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The development of cancer is driven by the accumulation of scores of alterations affecting
the structure and function of the genome. Equally important in this process are genetic
alterations and epigenetic changes. Whereas the former disrupt normal patterns of gene
expression, sometimes leading to the expression of abnormal, constitutively active pro-
teins, the latter deregulate the mechanisms such as transcriptional control leading to
the inappropriate silencing or activation of cancer-associated genes. Both types of changes
are inheritable at the cellular level, thus contributing to the clonal expansion of cancer
cells. In this review, we summarize current knowledge on how genetic alterations in onco-
genes or tumour suppressor genes, as well as epigenetic changes, can be exploited in the
clinics as biomarkers for cancer detection, diagnosis and prognosis. We propose a rationale
for identifying alterations that may have a functional impact within a background of
“passenger” alterations that may occur solely as the consequence of deregulated genetic

Prognosis and epigenetic stability. Such functional alterations may represent candidates for targeted
therapeutic approaches.

© 2007 Federation of European Biochemical Societies.

Published by Elsevier B.V. All rights reserved.

1. Introduction span (Elenbaas et al., 2001). In the early 90s, studies on cancer

tissues have popularized the view that stepwise acquisition of

Carcinogenesis proceeds through the accumulation of genetic
and epigenetic changes that allow cells to break free from the
tight network of controls that regulate the homeostatic bal-
ance between cell proliferation and cell death (Hanahan and
Weinberg, 2000). The experimental work of Weinberg and
his collaborators has established that transforming a primary
cell into a malignant one in vitro requires alterations in the
functionality of a handful of mechanisms by which cells reg-
ulate their growth, division, position, differentiation and life

genetic alterations could determine the morphological changes
that accompany cancer progression (Fearon and Vogelstein,
1990). More recently, however, this ‘“sequential” concept has
been challenged by the observation that individual tumours
show a great heterogeneity in their patterns of genetic alter-
ations, epigenetic changes and gene expression, even within
homogenous histological groups (Feinberg et al., 2006). In
addition, the fact that malignant phenotypes can be main-
tained solely by a tiny sub-population of cell with stem
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Figure 1 — Cancers are the consequence of combined genetic and epigenetic changes induced by environmental/dietary factors that trigger

inappropriate activation or inactivation of specific genes leading to neoplastic transformation.

cell properties (Kim et al.,, 2005; Pardal et al., 2003; Singh
et al., 2004), argue that tumour heterogeneity is not simply
a consequence of mutation acquisition, leading to a clonal
expansion of mutated cells. Moreover, the notion that early-
stage cancers are systematically less aggressive than late-
stage cancers is being challenged by the identification of
early-stage cancers with similar gene expression profiles to
fully metastatic cancers (Schedin and Elias, 2004). Thus, it is
now clear that there are multiple mechanisms by which cells
can progress into malignancy, and that it is the concerted
accumulation and functional cooperation between genetic
and epigenetic changes, rather than their order of occurrence,
that drives carcinogenesis.

The elucidation of the human genome sequence has made
it possible to identify genetic alterations in cancers in unprec-
edented detail. In a recent study, the sequence of 13,023 well-
annotated human genes has been analysed in 11 breast and
11 colorectal cancer specimens (Sjoblom et al., 2006). Based
on this analysis, it appears that individual tumours may accu-
mulate an average of approximately 90 mutant genes but that
only a subset of these are likely to contribute to the neoplastic
process. Using stringent criteria to delineate this subset,
the authors identified that tumours contained, on average,
11 genes that were mutated at significant frequency, including
well-known oncogenes and tumour suppressor genes, as well
as many new genes predicted to affect a wide range of cellular
functions, such as transcription, cell adhesion, and invasion.

In addition to genetic changes, epigenetic events have
emerged as key mechanisms in the development of human
cancer. The research on epigenetics has become increasingly
visible due to the remarkable progress in our understanding
of the critical role of epigenetic mechanisms in normal cellu-
lar processes and the abnormal events that lead to diseases,
most notably to cancer. Thus, genetic and epigenetic events
represent two complementary mechanisms that are involved

at every step of carcinogenesis, from responses to carcinogen
exposures to progression into malignancy (Figure 1). In the
present review, we summarize current concepts on genetic
and epigenetic changes associated with cancer, and we
discuss their potential relevance as biomarkers for cancer
detection, diagnosis and prognosis.

2. Genetic alterations

In cancer cells, somatic mutations occur and accumulate at
a rate significantly higher than in normal cells, a property
referred to as “Mutator Phenotype”. This ability of cancer cells
to accumulate mutations is critical for the development of
cancer as well as for the rapid development of resistance to
cytotoxic cancer treatments (Bielas et al., 2006). The Mutator
Phenotype can be caused by a number of mechanisms, such
as defects in cell-cycle regulation, apoptosis, specific DNA
repair pathways, or error-prone DNA polymerase, and it can
have its source in inherited genetic defects that make subjects
prone to specific cancers. For example, patients with HNPCC
(hereditary non-polyposis colorectal cancer) exhibit microsa-
tellite instability in relation with mutations in genes involved
in the DNA mismatch repair system (Abdel-Rahman et al.,
2006; Fishel and Wilson, 1997). However, an important subset
of colorectal cancers exhibiting microsatelitte instability did
not contain mutations in mismatch repair genes (Thibodeau
et al., 1996), but instead these genes were found silenced by
promoter hypermethylation (Esteller et al,, 1998; Herman
et al., 1998; Kane et al., 1997).

Mutations in cancer cells cover a wide range of structural
alterations in DNA, including changes in chromosomes copy
numbers or chromosomal alterations encompassing millions
of base-pairs such as translocations, deletions or amplifica-
tions, as well as smaller changes in nucleotide sequences



28 MOLECULAR ONCOLOGY 1(2007) 26-41

such as point mutations affecting a single nucleotide at a crit-
ical position of a cancer-related gene (Sugimura et al., 1992).
These different kinds of alterations often co-exist within a
single tumour.

