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The genetic and epigenetic material originating from tumour that can be found in body
fluids of individuals with cancer harbours tumour-specific alterations and represents an
attractive target for biomarker discovery. Epigenetic changes (DNA methylation, histone
modifications and non-coding RNAs) are present ubiquitously in virtually all types of hu-
man malignancies and may appear in early cancer development, and thus they provide

Keywords: particularly attractive markers with broad applications in diagnostics. In addition, because
Biomarkers changes in the epigenome may constitute a signature of specific exposure to certain risk
DNA methylation factors, they have the potential to serve as highly specific biomarkers for risk assessment.
Body fluids While reliable detection of cancer-specific epigenetic changes has proven to be technically
Early cancer detection challenging, a substantial progress has been made in developing the methodologies that
Epigenomics allow an efficient and sensitive detection of epigenomic changes using the material origi-
nating from body fluids. In this review we discuss the application of epigenomics as a tool

for biomarker research, with the focus on the analysis of DNA methylation in biofluids.
© 2012 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.
1. Introduction activation, and chromosomal instability, all of which are in-

volved in the deregulation of critical cellular pathways and

Epigenetics refers to heritable changes in gene expression that
are not attributable to alterations in the sequence of DNA. The
predominant epigenetic mechanisms are DNA methylation,
modifications to chromatin structure, loss of imprinting, and
noncoding RNA (Gibney and Nolan, 2010). Epigenetic modifi-
cations are known to be heritable between mother and daugh-
ter cells (mitotic inheritance) and between generations
(meiotic inheritance). Epigenetic mechanisms are fundamen-
tal in regulating a multitude of cellular processes. In tumor-
genesis, epigenetic aberrations are believed to play key roles
in tumor suppressor gene (TSG) inactivation, oncogene

steps of carcinogenesis including tumor initiation, invasion
and plasticity (Carmona and Esteller, 2010; Jones, 2012; Jones
and Baylin, 2002; Sincic and Herceg, 2011). Epigenetic regula-
tion is also proposed as being potentially influenced by diet
and environmental exposures, accounting for the growing in-
terest in associating epigenetic regulation with lifestyle and
risk of disease (Feil and Fraga, 2012; Jirtle and Skinner, 2007).
Moreover, the reversibility of epigenetic alterations stimulates
the development of novel therapeutic approaches with an
open field for development of early cancer detection and pre-
vention, namely through chemoprevention.
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The current review discusses the application of epigenom-
ics as a tool for biomarker research, focusing on the analysis of
DNA methylation in biofluidss and the potential of generating
biomarker panels for early cancer detection and screening.

2. Aberrant DNA methylation and cancer

DNA methylation, defined as the covalent addition of a methyl
group to a cytosine nucleotide in a sequence of DNA, is an epi-
genetic event that affects cell function through the alteration
of gene expression. In humans, DNA methylation occurs at
the 5’ position of the pyrimidine ring of the cytosine residues
within CpG dinucleotides through the addition of a methyl
moiety to form 5-methylcytosines and is catalyzed by a family
of specific enzymes known as DNA methyltransferases
(DNMTs; DNMT1, DNMT3A, and DNMT3B) using the cofactor
S-adenosyl-methionine (SAM) (Gibney and Nolan, 2010). Re-
gions of the genome rich in sequences of a cytosine preceding
a guanine are known as CpG islands (CGIs). In fact, CGIs exist
in the promoter regions of approximately half of all genes and
are usually unmethylated in normal differentiated cells, while
CGIs located in intergenic regions are methylated (Esteller,
2007; Taby and Issa, 2010). In the particular case of cancer, pro-
moter CGIs of numerous TSGs are found to be densely meth-
ylated, resulting in transcriptional silencing, with these
“epimutations” being cancer type-specific and tumor stage-
specific (Rodriguez-Paredes and Esteller, 2011).

The aberrant DNA methylation patterns found in cancer
can be distinguished as hypomethylation and hypermethyla-
tion. Hypomethylation is characterized as a genome-wide de-
crease in methylation and is extremely frequent in CpG sites
in repetitive regions of the genome and CGIs outside of pro-
moter regions (Jones, 2012). It is proposed that hypomethyla-
tion in coding regions of genes is associated with
carcinogenesis through the favoring of mitotic recombination
which may lead to deletions, translocations, chromosomal
rearrangements as well as alterations in mRNA levels. Also,
hypomethylation is associated with alterations to signaling
cascades influencing proto-oncogenes, such as c-Jun, c-Myc,
and c-H-Ras (Calvisi et al., 2007). In addition, repetitive ele-
ments spread across the genome and while normally heavily
methylated tend to loose methylation. Generally, tumours
are characterized by DNA hypomethylation, which increases
according to tumour progression, and sporadic gene-specific
hypermethylation (Roberts and Gores, 2005). For example, in
hepatocarcinogenesis, it was shown that hypomethylation
of repetitive DNA elements such as SAT2, LINE1, and ALU oc-
curs in a multistep manner and correlates with poor prognosis
(Lee et al., 2009).

