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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.
Keywords: epigenetics, biomarkers, body fluids

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.'
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.>* 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.*’ It has been shown that DNA methylation status can deter-
mine nucleosome occupancy and further influence gene expression.® Recently, it has
been shown that long ncRNAs also regulate the interaction between chromatin and
remodeling complexes, such as PRC2,” by bringing them to specific genomic loci and
shifting their position when necessary.®
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DNA methylation is the most studied epigenetic
modification in humans. It designates the addition of a
methyl group (CH,) at position 5" of the amino base cyto-
sine within CpG dinucleotides,’ 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)!%!2 assisted by accessory
proteins such as UHRF 1. 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.'"'7 It seems that
the first oxidation of 5-methylcytosine to 5-hydroxymethyl
cytosine is carried out by TET 1" while several ways of there-
after transforming 5-hydroxymethyl cytosine to cytosine have
been suggested and involve both nuclear and base excision
repair pathways.'>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,'® although the list of epigenetic-driven diseases is
growing fast. Global hypomethylation' and loci-specific
hypermethylation®® have been frequently reported in cancer.?!
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.?? 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.?*2
Intergenic methylation changes can also affect enhancers
or insulators; therefore, leading to gene silencing or acti-
vation, respectively, or alter the expression of intergenic
ncRNAs.?? 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.?
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.?

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 Europe?” and the US,?® accounting for 13% of all new cases
of cancer in the world.” 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.*® Lung cancer still remains
the leading cause of cancer-related deaths worldwide.?
This is mainly due to very late diagnosis,®' and there are
worldwide efforts from the lung cancer research community
to introduce national screening strategies.’? 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,’*3
metastatic risk assessment,’’*® and therapeutic stratification
of patients.**!

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.’'*> Numerous studies describe new
biomarkers and their potential use in the clinic;** however,
very few of them manage to reach clinical validation.** 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.* To date,
biomarkers for lung cancer are mainly used to define and
monitor therapy (eg, EGFR, KRAS, or ALK mutations).*
DNA-based biomarkers present practical advantages,*’
and the established evidence regarding the involvement of
epigenetic deregulation in human cancer, including lung,*
sets research of DNA methylation biomarkers at very high
priority in lung cancer diagnostics.*

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,*® which utilizes anti-5-
methyl cytosine** or methyl-binding domain proteins.*
2. Methylation-specific restriction enzyme®'-based methods,
which take advantage of the differential recognition of
methylated DNA sequences over their unmethylated
counterparts.>

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.>

Regarding throughput, genome-wide or gene/
locus-specific approaches are employed according to
the needs. Microarrays and deep sequencing are mainly
employed in the first type while dideoxy sequencing,®*
pyrosequencing,® and MALDI-TOF*® are normally uti-
lized for medium-throughput, locus-specific applications.
Historically, a few other techniques have been used, such
as single-strand conformation polymorphism analysis®’
and high-resolution melting.’® A very frequent method also
used for locus-specific applications is methylation-specific

polymerase chain reaction (MSP)***? and its quantitative
real-time derivative gMSP® or MethyLight.*!

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 drugs® 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
Tag (Thermus Aquaticus) polymerases and reliable thermo-
cycling hardware, to reach high levels of fidelity. Endpoint
MSP is a method that revolutionized epigenetic research.>
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.® The real-time version of MSP, referred
to as qMSP® or MethyLight,*! 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.* 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 (101072 per
genome) will probably consume resources impairing ampli-
fication of the rare (=107°) copies. A different approach is the
post-bisulfite whole-genome (bisulfitome) amplification,®
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 gMSP reaction.
qMSP users claim detection of targets in dilution with normal
DNA as low as 10™. In this case, one needs to ensure 10*
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.® 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.” 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

LEINT3

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

EEINNT3

detection”,

EEINNT3

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 al®’
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, RARp,
pl16 (CDKN2A4), MGMT, SHOX2, APC, BRCA1, and DAPK,
providing a fair list of candidates with biomarker potential.
However, Do et al,®® 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, MLHI, 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.*!
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.®® 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 al” proposed a panel of four genes
(MYF6, SIX6, BCL2, and RARp) that could offer a sensitivity
of 93.07% and a specificity of 83.33% in the diagnosis of
stage | NSCLC. A similar study shows that the methylation
status of NEUROG2, NID2, RASSF1A4, APC, and HOXC9
can also serve in early diagnosis of NSCLC (sensitivity
91.26%, specificity 84.62%); in particular, NEUROG?2
seems to be able to discriminate between adenocarcinomas
and squamous cell carcinomas.”’ 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-9-33* as well as
miR-193.7 Furthermore, in order to empower the precision of
the diagnostic outcome of each study, several meta-analyses

14 submit your manuscript

Dove

Research and Reports in Biochemistry 2015:5


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

DNA methylation and its role in lung cancer

Dove

(panunuo’)

[BAIAINS 93.)-uoissaaSo.d jo uoldipaud

© SEM TX11d PUE TXOHS o uonejdyaw ysiy
sisougo.d jusJayip

Aj3unjlas yam sdnoudqns aa.ya suyap ued ‘a8e1s
Jowna yum 3uoje ‘uonelAysw |3dvd Pue [4SSVY
Adeasyzowayd

