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Methylation of CpG islands in gene promoter regions
is a major molecular mechanism of gene silencing
and underlies both cancer development and progres-
sion. In molecular oncology, testing for the CpG
methylation of tissue DNA has emerged as a clinically
useful tool for tumor detection, outcome prediction,
and treatment selection, as well as for assessing the
efficacy of treatment with the use of demethylating
agents and monitoring for tumor recurrence. In ad-
dition, because CpG methylation occurs early in pre-
neoplastic tissues, methylation tests may be useful as
markers of cancer risk in patients with either infec-
tious or inflammatory conditions. The Methylation
Working Group of the Clinical Practice Committee of

the Association of Molecular Pathology has reviewed
the current state of clinical testing in this area. We
report here our summary of both the advantages and
disadvantages of various methods, as well as the needs
for standardization and reporting. We then conclude by
summarizing the most promising areas for future clin-
ical testing in cancer molecular diagnostics. (J Mol Di-

agn 2009, 11:266–278; DOI: 10.2353/jmoldx.2009.080125)

CpG-island methylation of gene promoter regions plays a
major role in regulation of gene expression. CpG islands
have been defined as genomic regions with a minimum of
200 bp, with % G�C greater than 50 and with observed/
expected CpG ratio above 60%.1 More recently, studies
have further defined CpG islands as regions of DNA
greater than 500 bp with a G�C equal to or greater than
55% and observed CpG/expected CpG of 0.65.2 In ac-
tively transcribed genes the CpG sites in CpG islands
of promoter regions are unmethylated, whereas in-
creased cytosine methylation in the island CpG sites is
associated with reduced gene expression and possi-
ble gene silencing.

Gene regulation by CpG methylation is involved in a
large spectrum of biological processes, from develop-
ment to aging, including inflammatory and infectious dis-
eases, and cancer. The availability of molecular tech-
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niques to evaluate the methylation status of CpG islands
in cancer related genes has prompted an explosion of
studies in this area, and CpG methylation tests are
emerging as clinically useful tests. CpG hypermethylation
is critical to silencing of the expression of tumor suppres-
sor genes, such as those that encode CDKN2B (p15),
CDKN2A (p16), and O-6-methylguanine-DNA methyl-
transferase (MGMT), as well as globally regulating differ-
entiation programs in many tumor types. The levels of
CpG methylation have thus been used to subclassify
tumors,3 predict response to chemotherapeutic agents
that are metabolized or antagonized by cellular enzymes
regulated by promoter methylation,4 and to assess the
effects of methylating and demethylating therapies. In
tumors in which CpG methylation silencing of particular
suppressor genes is highly prevalent, the levels of
such methylated DNA in blood or body fluids may be
indicative of the presence of cancer cells or their cir-
culating DNA.5,6

In this report we compare the current techniques and
methodological considerations for assessing DNA CpG
methylation and summarize the current status of CpG
methylation testing with emphasis on neoplasia. Specific
sections cover: 1) current methods for clinical testing of
CpG methylation and the decision-making criteria for
assay selection and validation requirements; 2) applica-
tions of CpG methylation testing for cancer detection,
prognosis, and monitoring using tumor tissue, cell-free
plasma and serum, and cytological and other biological
samples; and, 3) the potential use of methylation interfer-
ence and monitoring of CpG methylation status for pre-
diction of tumors related to bacterial and viral infections.

To promote standardization in clinical reporting, we
have used Human Genome Organization (HUGO) gene
nomenclature throughout the text (http://www.genenames.
org/index.html). A table listing the standard gene names
used in this document with the common names is pro-
vided in Table 1.

Current Methods Used for CpG Methylation
Testing

Analysis of CpG methylation requires some method of
discriminating between the methylated and unmethylated
DNA sequences, usually following PCR amplification of
targeted sequence(s). Post-PCR detection techniques
routinely used to differentiate methylated and unmethyl-
ated DNA include capillary electrophoretic separation,
dideoxynucleotide sequencing,7 pyrosequencing,8 mass
spectrometry,3,9 high performance liquid chromatogra-
phy,10 and array hybridization.11–17

Technical Considerations in the Bisulfite
Conversion Step

The majority of methods for methylation analysis begin
with the conversion by sodium bisulfite of unmethylated
cytosine to uracil (and then to thymine following in vitro
DNA synthesis). By contrast, methylated cytosines are

largely protected from this conversion process (Figure 1).
Bisulfite treatment thus creates different sequences in
methylated and unmethylated fragments, which can be
detected by a variety of techniques.