Tumours as well as precursor lesions harbor heteroge-
neous cell populations, including normal cells such as stromal
or inflammatory cells. When analysing such lesions, the pres-
ence of these non-tumour cells may mask the detection of
genetic alterations in cancer cell populations. The use of laser-
guided microdissection allows to selectively isolate groups of
cells corresponding to specific population. This approach,
coupled to refined, sensitive PCR-based detection methods,
provides the possibility of performing high resolution, molec-
ular profiling of selected cell groups (Garnis et al., 2004). In ad-
dition, sensitive PCR methods make it possible to detect small
amounts of DNA containing somatic genetic alterations in
biological fluids such as saliva or plasma, as well as in exfoli-
ated cells from diverse origins, thus providing opportunities
for detecting cancer of precancerous lesions based on non-
invasive genetic screening for somatic mutations (Gormally
et al,, in press).

Several databases are available that compile mutations in
cancer genes reported in the literature. The most extensive of
these databases is the COSMIC database maintained at the
Sanger Institute, Hinxton, UK (//www.sanger.ac.uk/genetics/
CGP/cosmic/) (Forbes et al., 2006). This database contains the
description of over 40,000 individual mutations occurring in
a set of 291 genes that have been identified as mutated and
causally implicated in cancer development (Futreal et al.,
2004). The list of these genes is available at http://www.sanger.
ac.uk/genetics/CGP/Census/. The most common mutation
class is chromosomal translocation that creates a chimeric
gene or apposes a gene to the regulatory elements of another
gene, a genetic event that is common in cancers of the haema-
topoietic system. From a functional point of view, the most
common domain thatis encoded by cancer genes is the protein
kinase domain. An example of a cancer gene commonly mu-
tated in such a domainis EGFR, encoding the epidermal growth
factor (EGF) receptor, which is frequently mutated in adenocar-
cinoma of the lung in never smokers (Shigematsu and Gazdar,
2006). Other commonly mutated functional domains are
involved in DNA binding and transcriptional regulation.

R248Q/W -

A typical example of such a cancer gene is the tumour suppres-
sor TP53, which is altered by mutation and/or loss of alleles
in about half of human cancer (Hainaut and Hollstein, 2000).

Despite intensive efforts for describing and cataloguing
mutations, their significance as biomarkers in the clinics
largely remains to be determined. So far, most studies have
consisted of the analysis of retrospective clinical series that
lack the design and power to assess the value of mutation
detection for cancer diagnosis or prognosis. In this section,
we briefly summarize current knowledge on the significance
as biomarkers of mutations on TP53 and EGFR, as examples
of clinically relevant mutations in human cancers.

2.1. TP53 mutations

TP53 encodes a 393-residue transcription factor that regulates
the expression of multiple genes involved in anti-proliferative
responses under certain stress conditions, such asin particular
DNA damage. This gene thus functions as an important
safeguard against untimely cell proliferation in genotoxic con-
ditions. The database maintained at the International Agency
for Research on Cancer (IARC TP53 database, http://www-
pS3.arc.fr/) compiles about 24,000 somatic TP53 mutations
detected in almost every type of human cancers (Olivier
etal., 2002). The majority of these mutations are missense sub-
stitutions (74%) resulting from single nucleotide substitutions
that cluster within exons 5-8, altering the conformation and/or
biochemical activity of the protein domain which isinvolved in
specific DNA binding (Figure 2A). In the early 90s, it became
apparent that TP53 mutations were occurringin a non-random
manner, and that there were significant differences in muta-
tions patterns, in particular between cancers that are strongly
associated with exposure to environmental mutagens. Thus,
one of the main applications of TP53 mutations as biomarker
is in molecular epidemiology, as potential reporter of specific
mutagenic exposures. Indeed, there is evidence that mutation
patterns in common cancers show significant differencesinre-
lation with geographic variations in incidence, perhaps indica-
tive of differences in exposure to specific environmental
carcinogens (Hainaut and Hollstein, 2000).

Several studies have addressed the significance of TP53
mutation detection in body fluids for early cancer detection.

753-758

Figure 2 — Most common mutations in TP53 (A) and EGFR (B). “Hotspot” mutations are colour-coded. The region encompassing residues

753-758 in EGFR is often targeted by small, in-frame deletions.
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For example, mutations are sometimes detectable in DNA
from sputum or from exfoliated bronchial cells in subjects
with chronic obstructive pulmonary disease (COPD) (Wang
et al,, 2006). Potentially the most interesting source of DNA
for early cancer detection is plasma, which contains small
amounts of free DNA fragments shed by apoptotic or ne-
crotic normal and cancer cells. TP53 mutations in plasma
DNA have been reported in patients with cancers of the colon,
pancreas, lung, and liver. For example, a specific, aflatoxin-
induced TP53 mutation (at codon 249) has been detected in
the plasma of non-cancer subjects who were chronic carriers
of Hepatitis B virus, up to 5 years ahead of the development
of liver cancer (Jackson et al., 2003). In a large prospective
study, we have shown that the presence of TP53 and/or
KRAS mutations in plasma DNA of healthy subjects was
predictive of the risk of bladder cancer (Gormally et al,
2006). It is, however, unclear whether mutant TP53 plasma
DNA originates from clinically undetected cancer or precan-
cerous lesions, or from normal cells undergoing exposure to
mutagens.

A large number of studies have investigated the predictive
value of TP53 mutation status for tumor response to treatment
and patient outcome in various cancers. In most cancers,
presence of a mutation is correlated with decreased survival
or poor response to treatment (for detailed see http://www-
p53.arc.fr/Somatic.html). For example, mutations within the
DNA-binding domain have been repeatedly associated with
bad prognosis in several types of cancer.