JueAn(peoau paseq-joxel|ded JUaye [BAIAINS
92.-aseasIp J4a3uo| pue DTSN 23ers-A|Jes jo
sisouSo.d Jood 01 paiejad si uoneAyzaw v | 4SSVY
AjpAnsadsau ‘g°Q pue $8°Q jo uoisidaud pue
Adeandoe ue yum ‘Adessyy uneidsid oy adueasisad
121paJd pjnod ey 1s3) & asodoud sioyine ay |

DS PUE DY U39MISq
ysin3unsip pInod 769°1 €€°6 1 | ©3 EE'1EE°61 1:TY2
uoISaJ JIWOSOWOo.Yd 3y JO SNIEIS uonejAYIaw 3y |

sjo.auod pue so|dwes

J23ued 3un| USIMIDQ SDUAZ/ID0| DAL} B JO UdBD o)
POAJ9SQO DJ9M SDUDIDYIP JUBDLIUSIS A|[BD1ISIIEIS
(ENENRET

uoneAyraw ‘saseaJoul iqey upjows syl sy

SDDS UBY) UonejAYIawW | ] AA J9380.8 Juasaud sDy
awin [BAIAINS

POUSIIOYS B PUE 9DUR.IND3J O3 SWI) PAUILIOYS
pey uoneAyzaw.adAy 9|d yam saeak g9= sauaned

(1) s3uaned 57DSN (2xLid)
Skb Pue (ZXOHS) §9%

(1) sadwes 5TOSN 80T

(1) sauened DTOSN 19

(N/L) sauaned
DTDSN 96 -uonrepljea
(N/L) swusned D1OSN £

sauaned D1DSN 91

siuaned DTDSN 861

%1€l sem TX1Id
10} PUE %8’ | SEM XOHS 10}

dSWb  uoneAyzsw jo usduad uesyy

SupusnbasouAd ‘gsiA

syuaned unedsid

dSIA ‘@y|nsig 03 JueIsIsaJ ul patejAy3aly
JodAH
JadAH
JodAH
JadAH
dSIW ‘Suduanbas aaynsiq
:uonepljeA bas-dedAyisly JadAH

/' 1F9°S :2nssn jusdelpe [ewou

PEFT9| sdown uonejkyrsw

Supuanbasouly Jo a8euaduad uesyy
JadAH

Buppuanbasouiy S9OURIYIp PaIE|aJ-a3. ON

TXOHS ‘TX1id

I2dvQ ‘14SSvY

€d49491
¥olZ
14SSVd

00%'8ZE611 ©3 L60°BTE 6] 1T
T69°1€€°611 O3 EVEIEE61 TP

YINYIAD

LM
914

N3Ld ‘IFYON D-€-£171
‘IHAD “14SSVY Ndva LWOW

1l 39 Yal391g

o5l® 39 3uodieag ap

%l® 32
a4adwag-s91107)

1le 39 oyjeased

ol 30 ounug

1839 Apeag

%LL ©dAH 1-3NIT

%W L ©0dAH geE-yiw-esy

%k 0dAH 98p-yiw-sey

%€T 0dAH q00T-y!w-esy

%8¢ 0dAH qgg-ylw-esy

%6€ ©dAH I 'bT-Yiw-esy

%1€ 0dAH 781-yiw-esy

%16 0dAH qLT-ygiw-esy

%9¥ 42dAH € 6-yiw-esy

%Sy 4dAH T6-yiw-esy

pa1sa1 SYNYIW 3y3 Jo uonejnSausp ays

01 933| 9INQLIAUOD saNIEW.IOUGE UoneAYIsW YNQ (N/L) sausned DTDOSN 6€ Bupuanbasouly %¢8 19dAH BEp-yiw-esy ¢c[& 30 e3eIpag
sjuawiwiod azis ajdweg ASojopoyiapy uonejAyrsp (uoi18au >1wouad) sauan uonesiqngd

anssn Jacued 3un| uewny ul suJaiied uoneAyraw YN [ewdouqe Sulkjiauapi salpmis (7| 0g-13sod) 1uadau jo 1siq | 3|qeL

15

submit your manuscript

Research and Reports in Biochemistry 2015:5

Dove


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

Dove

Pantazi et al

DS Ul [BAIAINS 131394 YIM
pa1eIo0sse sem uone|Ayzsw 0| vYXOH Put 7vXOH

DS parejAypawiun—g-4-yiw 01 patedwod
paejAyIaW—¢-6-YIW Yaim siuaned Jo [BAIAINS 10Oy

BEG | -YlW Jo/pue

€-6-YIW Jo} parejAypaw aam sauaned aya Jo %49/
uonEAyIaW | yOug INoyIM

9SOU3 Ul UBY] JIMO| Sem uoneAylaw |yOYg

Yym wu:m_umn_ Ul 33eJ |BAIAINS 93.4)-90U3.14Nd3Y

DV AJjeradss ‘DTDSN Yam paaeidosse Aj3uo.is sem
uonejAyzaw Dy Byl PaMoys SisA[eue-eIaw siy |
uonejdyraw Jaowo.d

V#INI9 | d Jo sojdwes snoZojoine pue anssi
Jowin) U2aM19q UONE|2.10d Juediudis pue uo.alg

