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GENOMIC IMPRINTING

Process by which genes are
selectively expressed by the
maternal or paternal homologue
of achromosome.

X-INACTIVATION

Mammalian females have two
X chromosomes per genome,
whereas males have only one. In
female mammals, one

X chromosome is functionally
silenced during embryogenesis
to ensure that the stoichiometry
of X-chromosomal and
autosomal gene products is the
same in males and females.

University of Southern
California, Norris
Comprehensive Cancer
Center, Room 6418,
1441 Eastlake Avenue,
Los Angeles, California
90089-9176, USA.
e-mail: plaird@usc.edu
doi:10.1038/nrc1045

THE POWER AND THE PROMISE OF
DNA METHYLATION MARKERS

Peter W. Laird

The past few years have seen an explosion of interest in the epigenetics of cancer. This has been
a conseqguence of both the exciting coalescence of the chromatin and DNA methylation fields,
and the realization that DNA methylation changes are involved in human malignancies. The
ubiquity of DNA methylation changes has opened the way to a host of innovative diagnostic and
therapeutic strategies. Recent advances attest to the great promise of DNA methylation markers

as powerful future tools in the clinic.
EARLY DETECTION (@

We are accustomed to the idea that the coding potential
of the genome lies within the arrangement of the four
bases adenine, cytosine, guanine and thymine; however,
additional information that affects phenotype is stored
in the distribution of the modified base 5-methylcyto-
sine. This form of information storage is flexible enough
to be adapted for different somatic cell types, yet is sta-
ble enough to be retained during mitosis and/or meio-
sis. It is a modification of the genome, as opposed to
being part of the genome, so is known as ‘epigenetics’
(Greek for ‘upon’ genetics). Dense methylation of pro-
moter regions is associated with a compacted chromatin
structure, and accompanying transcriptional silencing
of the affiliated gene’=3. In recent years, it has become
apparent that the transcriptional silencing that is associ-
ated with 5-methylcytosine is important in mammalian
development*®, protection against intragenomic para-
sites®, GENomic IMPRINTING®, X-INacTIVATIONS, mental health®
and cancer”.

Cytosine methylation occurs after DNA synthesis,
by enzymatic transfer of a methyl group from the
methyl donor S-adenosylmethionine to the carbon-5
position of cytosine. The enzymatic reaction is per-
formed by one of a family of dedicated enzymes called
DNA methyltransferases (DNMTs). DNMT1 is the
main enzyme in mammals, and is responsible for the
post-replicative restoration of hemi-methylated sites
to full methylation, referred to as maintenance methy-
lation, whereas DNMT3A and DNMT3B are thought
to be involved primarily in methylating new sites, a

process called de novo methylation. The predominant
sequence recognition motif for mammalian DNA
methyltransferases is 5'-CpG-3', although non-CpG
methylation in mammals has also been reported®.
CpG is the only dinucleotide to be severely under-rep-
resented in the human genome, and this is thought to
be due to the high rate of methylcytosine-to-thymine
transition mutations®. The remaining CpG dinu-
cleotides are unequally distributed across the human
genome — vast stretches of sequence are deficient for
CpGs, and these are interspersed by CpG clusters
called cpG 1sLANDS.

CpG islands were traditionally thought to be
unmethylated in normal cells, with the exception of
those that are associated with imprinted genes and
genes on the inactive X chromosome. It now seems
that some non-imprinted autosomal CpG islands are
methylated in normal cells, and might even use this
mechanism for the control of gene expressioni*14,
Nevertheless, most methylated cytosine residues are
found in CpG dinucleotides that are located outside
of CpG islands, primarily in repetitive sequences®.
Methylation of some CpG islands in non-malignant
tissues increases with age'**2, but the total genomic
content of 5-methylcytosine declines®. These oppos-
ing events are also present, but are much more pro-
nounced, in cancer cells*~*°, Cancer-specific DNA
methylation changes at individual gene loci have so
far focused primarily on nypermeTHyLATION Of CpG
islands”1%2526 Cancer-specific DNA HYPOMETHYLATION
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CpG ISLAND

First described by Adrian Bird as
an unmethylated Hpall tiny
fragment (HTF) and formerly
commonly defined asa
contiguous window of DNA of
at least 200 base pairs in which
the G:C content is at least 50%
and the ratio of observed CpG
frequency over the expected
frequency exceeds 0.6. Recently,
amore stringent definition of a
500-base-pair window with a
G:C content of at least 55% and
an observed over expected CpG
frequency of at least 0.65 has
been proposed to exclude most
Alu repeat sequences.

DNA HYPERMETHYLATION
Anincreased level of DNA
methylation in a DNA sample at
either an individual CpG
dinucleotide or at a group of
CpG dinucleotides relative to a
reference DNA sample, usually
derived from a normal tissue.

DNA HYPOMETHYLATION

A decreased level of DNA
methylation in a DNA sample at
either an individual CpG
dinucleotide or at a group of
CpG dinucleotides (or even the
entire genome) relative to a
reference DNA sample, usually
derived from a normal tissue.

POLYMORPHISM

A sequence variant that is
present among human
populations.

Summary

* Cytosine-5 DNA methylation occurs in mammals at CpG dinucleotides. About 70% of the CpG dinucleotides in the

mammalian genome are methylated.

* The complexity of varying distributions of methylated cytosines across the approximately 50 million CpG
dinucleotides of each mammalian genome in a DNA sample that is derived from a heterogenous tissue sample is a

diagnostic dream and an analytical nightmare.

» A nomenclature for the three principal approaches to methylation analysis — methylation content, methylation levels
and methylation patterns — is proposed. The latter two types of analysis can be performed at multiple sites in the

genome to yield methylation profiles.

« In the past decade, DNA methylation analysis has been revolutionized by two technological advances — bisulphite
modification of DNA and methylation-specific polymerase chain reaction (MSP).

* CpG islands are approximately 1-kb stretches of DNA-containing clusters of CpG dinucleotides that are usually
unmethylated in normal cells and are often located near the 5' ends of genes. Methylation of promoter CpG islands is
associated with a closed chromatin structure and transcriptional silencing of the associated gene.

» Hypermethylation of CpG islands isa common event in carcinogenesis. The transcriptional silencing of tumour-
suppressor genes by promoter CpG island hypermethylation can contribute to oncogenesis.

* DNA methylation profiles represent a more chemically and biologically stable source of molecular diagnostic
information than RNA or most proteins. The diagnostic potential of DNA methylation profiles is still largely untapped.

* Cancer-specific DNA methylation patterns can be detected in tumour-derived free DNA in the bloodstream and in
epithelial tumour cells shed into the lumen, offering a promising approach to the early detection of cancer. Clinical
application will first require further validation and will ultimately be based on standardized MSP-based technologies,

such as MethyL.ight, rather than on gel-based techniques.

+ Adistinction between the clinical and analytical sensitivities of DNA methylation biomarkers is proposed.

events at individual unique sequences remain largely
unexplored. Global 5-methylcytosine content is
influenced by the nutritional availability of folate?*-22
and by poLymoreHisms in folate metabolic enzymes?® 2,

The past few years have seen a tremendous advance
in our understanding of the functional consequences
of DNA methylation and its interaction with chro-
matin structure and the transcriptional machinery. We
have also obtained some first insights into what causes
DNA methylation patterns to undergo changes in can-
cer cells?-2°, although this fundamental process
remains, for the most part, an enigma. From a clinical
perspective, DNA methylation changes in cancer rep-
resent an attractive therapeutic target, as epigenetic
alterations are, in principle, more readily reversible
than genetic events®. However, the great strength of
DNA methylation in the clinic promises to be in the
area of molecular diagnostics and early detection.