Based on data compiled from different European case se-
ries, we have recently performed a detailed assessment of
the prognostic significance of TP53 mutations in 1794 patients
with breast cancers (Olivier et al., 2006). In this series, the
overall TP53 mutation prevalence in exons 5-8 was 21%. Re-
sults from this large cohort showed that TP53 mutation was
a predictor of poor overall survival independently of the cur-
rently available prognostic factors such as tumour size, node
status and estrogen and progesterone receptor contents. Mis-
sense mutations located within the DNA-binding motifs and
non-missense (truncating) mutations were associated with
the worse outcome. Recent studies on gene expression profil-
ing using micro-arrays have shown that TP53 mutation
is associated with specific expression profiles. While tumour
classification based on these profiles was a stronger predictor
of outcome than any of the classical clinicopathological
markers, TP53 mutation was strongly correlated with the
profiles associated with bad outcome.

2.2. EGFR mutations

The epidermal growth factor receptor (EGFR) family corresponds
to subclass I of the receptor Tyrosine Kinase (TK) superfamily.
This subclass consists in four genes encoding monomeric
transmembrane TK receptors, EGFR (ErbB1), HER2 (ErbB2),
EGFR3 (ErbB3), and EGFR4 (ErbB4). Upon ligand binding, these
receptors undergo homo- or heterodimerization and activa-
tion of the conserved intracellular kinase domain, resulting
in activation of multiple downstream pathways mediating
proliferative and anti-apoptotic responses. EGFR and HER2
are often altered in diverse human cancers, by amplification,
point mutation, or both. Amplifications of EGFR have been

detected in brain cancers and in a small proportion of a num-
ber of epithelial cancers such as squamous oral or esophageal
cancer. Amplification and overexpression of HER2 are a fre-
quent event in breast and ovarian cancer (Harari and Yarden,
2000).

In recent years, mutations in the TK domain of EGFR have
attracted considerable interest due to their potential clinical
significance in predicting the response of lung cancer pa-
tients to small molecule Tyrosine Kinase Inhibitors (TKIs)
such as erlotinib or gefinitib (Paez et al., 2004; Pao et al.,
2004, 2005; Shigematsu and Gazdar, 2006; Toyooka et al.,
2005). A database of EGFR mutations in non-small cell lung
carcinomas is maintained at the City of Hope Hospital
(http://www.cityofhope.org/cmdl/egfr_db/index.html). Acti-
vating mutations in the TK domain of EGFR occur predomi-
nantly in lung adenocarcinomas of never smokers, and are
mutually exclusive with mutation in KRAS, which encodes
a protein involved in signal transduction downstream of
EGFR (Shigematsu and Gazdar, 2006). Thus, mutation in
EGFR may represent interesting biomarker of a lung carcino-
genic process different from the one initiated by exposure to
tobacco smoke.

EGFR mutations concentrate in the first four exons of the
TK domain (exons 18-21) and include point mutations, dele-
tions, and insertions. The main types of mutations are dele-
tions in exon 19 and a single point mutation in exon 21,
L858R, which together account for over 80% of all mutations
(Figure 2B). Occasional point mutations occur at several other
sites. These activating mutations alter the structure of the
region of the TK domain involved in ATP binding, thus
conferring ligand independence and selective activation of
downstream Akt and STAT pathways, which promote cell sur-
vival and induce a dependence on EGFR signals. Switching off
this dependency by TKI may thus represent a powerful thera-
peutic approach. Initial clinical studies have shown occa-
sional spectacular tumour regression in patients treated
with TKI. However, recent clinical trials have shown that
EGFR mutation per se does not fully predict the patient’s
response to TKI. Increased EGFR gene copy number and co-
expression of other members of the EGFR family may be
important in determining the sensitivity and clinical response
to TKI (Takano et al., 2005). Furthermore, treatment with TKI
might also be beneficial in some patients without character-
ized molecular alteration in EGFR family members. Recently,
a classification based on gene expression patterns has been
shown to capture the majority of tumours with high levels
of EGFR activation independently of the molecular mecha-
nism of activation, making it possible to develop predictive
models of EGFR TKI sensitivity that is not achieved with single
biomarkers or clinical characteristics (Balko et al., 2006).

3. Epigenetic alterations

The term ‘epigenetic’ defines all heritable changes in gene ex-
pression and chromatin structure that are not coded in the
DNA sequence itself. With minor exceptions (T- and B-cells
of the immune system), all differentiation processes are
triggered and maintained through epigenetic mechanisms.
Epigenetic inheritance includes DNA methylation, histone
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modifications and RNA-mediated silencing (Table 1), all of
which are essential mechanisms that allow the stable propa-
gation of gene activity states from one generation of cells to
the next (Feinberg et al., 2006; Jaenisch and Bird, 2003). Disrup-
tion of any of these three distinct and mutually reinforcing
epigenetic mechanisms leads to inappropriate gene expres-
sion, resulting in cancer development and other ‘epigenetic
diseases’ (Egger et al., 2004; Feinberg et al., 2006; Feinberg
and Tycko, 2004; Jones and Baylin, 2002). Despite the great
deal of uncertainty about the precise underlying mechanisms,
in recent years we have witnessed a tremendous pace of the
research on epigenetics and this field holds a great promise
to advance our understanding of tumorigenesis and help in
the development of strategies for cancer treatment and
prevention (Table 2).

