 
is

la
nd

 m
et

hy
la

to
r 

ph
en

ot
yp

e)
 m

ar
ke

rs
 t

ha
t 

m
ay

 
be

 u
se

fu
l i

n 
th

e 
ac

cu
ra

te
 a

nd
 p

ra
ct

ic
al

 e
pi

ge
no

m
ic

 
cl

as
si

fic
at

io
ns

 o
f l

un
g 

ca
nc

er
Se

la
m

at
 e

t 
al

12
9

AB
CA

3
H

yp
er

Ill
um

in
a 

In
fin

iu
m

  
H

um
an

M
et

hy
la

tio
n2

7 
 

pl
at

fo
rm

59
 A

C
 p

at
ie

nt
s 

(T
/N

)
T

he
 h

yp
er

m
et

hy
la

te
d 

cl
us

te
r 

w
as

 a
ss

oc
ia

te
d 

w
ith

 
sm

ok
in

g 
st

at
us

 a
nd

 K
R

A
S 

m
ut

at
io

ns
 in

 A
C

SO
X

17
H

yp
er

TM
EM

20
4

H
yp

er

FA
M

83
A

H
yp

o
AG

R2
, K

RT
8,

 S
FN

H
yp

o
LG

AL
S4

H
yp

er
 in

 s
m

ok
er

s 
co

m
pa

re
d 

 
to

 n
on

sm
ok

er
s

Su
zu

ki
 e

t 
al

13
0

 
Fr

eq
ue

nc
y 

of
 m

et
hy

la
tio

n
Py

ro
se

qu
en

ci
ng

56
 N

SC
LC

 p
at

ie
nt

s 
(T

/N
)

Li
N

e-
1 

m
et

hy
la

tio
n 

w
as

 lo
w

er
 in

 S
C

C
 t

ha
n 

A
C

s
LI

N
E-

1
55

%
 (

hy
po

)
SL

IT
2

64
%

 (
hy

pe
r)

SL
iT

2 
m

et
hy

la
tio

n 
w

as
 h

ig
he

r 
in

 C
O

PD
 w

he
n 

co
m

pa
re

d 
w

ith
 n

on
-C

O
PD

 c
as

es
M

AL
46

%
 (

hy
pe

r)
M

A
L 

hy
pe

rm
et

hy
la

tio
n 

w
as

 h
ig

he
r 

in
 m

en
, 

sm
ok

er
s 

an
d 

pa
tie

nt
s 

w
ith

ou
t 

eG
FR

 m
ut

at
io

ns
IG

FB
P7

54
%

 (
hy

pe
r)

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


Research and Reports in Biochemistry 2015:5 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

21

DNA methylation and its role in lung cancer

T
an

 e
t 

al
13

1
PR

D
M

5
H

yp
er

m
et

hy
la

te
d 

in
 c

an
ce

r
M

SP
30

 S
C

C
 p

at
ie

nt
s 

(T
/N

)
PR

D
M

5 
m

et
hy

la
tio

n 
w

as
 c

or
re

la
te

d 
w

ith
 t

um
or

 
di

ffe
re

nt
ia

tio
n 

an
d 

ly
m

ph
 n

od
e 

m
et

as
ta

si
s

T
an

g 
et

 a
l13

2
PC

D
H

10
M

et
hy

la
tio

n 
fo

un
d 

in
 5

0%
  

of
 t

um
or

s 
an

d 
0%

 o
f n

or
m

al
 

sa
m

pl
es

M
SP

40
 N

SC
LC

 p
at

ie
nt

s 
(T

/N
)