DTDSN Pue auagd | O JO UoneAyraw usamiaq
uonelDosse 3Uo.is B PalYIUSP! SIsA[BUB-BISW SIY |
DDS wouy DV ysindunsip

PINOd ZHOYNIN JO smeas uonejdyraw ay |

DTDSN | @8e1s 30939p PN0d %798 Jo Andydads
IM %97 | 6 J0 AAnisuas yaim [pued suad-aAl siy |

sumess| ay3
Ul Pa1BWIISAIAA0 3q 01 A|D)I] SI DX PU® ‘| HIW
‘1VOYg ‘WLYV jo Aouanbauy uonejdyraw Jarowouy

(N/L) sauaned
DTOSN 111 40 1 | 38es |0

DTOSN i @8ess
yam (N/1) swuaned ||
(N/D)

DTDSN | 28e3s pa1dasau
AjpAneINd yum syuaned gz

$|013U0d 6€0°| PUB
so|dwies Jownl DTDSN 65C°C

(N/L) saidwes 6/ 1°g
yum sausied 1IN T59°C

$|013U03 076
pue sanssi DDSN 091°1

(N) sjoJauod
snoJasueduou 97 pue ‘(1)

stown 31DSN | 28e3s €0
‘s1993unjoA Ay3jesy G|

(1) sejdwres 5TOSN 95

SO :uonepIfeA

‘WYH-SIW ‘Aedaeoudiw

‘uoneyidpasdounwiwi
VNQ pareAyialy

SO9 ‘WYH-SW

dSW

dSWb ‘dSW

dSWb ‘dSIW

dSWb ‘dSIW

dSW

I"€A

JojeuiwRy 9 3ig :uonepijes
‘aseqerep YD | aya Suisn
uonepi[eA [euta3x3 ‘WYH-SW

%CL
%8L

uonejAyraw jo Aduanbauy
%| | @nssi Juddelpe [ew.dou
Ul PUE %G7 SBM SJown) ul
uonejAyraw juaduad ueal
% | T ®Nssi 1uddelpe [ewJou
Ul PUB %€ € SBM SJown Ul
uonejAypaw usduad ues|y

(%9°81) sauened oz
Jo €| ur uonejApaly

J9oued ul parejAyrawadAHy
%G| @Nssi1 Judde(pe [ewdou

Ul PUE %} SBM SJOWNY Ul
uonejAyraw uadiad uelpaly
%4 dNssi 1uddelpe [ewJou
Ul pUe %]°97 SEM sJown ul
uoneAyraw uaduad uelpa|y

%L

%Ly

%E1

%L

pe312939p UohE|AyIBW ON|
p232939p uonejAyaw oN
p2312939p uone|Ayraw oN
pa312939p uoie|Aylaw oN

:uonejAyzaw jo Aduanbaug

7 IWQdd
(YXOH

MLECRCICIN

g-6yiw

eEG|-YIW SILECNCIICT

1vD¥g o[® 39 epRIRH

2dvY 5|8 32 onH

veni9 1 d w[®3° ND

1Wow ol® 39 O'yZ

6DXOH pue

2dY VI14SSVY ‘TAIN Z90¥N3IN
q4ECavy

ITI3AN

1Wow

12043

DdX

IHTW

1V2o4d

W1V

||B 39 8ueny

w232 0Q

sjuswwo)

azis ajdweg

ASojopoyraly

uonelAysp

(uo13au >1wouad) susn uonedijqngd

(panunuop) | a|qeL

Research and Reports in Biochemistry 2015:5

submit your manuscript

Dove


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

DNA methylation and its role in lung cancer

Dove

(panunuo))

uonejAypaw
€1HAD Y3M PIIeIDOSSE 949M X35 pue A30[01sIH

3un| jewuou 03 paJedwod siowny 3un| uy sauad
VA PUe ‘€1 HAD ‘V 4SSV JO UonelApaw JaysiH
uolseAu [assaA dneydwiA| pue sisouso.d

Jood yam pareja.iod sem uonejdyzawadAy Y4HD

SOTOSN Il pue
| 9335 9ARESSU-9POU Ul 9DULINDA JO disld Y3y
YIIM P1BIDOSSE SEM Y/ | 4SSVY JO uonejAypaw.adAH

J9dued
3un| ul paasasqo uonedyraw Jazowoud 71 HvQ
S92UIBYIP YN YW

puE ‘YN YW ‘UonejAyiaw uo paseq payiusp!
9J49M DTSN Ul sauad [euonounysAp Jo su91snpd O
|o3uod 01

paJedwod sanssn Jownl ul JaySly sem uonejAylaw
J10wo.d gyyy 3BY3 paMOYs SIsA[eue-eIaw Siy |
s3|nsaJ 9|qesaadasauiun