3.1. DNA methylation

The best-studied epigenetic mechanism is DNA methylation.
The methylation of DNA refers to the covalent addition of
a methyl group to the 5-carbon (C°) position of cytosine bases
that are located 5’ to a guanosine base in a CpG dinucleotide
(Figure 3A). DNA methylation plays an important role in dif-
ferent cellular processes including gene expression, silencing
of transposable elements, and defense against viral sequences
(Bird, 2002; Jaenisch and Bird, 2003; Jones and Baylin, 2002).
Importantly, aberrant DNA methylation is tightly connected
to a wide variety of human cancer (see below). DNA methyla-
tion is mediated by enzymes DNA methyltransferases
(DNMTs) among which DNMT1 is the principal enzyme in
mammals responsible for post-replicative methylation
(known as maintenance of DNA methylation), and DNMT3A
and 3B are responsible for methylation of new CpG sites
(de novo methylation). The levels and patterns of DNA methyl-
ation undergo dramatic changes during embryonic develop-
ment, starting with a wave of a profound demethylation
during the cleavage stage and followed by a widespread de novo
methylation after embryo implantation stage (Jaenisch, 1997).
Interestingly, in contrast to the maternal genome, which is
only partially demethylated after fertilization; demethylation

is a remarkably active and rapid process in the male genome
resulting in an almost complete removal of methyl groups
(within hours) after fertilization. Recent studies indicated
that during early embryonic development the promoter meth-
ylation is accompanied by specific histone modifications that
are typical of heterochromatin, and that abnormal epigenetic
premarking during early embryonic development may pre-
dispose certain genes to cancer promoting DNA methylation
events (Schlesinger et al., 2006; Widschwendter et al., 2006).

3.2. Histone modifications

Post-translational marking of chromatin proteins (histones)
is a major epigenetic mechanism of fundamental importance
in the regulation of cellular processes that utilize genomic
DNA as a template (Jenuwein and Allis, 2001; Loizou et al.,
2006; Peterson and Cote, 2004). Acetylation, methylation,
phosphorylation and ubiquitination are major histone modi-
fications (Figure 3B), combination of which may constitute
the ‘histone code’ that extends and modulates the genetic
code (Jenuwein and Allis, 2001; Strahl and Allis, 2000). Histone
modifications play multifaceted roles for several cellular
processes including gene transcription, DNA repair, recombi-
nation and DNA replication, and their deregulation is impli-
cated in human malignancies (Cairns, 2001; Feinberg et al.,
2006; Rowley, 1998; Wolffe, 2001; Yang, 2004). Several lines
of evidence implicated histone acetylation and protein com-
plexes (HATSs) responsible for this chromatin modifications
in human malignancies. HATs have been shown to be
involved in chromosomal translocations in which resulting
fusion protein exhibits a ‘“‘gain-of-function” by altered HAT
activity on specific histones. This is well exemplified by
p300 and CBP genes that are found translocated on specific
chromosomes in certain leukaemia. In addition, a number
of HAT proteins have been found among leukemic transloca-
tions, underscoring the importance of a tight control of HATs
and histone acetylation for tissue homeostasis. Furthermore,
screening of human cancers identified mutations in HAT
genes. For example, mutations in p300 and CBP have been
found (Gayther et al.,, 2000; Santos-Rosa and Caldas, 2005;

Table 1 — Epigenetic changes and possible mechanisms by which they promote tumorigenesis

Epigenetic change

Putative mechanism

Biological consequence

DNA hypomethylation Activation of cellular oncogenes
Activation of transposable element
DNA hypermethylation De novo hypermethylation of CpG islands within gene

promoters leading to silencing of tumour suppressors

and cancer-associated genes

Loss of imprinting (LOI)
of imprinted genes

Relaxation of X-chromosome
inactivation

Gain-of-function
Loss-of-function

Histone acetylation

Histone deacetylation Silencing of tumour suppressor genes

Histone methylation

Reactivation of silent alleles, biallelic expression

Mechanisms is unknown but it appears to be age-related

Loss of heritable patterns of gene expression (‘cellular memory’)

Increased proliferation, growth advantage
Genomic instability, transcriptional noise

Genomic and chromosomal instability,
increased proliferation, growth advantage

Expansion of precursor cell population
Altered gene dosage, growth advantage
Activation of tumour promoting genes
Defects in DNA repair and checkpoints

Genomic instability, increased proliferation

Genomic instability, growth advantage
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Table 2 — Epigenetic changes/patterns as potential biomarkers in clinics

Epigenetic marker

Clinical association

Reference

Histone modifications
Histone acetylation and dimethylation of five
residues in histones H3 and H4

DNA methylation

Analysis of methylation patterns of 45 DNA
fragments using methylation-sensitive
arbitrarily primed-PCR (MS-AP-PCR) screening

Analysis of 1,184 unselected CpG islands in
98 primary human tumours using restriction
landmark genomic scanning (RLGS)
Methylation analysis of 1104 CpG islands
using CpG island arrays (differential
methylation hybridization, DMH)

Methylation of CpG island of 9 genes
identified by MS-RDA

Methylation of MGMT

Methylation of DAPK

Methylation of RASSF1 and/or APC in serum DNA

Methylation analysis (MSP) of 12
cancer-associated genes

Methylation analysis (MSP) of 8 genes in 105
specimens of NSCLC representing all stages
of cancer

Methylation analysis of 9 genes (by QM-MSP) on
ductal lavage cells from women
undergoing mastectomy

Methylation of 4 GATA genes

Methylation of 7 fragments derived from screening

of methylated CpGs (by MS-RDA)

Predictors of outcome independently of tumour
stage, preoperative prostate-specific antigen
levels, and invasion

Methylation patterns varied between different
tumours suggesting variable penetrance of the
methylation phenotype (colon, prostate and

bladder cancers)

CpG island methylation patterns were shared within a
given cancer type. Some tumours appears to have
relatively lower levels of methylation compared to others
CpG island methylation patterns correlated with
histological grade of breast cancer (poorly differentiated
tumours exhibited more hypermethylated CpG islands)
hypermethylation was associated with less high grade
breast cancers

Aberrant methylation of 9 genes is associated with
diffuse-type and intestinal-type histology of gastric
cancers

Response of gliomas and lymphomas to chemotherapy
using alkylating agents

Recurrence of bladder cancers

Association with poor outcome of breast cancer cases
In samples from 50 consecutive T-ALL leukaemia
patients, the methylation profile appears to be a
biomarker of risk prediction

Three genes (APC, ATM, and RASSF1A) emerged

as determinants of prognostic groups

Methylation analysis was found to be more sensitive
than cytology. Methylation marker could improve
sensitivity and specificity of detection of breast cancer
Methylation of GATA-4,-5 was correlated with clinical
parameters and age of patients