Detecting DNA methylation

Arich tapestry. The distribution of 5-methylcytosine
residues in a sample of genomic DNA that is derived
from a heterogeneous tissue source resembles a rich
tapestry, and there are several main ways in which this
distribution can be analysed® (FiG.1). Although global
genomic DNA methylation content (FIG. 1a) might have an
important role in carcinogenesis, its measurement in can-
cer cells has little to offer as a molecular marker, either in
sensitivity or in informational content. Conversely, methy-
lation levels at individual CpG dinucleotides (FIG. 1b)
are useful for quantifying differences at important regula-
tory sequences. Methylation patterns (FiG. 1c) have two
important uses. Bisulphite genomic sequencing of cloned
polymerase chain reaction (PCR) products can provide

detailed information on the pattern of 5-methylcytosine
distribution along a stretch of DNA, representing a sin-
gle individual DNA strand®. In addition, methylation-
specific PCR (MSP)-based techniques can detect the
presence of specific DNA patterns with very high sensi-
tivity and specificity®. Methylation profiles (FiG.1d and
e) yield information on the methylation status across
many sites in the genome, providing a unique approach
to genome-wide molecular diagnostics. Profiles can be
constructed using measurements of individual CpG
dinucleotides, as in most restriction-enzyme- and
microarray-based methods®-% (riG. 1d), or they can be
compiled from multiple MSP-based analyses®™* (FIG. 1e).

Enzymes to the rescue. The delay in appreciation of the
importance of epigenetic events in carcinogenesis, com-
pared with the celebrated role that genetic mechanisms
have enjoyed in the past two decades, is rooted in the
difficulty of analysing DNA methylation. Standard mol-
ecular biology techniques to analyse individual gene loci
erase DNA methylation information, leaving the investi-
gator oblivious to the epigenetic information that was
present in the original genomic DNA. Scientists were
first able to analyse DNA methylation at specific gene
loci with the advent of methylation-sensitive restriction
enzymes, in conjunction with Southern blot analysis.
This experimental approach is reliable, but cumber-
some, and requires a substantial amount of high-quality
DNA. The use of post-digestion PCR to circumvent
these limitations is prone to false-positive results that
occur because of incomplete enzyme cleavage. More
recently, methylation-sensitive enzymes have been suc-
cessfully used in genome-wide methylation analysis and
marker discovery techniques.
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a Methylation content b Methylation level

C Methylation pattern

Figure 1 | Principles of DNA methylation analysis. A genomic DNA sample usually
consists of a heterogeneous mix of DNA molecules that are derived from many different
cells. In this figure, each horizontal bar is intended to represent an entire double-stranded
haploid genome. Eight such haploid genomes are aligned above each other in each panel.
Circles represent cytosine residues in the context of CpG dinucleotides on the top or bottom
strand of the DNA double helix. Methylated cytosines are represented by maroon circles,
unmethylated cytosines by green circles, and hemi-methylated CpG dinucleotides by
opposing maroon and green circles. Shaded areas cover the CpGs participating in the
relevant measurement principle. The total genomic methylation content shown in panel a
represents the total amount of methylated cytosine in the genome, expressed either as a
fraction of cytosines, or as a fraction of CpG dinucleotides. Methylation level (panel b) refers
to the average methylation occupancy at a single CpG dinucleotide. If the methylation level is
measured by digestion with a methylation-sensitive restriction enzyme, then methylation of
either the top or bottom strand might contribute to the methylation determination, as
indicated by the shaded area covering both DNA strands. Methylation pattern (panel c)
refers to a series of CpG dinucleotides located in cis on a single DNA strand. DNA
methylation patterns can be determined by bisulphite genomic sequencing of subclones (not
shown). Methylation-specific polymerase chain reaction measures the presence of one
particular methylation pattern in a pool of DNA, as indicated. A methylation profile refers to
the measurement of DNA methylation at multiple sites throughout the genome. This can
either be at individual CpG dinucleotides as a level profile (panel d), or by the measurement
of multiple methylation patterns (panel e).

The bisulphite revolution. The analysis of DNA
methylation was revolutionized by the introduction
of sodium bisulphite conversion of genomic DNA
(FIG.2). The differential rates at which cytosine and
5-methylcytosine are deaminated by sodium bisul-
phite to yield uracil and thymine, respectively, had
been known for some time, but it was not until
Frommer et al. showed the usefulness of this chemi-
cal reaction in conjunction with PCR amplification
and sequencing® that the method became widely
adopted. Now, dozens of different techniques rely on
the ability of sodium bisulphite to efficiently convert
unmethylated cytosine to uracil, without affecting
5-methylcytosine (FIG. 2b).

Amplifying bisulphite-converted DNA. Three factors
need to be considered in the design of PCR primers for
the amplification of bisulphite-converted DNA. First, a
unique feature of bisulphite-converted DNA is that it is
not self-complementary. Therefore, primers that are
designed to amplify the top strand of a particular stretch
of DNA will be different from those that are designed to
amplify the bottom strand. Software tools are available
to simplify the task of in silico bisulphite conversion of a
DNA sequence®®* and of primer design*?. Second,
primers should cover several cytosines that are not part
of CpG dinucleotides in the original sequence, and are
therefore converted to uracils by bisulphite (FIG. 2b).
Inclusion of such bases in the primer design helps to
avoid amplification of any residual unconverted DNA®,
Third, the sequence variation that reflects the methylation
status at CpG dinucleotides in the original genomic DNA
offers two approaches to PCR primer design (FIG. 2c). One
method uses primers that themselves do not cover any
potential sites of DNA methylation. This yields a pool of
PCR products with sequence variations at sites of differ-
ential methylation located between the two primers
(FIG. 2¢). This method is used in bisulphite genomic
sequencing®?, COBRA*, Ms-SNUPE* and several other
techniques (TaBLE 1). The alternative method to amplify
bisulphite-converted genomic DNA uses primers that
are designed to anneal specifically with either the
methylated or unmethylated version of the bisulphite-
converted sequence (FIG. 2c). This is the basis for MSP%,
which is the most widely used method of DNA methy-
lation analysis. MSP has had a significant impact on the
burgeoning field of cancer epigenetics by making DNA
methylation analysis accessible to a wide number of lab-
oratories. Non-MSP amplification is particularly useful
for the quantitative or detailed analysis of 5-methylcyto-
sine distribution, whereas MSP excels at the sensitive
detection of particular methylation patterns.

The proliferation of DNA methylation analysis tech-
nologies (TABLE 1) has prevented the development of
uniform standards and has made cross-validation
studies problematic. At the same time, it should be
emphasized that no one technique or general approach
is universally superior, as the competing goals of quanti-
tative accuracy, sensitive detection, high local or global
informational content, compatibility with formalin-
fixed tissues and compatibility with automation are not
all found in a single technique. Therefore, the method of
choice will depend on the desired application.