Hypermethylation is characterized by the addition of
methyl groups and, if highly specific to the CGIs in the pro-
moter region of a particular gene, may lead to transcriptional
silencing of the gene, with subsequent loss of protein expres-
sion. This mechanism is currently recognized as an alterna-
tive to mutations or allelic loss for gene-silencing in TSGs
(Herman and Baylin, 2003). A number of TSGs and other
cancer-related genes, including the retinoblastoma gene,
RASSF1A, VHL, MLH1, CDH1, LKB1, p16 gene (CDKN2A),
GSTP1 and MGMT, were found to be silenced by promoter

hypermethylation (Feinberg and Tycko, 2004; Jones and
Baylin, 2002). Our group showed that specific genes such as
RASSF1A, GSTP1, CHRNA3, and DOK1 were aberrantly hyper-
methylated in hepatocellularcarcinoma (HCC) compared to
control cirrhotic or normal liver tissues, suggesting that aber-
rant hypermethylation exhibits non-random and tumor-
specific patterns in HCC. Furthermore, an association between
hypermethylation of GSTP1 and HBV infection was also dem-
onstrated (Lambert et al., 2011). Also in the context of changes
to methylation profiles and HCC, it was shown that several
CpG sites in the HBV genome are recurrently methylated in
cancer but not in chronic hepatitis (Kaur et al., 2010). Hyper-
methylation of genes has been implicated in carcinogenesis
due to its involvement in cell cycle, DNA repair, angiogenesis,
metabolism of carcinogens, apoptosis, and cell—cell interac-
tion (Figure 1). Thus, methylation patterns can be considered
as biomarkers for early detection, diagnosis, prognosis, pre-
diction and monitoring of therapy response. The identification
of these cancer-associated methylation signatures may also
provide the foundations for cancer prevention strategies
with DNA hypermethylation being proposed as a source of po-
tential early event biomarkers in carcinogenesis that may pre-
cede the neoplastic process (Belinsky, 2004; Esteller, 2007;
Nephew and Huang, 2003; Taby and Issa, 2010).

3. Environmental effects on the epigenome

The possible impact of the environment on epigenetic regula-
tion has attracted considerable interest, with environmentally
induced changes in gene expression being associated with al-
tered DNA methylation patterns or with altered histone mod-
ifications. The interest in DNA methylation relates to its
involvement in key developmental and mechanistic pathways
as well as its possible association with phenotypical changes
due to the interplay between environmental exposures and
epigenetics (Borgel et al., 2010; Feil and Fraga, 2012; Law and
Jacobsen, 2010; Sincic and Herceg, 2011). Numerous environ-
mental exposures have linked altering epigenetic patterns
during a lifetime, and subsequent risk of disease. An interest-
ing study showed how different environmental exposures
may alter the epigenome by looking at the methylation and
histone modifications in monozygotic twins at different
stages in life. It was shown that, early in life, their epigenetic
profiles were nearly identical but by age 50 considerable
changes were detected (Feinberg, 2008). In general terms, en-
vironmental and dietary carcinogens, also known as epimuta-
gens, that are capable of inducing tumoral development by
deregulating the epigenenome can be divided into two groups:
(a) those that induce, directly and indirectly, changes to geno-
mic DNA and (b) those that affect key cellular processes such
as gene transcription, DNA damage and repair, cell cycle con-
trol and apoptosis (Herceg, 2007; Herceg and Vaissiere, 2011).
Specific examples of these epimutagens include tobacco
smoke, alcohol, viruses and bacteria and dietary contami-
nants such as aflatoxin Bl (Balassiano et al, 2011;
Begum et al., 2011; Belinsky et al., 1998; Hernandez-Vargas
et al,, 2010; Hutajulu et al., 2011; James et al., 2002; Kaur
et al.,, 2010; Lambert et al., 2011; Li and Minarovits, 2003; Liu
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Figure 1 — Development of DNA methylation-based early cancer detection biomarkers, amidst environmental and dietary exposures.

et al., 2008; Paliwal et al., 2010; Pulling et al., 2004; Vaissiere
et al., 2009b; Zhang et al., 2012).

Viral and dietary epimutagens are of our particular interest
and have provided considerable evidence documenting the re-
lationship between environmental carcinogens and changes
to the epigenome. With regard to viral infections, it was docu-
mented that DNA methylation and chromatin modifications
are known to regulate viral gene expression (Zheng and
Baker, 2006). In cervical cancer, human papiloma virus (HPV)
DNA methylation was implicated in the development and pro-
gression of the disease and was shown to inhibit the tran-
scription of the most viral genes (Kalantari et al., 2004).
Epstein—Barr virus (EBV) and hepatitis B virus infections
were associated with promoter hypermethylation of several
genes in several cancers including hepatocellular carcinoma,
gastric and nasopharyngeal cancer (Zazula et al., 2006; Zhou
et al., 2005). Our group showed that in HCC tumors differen-
tially methylated promoters were found when comparing: (i)
early-stage with later-stage tumours; (ii) well-differentiated
with poorly differentiated tumours, and (iii) cirrhotic with
non-cirrhotic liver tissue (Hernandez-Vargas et al., 2010).
With regard to dietary carcinogens, several studies have
addressed whether AFB1, which is a natural secondary metab-
olite of the fungus Aspergillus, can exhibit its carcinogenic ef-
fects through an epigenetic mechanism. As a result, a strong
relationship between AFB1 exposure and methylation of can-
cer related genes such as RASSF1A, MGMT and p16 in tumour
tissues and plasma DNA of HCC patients was established
(Herceg, 2007; Herceg and Vaissiere, 2011). Utilizing in vitro
models it was demonstrated that AFB1 strongly induces the
expression of the SNCG gene, a known target of epigenetic