However, the effects of bisulfite treatment on DNA are
harsh and difficult to control and often result in significant
DNA degradation of up to 85% to 95% of target se-
quences.18 This reduction in DNA template can greatly
affect assay performance, including introducing PCR
bias in amplification of sequences.19 Furthermore, the
stability of bisulfite-treated DNA is reduced due to nucle-
otide mispairing and incomplete complementarity. There-
fore, in this initial step, one needs to optimize the condi-
tions required for full bisulfite conversion of unmethylated
cytosine to uracil and yet minimize the degradative ef-
fects of this treatment on DNA.

Although there are minimal data on the effects of tem-
perature and time of storage on the stability of bisulfite-
treated DNA, most laboratories analyze bisulfite-con-
verted DNA soon after conversion to minimize further
DNA degradation. Until more data are available, ultra-low
temperature storage conditions (�70°C or below) should
be used if converted DNA must be stored before analy-

Table 1. HUGO Gene Nomenclature Committee-Approved
Symbols for Genes Discussed in the Text

Symbol Common name

APC adenomatous polyposis coli
CACNA1G calcium channel, voltage-dependent, T type

alpha-1G subunit
CADM1 cell adhesion molecule 1 (IGSF4)
CCND2 cyclin D2
CDH1 cadherin 1 (E-cadherin)
CDH13 cadherin 13 (H-cadherin)
CDKN2A cyclin-dependent kinase inhibitor 2A (p16)
CDKN2B cyclin-dependent kinase inhibitor 2B (p15)
CRABP1 cellular retinoic acid binding protein 1
DAPK1 death-associated protein kinase 1
DNMT DNA methyltransferase
ESR1 estrogen receptor alpha
FHIT fragile histidine triad
FRBP3 fatty acid binding protein 3, muscle and heart

(mammary-derived growth inhibitor, MDGI)
GSTP1 glutathione S-transferase pi
HIC1 hypermethylated in cancer 1
HSD17B4 hydroxysteroid (17-beta) dehydrogenase 4
HSIL high-grade squamous intraepithelial lesion
IGF2 insulin-like growth factor 2
LATS1 large tumor suppressor, homolog 1
LATS2 large tumor suppressor, homolog 2
LINE long interspersed nucleotide element
MGMT O-6-methylguanine-DNA methyltransferase
MYOD1 myogenic differentiation 1
NEUROG1 neurogenin 1
PGR progesterone receptor
PSA prostate specific antigen
RARB retinoic acid receptor beta
RASSF1 RAS association (RalGDS/AF-6) domain

family 1
RUNX3 runt-related transcription factor 3
SFRP1 secreted frizzled-related protein 1 (SARP2)
SOCS1 suppressor of cytokine signaling 1
TMEFF2 transmembrane protein with EGF-like and two

follistatin-like domains 2 (HPP1,
hyperplastic polyposis 1)

TWIST1 twist homolog 1
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sis. Published detailed studies to determine the effect of
storage of bisulfite-treated DNA are needed. It is also
advisable to include appropriate controls to validate the
results obtained with such DNA.20 Another approach to
minimize DNA loss has been to perform bisulfite conver-
sion of DNA directly in tissue lysates.21 This method may
be particularly useful for smaller samples. In practice,
small samples are those that yield limited microgram
amounts of DNA, such as tissue samples that are few
millimeters in size, as are those obtained as endoscopic
or needle biopsies. Alternatively, to decrease loss of DNA
during bisulfite treatment, isolated DNA can be immo-
bilized on nylon22 or in agarose.23 While complicated,
bisulfite conversion can be reproducible and can be
reliably used for quantitative analysis of DNA methylation
(see below).21

Qualitative and Quantitative CpG Methylation
Detection after Bisulfite Conversion

There is a wide variety of PCR-based detection meth-
ods,24 including those in which the sequence differences
between bisulfite-converted and unconverted cytosines
are incorporated into the primers used for amplification,
so-called methylation-specific PCR (MSP). Examples of

MSP are represented in Figure 2. Alternatively, in meth-
ylation-independent PCR, the primer sequences do not
function to differentiate methylated and unmethylated
DNA, but rather they are detected by another method.
The advantages and disadvantages of each of the tech-
niques are compared in Table 2.