Marker discovery. How do we identify the DNA methy-
lation markers that will be of greatest clinical use among
the tens of millions of CpG dinucleotides and tens of
thousands of gene-associated CpG islands*? The tech-
niques described above can be used to analyse methyla-
tion differences between two groups of clinical DNA
samples. The nature of these two groups will determine,
in part, the type of methylation markers that arise from
such an analysis. Researchers are often initially interested
in identifying differences between tumour tissue and
equivalent histologically normal tissue from the same
patient. This can be extended to include genomic DNA
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Figure 2 | Principle of sodium bisulphite conversion. Standard molecular biology techniques
to analyse individual gene loci, such as polymerase chain reaction (PCR) and biological cloning,
erase DNA methylation information, leaving the investigator oblivious to the epigenetic information
that was present in the original genomic DNA (panel a). 5-methylcytosine residues are indicated
as red Ms. The solution to this problem is to modify the DNA in a methylation-dependent way
before amplification. This can be achieved either by digestion with a methylation-sensitive

restriction enzyme (not shown), or

by treating the genomic DNA with sodium bisulphite (panel b),

which converts unmethylated cytosines to uracil residues. As a consequence, the converted DNA
is no longer self-complementary, and amplification of either the top or bottom DNA strand

requires different primers. Priming
methylation-specific PCR.

can be either universal, or methylation specific (panel c). MSP,

samples from different stages of disease progression,
such as metaplasia, dysplasia, carcinoma or metastatic
tissue. This type of screening approach can lead to the
identification of methylation markers that are useful
for the sensitive detection of disease or markers associ-
ated with disease progression. It is important to keep
in mind that these studies generally do not include
samples of histologically normal tissue from control
individuals, as such tissues are difficult to obtain. If
methylation abnormalities arise early in normal tissues,
leading to systemic or regional epigenetic defects, then
a comparison between histologically normal tissues
from cancer patients and healthy controls could lead to

the identification of methylation markers that are use-
fulin risk assessment. Indeed, it has been reported that
loss of genomic imprinting (LOI) occurs at increased
frequency in normal cells, including blood cells, of
individuals with colorectal cancer, compared to con-
trols*’. This important finding opens the way to an
exciting potential new approach to risk assessment.

An alternative to the more or less routine comparison
between tumour and normal tissues is to analyse methy-
lation differences among samples of identical tissue type
or stage. Such stratification approaches can be used to
reveal the existence of previously unrecognized sub-
groups, which is referred to as ‘class discovery’ or ‘unsu-
pervised learning™!, or it can be used to distinguish
between previously known subgroups, a strategy referred
to as ‘class discrimination’ or ‘supervised learning™. Both
of these approaches offer opportunities for the develop-
ment of powerful new markers that have the ability to
distinguish between samples or subjects that seem to be
otherwise very similar. However, the screening of hun-
dreds or thousands of markers on limited numbers of
samples can lead to spurious associations, which do not
hold up with subsequent testing in independent data
sets. The judicious use of mathematical algorithms and
the use of separate training and test data sets can help to
reduce such false associations, although the fundamental
problem remains that many such studies are underpow-
ered. The stratification methods described here can be
used to identify aetiological factors that are involved in
the causation of methylation abnormalities. In this case,
DNA methylation markers are treated as outcome vari-
ables. Alternatively, methylation markers can be assessed
for their ability to predict clinical outcome. In this case,
the methylation markers are themselves considered the
source of phenotypic variation. DNA methylation mark-
ers are therefore uniquely positioned as intermediate
phenotypes — reflective of genetic variation and envi-
ronmental exposures on the one hand, but contributing
actively to the phenotype on the other. DNA methylation
markers are therefore useful both in epidemiological and
in clinical studies.

DNA methylation markers have been developed
using both targeted candidate gene approaches, as well as
by systematic screening for markers using genome-scan-
ning techniques (TABLE 1). Most of the genome-scanning
techniques rely on methylation-sensitive restriction
digestion. Although these techniques have proven to be
powerful tools in the discovery of methylation markers,
their reliance on methylation-sensitive restriction
enzymes renders them poorly suited for the routine
analysis of formalin-fixed clinical specimens. Therefore,
most researchers in the field envision a boom period of
marker discovery in the next few years, based on restric-
tion enzyme technology, followed by a shift back to
bisulphite-based methods of methylation analysis as
assays are developed for use in the clinic. Ideally, a more
robust method of methylation discrimination than
either restriction digestion or bisulphite conversion
would be developed for the ultimate clinical assays. The
large-scale discovery of methylation markers for cancer
has just begun, and it should be recognized that even the
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BIOMARKER

In cancer research and detection,
a biomarker refers to a substance
or process that is indicative of
the presence of cancer in the
body. It might be either a
molecule secreted by a
malignancy itself, or it can be a
specific response of the body to
the presence of cancer.

Table 1a | DNA methylation detection and marker discovery techniques

Technology

Methylation content
Anti-mC immunological techniques
Reversed phase HPLC — UV
Postlabelling/TLC

LC — mass spectrometry
Sssl methyl acceptance assay
Chloracetaldehyde reaction
Nearest neighbour TLC
HPLC-TLC

HPCE

ERMA

Methylation levels

Southern blot
Hydrazine/permanganate LM-PCR
Hpall PCR

Restriction LM-PCR
Solid-phase primer extension
Bisulphite sequencing direct
MS-SNuPE

COBRA

Hemi-methylation assay

Bisulphite primer extension
IP-RP-HPLC

McCOBRA
SNaPmeth

PyroMeth

Methylation discrimination Application References
principle

5-Methylcytosine antibody Global and regional content 108,109
HPLC separation Global methylation analysis 110
TLC separation Global methylation analysis 111
LC/MS separation Global methylation analysis 112
DNA methyltransferase substrate Global methylation analysis 113,114
Bisulphite conversion Global methylation analysis 115
TLC separation Global methylation analysis 8
HPLC-TLC separation Trace detection of methylcytosine 116
Capillary electrophoretic separation  Global methylation analysis 117
Bisulphite conversion Regional methylation content 118
Restriction digestion Quantitative analysis 119,120
Hydrazine/permanganate reactions  Quantitative analysis 121
Restriction digestion Qualitative analysis 122
Restriction digestion Quantitative analysis 123
Restriction digestion Quantitative analysis 124
Bisulphite conversion Quantitative analysis 32
Bisulphite conversion Quantitative analysis 45
Bisulphite conversion Quantitative analysis 44
Restriction and bisulphite conversion Quantitative analysis of 125

hemi-methylation
Bisulphite conversion Quantitative analysis 126
Bisulphite conversion High-throughput analysis 127
Bisulphite conversion Quantitative high-throughput 128
analysis

Bisulphite conversion Quantitative high-throughput 128

analysis

COBRA, combined bisulphite restriction analysis; ERMA, enzymatic regional methylation assay; HPCE, high-performance capillary
electrophoresis; HPLC, high-performance liquid chromatography; IP-RP-HPLC, ion pair-reverse-phase high-performance liquid
chromatography; LC, liquid chromatography; LM-PCR, ligation-mediated PCR; mC, methylcytosine; McCOBRA, melting curve
combined bisulphite restriction analysis; MS-SNUPE, methylation-sensitive single nucleotide primer extension; PCR, polymerase chain
reaction; SNaPmeth, single nucleotide polymorphism methylation; TLC, thin-layer chromatography; UV, ultraviolet light.

genome-scanning techniques are confined by the distrib-
ution of the relevant restriction enzyme recognition
motifs throughout the genome.