changes in early stages of HCC, while in HCC tissue it was
shown that AFB1 exposure is associated with DNA global
hypomethylation (Zhang et al., 2006, 2012). The precise mech-
anisms by which dietary epimutagens induce changes to epi-
genetic profiles are still unclear. Nevertheless, it is proposed
that these epimutagens may bind preferentially to methylated
CpG sites, thus inducing DNA damage, as was proposed for
carcinogen-DNA adduct formation at specific codons in the
K-ras gene (Hu et al., 2003).

Although extensive and novel studies were conducted in
the past half a decade, there is still no clear-cut casual rela-
tionship between epimutagens and changes to epigenetic sig-
natures (Bollati and Baccarelli, 2010; Christensen and Marsit,
2011; Herceg and Paliwal, 2011; Herceg and Vaissiere, 2011,
Hou et al, 2012; Jirtle and Skinner, 2007; Perera and
Herbstman, 2011; Stein, 2012). The main limitation of these
studies still reside in the fact that the epigenetic changes are
thought of as being mostly subtle, cumulative and requiring
a long “timeframe” until full manifestation is detectable.

4, Technological tools for DNA methylation-based

epigenomics

The measurement of DNA methylation can be done with
a wide range of methods using various types of biological ma-
terial such as tissue, plasma, serum, sputum, and urine,
among others (Figure 2).

The inherent stability of DNA is one of the major advan-
tages of detecting methylation. Through the years, methodo-
logy for DNA methylation measurement has progressed
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Figure 2 — Schematic of methodologies applied to epigenomics.

gradually with the first breakthroughs being based on the use
of isoschizomers with different methylation sensitivities.
From the early 1990s, the method exploiting an initial bisul-
fate conversion of DNA which converts unmethylated but
not methylated cytosines to uracils has become the “gold
standard” for analysis of DNA methylation changes. The bisul-
fate conversion of DNA followed by PCR amplification allows
gene-specific methlyation analysis (methylation specific
PCR, MSP), which is based on using primers and probes spe-
cific to the corresponding methylated DNA sequence
(Herman et al.,, 1996). The quantitative MSP is also called
MethyLight and has become more commonly used as it is
based on the bisulfite converted DNA being amplified by
methylation state specific primers and TagMan® probes
(Eads et al., 2000). The major disadvantages of MSP are that
it is not a quantitative assay, it monitors only a few CpG sites
and that it is prone to false positives. Another PCR-based ap-
proach is called combined bisulfite conversion restriction
analysis (COBRA) which relies on the principle of loss or reten-
tion of a restriction enzyme site after bisulfite treatment,
depending on the methylation status of the targeted cytosine.
The major disadvantage of this approach is the limited num-
ber of restriction enzymes that can be used.

The bisulfate treatment can also be applied to DNA
sequencing in order to determine specific regions of hypo or
hypermethylation, namely in the promoter regions of genes.
This is a particularly useful technique to determine regions
of differential methylation, and aid in primer and probe
design for the more specific MSP. For example, bisulfite

sequencing (BS) of DNA using Sanger chemistry is based on
PCR amplification of bisulfite converted DNA using specific
primers, followed by cloning. Clones are then randomly
selected and sequenced. This approach will further benefit
greatly from the new developments in massive parallel se-
quencing and its high-throughput will most likely be useful
for target region analysis (Frommer et al., 1992; Taylor et al.,
2007).

Alternatively, pyrosequencing, a method of real-time DNA
sequencing, utilizes PCR technology to provide a high-
throughput platform that analyses the multiple CpGs of
a given region based on the activity of DNA polymerase. The
basis for this technological approach relies on the luminomet-
ric detection of pyrophosphate release after nucleotide incor-
poration (Dupont et al., 2004). Another important strength of
pyrosequencing is its robustness with built-in internal con-
trols for completeness of bisulphite treatment, thus it pro-
duces no false positives. Although bisulfate pyrosequencing
is one of the most widely used methods for quantitative deter-
mination of methylation, it is limited by a few drawbacks,
such as only analyzing relatively short fragments and design-
ing of a robust pyrosequencing assay. Overall, the major lim-
itation with these PCR-based technologies is their targeted
nature providing analysis only of specific candidate genes of
interest.