01 P3| $9SBD JO JaqUINU MOT "UONEBIAYIDW | DI
Aq pa1d1paud aq ued apiwojozowa) 03 asuodsal
J9Y39yMm 21BS1ISIAUI O SEM [BLI [EDIUI[D SIYD JO WY

sa3e1s a1e| Ul Apusanbauy
9JOW PIAISSQO SeM UONEAYIDW £V ] VD

X3S UM PIIBIDOSSE SEM UONEBIAYISW H4£NOd

SOOS U TLAINAS 2l'ym
‘DY ul parejAyzaw Ajpusnbauy asow sem gy vo

sa|dwes poo|q | G pue
(N/1) sauaned DSN §9

(1) sov 991

(1) DTDSN parrasad

yam suaned wouy s3d4d 8Z€
JadUEd JnoYm mu:m_umn_
wouy sajdwes anssn 4

pue sajdwes TDSN 901

sajdwes [0.au0d 7§

pue sauaned DN £§
s|oJ3uod

sno3ojoine /¢|| pue
sa|dwes anssn DTSN LbE°|
uonejAyaw | WOW

Joj aAnisod auom sased

D1DSN 01 Ajuo ‘pausauds
syuaned p/ Suowy

(69 1¥1-) €T

(£11°510-) 160

anssi) Juade(pe [ew.ou

PUE sJownl uaam1aq a8ueyd

Buipuanbasouiy uonejypaw (YOI|) uelpaly
dSIW %01 :uonejdyzaw jo Aouanbaug
%Ly

%CS

%V €

%69

%8T

%CL

%11

%L9

dSIW uonejAyzaw jo Aouanbauy

sa|dwes

(Ossa) [ew.IoU JO %(Q pUE Jown Jo

Supuanbas aay|nsiq ‘gSIA %|¥ Ul punoyj uonejAyIs|y
6559 13SD Jaquinu uoissadde
Ay YuMm snqiuuQ uoissaadxy
auan) wouJy sajyo.ad uonejAyisly

dSIW J9oued Ul panejAyaswiadAH

dSwWb %S€E’|
%6E
%6E

%0
%Sy
%9Y
%S9
%99
%19
%9

%89

EIHAD

Y14SSvd

¥4HD
1-SD0S
VI14SSvd
vy

| qoAw

¥D U3
| 1YXOH
1d1S9

Xvd

a1ova

sauad ¢ ||

Juvd

1WOW
{XOHS
[44%-17¢}

01¥XOH
4K EN
EYLVD
¥4€N0d
Xl
17v1
IVYHADd

IXA3

418 39 21IUOY|

osl® 39 ESOY|

le 32 03|

enfe el

21118 3@ Suenpy

¢,[e 30 BNH

56l® 32
JasneyyooH

17

submit your manuscript

Research and Reports in Biochemistry 2015:5

Dove


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

Dove

Pantazi et al

[BAIAUNS Jo0od YIIM PIBIDOSSE DUdM
uonejAyzswodAy 7ySQYS PUE ‘€Y IHATY ‘HAW
‘0994NZ ‘1VLOV ‘TSDOS ‘194D ‘€MD $DONIM
‘€ONDM ‘TLAS ‘€3dNDS pue ‘uonejAyaaw.iadAy
IWLW PUe | T31Y (€3DV1) 36£865XA