PC
D

H
10

 p
ro

m
ot

er
 m

et
hy

la
tio

n 
w

as
 r

el
at

ed
 t

o 
sm

ok
in

g

T
ek

pl
i e

t 
al

13
3

CY
P1

A1
H

ig
h 

m
et

hy
la

tio
n 

in
 n

ev
er

-
sm

ok
er

s
Py

ro
se

qu
en

ci
ng

12
0 

ea
rl

y-
st

ag
e 

N
SC

LC
  

pa
tie

nt
s 

(T
/N

)
Lo

w
 C

Y
P1

A
1 

en
ha

nc
er

 m
et

hy
la

tio
n 

in
 

hi
st

ol
og

ic
al

ly
 n

or
m

al
 lu

ng
 w

as
 a

ss
oc

ia
te

d 
w

ith
 

hi
gh

 C
Y

P1
A

1 
m

R
N

A
 le

ve
ls

 a
nd

 s
m

ok
in

g-
in

du
ce

d 
ge

ne
tic

 a
lte

ra
tio

ns
T

en
ni

s 
et

 a
l13

4
W

nt
7a

H
yp

er
m

et
hy

la
te

d 
in

 c
an

ce
r

Py
ro

se
qu

en
ci

ng
82

 N
SC

LC
 p

at
ie

nt
s 

(T
/N

)
T

he
 w

nt
7a

 p
ro

m
ot

er
 is

 h
yp

er
m

et
hy

la
te

d 
in

 
ca

nc
er

 r
es

ul
tin

g 
in

 d
ec

re
as

ed
 a

ct
iv

ity
T

es
se

m
a 

et
 a

l13
5

TO
X

2
Fo

un
d 

m
et

hy
la

te
d 

in
 2

8%
  

(T
O

X
2)

, 5
%

 (
T

O
X

) 
an

d 
58

%
 

(T
O

X
3)

 o
f t

um
or

 a
nd

 in
 0

%
  

of
 n

or
m

al
 s

am
pl

es

M
SP

, b
is

ul
fit

e 
se

qu
en

ci
ng

19
0 

pr
im

ar
y 

N
SC

LC
 t

um
or

s 
 

(a
nd

 s
om

e 
ad

ja
ce

nt
 n

or
m

al
 

sa
m

pl
es

)

Pr
ev

al
en

ce
 fo

r 
T

O
X

3 
m

et
hy

la
tio

n 
am

on
g 

lu
ng

 
ca

nc
er

 p
at

ie
nt

s 
w

as
 g

re
at

er
 in

 S
C

C
 (

79
%

) 
co

m
pa

re
d 

to
 A

C
s 

(5
6%

)

TO
X

TO
X

3
TO

X
4

N
o 

m
et

hy
la

tio
n 

de
te

ct
ed

w
al

te
r 

et
 a

l13
6

ER
BB

2
H

yp
er

m
et

hy
la

te
d 

in
 c

an
ce

r
qM

SP
 (

w
ith

 p
re

-a
m

p)
 a

nd
 

py
ro

se
qu

en
ci

ng
42

 la
te

-s
ta

ge
 N

SC
LC

 (
T

)
eR

BB
2 

an
d 

Z
eB

2 
m

et
hy

la
tio

n 
st

at
us

 w
as

 s
tr

on
gl

y 
as

so
ci

at
ed

 w
ith

 a
n 

ep
ith

el
ia

l p
he

no
ty

pe
 in

 p
at

ie
nt

s 
w

ho
 fa

il 
fr

on
tli

ne
 c

he
m

ot
he

ra
py

ZE
B2

60
 la

te
-s

ta
ge

 N
SC

LC
 (

T
)

w
ilk

er
so

n 
et

 a
l13

7
G

en
om

e 
w

id
e

 
M

et
hy

la
tio

n-
SN

P 
an

al
ys

is
  

(D
N

A
 d

ig
es

te
d 

by
  

m
et

hy
la

tio
n-

se
ns

iti
ve

 H
pa

ii 
 

to
 H

pa
ii-

un
di

ge
st

ed
 D

N
A

  
by

 A
ffy

m
et

ri
x 

25
0K

 S
ty

  
m

ic
ro

ar
ra

ys
)

Pu
bl

is
he

d 
co

ho
rt

s 
(n

=5
04

) 
 

v
al

id
at

io
n 

co
ho

rt
 (

n=
11

6)
A

C
s 

ar
e 

cl
as

si
fie

d 
in

 M
ag

no
id

, S
qu

am
oi

d,
 a

nd
 

Br
on

ch
io

id
. T

he
 m

ai
n 

m
et

hy
la

tio
n 

al
te

ra
tio

n 
de

te
ct

ed
 w

as
 g

en
om

e-
w

id
e 

hy
pe

rm
et

hy
la

tio
n 

in
 

M
ag

no
id

w
u 

et
 a

l81
TF

PI
-2

Fo
un

d 
m

et
hy

la
te

d 
in

 2
7.