Several methods for analyzing the global methylation pat-
tern of tumors have also been developed. One example is the
global estimation of 5-methylcytidine (5-mC) by high perfor-
mance capillary electrophoresis or high precision liquid
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chromatography coupled with Electrospray lonization/Mass
Spectrometry to separate individual nucleosides, generated
by enzymatic hydrolysis of DNA, and separate unmethylated
cytosines from the methylated ones (Berdasco et al., 2009).
Other examples include a luminometric method for global
DNA methylation quantification (LUMA) or the measurement
of the degree of methylation at repetitive elements, that are
spread across the genome and are normally heavily methyl-
ated, and which are directly proportional to global methyla-
tion content (Karimi et al., 2006; Yang et al., 2004). Recently,
in order to address the interest in characterizing and defining
the methylation pattern on a genome-wide scale, microarray
platforms were developed. These include the more recently
developed immunological approach known as methylated
DNA immunoprecipitation (MeDIP). In this approach the first
step is enriching methylated DNA based on the principle
that genomic DNA is randomly sheared by sonication and im-
munoprecipitated with an antibody that specifically targets 5-
mC. This technique provides a platform to generate compre-
hensive, genomic DNA methylation profiles and to identify ab-
normally (hyper- or hypo-) methylated genomic regions
(Weber et al., 2005). A subsequent example is the methylated
CpG island amplification (MCA) method which is based on
the digestion of genomic DNA with a methylation-sensitive
restriction enzyme that only targets unmethylated sites,
Smal. Here, the DNA, which now has blunted ends between
the cytosine and guanine, is digested with the methylation-
insensitive, Sma I isoschizomer Xma I, leaving a four-base
overhang. Lastly, a ligation of adaptors to the four-base over-
hang occurs and adaptor-specific PCR amplification is per-
formed (Toyota et al., 1999). This method results in the
enrichment and amplification of methylated DNA fragments
only and can then be used in microarray platforms.

The development of microarray platforms that are compat-
ible with methylation analysis provides a step forward in
addressing the challenges of analyzing multiple regions of in-
terest simultaneously in a high-throughput manner. Several
platforms have been used for DNA methylome analysis rang-
ing from CGI or promoter region specific platforms to oligonu-
cleotide tiling arrays virtually covering the whole genome
with high resolution. The first platforms were based on re-
striction enzymes and an example of which is the differential
methylation hybridization platform which combined restric-
tion digestion with downstream hybridization to microarrays
(Huang et al., 1999). The major limitation of this approach is
the relatively small portion of methylome that can be studied.
To overcome this limitation, affinity enrichment of DNA was
proposed and is now widely used combined with microarrays.
An example is MeDIP-chip (Weber et al., 2005). Also, tech-
niques based on coupling bisulfite treatment with array hy-
bridization are also commonly found and these are normally
based on commercially available arrays namely Illumina
GoldenGate® BeadArray™ and Infinium®.

With the development of massive parallel sequencing
there is now the opportunity to sequence a whole methylome
at a single base. These new technological developments pro-
vide now the possibility of generating a methylome map of
a specific cell type relatively rapid at constantly decreasing
costs (Lister and Ecker, 2009). Whole genome shotgun se-
quencing of bisulphite-converted (WGSBS or MethylC-Seq)

DNA is now achievable by directly determining the methyla-
tion status of all cytosines in a genome. The MethylC-seq of
a whole genome was reported in Arabidopsis and later the
methylome at single-nucleotide resolution in human cells fol-
lowed quickly thereafter (Cokus et al., 2008; Emes and Farrell,
2012; Lister et al., 2009). The major advantage of massive par-
allel sequencing is gathering highly detailed information with
less DNA input (Emes and Farrell, 2012; Lister and Ecker, 2009).
Therefore, methods of enrichment, such as MeDIP-seq and
methylated DNA binding domain sequencing (MDB-seq),
based on antibodies against 5mC or immobilized recombinant
methylated CpG binding proteins have been developed for en-
richment of methylated fragments of the genome prior to se-
quencing (Jacinto et al., 2008; Serre et al., 2010). The enriched
fragment is then sequenced using massive parallel sequenc-
ing and methylated regions of the genome can then be deter-
mined by identifying regions of high-sequence density.