sajdwes 8un| 9a.j-49dued
Buiyaew g| pue DTSN

Bupuanbag Juadueg :uonepijep
“(2u) euiwny))) sdiyopeag
gAdYy LTuonelAyIaly

sauag paJtaisn|d

| 23e1s yum sauaned gy, -UBWINH Hwniuyu) Jo uonejAyraw [enuatayiq Swoud 3JOYAA 6l 39 >PJoT]
so|dwes
uonejAyrsw YNQ 03 @np DTDOSN sa|dwes [ew.ou o pue [BW.IOU JO %( PUE JOowN) JO
ul pare|n8aJumop si 9xH1 Jossaaddns down | Jown HTDHSN Adewrid g¢ SO PUe 4SIW %9G Ul punoj uonejAyIaly 9XH1 oul®39 NI
so|dwes
uoneAyiaw YN 03 @np DTOSN  (sojdwes jewou juadelpe o7) |EWJOU JO %( PUE JowWwN) JO
ul pa3e|NSa4uMop si XY Jossaaddns down | syuaned HTOSN 86 SOg PUe 4SIW %GS Ul punoy uonejAyIaly PXV one39 N
sJown) a8e3s J3||1ed pue uonenRUIISYIp Jood
YaIm paedosse sem uonejAyrawaadAy gg | adINY
so|dwes
sa|dwes [ew.ou 03 paJsedwod  (so|dwes [ew.ou Juadelpe o) Nal:! |BW.IOU JO %() pPue Jowm jo
Jowny ur uonelAyIaw Jaysiy panqiyxe gg|aMNY siuaned DIDSN 86 PUB YDd dYtdads-uonejdyialy %1°€S Ul punoy uone|AyIaly 981 QWINY gl 39 N
so|dwies
Jasued Sun| yum sajdwes [ewiou o WDd Supusnbas-aayinsiq |EWJOU JO %( PUE JowWwnN) JO
pareposse sem uoneldyrawniadAy vg | QUMINY pue siowm 37DSN 8¢ “4Dd dyads-uoneldyialy %89 U1 puno} uone|AYIay V81 AINY (ml® 3= N
(dsg) sAesse 3upuanbas yYNQ sa|dwes
sajdwies [ew.ou paea.an-aaynsig ‘(VI4dOD) [ew.oU Jo %07 pue Jowny
01 paJedwod saown ul paejAyIaw si £0G-yIw (N/L) sauaned HTOSN $9 sIsAjeuy UONDLIISSY AYINSIg  JO %08 Ul puUno} UonejAYIa|y £05-yiw w8391
skemyred
sisoadode pue ‘asuodsau sunwwi QuawdolaAsp |92 /987£3SO
Ul POAJOAUL ‘saNSS] [ewIou 03 paJedwod Jowny ul sa|dwes [ewlou  Jaquinu uolssadde :0J9) |gON
sauad paje|Ayaw A|[enuaJayip go| JO UoNEdYNUIP) 3usdelpe /7 pue sDV 8T wouy eep uonelkyidly VNG onl®39 1
uoneINw Y493 yam sauaned sHy ui sisousoud
9|qEJOABJUN UYIIM PRIBIDOSSE S| UONEBIAYISW | JIAA
sanssi3 [ewiou
anssn juadelpe [ew.ou JO %6°07 PU® Jown jo
01 pasedwod saowm ut paredyawniadAy st [JAA - (N/L) sauaned DTDSN 6€1 dSW  %S'Lp Ul punoy uonejAyay 13m 51139 997
syuaned HHS pue | a8e3s Joj 401dey
snsougo.d a|qeJoAejun ue sem uonejyzaw Suo.ig
sa|dwes
uonEINW £G4 YIIM SIOWN] PU. SIDjOWS sa|dwes |ew.ou Juadelpe o [eWJOU JO %9°7 PUE JOowN) JO
-J19A3 Ul Juanbauy aJow sem uoneAYIPdW V| 4SSVY pue Jowni D7DSN 90T dSIW ‘Supusnbaso.iy %/ ¥ Ul punoyj uonejAyIs|y V14SSVY 068 30 997
(6€ 1=u) suswidads
uoneInw Y493 1noyam anssi 3un| jueudijewuou sajdwes Jown jo
SOV ul 3uanbauy auow sem uonejAyraw 74431 Suipuodsa.od pue Jown | dSIW 9%G°TS Ul punoy uonejAyIay Z44IWL L1839 997
(97T “26'0-) £8°0 dva
(9¢'1 ‘£9°0-) 8T 0 1453
LINDIW JO UOREAYIBW LpIM PIBIDOSSE SEM 33e1g (s6'0‘LT0-) TI'0 1WOW
sjusawiwiod azis ajdweg ASojopoyraly uonejAyrsp (uoi18au >1wouald) sausn uonediqngd

(panunuop) | a|qeL

Research and Reports in Biochemistry 2015:5

submit your manuscript

18

Dove


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

DNA methylation and its role in lung cancer

Dove

(panunuo))

[BAIAJINS |[BJOAO PUE 99.j-9SEISIP

9SIOM PBY | VHTIAD PR3BAYIswun yaim syuaned
8VSD1S Jo uoissaudxa aya

129)J& 01 SWa9s ‘sa|dwies Jown ul paAIasqo Ajurew
s1 yo1ym ‘yazowoud gygDTS jo uonedyzswiadAH

(sDV pue DD
U99MIq 2JUBJBHIP ou) siowny Sun| ul uoneAyaaw
PaJa1je 9ABY A]2URISISUOD SBUSS payIuapI Ay |

SOV 93831s-A[JBS Ul [BAIAINS 93.-9SEISIP

Jood s101paud 2/qp €N YOI2IW Jo uone|Aya)y
uonEINW Y493 INOYIM

sjusned Dy pUB SISYOWS-ISAS ‘SO[BW JO [BAIAINS
191199 YIM PaIBIDOSSE SEM UONEIAYIaW |

D1DSN | 38eas yam
sauaned ul 3uanbauy aow sem uoneAyzaw |IA

TddN PUe G4y| Jo uonejAyraw.iadAy

PAMOYS SJOWN) PAIBNUIBYIP-|[PAA

syuaned HTOSN VII| 98e3s ui sisoudoud

Peq Yaim paseosse sem uonedyzsuwiadAy [eqojo

sauad 7| asayd

Jo uonejAypawaadAy yam paaeldosse sem DS
3|qelIeA

aAnda30.4d & sem | 4SSy Jo uonedyrswiadAHy

Swod3No [ed1Ulpd 4ood B UYIIM pIIBIDOSSE
sem Z-dIWIN PUB YDV Jo uonejdyrawadiH

uolssaudxa | g-yiw

Jo uoissaudau 03 spes| uonedyzsw Jazowoud yYNQ
uonejAypaw.adAy

J930woud 01 anp ApJed s HTDOSN ul

paAJasqo €93 YNY2Y| Jo uonensaimuoq

sDy 3un|
pa1d9saJ A|[ed184ns g

(N/L) susied DTDSN €2

(N/L) suaned
D1DSN 66 395 uoneplep
'syuaped DTOSN L

sa|dwes jueuijewuou (| pue
sDV 8un| a8eas-Aj4es (|

(N/1) sauened DTSN 6€|

(N/1) saidwres D1DSN 9%
>ueqeiep

a3 jo 19s 3uaned-g£7 aya
wouy uoissaudxa | g-yiw pue
uonejAyraw yroq 3ulureauod
sajdwes Dy 3un| 77|