1%
  

of
 t

he
 s

am
pl

es
M

SP
13

3 
no

n-
m

et
as

ta
tic

 N
SC

LC
  

pa
tie

nt
s 

(T
)

M
et

hy
la

te
d 

T
FP

i-2
 w

as
 a

ss
oc

ia
te

d 
w

ith
 p

oo
r 

su
rv

iv
al

Y
in

 e
t 

al
13

8
SO

X
17

M
et

hy
la

te
d 

in
 6

0.
2%

 o
f t

he
  

tu
m

or
 s

am
pl

es
M

SP
88

 p
ri

m
ar

y 
N

SC
LC

 s
am

pl
es

SO
X

17
 m

et
hy

la
tio

n 
w

as
 a

ss
oc

ia
te

d 
w

ith
 s

ex
 a

nd
 

po
or

 t
um

or
 d

iff
er

en
tia

tio
n

Z
ha

o 
et

 a
l13

9
RA

Rβ
M

et
hy

la
tio

n 
fo

un
d 

in
 5

7.
5%

  
of

 t
um

or
 a

nd
 1

7.
5%

 o
f  

no
rm

al
 s

am
pl

es

M
SP

80
 N

SC
LC

 p
at

ie
nt

s 
(T

/N
)

R
A

R
β 

m
et

hy
la

tio
n 

w
as

 m
or

e 
fr

eq
ue

nt
ly

 fo
un

d 
in

 
tu

m
or

s 
(m

or
e 

cl
os

el
y 

re
la

te
d 

to
 S

C
C

) 
co

m
pa

re
d 

to
 n

or
m

al
 a

dj
ac

en
t 

tis
su

e
Z

ha
o 

et
 a

l70
M

YF
6,

 S
IX

6,
 B

CL
2,

 a
nd

 R
AR

B
H

yp
er

M
SP

10
1 

st
ag

e 
i N

SC
LC

 p
at

ie
nt

s 
 

an
d 

30
 p

at
ie

nt
s 

w
ith

  
no

nc
an

ce
ro

us
 lu

ng
 d

is
ea

se
s

A
 p

an
el

 o
f f

ou
r 

ge
ne

s 
(M

Y
F6

, S
iX

6,
 B

C
L2

, a
nd

 
R

A
R

B)
 h

as
 a

 s
en

si
tiv

ity
 o

f 9
3.

07
%

 a
nd

 a
 s

pe
ci

fic
ity

 
of

 8
3.

33
%

 in
 t

he
 d

ia
gn

os
is

 o
f s

ta
ge

 i 
N

SC
LC

C
o-

m
et

hy
la

tio
n 

of
 S

iX
6 

an
d 

SO
X

1 
co

rr
el

at
ed

 w
ith

 
SC

C
C

o-
m

et
hy

la
tio

n 
of

 B
C

L2
, R

A
R

B,
 a

nd
 S

iX
6,

 b
ut

 
no

t 
th

e 
m

et
hy

la
tio

n 
of

 e
ith

er
 s

in
gl

e 
ge

ne
, w

as
 

as
so

ci
at

ed
 w

ith
 s

m
ok

in
g

(C
on

tin
ue

d)

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


Research and Reports in Biochemistry 2015:5submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

22

Pantazi et al

T
ab

le
 1

 (
Co

nt
in

ue
d)

P
ub

lic
at

io
n

G
en

e 
(g

en
om

ic
 r

eg
io

n)
M

et
hy

la
ti

on
M

et
ho

do
lo

gy
Sa

m
pl

e 
si

ze
C

om
m

en
ts

AL
X

1,
 H

PP
1,

 O
C2

, P
D

G
FR

A,
 a

nd
  

SM
PD

3
N

o 
di

ffe
re

nc
e 

in
 m

et
hy

la
tio

n 
of

 A
LX

1,
 H

PP
1,

 
O

C
2,

 P
D

G
FR

A
, a

nd
 S

M
PD

3 
be

tw
ee

n 
tu

m
or

 a
nd

 
no

rm
al

 s
am

pl
es

Z
hu

 e
t 

al
93

SF
RP

5
 

M
SP

15
5 

pa
tie

nt
s 

w
ith

 s
ta

ge
 ii

iB
–i

v
  

N
SC

LC
 w

ho
 r

ec
ei

ve
d 

 
eG

FR
-T

K
i t

he
ra

py
 (T

)