A significant challenge of analyzing DNA methylation in
body fluids is the minute amounts of DNA available. Our group
developed a strategy that allows for the quantitative and sen-
sitive detection of DNA methylation in minute amounts of
DNA present in body fluids, entitled quantitative Methylation
Analysis of Minute DNA amounts after whole Bisulfitome Am-
plification (QMAMBA) (Paliwal et al., 2009; Vaissiere et al.,
2009a). This method involves genome-wide amplification of
bisulphate-modified DNA template followed by quantitative
methylation detection using pyrosequencing which then al-
lows for the analysis of multiple genes from a small amount
of starting DNA, such as that found in blood, urine and spu-
tum. This method has already been applied to the quantitative
profiling of DNA methylation states in a panel of five cancer-
associated genes in a large case—control study of lung cancer.
This study allowed for the identification of aberrant DNA
methylation patterns associated with the mechanisms by
which environmental factors may interact with key genes in-
volved in tumor suppression and contribute to lung cancer
(Vaissiere et al., 2009b). Although optimization will be re-
quired, qMAMBA could be modified for use in conjunction
with other quantitative methods for methylation analysis,
such as in conjunction with microarrays or massive parallel
sequencing. As an example, one part of the bisulfitome-
amplified product obtained in the second step of the method
could be applied to the Illumina Infinium® methylation plat-
form to obtain a signature of aberrant methylation for a large
panel of cancer-associated genes. Subsequently, the other
part of the amplified product could be used for validating
the observed aberrant methylation for the most promising in-
dividual candidate genes. Also, the recently proposed strate-
gies for 5-hydroxylmethylcytosines (5hmC) detection and
measurement provide a novel and attractive approach for
study of DNA methylation in biofluids. This method is based
on a Tet-assisted bisulfite sequencing (TABSeq) strategy,
which provides a method for single-base resolution detection
of ShmC amenable to both genome-wide and loci-specific se-
quencing (Yu et al.,, 2012). The development of these base-
resolution maps of 5hmC provide more accurate estimates
of both 5hmC and 5mC levels at each modified cytosine than
previous whole-genome bisulfite sequencing approaches
and provide further insights into the understanding of the bi-
ological roles of 5hmC as well as gene regulation (Booth et al.,
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2012; Yu et al., 2012). Although this method was developed
and applied for in vitro strategies and is proposed for applica-
tion in tissue specimen, there is a significant potential of ap-
plication in biofluids.

5. Early cancer detection and DNA methylation in
biofluids

Epigenetic modifications of DNA offer hope and the promise of
novel biomarkers for early cancer detection, prediction, prog-
nosis, and response to treatment. Furthermore, reversal of
epigenetic changes represents a potential target of novel pre-
ventive as well as therapeutic strategies and medication de-
sign (Selaru et al., 2009).

Although using primary tissue to study methylation pro-
files and generate new potential biomarkers is of interest, ac-
quiring this biological material is only achievable by means of
invasive techniques which greatly limit the potential of early
cancer detection and screening programmes (Hitchins et al.,
2011; Hutajulu et al., 2011). The ideal strategy should rely on
non-invasive or minimally invasive techniques which will still
allow the study of DNA methylation patterns. To this end, one
looks for biofluids, such as blood, sputum, and urine, among
others, as surrogate tissues. Nevertheless, the choice of which
surrogate tissue to utilize is associated with the type of cancer
being investigated.

The most commonly investigated surrogate tissue, and to
a certain extent the ideal surrogate, is blood. Acquiring blood
requires minimally invasive techniques and it can be applied
to all patients, both those at minimal or high risk. In the
blood, DNA is found in the form of extracellular DNA and is
commonly designated as circulating free DNA (CFDNA). These
DNA fragments have distinctly lower molecular weights com-
pared to genomic DNA. The CFDNA fragments apparently cir-
culate as nucleoprotein complexes; however, in healthy
individuals, the main part of CFDNA is found adsorbed in
the surface of blood cells (Skvortsova et al., 2006). It is postu-
lated that this DNA, in healthy individuals, is primarily of he-
matopoietic origin while in cancer patients it also results from
apoptotic and necrotic processes characteristic of tumor cells
with high cellular turnover (Gormally et al., 2007; Li et al.,
2003; Ziegler et al., 2002). Several studies showed that all cells
may actively release DNA fragments and that CFDNA corre-
sponds to the so-called metabolic DNA fraction, which is pro-
posed to control transcription into RNA, among other cellular
processes (Li et al., 2003; Stroun et al., 2001; Ziegler et al.,
2002).

It was also reported that cancer patients have a higher level
of circulating free DNA (CFDNA), in plasma or serum, than
non-cancer subjects and that both genetic and epigenetic al-
terations can be detected in CFDNA (Begum et al.,, 2011;
Chang et al,, 2008; Huang et al., 2011; Iyer et al., 2010; Liu
et al,, 2011; Shapiro et al., 1983; Villar et al., 2011, 2012; Wong
et al., 2003; Yeo et al., 2005). Furthermore, similar specific al-
terations of DNA such as mutations or strand stability found
both in the tumor and in the CFDNA prove the tumoral origin
of the CFDNA (Anker et al., 1997; Gormally et al., 2007; Villar
et al., 2011, 2012). The proportion of tumor CFDNA in relation
to the total CFDNA is influenced by several factors, such as the

type of cancer, its stage, grade, size, and location. The use of
CFDNA as a potential cancer biomarker can be analyzed in
terms of changes to total CFDNA concentration or as tumor-
specific changes to CFDNA. The first was shown to have the
potential for cancer diagnosis, if used as part of a diagnosis
panel, as well as for prognosis and monitoring of recurrence,
as demonstrated in surgically successful treated cancer pa-
tients upon follow up (Diehl et al., 2008; Frattini et al., 2008;
Huang et al., 2006; Perego et al., 2008; Talamonti et al., 2007;
Zhang et al,, 2010). The latter was shown to have an even
greater potential for cancer diagnosis, and subsequent early
detection and screening, based on its higher specificity
(Anglim et al., 2008; Baryshnikova et al., 2008; Begum et al,,
2011; Borgel et al., 2010; Chang et al., 2008; Herceg and
Hainaut, 2007; Schrump and Nguyen, 2005; Skvortsova et al.,
2006). This is the particular case of analyzing CFDNA in rela-
tion to mutations of oncogenes and TSGs and to alterations
in methylation patterns found in cancers.