(N/L) sauaned 4

SupuanbasouAd yNQ 221y nsig
dSIWb pue 3upuanbas payipow
-911J|nsiq :uonepijeA ‘Suluueds
2IWOUIS dJeWpUE| UOHDLIISDY

BuipusnbasouAd
911J|nsIq :UonepI|eA ‘sAedJe
9B USP|OD) BUIWN]||

SO :uohepljep
'sisAjeue aAINd-3una|y

dSW

(91d pue 4SSV -0y
Ajuo) dSINb yam uonepiea
‘AedJe peaq uonejAysly
91eHUIP|OD) BUIWIN]||

(e3ep diyopeaq g uonelAyIdLy
VNG UewnH wniuyuj
BujWIN||[) 395 €EP YOD L

Supuanbas aa1ynsig

sa|dwes
Jowin JO %g'GE Ul punoy
uoneAyraw %0 | Ueyl aiol

J9oued Ul panejAyrawiadAH
(P1oy-1°8) odAHy

(PIoy-6°G) 12dAH

(PIo} £701) HodAH

:J9dued

ul a3ueyd p|o} uonejAyialy
sa|dwes [ew.ou Jo %0 |
puE Jown) JO %74 Ul punoy
uonejAyIaw %G ueyl 2.0

sa|dwes |ew.ou

JO %€°TT puE sJown jo
%6'8F Ul puno} UCNE|AYIB|
JodAH

odAH

odAH

JadAH

JadAH

JadAH

so|dwes
Jowiny JO %9¢ pue |[ew.iou
40 %89 Ul punoy uonejAyIs|y

1Y¥ZdAD

8vso1s
1¥aa
1X0S
6VXOH

2/9F€-VNYO-PIWY

Ma
ZdYN ‘44l
01ANAWZ

(bwisis g-g-p 1) N4S

DYVdS PU / [XOS ‘§1d3S
19SSV VIV 919 TIDAW VIIW
‘SOW ‘LI ‘T9XOH VOTVD

14SSVY

TdWW YOTVD

[€-yiu

€93W VNI

5glB 39 YlRUWERY

le 32 03|

,5lB 39 UOS]PN|

«l® 32 [EpEN

6l® 39 EN

1¢[& 39 UBJOL

18 39 8usy

eI N

19

submit your manuscript

Research and Reports in Biochemistry 2015:5

Dove


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

Dove

Pantazi et al

suoneEINW Y493 In0oyum siuaned pue siadjows
‘uaw ut JayS1y sem uoneAyrawiadAy v
$9582 JdOD-uUou yum paJedwod

usym QdOD Ut 1ay31y sem uoneldyiaw 7111S

SOV UBYI DDS Ul JI9MO| Sem uonejAyzaw |[-3N|7

DV Ul suonenw Syyd pue smeas 3upjows

U3IM Pa1BIDOSSE SEM J31sn|d padejAytawaadAy ay |
J9oued 3un| JO SUONEDLISSE|D

olwouasids [ednoead pue 9184N2E BY3 Ul [NJISN 9q
Aew ey saadew (adlrousyd Jorejdyraw pues
5dD) dIWID PRUIIUSPI AjMmdU XIS s[eaAad Apnis ay |

120] fe.3 dAIEIUEND uoneAYIaW
-Sue.d} G8G PUE -SI $Q€ ‘P € JO UONEBIYNIUSP]

SOV Pue sajeway
ur Juanbauy suow sem uonedyrawaadAy gyvy
sOOS pue

usw ur JueuiwopaJud sem 9|d jo uonedyrswadAHy
SJowinl 33 JO SSAUDAISS.ISSe 9y SuIWLISISp Aew pue
SOV Yum sauaned wody anssi Sun| snodadueduou

ul paysl|qeass aq o3 Jeadde aseasip Areuownd
SAIIONIISO DIUCIYD PUE BU{OWS SE YdNS S.40108)
onauadourn.ed 01 parejad sajyo.d uonedyraw yYNQ

SS9UDAISS.83e Jown)

pue uononpo.d yYNYW SS3| YlIM PaIe[a.1I0d Sem
so|dwes Jown) ul souad 9Al 9say3 Jo uone|AyIs||
asdejau jo dsi1 mo| pue ysiy yaim sauaned HTHSN
| 98eas paysindunsip syusAs pajejAyrswiadAy

JO Jaquwinu 33 uo paseq SJmeusls Y

(N/L) sauened DTDSN 9§

(N/L) sauened Dy 45

(N/1) suened Dy 87|
:uoneplfeA 'sauaned Dy |

(N/L) sausned

DTSN VIl 3883 yT

suened HTOSN 21T
so|dwes paJied g

:uopEpI[eA "P3sal A|snolasad

J2oued Aue Inoyam syuaned
wo.y sa|dwes [ewJou 9¢ pue
sa|dwes pa.red DTDSN 6€1
Jowna 8unj Auewrad