Strong association between methylation (methylator
phenotype) and poor prognosis of neuroblastomas

Seligson et al. (2005)

Liang et al. (1998)

Costello et al. (2000)

Yan et al. (2000)

Kaneda et al. (2002)

Esteller et al. (2002) and
Esteller and Herman (2004)
Tada et al. (2002)

Muller et al. (2003)
Roman-Gomez et al. (2005)

Safar et al. (2005)

Fackler et al. (2006)

Guo et al. (2004)

Abe et al. (2005)

Shigeno et al., 2004). These results thus suggest that HATs
may act as tumour suppressor genes. Similarly, histone
deacetylases (HDACs), enzymes responsible for the removal
of acetyl groups from histone tails, participate in a dynamic
equilibrium of histone acetylation. By analogy, deregulation
of this process is believed to be implicated in human cancer,
and several tumour suppressor genes such as RB (retinoblas-
toma), APC (adenomatosis polyposis coli), and p53 may
require HDAC activity for their function (Frolov and Dyson,
2004; Sengupta et al., 2005; Zhu et al., 2004).

Histone methylation occurs on lysine and arginine resi-
dues and is carried out by a family of enzymes called histone
methyltransferases (HMTs). Lysine residues can be mono-,
di-, or tri-methylated, whereas, arginine can be either mono-
or di-methylated. Interestingly, histone methylation may be
associated with either transcriptional activation or repres-
sion, depending on lysine/arginine modified by methylation
and other histone modifications in the surrounding residues
or even different histone tails. For example, tri-methylation
of histone H3 lysine-4 is associated with transcriptional
activation and creates a binding site for the chromodomain
containing proteins which recruits HATs (Pray-Grant et al.,

2005). Similarly, methylation of lysine-36 and lysine-79 of
histone H3 appears to be associated with active chromatin
and transcriptional activation. In contrast, tri-methylation
of histone H3 lysine-9 contributes to transcriptional silencing
by recruiting heterochromatin protein (HP1) and triggering
formation of heterochromatin (Jenuwein and Allis, 2001).
Similarly, methylation of histone H3 lysine 27 is associated
with transcriptional repression and maintenance of silent
chromatin through recruitment of the Polycomb complex
(PRC1) (Cao et al., 2002). Consistent with their important
role in transcriptional control many HMTs are essential for
cell proliferation and their deregulation is implicated in
human diseases including cancer (Santos-Rosa and Caldas,
2005; Schneider et al., 2002; Sparmann and van Lohuizen,
2006; Varambally et al., 2002).

3.3 RNA-associated gene silencing

This type of epigenetic inheritance involves RNA molecule
(i.e. RNA interference or noncoding RNA) and is found to play
an important role in the maintenance of the gene transcrip-
tion state through multiple cell divisions (Egger et al., 2004).
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Accumulating evidence indicates that deregulation in micro-
RNAs (miRNAs) are linked to several steps of cancer initiation
and progression. miRNAs are relatively small noncoding RNAs
(usually 20-22 nucleotides long) that are excised from longer
(60-110 nucleotides) RNA precursor (Bartel, 2004; Calin and
Croce, 2006). miRNAs play essential roles in normal biological
processes including development, proliferation, differentia-
tion and cell death (Bartel, 2004; Pasquinelli et al., 2005). Inter-
estingly, miRNA appears to be able to act as either tumour
suppressors or oncogenes by affecting distinct genes of gene
families involved in critical biological processes such as prolif-
eration and differentiation. Many miRNA genes are located
in the genomic loci known as fragile sites and are therefore
susceptible to either loss of amplification (Zhang et al., 2006a).

Several recent studies indicated that miRNA profiles differ
significantly between cancer and normal tissues and also
between different tumours (Lu et al., 2005; Calin and Croce,
2006; Volinia et al., 2006). Interestingly, miRNA profiling
revealed distinct patterns that may classify cancers according

to the developmental lineage and differentiation status, lend-
ing miRNAs useful tools in cancer diagnostics and prognosis.
Although we are just beginning to understand complexity of
mechanisms regulated by miRNAs, future studies in this field
are likely to provide important information to the overall
knowledge in cancer biology.

3.4.  Aberrant DNA methylation in cancer

Two forms of aberrant DNA methylation is found in human
cancer: the overall loss of 5-methyl-cytosine (global hypome-
thylation) and gene promoter-associated (CpG island-specific)
hypermethylation (Feinberg and Tycko, 2004; Jones and
Baylin, 2002). Both global hypomethylation and CpG island
hypermethylation are found in virtually all types of cancer.
While the precise consequences of genome-wide hypomethy-
lation are still debated (activation of cellular proto-oncogenes,
induction of chromosome instability), hypermethylation of
gene promoters is in turn associated with gene inactivation
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(Feinberg and Tycko, 2004; Jones and Baylin, 2002). Therefore,
DNA methylation can act as a double-edged sword, promoting
the neoplastic process by local hypermethylation resulting in
silencing of tumour suppressor genes and in parallel by global
hypomethylation triggering reactivation of cellular proto-
oncogenes (Table 1). A plethora of studies reported the silencing
of tumour suppressor genes and other cancer-related genes,
central to the development of many human cancers, may
occur through hypermethylation in the absence of obvious
genetic change.

3.5.  p16™X** (CDKN2A) promoter
hypermethylation in cancer

Significant efforts have been made to discover the epigenetic
target gene(s) suitable for early diagnosis, risk assessment
and cancer prevention. Such gene would be the target of
DNA hypermethylation early in the tumour development, in
a high percentage of cases, and specific to cancer type. To
the large extent, the p16™%** (CDKN2A) gene appears to fulfill
these criteria. p16™%4, a gene encoding a tumour suppressor,
is among the most frequently silenced (by de novo hyper-
methylation) cancer-associated genes in human cancer.