Pa
tie

nt
s 

w
ith

 u
nm

et
hy

la
te

d 
SF

R
P5

 a
re

 m
or

e 
lik

el
y 

to
 b

en
efi

t 
fr

om
 E

G
FR

-T
K

I t
he

ra
py

 (
P=

0.
00

2)
, 

in
de

pe
nd

en
t 

of
 e

G
FR

 g
en

ot
yp

e
C

ao
 e

t 
al

83
m

iR
-8

86
-3

p
H

yp
er

m
et

hy
la

te
d 

in
 c

an
ce

r
Bi

su
lfi

te
 s

eq
ue

nc
in

g 
(B

SP
) a

nd
 

m
et

hy
la

tio
n-

sp
ec

ifi
c 

PC
R 

(M
SP

)
33

 S
C

LC
 p

at
ie

nt
s

m
iR

-8
86

 p
ro

m
ot

er
 m

et
hy

la
tio

n 
w

as
 c

or
re

la
te

d 
w

ith
 s

ho
rt

er
 o

ve
ra

ll 
su

rv
iv

al
 o

f S
C

LC
 p

at
ie

nt
s

K
al

ar
i e

t 
al

14
0

G
en

om
e 

w
id

e
 

M
iR

A
 t

ec
hn

iq
ue

 v
al

id
at

io
n:

 
C

O
BR

A
 a

nd
 b

is
ul

fit
e 

ge
no

m
e 

se
qu

en
ci

ng

18
 S

C
LC

 t
um

or
 a

nd
  

5 
no

rm
al

 s
am

pl
es

T
hi

s 
st

ud
y 

id
en

tifi
ed

 7
3 

ge
ne

 t
ar

ge
ts

 t
ha

t 
ar

e 
m

et
hy

la
te

d 
in

 .
77

%
 o

f p
ri

m
ar

y 
SC

LC
 t

um
or

s

T
an

ak
a 

et
 a

l14
1

m
iR

-3
4a

M
et

hy
la

tio
n 

fo
un

d 
in

 1
5%

 o
f 

SC
LC

 a
nd

 2
8%

 o
f N

SC
LC

M
SP

12
 S

C
LC

, 4
7 

N
SC

LC
 r

es
ec

te
d 

 
tu

m
or

s, 
an

d 
15

 m
al

ig
na

nt
  

pl
eu

ra
l e

ffu
sio

ns
 in

 S
C

LC
  

pa
tie

nt
s

T
he

 fr
eq

ue
nc

y 
of

 m
iR

-3
4b

/c
 m

et
hy

la
tio

n 
w

as
 

hi
gh

er
 in

 S
C

LC
 t

ha
n 

in
 N

SC
LC

m
iR

-3
4b

/c
M

et
hy

la
tio

n 
fo

un
d 

in
 6

7%
 o

f 
SC

LC
 a

nd
 2

6%
 o

f N
SC

LC

A
bb

re
vi

at
io

ns
: A

C
, a

de
no

ca
rc

in
om

a;
 B

G
S,

 b
isu

lfi
te

 g
en

om
ic

 s
eq

ue
nc

in
g;

 B
SP

, b
isu

lfi
te

 s
eq

ue
nc

in
g 

PC
R;

 C
O

BR
A

, c
om

bi
ne

d 
bi

su
lfi

te
 r

es
tr

ic
tio

n 
an

al
ys

is;
 C

O
PD

, c
hr

on
ic

 o
bs

tr
uc

tio
n 

pu
lm

on
ar

y 
di

se
as

e;
 F

FP
E,

 fo
rm

al
in

 fi
xe

d 
pa

ra
ffi

n 
em

be
dd

ed
; 