With regard to studies on CFDNA and mutations of onco-
genes and TSGs, a concordance between tumor DNA and
CFDNA namely, in K-ras and p53 mutations, was shown.
Both genes were investigated in a wide range of cancers
such as bladder, breast, colon, lung, liver, pancreas, endome-
trial, and ovarian cancer (Dabritz et al., 2005; Daebritz et al.,
2009; Dobrzycka et al., 2010; Frattini et al., 2008; Gormally
et al., 2007; Kimura et al., 2004; Lindforss et al., 2005; Silva
et al., 2002; Szymanska et al., 2009; Villar et al., 2011, 2012).
Of note is the percentage of tissue samples with identified
K-ras and p53 mutations ranging from 23% to 64% and 17%
to 54%, respectively, and the concordance between the muta-
tions found in the tumor and CFDNA samples for these two
mutations ranged between 0% to 56% and 14% to 65%,
respectively.

With regard to studies on CFDNA and alterations to meth-
ylation patterns, much has been investigated, notably in the
past five years. After the promising results with CFDNA stud-
ies on oncogenes and TSGs, investigating methylation
changes became an attractive field due to their key regulatory
processes in various cellular pathways related to cancer. For
example, it was shown that Vimentin methylation may repre-
sent a useful biomarker in gastric cancer due to its higher sen-
sitivity compared to currently used biomarkers and that
Septin 9 methylation may prove to be a sensitive and specific
biomarker for early colorectal cancer detection (Shirahata
et al.,, 2012; Warren et al., 2011).

Although several studies identified potential biomarkers,
sensitivity of individual CFDNA biomarkers is a significant
problem. To overcome this, numerous studies combined sev-
eral methylation biomarkers in a panel or the methylation
markers were additionally combined with conventional diag-
nostic parameters. For example, for bladder cancer the combi-
nation of methylated APC and GSTP1 increased the diagnostic
sensitivity from 59% for the single biomarker to 80% for the
combined ones (Ellinger et al., 2008). In prostate cancer diag-
nosis, the sensitivity was improved from 29% with the meth-
ylated biomarkers of GSTP1, RARB2, and RASSF1A to 89%
when these biomarkers were used in combination with the
standard parameter PSA (Sunami et al., 2009). In breast cancer,
the combination of RARB2 and RASSF1A provided a sensitivity
of 95% and specificity of 100% in diagnosing the disease. In
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esophageal squamous cell carcinoma, the diagnostic accuracy
was increased when methylation of multiple genes (RAR-B,
DAPK, CDH1, p16 and RASSF1A) was analyzed in combination,
providing an increase to 82.2% sensitivity and 100% specificity
in distinguishing healthy and esophageal squamous cell carci-
noma patients (Li et al., 2011). In another study, the methyla-
tion levels of APC, GSTP1, RASSF1A, and SFRP1 were found
significantly higher in HCCs compared to normal or benign
liver controls and the combination of these genes as a panel
of biomarkers for HCC diagnosis was pursued (Huang et al.,
2011). The discrimination of HCCs from controls was achieved
with 92.7% sensitivity, 81.9% specificity, 90.5% positive predic-
tive value (PPV), and 87.2% negative predictive value (NPV),
and the discrimination of HCC from benign liver controls
was achieved with 84.7% sensitivity, 81.1% specificity, 89.7%
PPV, and 73.2% NPV (Huang et al, 2011). To increase
through-put in diagnosis, a study in ovarian cancer applied
a microarray-based multiplex assay for CFDNA methylation
analysis (MethDet56 technique), which analyzed a total of 56
genes, and identified five unmethylated genes as informative
cancer classifiers in CFDNA samples (Melnikov et al., 2009).