Clinical applications

DNA-methylation-based technologies have a promising
future in both clinical diagnostics and therapeutics. DNA
methylation markers have obvious applications in diag-
nostics, but can also contribute indirectly to therapeutics
as predictors of response to therapy. Of the detection
strategies shown in FiG. 1, DNA methylation patterns
have proven to be most useful in the sensitive detection
of disease, whereas profiling methods are useful for the
stratification approaches described above.

Disease detection. Early detection of disease results in
an improved clinical outcome for most types of can-
cer. Therefore, much effort is being put into the
development of early-detection strategies. DNA
methylation changes have been reported to occur

early in carcinogenesis and therefore are potentially
good early indicators of existing disease*, and even of
risk assessment for the future development of disease.
The first signs of cancer usually come from one or
more of the following sources: presentation of symp-
toms, direct palpation or visual detection, histopatho-
logical analysis of a biopsy specimen, remote imaging
or the detection of a cancer siomarker in a tissue or
bodily fluid specimen. For many types of solid malig-
nancies, symptoms often do not arise until after the
primary tumour has metastasized. Direct palpation,
visual detection and biopsy analysis are generally lim-
ited to accessible sites of the body. For some types of
cancer, such as ovarian, pancreatic and lung cancer,
poor accessibility and the late presentation of symp-
toms thwart the timely detection of malignancy, con-
tributing to high mortality rates. For such diseases,
improved remote imaging, such as spiral computed
tomography scanning, and the development of cancer
biomarkers, offer the best hope for early detection.
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Table 1b | DNA methylation detection and marker discovery techniques

Technology

Methylation patterns
Hydrazine/permanganate

Methylation-dependent DGGE
Bisulphite sequencing clones
MSP

Bisulphite-DGGE

MSP-ISH

MethyLight

Bisulphite-SSCP
MSP/DHPLC (not MSP-based!)

In-tube fluorescence melting curve

McMSP
ConlLight-MSP

HeavyMethyl

Methylation profiles

RLGS

Methylated DNA-binding column
Methylation-sensitive AP-PCR
MCA

DMH

ICEAMP

Notl CODE

SMR/DMR cloning

MSO

Epigenomics microarray

AIMS

MAD

Two-colour oligo array
Demethylation/expression arrays
Size fractionation profiling

Methylation discrimination

principle

Hydrazine/permanganate reactions

DNA melting characteristics

Bisulphite conversion
Bisulphite conversion
Bisulphite conversion
Bisulphite conversion
Bisulphite conversion

Bisulphite conversion
Bisulphite conversion
Bisulphite conversion
Bisulphite conversion
Bisulphite conversion

Bisulphite conversion

Restriction digestion
MeCP2 affinity

Restriction digestion
Restriction digestion
Restriction digestion

Methyl-CpG binding column

Restriction digestion
Restriction digestion
Bisulphite conversion
Bisulphite conversion
Restriction digestion
Restriction digestion
Bisulphite conversion
5-aza-CdR activation
Restriction digestion

Application References
Informational content 129,130
sequencing

Complex informational analysis 131,132
Informational content 32
Sensitive detection 33
Complex informational analysis 132,133
In situ detection 134
Quantitative high-throughput 54-56
analysis

Complex informational analysis 135-137
Complex informational analysis 138
Complex informational analysis 139
High-throughput MSP 127
Quantitative high-throughput 43
analysis

Quantitative high-throughput 140
analysis

Marker discovery 141
Marker discovery 142
Marker discovery 143
Marker discovery 144
Marker discovery 99
Marker discovery 145
Genome analysis 103
Marker discovery 14
Disease stratification 146
Disease stratification 35
Marker discovery 147
Marker discovery 104
Localized information 105
Marker discovery 148,149
Marker discovery 150

AIMS, amplification of inter-methylated sites; AP-PCR, arbitrarily primed PCR; CODE, cloning of deleted sequences; ConLight-MSP,
conversion-specific MethyLight MSP; DGGE, denaturing gradient gel electrophoresis; DHPLC, denaturing high-performance liquid
chromatography; DMH, differential methylation hybridization; ICEAMP, identification of CpG islands exhibiting altered methylation
patterns; MAD, methylation amplification DNA chip; MCA, methylated CpG island amplification; McMSP, melting curve methylation-
specific PCR; MSO, methylation-specific oligonucleotide array; MSP, methylation-specific PCR; MSP-ISH, methylation-specific PCR
in situ hybridization; PCR, polymerase chain reaction; RLGS, restriction landmark genome scanning; SMR/DMR, similarly methylated
regions/differentially methylated regions; SSCP, single-strand conformational polymorphism.

The efficacy of a biomarker assay is determined by

its sensitivity and specificity. Unfortunately, these
terms are not always used consistently. Experimental
researchers might use the term ‘sensitivity’ to describe
the minimal amount of analyte that an assay can
detect in a laboratory test. This analytical sensitivity
can be measured as an absolute sensitivity or as a rela-
tive sensitivity. For example, the absolute sensitivity of
a DNA hypermethylation assay might refer to the min-
imal quantity of pure, methylated target DNA that the
assay is able to detect, whereas the relative sensitivity
would refer to the smallest fraction of methylated

DNA that the assay could detect in the presence of an
excess of unmethylated DNA. This latter measure-
ment is sometimes also referred to as ‘specificity’.

The terms ‘sensitivity’ and ‘specificity’ take on pre-
cise meanings in the development of biomarker tests
for population-based screening, or for clinic-based
surveillance of high-risk populations (TABLE 2). Here,
the clinical sensitivity of a biomarker refers to the
proportion of case subjects (individuals with con-
firmed disease) who test positive for the biomarker
assay, whereas the specificity refers to the proportion
of control subjects (individuals without the disease)
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Table 2 | Sensitivity and specificity of methylation markers

Methylation marker ~ Methylation marker  Classification
detection in tumour  detection in remote

sample
+ (Case) + True positive (TP)
N/A (Control) - True negative (TN)
N/A (Control) + False positive (FP)
+ (Case) - False negative (FN)
— (Case) + Methylation false positive (MFP)
(true positive for disease detection)
— (Case) - Methylation true negative (MTN)

(false negative for disease detection)

Subjects with clinically confirmed cancer are described as cases. The first column represents the
detection of a methylation biomarker in the primary tumour in cases of confirmed cancer.
However, this measurement is not applicable (N/A) to control individuals with no evidence of
malignant disease. The second column represents the detection of the same methylation
biomarker in a remote sample, which might be serum, plasma or another bodily fluid, or a tissue
sample not taken from the histologically defined primary tumour itself. Clinical sensitivity (sensitivity
of disease detection) is defined as the ratio of the number of individuals in the classifications

(TP + MFP)/(TP + FN + MFP + MTN). Analytical sensitivity (sensitivity of methylation detection) is
defined here as the ratio of the number of individuals in the classifications TP/(TP + FN). It should
be emphasized that this definition differs from the use of the term ‘analytical sensitivity’ in an in
vitro laboratory simulation of assay sensitivity. The definition described in this table is a composite
of the in vitro analytical sensitivity efficiency of the test and the efficiency of transfer of the
methylation marker from the primary tumour to the remote sample. Specificity is defined as the
ratio of the number of individuals in the classifications TN/(TN + FP).