The p16™¥** gene resides on a complex locus on human
chromosome 9p, which contains an alternative promoter and
alternative reading frame encoding unrelated tumour
suppressor p194FF, known as positive regulator of p53 tumour
suppressor. Interestingly, the third tumour suppressor (p15),
another CDK inhibitor, is expressed from the genomic se-
quence adjacent to the p16™¥*/p194FF locus. Curiously, all
three tumour suppressors are silenced through epigenetic
mechanism, although this does not seem to happen to the
same extent and in the same tumour types. The p16™¥*
gene is one of the most extensively studied genes with respect
to DNA methylation in human cancers. The protein product of
p16™X* gene haslongbeen recognized as a tumour suppressor
and mediator of cell senescence (Gil and Peters, 2006). p16™%*2
protein binds and inhibits CDK4/CDK6-cyclin-D kinase activity
thereby maintaining pRB (the protein product of the retino-
blastoma tumour suppressor gene) in its unphosphorylated
and growth-suppressive state, resulting in cell-cycle arrest at
G1 phase (Sherr and Roberts, 1999). De novo methylation of
the p16™¥* promoter is one of the most frequent epigenetic
alterations detected in a wide range of human cancer. In
addition, silencing of p16™%*? by promoter hypermethylation
is highly tumour specific (Shaw et al., 2006) and appears to be
the earliest event in some cancer types (Belinsky et al., 2002),
making this gene an attractive target for preventive strategies.

Examination of biopsies from different stages of human
squamous-cell lung carcinoma (SCC) revealed a progressive
increase in p16™*® promoter methylation (Belinsky, 2004;
Belinsky et al., 1998; Nuovo et al., 1999). For example, the fre-
quency of p16™%* promoter methylation increased during
lung cancer progression from basal cell hyperplasia (17%) to
squamous-cell metaplasia (24%) to carcinoma in situ (50%) to
SSC (60%) (Belinsky, 2004; Belinsky et al., 1998). Even higher fre-
quency (94%) of p16™%*? promoter methylation was observed
in lung tumours of rats exposed to 4-methylnitrosamino-1-
(3-pyridyl)-1-butanone, a carcinogen found in tobacco smoke
(Belinsky et al., 1998). The study of O(6)-methylguanine-DNA

methyltransferase (MGMT), another cancer-related gene,
also reveled a high prevalence of methylation (51%) which in-
creased with tumour stage, however, in contrast to p16'™%%4 it
appears to be a late event in lung adenocarcinoma and does
not correlate with tobacco smoking (Pulling et al., 2004).
Thus, the progressive increase and high incidence of p16™¥**
methylation as well as its concordance with the morphological
changes defined for the development and progression of SCC
makes this epigenetic change ideally suited for early
diagnostic and risk assessment.

3.6. Epigenetic changes as biomarkers in the clinic
and risk assessment

For many types of human tumours, symptoms are often not
presented until the primary tumours have invaded surround-
ing tissue and/or metastasized, therefore the late presentation
of neoplastic process prevents the timely detection of cancer,
resulting in high mortality. The discovery of epigenetic bio-
markers thus may prove to be extremely useful for early de-
tection and prevention of cancer. Cancer patients have been
shown to have increased amounts of cell free DNA in their
plasma or serum. In addition to genetic changes, epigenetic
alterations are increasingly characterized in circulating DNA
from different types of tumours, and such changes can be
used for sensitive and specific detection of tumour-derived
nucleic acids in the circulation. To date, nearly all tumour-
associated nucleic acids have been detected in the plasma or
serum of cancer patients and successful detection of epigenetic
marks in circulating DNA has opened up new possibilities in
cancer detection and risk assessment. A number of cancer-
associated genes have been found methylated in plasma/serum
DNA. Among these, p16™%¢, p15™4%» RASSF1A, MLH1, GSTP1,
CDH1, APC, and DAPK1 are the genes found most frequently
methylated in circulating DNA (Laird, 2003). Furthermore,
efficient detection of methylated tumour-associated genes in
circulating DNA was reported for a wide range of human cancers
including head and neck cancer (Sanchez-Cespedes et al.,
2000; Wong et al., 2002, 2004, 2003); oesophageal cancer (Kawa-
kami et al., 2000), lung cancer (An et al., 2002; Belinsky et al.,
2005; Esteller et al., 1999; Kurakawa et al., 2001; Usadel et al.,
2002; Bearzatto et al., 2002), liver cancer (Wong et al., 2000,
1999, 2003; Zhang et al., 2006b), gastric cancer (Lee et al.,
2002), bladder cancer (Dominguez et al., 2002; Goessl et al.,
2002; Valenzuela et al., 2002); prostate cancer (Goessl et al.,
2000; Jeronimo et al., 2002; Papadopoulou et al., 2006, 2004),
and colorectal cancer (Bazan et al., 2006; Grady et al., 2001;
Lecomte et al.,, 2002; Nakayama et al., 2002; Taback et al.,
2006; Zou et al., 2002). In addition to plasma/serum DNA, epige-
netic changes may be detected in other bodily fluids, such as
urine, sputum, and breast ductal lavage (Laird, 2003).

Importantly, several studies on methylation in bodily fluids
(such as plasma and urine) from cancer patients reported a di-
agnostic coverage of 100% using panels of as few as four genes
(Chan et al., 2002; Dulaimi et al., 2004). Therefore, since con-
comitant methylation of multiple gene promoters and bodily
fluids were strongly associated with human cancer, clinical
sensitivity of the methods for detection of methylation bio-
markers in bodily fluids may be increased by using multiple
epigenetic markers.
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While cancer epigenetics have focused primarily on DNA
methylation changes as biomarker (Laird, 2003), cancer-specific
histone modifications as potential biomarkers remain largely
unexplored. Two recent studies have given us a glimpse of
what could be the utility of histone modification patterns in
the clinic and risk assessment (Fraga et al.,, 2005; Seligson
et al., 2005). Future studies are likely to provide detailed infor-
mation on the possible use of histone marks in the clinic,
especially in the area of molecular diagnostics, early detection
and prognosis. As we gain insight into the functional signifi-
cance of chromatin alterations and as new tools for specific
and efficient detection of histone marks become available,
there will be enormous benefit to use histone modifications
in clinics and risk assessment.