G
EO

, G
en

e 
Ex

pr
es

sio
n 

O
m

ni
bu

s; 
IQ

R,
 in

te
rq

ua
rt

ile
 ra

ng
e;

 ln
cR

N
A

, l
on

g 
no

n 
co

di
ng

 R
N

A
; m

RN
A

, m
es

se
ng

er
 R

N
A

; M
S-

H
RM

, m
et

hy
la

tio
n-

se
ns

iti
ve

 h
ig

h-
re

so
lu

tio
n 

m
el

tin
g;

 M
SP

, m
et

hy
la

tio
n 

sp
ec

ifi
c 

PC
R;

 N
C

BI
, N

at
io

na
l C

en
te

r f
or

 B
io

te
ch

no
lo

gy
 

In
fo

rm
at

io
n;

 N
SC

LC
, n

on
-s

m
al

l-c
el

l l
un

g 
ca

nc
er

; P
C

R,
 p

ol
ym

er
as

e 
ch

ai
n 

re
ac

tio
n;

 q
M

SP
, q

ua
nt

ita
tiv

e 
m

et
hy

la
tio

n-
sp

ec
ifi

c 
PC

R;
 S

C
C

, s
qu

am
ou

s 
ce

ll 
ca

rc
in

om
a;

 S
C

LC
, s

m
al

l-c
el

l l
un

g 
ca

nc
er

; T
, t

um
or

-o
nl

y 
sa

m
pl

es
; T

/N
, t

um
or

 -n
or

m
al

 p
ai

rs
.

have been conducted.70,73–75 Taking into account the results 

of many individual studies, these meta-analyses confirmed 

that the methylation status of MGMT,70 CDKN2A,74 APC,75 

and RARβ73 promoters is strongly related to lung cancer 

development.

Prognostic markers
Lung cancer is a highly heterogeneous malignancy. 

 Subpopulations of patients exhibit different risk of metastatic 

relapse.76 Therefore, markers of prognostic value enabling 

prediction of the disease aggression and potential course 

present a long-standing clinically unmet need. The methy-

lation status of numerous genes has been associated with 

patients’ survival. Recent studies have associated methylation 

of CDKN2A,77 BRCA1,78 HOXA-2/10,79 CHFR,80 TFPI-2,81 

miR-9-3,72 and miR-34b/c82 with poor survival of patients 

with NSCLC and miR-886-3p83 in SCLC patients. On the 

other hand, hypermethylation of SHOX2, PITX2,84 DKK1,85 

and CYP24A186 was related to better prognosis in NSCLC. In 

addition to hypermethylation, cancer-specific hypo methylated 

loci have been proposed as prognostic factors. More specifi-

cally, low methylation levels of SCUBE3, SYT2, KCNC3, 

KCNC4, GRIK3, CRB1, SOCS2, ACTA1, ZNF660, MDFI, 

ALDH1A3, and SRD5A2 in lung tumors was an indicator of 

poor survival in a recent study by Lokk et al.87 Surprisingly, 

although RASSF1 hypermethylation was mainly associated 

with poor outcome,88–90 a study by Morán et al,91 proposed 

its protective value.

Therapeutic stratification markers
Directly linked to prognostication is the need for biomarkers 

that can predict response to particular therapeutic regimens 

in order to facilitate personalized therapy. Currently, che-

motherapy and/or radiotherapy are used based on classical 

histopathological criteria with very little to no input from 

molecular constitution of the tumor. However, as personal-

ized medicine rapidly gains ground with the use of targeted 

therapies (EGFR, ALK, etc) it becomes profound that a more 

global genetic and epigenetic profiling of individual tumors is 

required. Many studies have shown that specific DNA methy-

lation signatures can divide patients into subgroups depend-

ing on their response to specific anticancer therapy.76,92,93 

Hypermethylation of IGFBP3 has been associated with lower 

response of NSCLC patients to cisplatin therapy,92 while 

methylation of miR-503 seems to also play a role in this 

pathway.94 Another recent study reports that un methylated 

SFRP5 is a predictor of response to EGFR tyrosine kinase 

inhibitors therapy, independently of EGFR genotype.93 
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Figure 1 Bar chart demonstrating the distribution of the most important groups describing the function of the genes with abnormal DNA methylation in lung cancer tissue.
Notes: Gene ontology was performed based on biological function using The Database for Annotation, visualization and integrated Discovery (DAviD) version 6.7 (http://
david.abcc.ncifcrf.gov/).