Aue Inoyum syuaned

Wo.y dNssN [BW.IOU 9¢

pue (N/1) sauaned Dy Gy |
syuaned DTDOSN | 93els ¢p |
:uoneplfeA ‘sjuaned

DTSN | 38e3s iy Aedry

Buppuanbasoudy

wJopeld
/TuoneAyia}uewny
winjuyu| euwnyj|
Buipusnbasouid
:uoneplfeAsisAeue
Aeaueoudiw uonejAyraw
VNQ Spm-swouany
sasA[eue 20] J1e.) dAnEINUEBND
uonejdyraw ‘diyopesg
0§puonedyasyuewny
winjuyu| euwnyj|

dSW

BuipusnbasouAd
:uonepljeA "Aedie wniuyu|
uonnjosa.t Hdy-sjduig

BuipusnbasouAd
:uonepljeA "Aedle wniuyu|
uonnjosa.t Hdy-sjduig

BupuanbasouAd :uonepijep
‘Aeaaeoadiw uoneAyraw YNQ

(42dAy) %S
(42dAy) %9

(49dAy) %9

(odAy) %55

uonejAyraw jo Aduanbauy
SJaxouwsuou o3

paJedwod saadjows ul JadAH

odAH
odAH

JodAH
JadAH

JadAH

%0C—%S

%0€—%0T

uonejAyraw jo Adusnbauy

JodAH

£d9491
W
4NN

[-3NIT

¥STVO1
N4S ‘8L¥) ‘TYOY
YESWVH

YOIWAWL
£1X0S

Evogv

91d pue ‘008SHIOW
‘aavdva3 ‘1vd4d NIV ‘1¥NDD

swouagd ayy

ui 10| 3lea) SAREINUEND
uone|Ayraw-sue.3-soD)

I)dYa LWOW

14SSVY ‘quvy ‘914

SPIM swouan)

0ZX41 pue

¥63Qd “1V¥49 ‘I XAT ‘SADQY

6YXOH Pup ‘| X1¢
‘1YMEdN 999HADd 4¥H I LSIH

ori[€ 32 DINZNS

«uil® 39 FEWERS

sui[€ 39 oluysg

IR IS

5218 39 93[RUSIS

szil® 39 O3eS

yz1[B 39 O3ES

cui[B 39 [BAOpUES

sjuswwo)

azis ajdweg

ASojopoyraly

uonelAysp

(uoi18au >1wouald) sauan

uopedljqng

(panunuop) | a|qeL

Research and Reports in Biochemistry 2015:5

submit your manuscript

20

Dove


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

DNA methylation and its role in lung cancer

Dove

(panunuo))

Supjows yam paleldosse

sem ‘0uas aj8uls Jaya1d jo uonejAyzaw ay3 Jou

g ‘9XIS PUE ‘GYVY ‘TTDE JO uoneAyraw-0)
208

UM PRIERLIOD | XOS PUE 9XIS JO UOREAYIaW-0D
DTDSN | 28e3s Jo sISouselp B3 ul %EE€8 JO
Apyioads & pue %/0°€6 J0 ANARISUSS B sey (GYvy
PUE ‘71D4 ‘9XIS ‘94AIN) S2Ua8 unoj Jo jaued v
anss|1 JuSdE(pE [Bw.Iou 03

paJedwod (DS 01 parejad Aj9so|d aJ4ow) siowny
ul punoy Apuanbauy auow sem uonedyzsw gyvy
uoprenuaIRYIp Jowns Jood

pUE X35 UIM PIJeID0SSE sem uonedyisw /| XOS
[eAIAUNS

Jood Yyam pareidosse sem 7-|d41 PoIBlAYIS|

plou3ely

ul uonejAyawiadAy apIm-aWwouas sem paidalap
uoreJa) e UoNEIAYIBW UlRW dY | "plolyduoig

pue ‘plowrenbg ‘prouSeyy ui payIsse|d aue sy
Adeasyrowaypd suippuody |1y oym

syusned ui adliousyd [erjayaids ue yam pajeosse
Aj8uoaas sem smeas uonejAysw 7g3zZ pue 7ggayd

(9%95) sDV 01 paJedwod
(%6£) DDS ul 4o1e0.3 sem syuaned Jadued

8un| uowe uonedyzaw £X O] 10} UB[RARIY
AAnDE pasea.dap ul SunjnsaJ Jadued

ur parejAyaswiadAy si uarowouad B/IUAA YL
suopne.ale dnauad

Panpul-3ubjows PUE S|9A3] YNYW |V 1dAD Y8y
YaIM pa1eIDOSSE sem 3un| [ew.iou A|[edidojoasiy

Ul UOIEJAYISW J9dUBYUD |V [dAD MO

Supjows

01 pajejaJ sem uonejAyaw Jzowoud 0| HaDd
siseaselaw apou ydwA| pue uonenuadyIp
Jowiny Yam paieja.lod sem uonejAylaw §ayd

saseasip Sun| snoJasuesuou
yam sauaned g pue
syusned DTDOSN | 9883s Q]

(N/L) s3usied DTDOSN 08

sajdwes HTHSN Asewrid gg
(1) sauaned
DTDSN dheIseIsw-uou g¢|

(91 1=u) 34040d uonEpIEA
(405=u) s31oyod paysiqng

(1) DTSN 28ers-a3g| 09
(1) DTDOSN 28ers-a1e| 7}

(so|dwres

[ew.ou juadelpe swos pue)
siowny D7DHSN Adewrid og |
(N/1) sauened D1DSN 78
(N/L) sauaned