3.7.  The CpG island methylator phenotype (CIMP)

The studies on DNA methylation involving multiple genes
revealed that some cancer types exhibit concurrent methyla-
tion of groups of cancer-associated genes. To define this phe-
nomenon, Jean-Pierre Issa coined the term the CpG island
methylator (CIMP) phenotype (Issa, 2004; Toyota et al., 1999),
which was most apparent in colorectal cancer where it was
found that cancers with microsatellite instability exhibit
a high prevalence of methylation of multiple gene promoters
including those of p16™%%* and MLH1, the mismatch repair
gene (Ahuja et al., 1997). A puzzling evidence emerged from
another study showing that tumours with microsatellite in-
stability show hypermethylation and silencing of MLH1 gene
(Kane et al., 1997). This lead to the proposal that methylation-
mediated silencing of MLH1 causes microsatellite instability.
This notion was subsequently supported by a study demon-
strating that the reversal of hypermethylation with 5-aza-2'-
deoxycytidine treatment resulted in reexpression of the
silenced MLH1 gene and restoration of the DNA mismatch
repair capacity (Herman et al., 1998). A more recent study
has shown that the CIMP phenotype may also be associated
with mutations in other genes such as BRAF (Weisenberger
et al., 2006).

In addition, several studies revealed other genes (including
p16™K4% that are silenced through hypermethylation in
sporadic cancers with microsatellite instability (Shen et al,,
2003; Shibata et al., 2002). It is important to note that these
genes are not found preferentially methylated in inherited
cancers with microsatellite instability associated with germ-
line mutations in DNA mismatch repair genes, ruling out the
possibility that the reduced capacity of mismatch repair itself
may promote hypermethylation (Yamamoto et al., 2002).
While the CIMP phenotype has been extensively studied in co-
lorectal cancer (Ahuja et al., 1997; Goel et al., 2006; Issa, 2004;
Shibata et al., 2002; Toyota et al., 1999; Weisenberger et al.,
2006), several other studies provided evidence that the CIMP
phenotype may also be present in other cancer types
including hepatocellular carcinoma, gastric cancer, pancreatic
cancer, glioblastomas, oral cancer, leukaemias, and solid
tumours (An et al., 2005; Issa, 2004; Marsit et al., 2006; Shaw
et al.,, 2006; and reference therein). However, the existence of
CIMP has been challenged by some studies where no
evidence of concordant hypermethylation of multiple genes
was found (Eads et al.,, 1999, 2001; Slattery et al., 2007).

Therefore, it is likely that the CIMP-positive tumours repre-
sent a subset of cancers with distinct epigenotype.

Despite wealth of studies providing strong evidence for ex-
istence of CIMP in a variety of human cancers, the causes and
underlying mechanism of this phenomenon remain unclear
(Issa, 2004). It is possible that the CIMP is a consequence of in-
activation (possibly through mutations) of the genes involved
in the process of DNA methylation, although such a possibility
awaits an experimental proof. Alternatively, specific agents
(epimutagens), of combination thereof, in the environmental,
diet, or lifestyle may promote, and/or relieve resistance
against, aberrant methylation, leading to altered gene expres-
sion and oncogenic process. The large population-based
cohorts and case-control studies may offer excellent opportu-
nities to test the contribution of repeated and chronic expo-
sure to epimutagens in the environment and nutrition to
CIMP in specific cancers.

Regardless of the origin of CIMP, molecular distinction of
CIMP-positive cancers seems to be reflected in their clinical,
histopathological and epidemiological attributes (Issa, 2004;
Samowitz et al., 2005). For example, CIMP-positive cancers ex-
hibit a low rate of p53 mutations and strikingly high frequency
of KRAS and BRAF (Kambara et al., 2004; Toyota et al., 2000;
Weisenberger et al., 2006). Importantly, CIMP-positive cases
seem to be associated with poor prognosis (Issa, 2003; Ward
et al.,, 2003). Therefore, CIMP phenotype could be exploited
in the clinic for risk assessment and diagnostic/prognostic
purposes.

3.8. Loss of imprinting (LOI) and cancer

Genomic imprinting refers to the conditioning of parental
genomes mediated by epigenetic mechanism during gameto-
genesis ensuring that a specific locus is exclusively expressed
from either maternal or paternal genome in the offspring
(John and Surani, 2000; Surani et al., 1984; Oakey and Beechey,
2002). Around 80 genes have so far been found imprinted in
humans and mice, although a recent estimation suggested
that as many as 600 genes are potentially imprinted (Luedi
et al., 2005). Interestingly, imprinted genes are not equally
distributed throughout the genome, but are clustered into
a distinct imprinted domains in both humans and mice (e.g.
about half of all imprinted mouse genes are clustered on chro-
mosome 7) (Beechey C.V., Cattanach B.M., Blake A., Peters J.
(2004) Harwell (United Kingdom) http://www.mgu.har.mrc.
ac.uk/research/imprinting).

Imprinted genes play critical roles in developmental and
cellular processes, therefore loss of imprinting (LOI) due to
epigenetic alterations leads to abnormal biallelic expression
resulting in several human syndromes. Importantly, patho-
logical biallelic expression of several genes caused by LOI is
associated with human cancer (Feinberg et al., 2006; Feinberg
and Tycko, 2004).

In general, the potential significance of epigenetic dysfunc-
tion in human malignancies is illustrated by the fact that the
LOI and loss of X-inactivation occur at much higher frequency
compared to genetic mutations (King et al., 1994).