Also, a phase 2 clinical trial investigated whether MGMT 

promoter methylation can predict response to Temozolomide 

treatment in advanced aerodigestive tract (including lung 

cancer) and colorectal cancers. Unfortunately, the number 

of lung cancer patients exhibiting MGMT methylation was 

too small to support the power of the study, leading to unin-

terpretable results.95

DNA methylation detection  
in body fluids
The high frequency of DNA methylation detected in primary 

tumors led researchers to explore the feasibility of detecting 

these alterations in body fluids for diagnostic purposes. Body 

fluids represent an extremely attractive clinical material for the 

management of disease because they can be collected using 

noninvasive or minimally invasive procedures. Assays target 

cancer-related DNA methylation abnormalities that may be 

detected in circulating tumor cells or in cell-free DNA or both. 

However, the detection of cancer-specific DNA methylation in 

body fluids presents major challenges, mainly associated with 

low target abundance in an excess of normal DNA. Similarly 

to the “Lung cancer biomarkers” section, older reports have 

been adequately reviewed previously;49 therefore, we present 

the most recent updates (post-2012) in this review (Table 2).

Bronchial washings
Although bronchoscopy does not qualify as a noninva-

sive process, it is a standard part of the clinical workup of 

patients suspected for lung cancer, and currently, diagnosis 

on this  sample type is confined to cytological examination. 

Unfortunately, the diagnostic efficiency of this technique is rela-

tively poor and nearly half of the cases are missed.96,97 There-

fore, it is imperative to develop molecular biomarkers capable 

of improving the diagnostic efficiency of lung cytology.

The feasibility detecting promoter hypermethylation in 

bronchial lavage was demonstrated 15 years ago,98 and this 

was followed by a number of relevant publications (reviewed 

by Liloglou et al49). More recently, the combined detection 

of RASSF1 methylation and KRAS mutation in BWs has 

been reported to aid in the detection of malignancy in false-

negative or ambiguous cytological outcomes by correctly 

diagnosing as cancer 29% of the false-negative or doubtful 

cytological outcomes.99 Furthermore, a panel of DNA methy-

lation biomarkers has been described to show a substantial 

gain in sensitivity of detection over standalone cytology.60 

In this large retrospective case-control study, encompassing 

BWs from 655 individuals, a diagnostic algorithm based 

on the methylation profile of CDKN2A, TERT, WT1, and 

RASSF1 demonstrated 82% sensitivity, 92% specificity, and a 

diagnostic accuracy of 85.9%. Finally, DNA methylation of 

SHOX2 alone demonstrated a very high sensitivity in BWs 

(96%) but the specificity was less than optimal (78%).100 

However, a significant improvement in specificity has been 

shown for SHOX2 methylation when endobronchial ultra-

sound with transbronchial needle aspiration (EBUS-TBNA) 

samples were used; specificity reached 99% in this study 
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while sensitivity was improved (82%–99%).101 Moreover, the 

negative predictive value also increased from 80% to 99%, 

which from a clinical point of view, might help in avoiding 

further unnecessary invasive procedures.

Sputum
Sputum is another type of body fluid that has been widely 

tested for lung cancer biomarker qualification. Its major 

advantage over BWs is that it is noninvasive and can be 

practiced in three consecutive day collections at home and 

sent by post. Its major disadvantage though is the high hetero-

geneity of the sample in lung cell content (a large percentage 

of samples are inadequate and contain mainly oral epithelial 

cells),49 especially when it is noninduced. The methylation 

status of numerous genes has been recently studied (Table 2) 

in both spontaneous and induced sputum specimens; some of 

them alone102 and some of them grouped in panels.103 DNA 

methylation in sputum has also been shown to improve the 

classification accuracy. Leng et al,103 in a large case–control 

study using two different cohorts of patients, reported that 

seven-gene panels improved the prediction accuracy of 

standalone clinicopathological data models. More recently, 

RASSF1 methylation seemed to significantly aid cytologi-

cal evaluation by improving sensitivity (from 22% to 52%) 

without diminishing specificity (94%).102

Plasma/serum
The detection of cancer-indicative biomarkers in blood has 

been the holy grail of cancer molecular diagnostics. Blood is 

not only an easily accessible and minimally invasive speci-

men but also highly standardized in the clinical setting across 

the globe. The two main problems lie with the high dilution 

of the potential target but also the lack of localized origin. 