who test negative for the biomarker assay*. Clinical
sensitivity is a composite of the marker prevalence in
the tumour, the efficiency of transfer of the marker to
the remote media being tested, and the analytical sen-
sitivity of the assay. The tumour prevalence of many
methylation markers is considerably higher than that
of genetic markers, such as tumour-suppressor gene
and proto-oncogene mutations and deletions. For
example, methylation of GSTP1 occurs in more than
90% of cases of prostate cancer®3!. Methylation of
the apc tumour-suppressor gene 5’ CpG island was
found in more than 90% of cases of oesophageal ade-
nocarcinoma®, but was also observed in normal gas-
tric mucosa®%2, However, as gastric epithelial cells do
not normally release DNA into the bloodstream, this
marker still achieved 100% specificity in plasma®2.
Virtually all strategies for the sensitive detection of
cancer-specific DNA methylation patterns rely on the
principle of MSP®*, or fluorescence-based variants, such
as MethyLight®-%. Cancer-specific DNA methylation
patterns can be found in detached tumour cells in bodily
fluids and biopsies, and they can be detected in free-
floating DNA that is released from dead cancer cells®. It
was shown more than 25 years ago that cancer patients
have increased levels of free DNA in their serum?®, which
is thought to be released from apoptotic or necrotic
tumour cells®%, This principle is the basis for a rapidly
expanding number of studies of DNA methylation
markers in blood serum and plasma (TABLE 3). Blood-
borne tumour-derived DNA is often detected more fre-

APC

(Adenomatous polyposis col). quently in patients with advanced-stage disease26:-6%,
A tumour-suppressor gene that although not all studies have reported such a correla-
encodes a component of the tion®-"2, The presence of detectable tumour DNA in the

WNT-B-catenin signalling

o= plasma or serum is generally associated with a poor
pathway that is inactivated in . . .
most colorectal prognosis®2¢%47_ An alternative approach is to screen for
adenocarcinomas. tumour-specific DNA methylation patterns in bodily

fluids or detached cells that are derived from luminal
content. This targeted and localized approach seems to
give a higher sensitivity than serum or plasma detection
(TABLES 3 and 4).

The methylation biomarker studies performed so far
(TABLES 3 and 4) vary in methylation targets, source of
DNA and type of tumour. Therefore, it is too early to give
accurate estimates of analytical and clinical sensitivity of
these approaches. Nevertheless, three preliminary insights
can be gleaned from these studies. First, targeted luminal
sources of DNA tend to give higher clinical sensitivities
than serum or plasma analysis. Second, the specificity of
plasma or serum detection of tumour-specific markers
seems to be remarkably high (TAsLE 3). Of the 599 CpG
island hypermethylation analyses of plasma or serum
samples from controls (325 independent subjects), all
were negative for the methylation marker, resulting in an
overall specificity of 100% (TaBLE 3). Third, the analytical
sensitivity of serum or plasma detection across all sites
and all markers with confirmed presence in the tumour
was 57% (502 out of 881) (TABLE 3). Therefore, if near-
universal marker prevalence could be achieved, it is antic-
ipated that the clinical sensitivity of serum or plasma
methylation markers, using current technology, would be
approximately 50%. Presumably, the clinical sensitivity of
analysis of luminal fluids or cells will surpass that of sys-
temic blood detection for most types of tumour. It is
expected that markers with high prevalence will emerge
for each type of cancer, as large numbers of markers are
screened in marker discovery assays, as described above.
Clinical sensitivity is also enhanced by the application of
panels of multiple markers (TasLEs 3 and 4). It is antici-
pated that such panels will provide more diagnostic
information and cancer specificity than single-marker
assays. Additional gains in analytical sensitivity can be
expected to come from optimization of MSP primers and
MethyLight probes, and from other advances, such as the
use of nested PCR primers™.

All the studies shown in TABLES 3 and 4 used MSP-
based detection of CpG island hypermethylation —a
method that can detect heavily methylated molecules
against a background of excess unmethylated or par-
tially methylated molecules (FiGs 1,2). DNA methylation
technologies that measure methylation levels at individ-
ual CpG dinucleotides tend to be much less specific, and
have not been successfully applied as sensitive bio-
marker assays. Conventional MSP produces data as a
categorical variable (a positive or negative result for each
sample for a particular reaction). For this type of mea-
surement, the performance of a biomarker assay can be
described simply by its clinical sensitivity and specificity.
However, MethyLight technology combines the speci-
ficity of MISP with the ability to generate quantitatively
accurate data as a continuous variable®. This data can
then be dichotomized at a threshold to determine the
sensitivity and specificity. However, the choice of thresh-
old will affect these two variables differentially. Setting a
higher threshold for a cancer-specific marker will
increase the specificity of the assay, but reduce its sensi-
tivity. Therefore, methods have been developed to
describe the performance of a biomarker assay that take
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both measurements into account simultaneously. A
commonly used statistical tool is to calculate the area
under the Receiver Operating Characteristic (ROC)
curve’™. This curve can be plotted as the true positive
rate against the false positive rate, in which each point in
the curve represents the fraction of cancer cases with a
biomarker measurement above a threshold (true-posi-
tive rate for that threshold) versus the corresponding
fraction of control subjects above the same threshold
(false-positive rate for that threshold)*. The area under
the ROC curve then represents the probability that a
randomly chosen cancer case is ranked as more likely to
have the disease than a randomly chosen non-diseased
control subject. This value is a useful way to describe the
performance of a biomarker with a continuous output
variable, regardless of the threshold level, and is identical
to the non-parametric Wilcoxon statistic™.

Although specificity does not seem to be an issue in
serum and plasma detection (as long as the marker is not
present in haematopoietic cells), it is more of a problem
in other remote media, particularly in the analysis of
samples from individuals at high risk or with premalig-
nant stages of disease (TABLE 4). The development of new
markers using the screening techniques described above
is expected to yield assays that are capable of distinguish-
ing between premalignant and malignant stages of
disease. However, an inherent problem arises in the
development of biomarkers with greater sensitivity than
existing diagnostic methods. If the new biomarker is able
to detect a cancer case earlier than with any other exist-
ing technology, then this case will be classified as a false
positive, as the individual is judged to be disease-free —a
classic Catch-22 situation. This quandary can be resolved
by longitudinal prospective trials, in which such individ-
uals are followed to see whether they subsequently
develop overt disease. Such trials can take many years,
and even then, it is difficult to discriminate between
high-risk individuals with pre-malignant disease who
have progressed to cancer, versus those that already had
occult malignancy. If the risk of progression is very high
for individuals with positive biomarkers, regardless
of whether the disease is already present, then being able
to distinguish between occult disease and a high risk
for progression to malignancy might not matter for the
clinical management of such patients.

Another confounding category is the group of can-
cer cases with positivity for atumour-specific methyla-
tion marker in the remote media, but in which the
marker is ostensibly lacking in the primary tumour.
Palmisano et al. report a case in which MGMT methyla-
tion was undetectable in the primary lung squamous-
cell carcinoma, yet was positive in sputum of the same
patient™. Similarly, Jeronimo et al. describe a prostate
cancer patient with GSTP1 methylation that was
detectable in the urine, but not in the primary tumour™.
Such cases are referred to as methylation false positives
(MFPs), but they are actually true positives for disease
detection, which is what counts in the calculation of
clinical sensitivity (TABLE 2). Such findings are likely to be
more common for luminal cells or fluids in high-risk
individuals, in whom abnormal methylation might

occur in premalignant epithelium that did not give rise
to the malignancy, as opposed to serum assays of low-
risk individuals, in whom methylation markers seem to
have very high specificity (TABLE 3). If serum positivity
for a highly specific methylation marker is observed in
cancer cases that are negative for the marker in the pri-
mary tumour, then this could still be consistent with a
true-positive classification if the serum marker is pre-
sent because of tumour heterogeneity, a second primary
tumour or occult metastases in which the marker has
arisen. Alternatively, it could indeed be a false-positive
result that reflects the presence of this marker in the
blood of some subjects, independent of disease, or that
is caused by an experimental error in the assay method,
such as in the case of PCR contamination.