One of the best-studied example of genomic imprinting
and its implication in human malignancies is the IGF2/H19
locus. The H19 gene, which encodes a nontranslated RNA, is
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monoallelically expressed as the paternal allele is normally si-
lenced through its promoter hypermethylation. Since H19 gene
lies at 100 kb downstream from the IGF2 gene, the maternal-
specific expression of H19 induces silencing of IGF2 in cis,
resulting in monoallelic expression of IGF2 from opposite
(paternal) copy. Therefore, the reciprocal expression of these
two genes is a tightly regulated mechanism, and when the
H19 promoter is abnormally methylated on both alleles, patho-
logical biparental expression (hyperexpression) of IGF2 occurs.

TheIGF2/H19locus has been intensively studied in childhood
malignancies such as Wilms’ tumours as well as overgrowth
syndromes such as the Beckwith-Wiedemann syndrome (Fein-
berg and Tycko, 2004). Early works from the Feinberg’s, Reeve’s
and Tycko’s laboratories revealed that embryonal neoplasms
are in turn associated with hypermethylation and consequent
silencing of H19 gene resulting in reciprocal increase in IGF2
expression (Moulton et al., 1994; Steenman et al., 1994). This
lead to the notion of a gatekeeper role for LOI in tumours (Fein-
berg and Tycko, 2004). The strong support for a gatekeeper role
for LOI of IGF2 in Wilms’ tumours has come from the studies
showing that Beckwith-Wiedemann syndrome, a prenatal over-
growth disorder, predisposes to various embryonal tumours
including Wilms’ tumours.

It is estimated that LOI of IGF2 accounts for a significant
subset (~50%) of Wilms’ tumours in children (Ravenel et al.,
2001). Consistent with an important role of LOI of IGF2 in can-
cers of adults, recent studies demonstrated that epimutation
of IGF2/H19 locus is a common epigenetic event in adults
and is associated with fivefold increased incidence of colorec-
tal cancer (Cui et al., 2003; Sakatani et al., 2005).

Interestingly, disrupted imprinting of IGF2/H19 locus is
found relatively early in the development of Wilms’ tumour

and often in the adjacent normal tissue or precancerous
lesions in kidney of Wilms’ tumour patients (Moulton et al.,,
1994). Several studies showed that LOI of IGF2 frequently
occurs in histologically normal colon tissues of patients with
colon cancer associated with LOI (Cui et al., 2003, 1998; Woodson
et al.,, 2004). A more direct evidence for the role of LOI in
tumorigenesis is provided by studies from Feinberg laboratory
demonstrating specific changes and increased susceptibility
to colon cancers in both humans and mice with biallelic ex-
pression of IGF2 (Cui et al., 2003; Sakatani et al., 2005). An im-
portant observation emerged from these studies, thatis, LOI of
IGF2 led to a shift toward a less differentiated normal intesti-
nal epithelium in both humans and mice (Sakatani et al,,
2005), a synonym for an altered maturation of non-neoplastic
tissue. This argues that LOI may be a frequent mechanism by
which epigenetic alterations predisposes to the development
of cancer. These observations, together with other advances
in cancer epigenetics, led to the new concept of cancer devel-
opment known as the epigenetic progenitor model (Feinberg
et al.,, 2006), which challenges the widely accepted clonal
genetic model of cancer.

4. Conclusion and perspectives

In recent years, the development of genome-wide analytic
methods has opened the possibility of identifying simulta-
neously multiple changes in gene expression as well as in ge-
netic or epigenetic alterations affecting the genome of cancer
cells. The main question raised by such studies is to determine
which alterations, or combinations thereof, can be interpreted
as reliable biomarkers for providing information about the
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carcinogenesis process. This assessment should be done from
the viewpoint of the suspected, primary role of such alterations
in the initial steps of tumorigenesis. Indeed, the molecular
events that occur in early stage of cancers or in precursor
lesions are more likely to have a direct influence on cancer
occurrence and progression than those that accumulate at
later stage of cancer development. Among the latter, many
alterations may be considered as “passengers’ that represent
sequels of the highly disturbed genetic and genomic instability
that accompanies the progression of many cancers.

Similar to genetic changes, epigenetic events are also shown
to influence virtually each steps in tumour development, there-
fore, understanding epigenetic changes associated with cancer
onset, progression and metastasis are fundamental to improv-
ing our abilities to successfully diagnose, treat and prevent
cancer. Epigenetic changes (e.g. promoter-specific hyperme-
thylation) occur early and at high frequency in different human
malignancies, this feature combined with high sensitivity and
specificity of detection may be exploited in the area of molecu-
lar diagnostics and cancer risk assessment. As a result, the re-
search on epigenetic changes as potential biomarkers is in full
swing. To date, sensitive detection of cancer using epigenetic
biomarkers in DNA extracted from plasma/serum and other
bodily fluids has been demonstrated for a large number of
human cancers. Itis hoped that this type of universally applica-
ble markers would be made available in a clinical diagnostic
setting and population-based screening in the near future.

A distinguishing feature of epigenetic changes in compari-
son with genetic changes is that they are reversible; therefore
aberrant DNA methylation, histone acetylation and methyla-
tion are attractive targets for the epigenetic therapy. Indeed,
a number of drugs that are capable of altering levels or pat-
terns of DNA methylation or histone modifications have
been discovered, and many of these drugs are now in clinical
trials (Egger et al., 2004). The intrinsic reversibility of epige-
netic alterations also represents an exciting opportunity for
the development of novel strategies for cancer prevention.

Figure 4 summarizes how it may be possible to design tai-
lored treatment strategies by taking into account the func-
tional contribution of genetic and epigenetic changes to the
disruption of the regulatory mechanisms that constitute the
“hallmarks of cancer”. From this viewpoint, the molecular
“signature” of each cancer would consist the description of
a specific set of alterations by which a particular tumour
escapes these regulatory mechanisms. Based on this knowl-
edge, it may become feasible to select appropriate combina-
tions of therapeutic agents to revert or block the functional
consequences of these alterations in tumours. By targeting
specifically and simultaneously multiple pathways based on
molecular signatures, such approaches may confer a greater
therapeutic efficacy, while having less side-effects than
conventional cytotoxic therapies.
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