In other words, abnormal DNA in the bloodstream could 

have originated anywhere in the body. Nevertheless both 

plasma and serum specimens from lung cancer patients have 

been used to detect DNA methylation aberrations in numer-

ous genes;49 the most recent studies are listed in Table 2. 

Although most of these alterations seem to be highly specific, 

they do not reach the sensitivity levels demanded in clinical 

 diagnostics. For instance, SEPT9 promoter hypermethylation 

demonstrated 44.3% sensitivity and 92.3% specificity,104 while 

BRMS1 exhibited 47.9% sensitivity and 100% specificity.105 

So far, RASSF1A and RARβ seem to be the most promis-

ing candidates since different studies have shown that both 

markers combined can achieve 75%–85% sensitivity and 

75%–100% specificity.106,107 Beyond diagnosis, blood has also 

been recently used to evaluate significance of gene promoter 

hypermethylation in plasma of NSCLC patients for prognosis 

and therapeutic monitoring.105,107 Ponomaryova et al107 report 

that the methylation index for RASSF1A and RARβ in plasma 

from lung cancer patients decreased after neoadjuvant chemo-

therapy and the methylation levels were comparable to those 

observed in healthy individuals after surgery. Furthermore, 

all five patients who had a relapse showed an increase in the 

methylation level of either gene within 9 months after surgery. 

More recently, the presence of promoter hypermethylation 

of BRMS1 in NSCLC patients’ plasma was associated with a 

lower overall survival for stage I–III and stage IV tumors.105

Despite the increasing number of relevant studies address-

ing DNA promoter methylation as a promising biomarker 

in body fluids, the preclinical research context and lack of 

clinical validation in follow-up studies in different cohorts 

has hampered the development of clinically useful diag-

nostic markers. In this regard, so far the EpiProLung BL 

Reflex Assay (Epigenomics, Berlin, Germany) is the only 

clinically validated and Conformité Européene (CE)-labeled 

DNA methylation biomarker for diagnosing lung cancer. The 

assay, which determines the methylation level of SHOX2,35 

has been thoroughly validated in bronchial aspirates show-

ing 78% sensitivity and 96% specificity.100 In addition to 

bronchial aspirates, SHOX2 methylation has also been ana-

lyzed in other body fluids such as plasma, pleural effusions, 

and transbronchial aspirates.101,108,109 Ilse et al109 noted that 

the detection of malignancy in pleural effusions improved 

when cytological examination was combined with SHOX2 

assessment and that SHOX2 methylation was not only found 

in malignant effusions from lung cancer patients but also in 

effusions from malignant tumors of other origins.

Concluding summary
DNA methylation is a critical epigenetic modification affect-

ing chromatin conformation and transcriptional activity, 

subsequently influencing globally the biology of the mam-

malian cell. Inability to maintain correct DNA methylation 

patterns inevitably leads to disease. The list of relevant 

human diseases is growing and ranges from developmental 

disorders to autoimmune conditions and cancer. Lung cancer 

is the most lethal form of human neoplasia, and epigenetic 

deregulation has been extensively shown in lung neoplastic 

tissues utilizing a wide range of methodological approaches. 

The feasibility of identifying abnormally methylated DNA in 

body fluids has been established. The focus now is moving 

to identifying the correct targets and improving the meth-

odologies to reach clinical standards. Despite the significant 

volume of relevant literature, currently there is not enough 
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published work to include sufficient clinical validation to 

allow moving into a randomized clinical trial. The latter will 

be the ultimate test proving the patient benefit, since early 

detection of lung cancer will certainly lead to a stage shift and 

thereafter improvement of survival of lung cancer patients.
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