Recently, Sullivan Pepe et al. have proposed that bio-
marker development for early detection of cancer
should be conceptualized as occurring in five consecu-
tive phases* (see review by Hartwell et al. on page 243 in
this issue). Most studies using DNA methylation mark-
ers for cancer detection are at Phase 2 at present — the
development and validation stage of clinical assays.
Some reports have shown preliminary data from Phase
3 retrospective, longitudinal studies™.

Methylation markers offer many exciting opportuni-
ties for the clinical application of sensitive cancer detec-
tion. The analysis of readily obtainable bodily fluids, such
as blood or urine, could form the basis of a population-
based screening programme if the markers can be devel-
oped to have sufficient sensitivity and specificity.
Although current technologies for the detection of DNA
methylation markers in bodily fluids have fairly low sen-
sitivity (TABLES 3 and 4), they excel in specificity. Thisisan
asset in population-based screening approaches, in
which the clinical follow-up of false positives can be
costly and invasive. Therefore, methylation markers
could be very useful as an ancillary tool in risk assess-
ment or disease detection, by enhancing the specificity of
existing screening methods with low specificity, such as
prostate-specific antigen screening for prostate cancer.
Such applications are not necessarily confined to the
analysis of bodily fluids. The analysis of biopsy tissue
specimens obtained from high-risk individuals partici-
pating in surveillance programmes, such as for Barrett’s
oesophagus, can be useful in risk assessment or the
detection of disease progression. DNA methylation
markers might be particularly useful as harbingers of
impending malignancy in histologically normal tissue.
Methylation of the MLH1 promoter CpG island in nor-
mal colonic mucosa was found to be associated with the
presence of microsatellite-unstable (MSI+) colorectal
adenocarcinomas”. Loss of normal genomic imprinting
patterns has been reported not only in cancer cells, but
also at an increased frequency in normal cells of individ-
uals with cancer®’. The clinical applications of sensitive
DNA methylation detection technology are not limited
to early detection or risk assessment. Serum analysis
could also be used to monitor patients for disease recur-
rence after surgical resection or to assess the efficacy of
chemotherapy, particularly if marker positivity can be
established a priori in the resected primary tumour.
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Table 3 | Sensitive detection of cancer in plasma and serum using DNA methylation markers

Disease DNA source Markers Analytical
sensitivity
Bladder cancer Plasma CDKN2A (ARF) 13/15 (87%)
Plasma CDKN2A (INK4A) 2/5 (40%)
Serum CDKN2A (INK4A) 12/14 (86%)
Breast cancer Plasma CDKN2A (INK4A) 5/8 (63%)
Plasma CDKN2A (INK4A) 6/10 (60%)
Colorectal cancer Serum MLH1 3/9 (33%)
Serum CDKN2A (INK4A) 14/20 (70%)
Serum CDKN2A (INK4A) 13/44 (30%)
Plasma CDKN2A (INK4A) 21/31 (68%)
Oesophageal cancer Plasma (AC) APC 13/48 (27%)
Plasma (SCC) APC 2/16 (13%)
Serum (SCC) CDKN2A (INK4A) 7/31 (23%)
Gastric cancer Serum CDH1 31/41 (76%)
Serum CDKN2A (INK4A) 28/36 (78%)
Serum CDKNZ2B (INK4B) 30/37 (81%)
Serum DAPK1 26/38 (68%)
Serum GSTP1 8/10 (80%)
Serum Panel of five 45/54 (83%)
Head and neck cancer ~ Serum CDKN2A (INK4A) 8/26 (31%)
Serum DAPK1 3/17 (18%)
Serum MGMT 14/31 (45%)
Serum Panel of three 21/52 (40%)
Plasma DAPK1 6/12 (50%)
(nasopharyngeal)
Liver cancer Plasma/serum CDKN2A (INK4A) 13/16 (81%)
Plasma/serum CDKNZ2B (INK4B) 4/16 (25%)
Plasma/serum Panel of two 17/23 (74%)
Lung cancer Serum (NSCLC) CDKN2A (INK4A) 3/9 (33%)
Serum (NSCLC) DAPK1 4/5 (80%)
Serum (NSCLC) GSTP1 1/2 (50%)
Serum (NSCLC) MGMT 4/6 (67%)
Serum (NSCLC) Panel of four 11/15 (73%)
Plasma CDKN2A (INK4A) 1/10 (10%)
Plasma/serum APC N/A
Plasma CDKN2A (INK4A) 64/73 (88%)
Plasma (NSCLC) CDKN2A (INK4A) 12/22 (55%)
Prostate cancer Plasma/serum GSTP1 12/16 (75%)
Plasma GSTP1 25/63 (40%)

Clinical Specificity References
sensitivity

13/27 (48%) N/A 64
2/27 (7%) N/A 64
19/86 (22%) 31/31 (100%) 151
5/35 (14%)* N/A 152
6/43 (14%)* N/A 61
3/18 (17%) N/A 63
14/52 (27%) 44/44 (100%)* 65
13/94 (11%) N/A 69
21/58 (36%) N/A 73
13/52 (25%) 54/54 (100%)* 52
2/32 (6%) 54/54 (100%)* 52
7/38 (18%) N/A 153
31/54 (57%) 30/30 (100%) 70
28/54 (52%) 30/30 (100%) 70
30/54 (56%) 30/30 (100%) 70
26/54 (48%) 30/30 (100%) 70
8/54 (15%) 30/30 (100%) 70
45/54 (83%) 30/30 (100%) 70
8/95 (8%) N/A 68
3/95 (3%) N/A 68
14/95 (15%) N/A 68
21/95 (22%) N/A 68
N/A N/A 71
13/22 (45%) 48/48 (100%) 66
4/25 (16%) 35/35 (100%) 154
17/25 (68%) 35/35 (100%) 154
3/22 (14%) N/A 67
4/22 (18%) N/A 67
1/22 (5%) N/A 67
4/22 (18%) N/A 67
11/22 (50%) N/A 67
N/A N/A 155
42/89 (47%) 50/50 (100%) 89
77/105 (73%)° N/A 72
12/35 (34%) 15/15 (100%) 156
23/33 (70%) 22/22 (100%)* 62
25/69 (36%) 31/31 (100%) * 76

Analytical sensitivity is defined as the fraction of cases in which methylation of a marker is found in serum or plasma for cases with confirmed methylation of the same
marker in the associated tumour (see TABLE 2). Clinical sensitivity is defined as the fraction of confirmed cases of disease, in which methylation of a marker is found in
serum or plasma, regardless of whether methylation of that marker is present in the associated tumour, or regardless of whether the associated tumour has been
analysed for the presence of the marker. Cases in which serum or plasma are not analysed are excluded from both sensitivity calculations. Cases of failed analyses of
serum or plasma are included in the calculation of sensitivities, as these failures are largely due to limiting amounts of retrievable DNA in the serum or plasma, which
should be factored into the calculation of the sensitivity of the technology. Specificity is defined as the fraction of controls without the disease that show a lack of
detectable methylation in serum or plasma. In some cases, this includes control individuals that are known to be at high risk for the disease, or with premalignant
conditions, as indicated*. Sensitivities and specificities are listed as ratios of the actual number of cases, followed by the percentages in parentheses. These percentages
have been newly calculated for this review, as some of the original publications did not perform these calculations, or did not use the same criteria for sensitivities and
specificity. * Possible overlap in samples. #Included high-risk individuals or cases with non-malignant disease. $Nested methylation-specific polymerase chain reaction.
AC, adenocarcinoma; N/A, not available; NSCLC, non-small-cell lung cancer; SCC, squamous-cell carcinoma.