D1DSN 28es-Apes 07|

(N/1) sauaned 57DSN oF

(N/1) sauaned 5O 0f

dSW

dSW

dSW

dSW

(sAeaueoudiw

K15 05T x1nawWAYy Aq

VNQ Ppa3s331pun-||pdp 03
|IpdH 2AnIsuas-uoneAyraw
Aq paasadip YNQ)

sisjeue gNS-UONEBIAYID|N

BuipusnbasouAd
pue (dwe-aud yam) 4spb

Supuanbas aaynsiq ‘dSIA

Supuanbasoufy

Bupuanbasoufy

dSW

dSW

JodAH

sajdwes |ew.ou

JO %G/ | pue Jown) jo
9%G°£§ Ul punoy uone|AYIa|
sa|dwes Jown

a2 Jo %7°09 Ul parejAyIaly
sa|dwes ay jo

9%1°£T Ul pa1ejAyasw punoy

J2oued ul parejAyrawadAHy
p232939p uoie|Ayrsw oN

sa|dwes [ew.iou jo

%0 ut pue Jowns Jo (€XO1)
%8S Pue (XOL1) %S ‘(7X01)
%87 Ul pa1ejAyraw punoy

Jaoued ul parejAyrawiadAHy

sudjows
-J19AsU Ul uoneAyzew y3iH
so|dwes

[BW.IOU JO %( PUE sJown jo
%0§ Ul punoy uone|Ayialy

J9oued ul parejAyrawaadAHy

gUVY PU® ‘7109 9XIS ‘9IAW

Juvy

£1X0S

Cld41

SpIM dwouan)
93z

99y3

X0l

£X01
X01

X0l

D/IUAA

1VI1dAD

0/HA>d

SWayd

ole 39 oryZ

ec1|® 39 OBYZ

ge1[€ 39 UL

18l8 39 NAA

1618 39 UOSID|IAA

o¢1[ 30 J9IBAA

5¢1[B 39 BWSSSD |

yeile 39 stuud |

il 30 9|

26118 30 3ue

B39 UBl

21

submit your manuscript

Research and Reports in Biochemistry 2015:5

Dove


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

Pantazi et al

Dove

0.002),

No difference in methylation of ALXI, HPPI,
OC2, PDGFRA, and SMPD3 between tumor and
to benefit from EGFR-TKI therapy (P:

independent of EGFR genotype

155 patients with stage IlIB-IV  Patients with unmethylated SFRP5 are more likely

miR-886 promoter methylation was correlated

with shorter overall survival of SCLC patients
This study identified 73 gene targets that are

methylated in >77% of primary SCLC tumors

12 SCLC, 47 NSCLC resected  The frequency of miR-34b/c methylation was

higher in SCLC than in NSCLC

have been conducted.”””*7 Taking into account the results
of many individual studies, these meta-analyses confirmed
that the methylation status of MGMT,”® CDKN24,"* APC,”
and RAR[” 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

g
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E £ S 2 relapse.” Therefore, markers of prognostic value enabling
E Tg § “é: prediction of the disease aggression and potential course
S s 2% § present a long-standing clinically unmet need. The methy-
s>¢C . . .
3 ?: e lation status of numerous genes has been associated with
5 E5 . ) . . .
8o 3 patients’survival. Recent studies have associated methylation
£ 0 03 3
= - éo o 2% 8 of CDKN24,”” BRCAL,® HOXA-2/10,” CHFR* TFPI-2*!
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Figure | 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.”

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;* 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.”®” 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,” and this
was followed by a number of relevant publications (reviewed
by Liloglou et al*’). More recently, the combined detection
of RASSFI 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.” Furthermore, a panel of DNA methy-
lation biomarkers has been described to show a substantial
gain in sensitivity of detection over standalone cytology.®
In this large retrospective case-control study, encompassing
BWs from 655 individuals, a diagnostic algorithm based
on the methylation profile of CDKN2A4, TERT, WTI, and
RASSF I demonstrated 82% sensitivity, 92% specificity, and a
diagnostic accuracy of 85.9%. Finally, DNA methylation of
SHOX?2 alone demonstrated a very high sensitivity in BWs
(96%) but the specificity was less than optimal (78%).!%
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%).'! 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),” 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 alone!® and some of them grouped in panels.'”® DNA
methylation in sputum has also been shown to improve the
classification accuracy. Leng et al,'® 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,
RASSFI methylation seemed to significantly aid cytologi-
cal evaluation by improving sensitivity (from 22% to 52%)
without diminishing specificity (94%).'

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;* 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,'* while
BRMSI1 exhibited 47.9% sensitivity and 100% specificity.'®
So far, RASSF1A4 and RAR[ 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.!1% 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.'”>!” Ponomaryova et al'"’ report
that the methylation index for RASSF14 and RARf 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-1II and stage IV tumors.!%

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,*
has been thoroughly validated in bronchial aspirates show-
ing 78% sensitivity and 96% specificity.!” In addition to
bronchial aspirates, SHOX2 methylation has also been ana-
lyzed in other body fluids such as plasma, pleural effusions,
and transbronchial aspirates.!?1%1% Jlge et al'® 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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