Of increasing interest is the analysis of methylation pro-
files in primary tumors and their corresponding plasma or se-
rum to assess whether there are potential DNA methylation
biomarkers that can be found in both materials and therefore
provide a panel of highly sensitive and specific non-invasive
biomarkers. To this end, studies showed that methylation in
blood can be associated with patients in which the primary tu-
mor also exhibited methylation (Board et al., 2008; Esteller
et al,, 1999; Fromont-Hankard et al., 2002; Mirza et al., 2010,
2007; Sunami et al., 2009; Ulivi et al., 2006). In particular, our
group has shown that a high frequency of aberrant hyperme-
thylation of MTHFR, RASSF1A, and CDKN2A in lung tumors as
compared with control blood samples was consistent with the
notion that aberrant DNA methylation occurs in a tumor-
specific and gene-specific manner (Vaissiere et al., 2009b).
We also showed a strong association between MTHFR hyper-
methylation in lung cancer and tobacco smoking, with meth-
ylation of RASSF1A being influenced by sex, with males
showing higher levels of methylation (Vaissiere et al., 2009b).
The use of methylation array chips may provide a global
picture of methylation in CpG sites that can be further inves-
tigated in CFDNA (Hernandez-Vargas et al., 2010). In this work,
the global methylation profile was studied in 30 HCC tumours
and 124 CpG sites among 94 genes were differentially methyl-
ated when compared with surrounding non-cancerous liver
tissue. Of interest are genes such as DNMT1, FAT, MYLK,
FLT1, CDKN1C, TFPI2, PDE1B, MME, IGF1R, COL1A2 and TP73,
which may be further investigated in CFDNA to improve the
diagnosis, early detection and screening of HCC by means of
a non-invasive approach. The major limitation with all the
studies on CFDNA conducted to date is the limited number
of individuals used in these studies.

Other surrogate tissues have also been investigated as po-
tential methylation biomarkers, albeit to a lesser extent. One
example is sputum. It is produced by increased bronchial se-
cretions, and is commonly found in smokers, therefore it
can be used to screen populations at high-risk of lung cancer.
Studies showed that aberrant methylation could be found in
MAGE A3 and pl6 genes in lung cancer patients and these

changes to methylation could distinguish cancer from non-
cancer subjects; that the methylation of HOXA9 in lung cancer
patients’ tissue and sputum was significantly higher com-
pared with control and benign lung disease tissues or sputum,
that HOXA9 was hypermethylated especially in early stages of
lung cancer; and that individuals exposed to smoky coal emis-
sions in Xuan Mei (China) harbored frequent promoter meth-
ylation of p16, MGMT, RASSF1A and DAPK in their sputum
(Hwanget al., 2011; Liu et al., 2008; Shin et al., 2012). A comple-
mentary study using 50 matched tumor, plasma and sputum
samples showed that CDKN2A/pl6 hypermethylation is
detected in 84% of tumors, and 76% of sputum samples from
the same patients, demonstrating the potential use of these
biomarkers for early detection of lung cancer in a surrogate
tissue (Liu et al., 2003). The main advantages of sputum as
a tool for early cancer detection and screening include its
non-invasiveness, and the fact that it contains cells from the
lungs and lower respiratory tract. Nevertheless, the material
in sputum is from the center of the lungs, and it may not be
as useful for the detection of adenocarcinoma, which gener-
ally occurs at the periphery.

Another example is urine. This surrogate tissue is of signif-
icant interest for bladder cancer investigation and has seen
several studies investigating potential DNA methylation bio-
markers in the last couple of years. A study looking at the
global methylation pattern in bladder cancer identified differ-
ential methylation of ZNF154, POU4F2, HOXA9, and EOMES, as
overlapping between tissue and urine with the panel of bio-
markers achieving 84% sensitivity and 96% specificity in dis-
tinguishing healthy subjects from bladder cancer patients
(Reinert et al., 2011). Another study proposed a panel of bio-
markers composed of RARB2 and APC genes where both sen-
sitivities and specificities of the methylated genes for
bladder cancer detection were superior to urine cytology
(Eissa et al.,, 2011). When combined altogether, the sensitiv-
ities improved to (91.8%), (93.5%), (91.9%), and (80.9%) in detec-
tion of: bladder cancer, non-muscle invasive bladder cancer,
low-grade tumors, and bilharzial associated bladder cancer,
respectively (Eissa et al., 2011). Another study also identified
a panel of methylated genes composed of GDF15, TMEFF2,
and VIM that was found to be aberrantly methylated in both
tissue and urine and which achieved 100% sensitivity and
specificity in tissue and a sensitivity of 94% and specificity of
100% in urine when distinguishing bladder cancer patients
from healthy subjects (Costa et al.,, 2010). The methylated
genes proposed above may all be considered promising cancer
biomarkers for early bladder cancer detection. Interestingly,
although several studies have been conducted from discovery
to validation, very few have highlighted common aberrant
methylation patterns. Urine was also investigated as a surro-
gate for distinguishing healthy subjects from prostate cancer
patients. An example is a study that analyzed the methylation
of RASSF1 and RARB in urine sediments from patients with
early stage prostate cancer and showed the high sensitivity
of the DNA methylation biomarkers in distinguishing healthy
subjects from early and late prostate cancer (Daniunaite et al.,
2011).