Disease stratification. Many types of cancer display sig-
nificant variability in clinical outcome among patients
with similar pathologies and disease stage. Recent
advances indicate that it might be possible to more accu-
rately predict clinical outcome from the molecular char-
acteristics of a patient’s tumour, Clinical outcome is
affected by many factors, some of which are a function of
the genetic composition and health status of the patient,
whereas others are inherent to the malignancy itself. In
addition, each of these factors might affect the response
to clinical treatment. For example, a patient who is
homozygous for a polymorphism in the thymidylate
synthase gene, resulting in decreased enzyme activity,
might be more likely to show a good tumour response to

5-fluorouracil, but might also suffer more side effects
from the drug™. It isimportant to distinguish between
predictive markers, which are associated with the relative
sensitivity to specific therapeutic strategies, and prognos-
tic markers, which are associated with treatment-inde-
pendent factors such as the growth rate and metastatic
behaviour of the malignancy®. Both of these types of
stratification markers are of clinical value and can assist
physicians in their choice of treatment.

The presence of tumour-specific methylation mark-
ers in the serum or plasma of patients has been reported
to be of prognostic significance®261647381 However, the
presence of a serum or plasma methylation marker is
merely indicative of the release of sufficient amounts of
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Table 4 | Sensitive detection of cancer in remote media using DNA methylation markers

Disease DNA source Markers Analytical Clinical Specificity References
sensitivity sensitivity
Bladder Urine sediment CDH1 13/17 (76%)  13/22 (59%) 17/17 (100%) 157
cancer (E-cadherin)
Urine sediment CDKN2A (INK4A)  3/4 (75%) 3/22 (14%) 17/17 (100%) 157
Urine sediment DAPK1 10/17 (58%)  10/22 (45%) 17/17 (100%) 157
Urine sediment RARB (RAR-p) 15/20 (75%)  15/22 (68%) 13/17 (76%) 157
Urine sediment Panel of four 20/22 (91%)  20/22 (91%) 13/17 (76%) 157
Breast Ductal lavage cells*  CCND2 N/A 8/19 (42%) 42/45 (93%)* 158
cancer (Cyclin D2)
Ductal lavage cells*  RARB (RAR-f) N/A 12/20 (60%) 43/45 (96%)* 158
Ductal lavage cells*  TWIST N/A 13/18 (72%) 35/35 (100%)* 158
Ductal lavage cells*  Panel of three 17/19 (89%) 17/20 (85%) 40/45 (89%)* 158
Head  Saliva CDKN2A (INK4A)  11/14(79%)  11/30 (37%) 29/30 (97%)* 159
and Saliva DAPK1 6/10 (60%) 6/30 (20%) 30/30 (100%)* 159
neck Saliva MGMT 4/7 (57%) 4/30 (13%) 29/30 (97%) 159
cancer Saliva Panel of three 11/17 (65%) 11/30 (37%) 30/30 (100%0)* 159
Buffy coat DAPK1 3/12 (25%) N/A N/A 71
(nasopharyngeal)
Lung  Sputum CDKN2A (INK4A)  N/A 3/7 (43%) 21/26 (81%)* 160
cancer Broncheoalveolar CDKN2A (INK4A)  12/19 (63%) 12/50 (24%) N/A 161
lavage
Sputum CDKN2A (INK4A)  18/26 (69%)  18/51 (35%) 21/25 (84%)* 162
Broncheoalveolar CDKN2A (INK4A)  11/26 (42%)  11/51(22%) 22/25 (88%)* 162
lavage
Brushings CDKN2A (INK4A)  8/26 (31%) 8/51 (16%) 23/25 (92%)* 162
Sputum CDKN2A (INK4A)  8/8 (100%)3 8/10 (80%)° N/AT 74
Sputum MGMT 5/6 (N/A)S 5/10 (50%)5! N/AT 74
Sputum Panel of two 10/10 (100%)% 10/10 (100%) N/AT 74
Bronchial washings ~ CDKN2A (INK4A)  4/17 (24%) N/A 10/10 (100%) 155
Bronchial epithelium ~ CDKN2A (INK4A)  N/A 23/52 (44%)3 23/41 (56%)"S 163
Bronchial epithelium  DAPK1 N/A 5/52 (10%)¢ 37/41 (90%)*S 163
Sputum CDKN2A (INK4A)  N/A N/A 43/66 (65%)*5 163
Sputum DAPK1 N/A N/A 50/66 (78%)*$ 163
Prostate Ejaculate GSTP1 N/A 4/9 (44%) N/A 164
cancer Buffy coat GSTP1 5/16 (31%) 10/33 (30%) 26/26 (100%)* 62
Urine sediment GSTP1 2/11 (18%) 4/16 (25%) 10/10 (100%)* 62
(PPM)
Ejaculate GSTP1 1/5 (20%) 4/8 (50%) 6/6 (100%)* 62
Urine sediment GSTP1 6/22 (27%) 6/28 (21%) N/A 165
Urine sediment GSTP1 N/A 29/40 (73%) 44/45
(PPM) (98%)* 166
Biopsy washing GSTP1 N/A 10/10 (100%) 10/10 (100%) 167
Urine GSTP1 21/63(33%)  21/69 (30%) 30/31 (97%)* 76

Remote media are defined in this table as DNA sources not obtained directly from the tumour. These can include bodily fluids, lavages,
detached cells, biopsies of non-malignant tissues and so on. Serum and plasma detection are shown in TABLE 3 and are therefore excluded
from this table. See the footnotes of TABLE 3 for the definitions of sensitivity. Specificity is defined as the fraction of controls without the disease
that show a lack of detectable methylation in the remote media. In some cases, this includes control individuals that are known to be at high
risk for the disease, or with premalignant conditions, as indicated*. Sensitivities and specificities are listed as ratios of the actual number of
cases, followed by the percentages in parentheses. These percentages have been newly calculated for this review, as some of the original
publications did not perform these calculations, or did not use the same criteria for sensitivities and specificity. *Obtained by ROBE (routine
operative breast endoscopy*®). *Included high-risk individuals or cases with non-malignant disease. $Nested methylation-specific polymerase
chain reaction. 'Detection of methylation in sputum/urine, but not in tumour (false positive). "This study reported the detection of methylation of
either CDKN2A or MGMT in 100% of sputum samples from at-risk individuals up to 3 years before the diagnosis of cancer. N/A, not available;
PPM, post-prostatic massage.

tumour DNA into the bloodstream, which is likely to
be correlated with invasiveness. For this purpose, any
tumour-specific methylation marker would suffice,
and its presence in the tumour itself would not neces-
sarily be correlated with clinical outcome. This
should be distinguished from reports of associations
between the presence of DNA methylation markers
in malignancies themselves and clinical outcome®-%2,
The presence of methylation markers was often
found to be correlated with other known prognostic
criteria. However, several studies have carefully docu-
mented independent prognostic values for DNA
methylation markers8486.88-009293,