Although DNA methylation is being analyzed in several
biofluids and a plethora of biomarkers being proposed, the
main question remains on which should be chosen for further
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validation and introduced into screening programmes. A
screening strategy may have four potential outcomes: true-
positive (the test is positive and the subject actually has can-
cer), true-negative (the test is negative and the subject actually
does not have cancer), false-negative (the test is negative but
the subject has cancer) and false-positive (the test is positive
but the subject does not have cancer). While the two first out-
comes are the most desired in a screening programme, the
two latter have the potential of delaying diagnosis of disease
and endangering the patient or affecting the patient’s quality
of life (Brawley and Kramer, 2005). Specificity and sensitivity
of any biomarker are key for the “go-no-go” decision on fur-
ther pursuing it. As with any biomarker research strategy,
the ideal biomarker would be highly sensitive and specific in
different populations, regardless of different cancer etiologies,
the patients’ age, gender or tumor stage. To meet this objec-
tive, which is commonly difficult due to the differences in can-
cer etiologies or subtypes, the ideal strategy is to consider the
use of a panel of biomarkers instead of a sole biomarker and
therefore increasing the sensitivity and specificity of early de-
tection, diagnosis, prevention or prediction of cancer. This
guiding principle should be applied to potential DNA
methylation-based biomarkers that can be found in surrogate
tissues such as biofluids. Furthermore, according to the Early
Detection Research Network (EDRN, USA) guidelines, a bio-
marker panel should follow several steps before being imple-
mented “in-the-field”: a preclinical and exploratory
investigation (phase 1), establishment of a clinical assay and
its validation for the disease of interest (phase 2), retrospective
and longitudinal assessment of the performance of the bio-
marker for early detection of the disease (phase 3), prospective
and screening assessment of the performance of the bio-
marker (phase 4) and impact of screening with a biomarker
panel on reducing the burden of cancer in the population
(phase 5). The phases of research are generally ordered
according to the strength of evidence that each provides in fa-
vor of the biomarker, from weakest to strongest, and the re-
sults of earlier phases are generally necessary to design later
phases. These guidelines were proposed for gene expression
microarrays, proteomics, and immunology approaches for
early cancer detection and screening and provide a platform
for the development of novel cancer-related DNA-methyla-
tion biomarkers (Pepe et al., 2001; Srivastava and Kramer,
2000).

6. Concluding remarks and future perspectives

Recent progress in the field of epigenetics and epigenomics
has provided valuable insights into the mechanisms of carci-
nogenesis, complementing those gained from the genetic
standpoint. The new insights hold great potential for the gen-
eration of biomarker panels that may be suited to cancer pre-
vention, early detection, screening, diagnosis, risk assessment
and treatment of a multitude of cancers. Particularly in the
field of DNA methylation, studies in the last decade have pro-
vided significantly increased our knowledge regarding the
modulation of cancer-related key cellular pathways through
aberrant methylation that may be induced by epimutagens
present in the environment and in the diet. Furthermore,

the proposal of DNA methylation-based biomarkers has
grown exponentially in the past half a decade providing
a source of mechanism-based biomarkers as well as potential
biomarkers of exposure and, importantly, biomarkers for
early cancer detection and screening. Nevertheless, the vali-
dation of such biomarker panels is still in its infancy. Several
discovery studies have been conducted in both primary tissue
and in surrogate tissues such as plasma/serum, urine or spu-
tum but the majority are limited by the small sample sizes.
Also, the need to correlate the potential biomarker panels
and their profiles in paired tissue-biofluid is essential to in-
crease the level of specificity of the panels being investigated.
To further address these issues, future studies should have in
mind a multicentre design based on utilizing paired samples
from healthy subjects, at-risk subjects and cancer patients
for a combined discovery-validation strategy or a large scale
validation, in settings where discovery was already conduct-
ed. In addition, large cohort and case—control studies offer
the most exciting opportunities for the generation or valida-
tion of biomarker panels that may be associated with cellular
events that may or may not be induced by the diet and envi-
ronment related to human cancer. These validations studies
should also take into account the guidelines of the EDRN in or-
der to provide a solid platform for implementation of early
cancer detection and screening programmes. These pro-
grammes are particularly important in low and medium re-
source regions of the world where cancer incidence is high
and resources are low. As an example, liver cancer is the is
the fifth most common cancer in men and the seventh in
women, and most of the burden is in developing countries,
where almost 85% of the cases occur (Ferlay et al., 2010). Due
to the lack of early detection and screening biomarkers as
well as due to the highly invasive approaches for HCC diagno-
sis, the potential development of a panel of DNA methylation
biomarkers in a surrogate tissue such as blood is of extreme
interest and necessity. A panel that can successfully differen-
tiate individuals with chronic liver disease from those with
HCC through the use of a biofluid, ensuring high-throughput
and that does not require significantly complex protocols
and logistical settings, may prove highly valuable. A platform
such as the one mentioned above was recently tested and
proven successful when differentiating patients with inflam-
matory pancreatic disease and pancreatic cancer, where rates
of sensitivity and specificity were reported to be high using
CFDNA from plasma (Liggett et al., 2010).

Overall, the recent progress in the field of epigenetics sug-
gests that further advancements in the characterization of the
methylome will bring about new strategies and technologies
to ultimately improve the detection, diagnosis and treatment
of cancer.
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