The development of DNA methylation markers
that are predictive of a response to chemotherapy is
still in its infancy. Several studies have reported asso-
ciations between DNA methylation markers and
response to chemotherapy?®9%, The most extensive
work has been done with CpG island hypermethyla-
tion of the O®-methylguanine methyltransferase
(MGMT) gene. Esteller et al. reported that MGMT
methylation was associated with prolonged survival
in glioma patients who were treated with carmus-
tine®, and in patients with diffuse large B-cell lym-
phoma who were treated with cyclophosphamide®,
as part of multidrug regimens. Others have expressed
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Box 1| The CIMP phenotype

As studies started to incorporate the analysis of multiple DNA methylation markers,
Jean-Pierre Issa coined the term CIMP — an acronym for ‘CpG island methylator
phenotype’ — to describe colorectal tumours with concurrent methylation of a number
of cancer-specific markers. The CIMP phenomenon was subsequently reported for
other types of tumour as well, and was found to be associated with distinct genetic and
histopathological characteristics. However, some studies did not find evidence for such
a separate cluster of tumours with excessive CpG island hypermethylation. At issue is
whether CIMP represents a distinct grouping or merely the far end of a continuous
spectrum. This is of great interest, because a distinct CIMP phenotype would indicate
the existence of a systemic methylation defect in the cell, which could provide insight
into the molecular mechanism of aberrant CpG island hypermethylation. This gets to
the heart of how CpG island hypermethylation arises. On the one hand, the
methylation changes could represent stochastic fluctuations in methylation states that
provide a selective advantage when they result in the silencing of a growth-controlling
gene. Alternatively, a defect in the transacting factors that are required for the
protection of CpG islands from encroaching methylation could lead to the concurrent
methylation of multiple CpG islands throughout the genome, including many for
which the hypermethylation event offers no selective advantage to the cell, which is
analogous to the mutator phenotype in mismatch-repair-deficient tumours. If such
systemic defects exist, then they might come in various flavours. Different defects might
lead to the hypermethylation of distinct groups of structurally similar CpG islands.
Unsupervised clustering of hypermethylation events will reveal whether concordant
methylation occurs in reproducible clusters, and, if so, whether the identity of the
clustered events indicates structural similarities of the CpG islands, or functional
cooperativity in particular oncogenic pathways.

reservations regarding the conclusions that can be
drawn from such retrospective multidrug studies®*.
The identification of true predictive markers requires
that care is taken to separate out any prognostic asso-
ciations of the marker. This is best achieved in a
prospective randomized clinical trial, in which the
candidate marker(s) is used to predict response in a
directed therapy arm, and in which prognostic asso-
ciations can be separately evaluated in the control
arm. Such prospective clinical trials using DNA
methylation markers have yet to be conducted.
Nevertheless, a flood of reports on predictive DNA
methylation markers is predicted in the near future.

Going global. Molecular profiling of cancer has, so far,
focused primarily on the use of gene-expression
(cDNA) microarrays. However, this technigue is poorly
compatible with formalin fixation and paraffin embed-
ding of tumour tissues, both of which are used in rou-
tine histopathology. DNA methylation markers offer an
alternative approach to molecular profiling that is just
starting to be explored®337388298% DNA methylation
patterns are a rich source of information, rivalling that
of gene-expression profiles. The haploid human
genome contains approximately 50 million CpG dinu-
cleotides, which are capable of encoding 25000000 djffer-
ent permutations per haploid genome, and the number
of methylation changes in cancer cells seem to out-
number informative genetic alterations. The problem is
not the lack of information in the epigenome, but the
difficulty in accessing that information. Many of the
DNA methylation profiling techniques that are used in
global approaches rely on restriction enzyme digestion,

which limits their clinical use, and all current sodium-
bisulphite-based PCR approaches require the subse-
quent independent amplification of each individual
marker (with some modest multiplexing possible),
which limits their throughput capability. Nevertheless,
the promise of DNA methylation profiles is so great
that much effort is being put into the development of
high-throughput multi-marker approaches to DNA
methylation analysis3%37:3882%8-106 - As multi-gene
approaches are developed, DNA methylation
researchers are encountering many of the same bio-
informatics issues that confront gene-expression
microarray studies®1%, Several examples of hierarchi-
cal clustering using DNA methylation markers have
been published®39#2, However, most multi-marker
methylation studies reported so far have not properly
adjusted for multiple hypothesis testing, nor have
multi-marker models been tested on independent data
sets®™. The nature of the CpG island methylator pheno-
type (CIMP) is a particularly interesting statistical issue
in multi-marker DNA methylation studies (ox 1).

DNA methylation profiles offer several advantages
over gene-expression microarrays and proteomic
approaches. First, the DNA molecule is very stable,
surviving routine processing for histopathology.
Second, measurements of DNA methylation can be
compared with absolute reference points (completely
methylated or completely unmethylated DNA). This
greatly simplifies the design of internal references for
methylation assays. Third, abnormal methylation pat-
terns in cancer cells differ qualitatively from normal
cells, not just quantitatively. This allows for the devel-
opment of assays with high specificity and sensitivity.
This can be an advantage in analyses of samples that
contain substantial amounts of stromal tissue or non-
malignant epithelium. In such cases, it can be very dif-
ficult to detect decreased gene expression or loss of
heterozygosity in the cancer cells. A fourth advantage is
that methylation assays for individual markers tend to
be universal, just like gene-expression markers. Genetic
mutation assays usually have to be tailored to the indi-
vidual tumour. Finally, a fifth advantage is that DNA
methylation patterns are fairly stable over time. They
do not fluctuate in response to short-term stimuli, as
gene-expression profiles do.

Future directions

In recent years, it has become apparent that cancer is as
much a disease of misdirected epigenetics as it is a dis-
ease of genetic mutations. The next few years will bring a
better understanding of the mechanisms that underlie
the DNA methylation changes in cancer cells. We will
also witness an explosion in the number of cancer-spe-
cific methylation markers, assisted by in silico tools, fol-
lowed by a weeding process, ultimately resulting in small
panels of markers that are optimized for particular clini-
cal applications. As we gain insight into the functional
significance of methylation changes, there will be a push
to manipulate methylation patterns, initially using blunt,
global tools, such as DNA methyltransferase inhibitors,
but ultimately using targeted therapeutic agents.
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However, in the short term, the greatest promise of
DNA methylation markers lies in the power of diagnos-
tics, in which panels of markers will provide a tool for
risk assessment, early detection, molecular diagnostics
of resected specimens, chemoprediction and monitor-
ing for disease recurrence. Consider the following scene
from aclinic in the future. As part of an annual routine
physical examination of a patient, 10 ml of blood are
drawn for a DNA methylation screen with a panel of 20
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The following terms in this article are linked online to:
Cancer.gov: http://www.cancer.gov/cancer_information/
colorectal cancer | lung cancer | ovarian cancer | pancreatic
cancer | prostate cancer

LocusLink: http://www.ncbi.nih.gov/LocusLink/

DNMT1 | DNMT3A | DNMT3B | GSTP1 | MGMT | MLH1

FURTHER INFORMATION
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MethDB - Public DNA Methylation Database:
http://www.methdb.net

Access to this interactive links box is free online.
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