Originally described in 1996,20 MSP provides a sensi-
tive method for detecting minimal levels of a methylated
target in a sample; however, in its classical format it is
nonquantitative and cannot distinguish between low and
high levels of a methylated target sequence. By contrast,
combining real-time PCR probes with MSP, as in the
MethyLight assay, one can achieve a quantitative as-
sessment of the level of DNA methylation of a targeted
sequence.25,26 Real-time SYBR-GREEN MSP is another
quantitative MSP method that permits direct application
of primers designed for nonquantitative MSP in the real-
time quantitative assay. With all MSP-related quantitative
assays, there is a risk of nonspecific annealing of prim-
ers, which can completely invalidate the readout.27–30

Therefore, one should carefully design the primers and
probes used for PCR amplification and should correlate
methylation status with gene expression or function (such
as by quantitative reverse transcription PCR or immuno-
histochemical evaluation of gene expression).

Methods for detecting CpG methylation after meth-
ylation-independent PCR using bisulfite-modified DNA
include combined bisulfite restriction analysis,31 pyro-
sequencing,8,32–34 matrix-assisted laser desorption/
ionization-time of flight,9 and high performance liquid
chromatography.10,35,36

CpG Methylation Detection without Bisulfite
Conversion: Use of Methylation-Sensitive
Restriction Enzymes

Methylation-sensitive restriction endonucleases are also
routinely used to discriminate methylated and unmethyl-
ated CpG sites.37–39 The technical bases of combined
methylation-sensitive restriction enzymes and PCR for
detection of CpG methylation are illustrated in Figure 3.
One advantage of restriction enzyme-based analysis
over bisulfite treatment methods is that it does not require
modification of DNA sequences, which makes down-
stream analysis relatively simple, and avoids target DNA
damage. Several approaches have been developed for
simultaneous analysis of CpG methylation in multiple
sites of selected genes11,40 or in the whole genome.41–44

Use of restriction enzymes for methylation assessment
has certain constraints. The analysis is limited by the
availability of restriction sites within the fragment of inter-
est. Another limitation is that it provides “all-or-none”
readouts that do not depend on the number of accessible
restriction sites within the fragment, producing identical
results regardless of whether one or all sites are unmeth-
ylated. Finally, there is a possibility of incomplete diges-
tion, which will produce false-positive results.
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Figure 1. Bisulfite modification of DNA for methylation assays. Bisulfite
modification converts unmethylated cytosine to uracil, while methylated
cytosine is not modified. After PCR, uracil is replaced by thymine on the
newly synthesized DNA strands.

Figure 2. Methylation of the MLH1 gene CpG island promoter region de-
tected by methylation specific PCR (MSP). After sodium bisulfite conversion
of genomic DNA from colon cancer tumor samples (T1 and T2) or positive
control DNA (Pos. Cont.), PCR was performed with the primer pair specific
for methylated MLH1 DNA (M) or with the primer pair specific for the
unmethylated MLH1 sequence (U). The negative control is a PCR reaction
without DNA template. The DNA size ladder (Bp) is indicated. The presence
of a PCR product in the lanes labeled (M) indicates the presence of CpG
methylation in the sample T1 and in the positive control. For sample T2 no
MLH1 CpG methylation is detected.
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Multiplex Detection Methods

A variety of microarray-based techniques have been de-
veloped that allow for simultaneous testing of multiple
CpG sites in bisulfite-treated or native DNA.11–17 This
approach is particularly important when a uniform and
standardized platform is needed for analysis of multiple
genes such as those panels used for diagnosis or prog-
nosis stratification of cancer specimens. The clinical ap-
plications of microarray-based techniques have yet to be
determined; however, differential methylation hybridiza-
tion using restriction-enzyme based approaches has
been applied for selection of hypermethylated sites in

colorectal,45 ovarian,46 and breast cancers,40,47,48 and
may be effective for prediction of drug response.15

Selection of Methods for Testing Methylation of
Specific CpG Islands

The decision on which method(s) to use for CpG meth-
ylation clinical testing will be based on the goals of the
testing and required assay performance.49 Several fac-
tors can influence the choice: 1) how many CpG sites
(genes, promoters, etc) will be tested in each sample; 2)
the anticipated heterogeneity of ‘normal’ and ‘abnormal’
cells within samples; and 3) the amount and quality of
starting tissue, cells, or DNA material in each sample. If
using archived pathology samples, fixative and embed-
ding medium may significantly impact the method of
choice.

A clear understanding of the assay goal(s) is essential
for successful CpG methylation assay design. A CpG
methylation assay used as a surrogate marker of gene
expression must target CpG site(s) that are important for
gene regulation. This information can be obtained from
current databases and previously published papers, but
a validation study should be performed to correlate
methylation data with loss of protein expression or
mRNA levels.

A number of online tools can help in primer/probe
selection including MethPrimer,50 (http://www.urogene.
org/methprimer, the University of California at Santa Cruz
genome browser, McArdle CpG analyzer, and Methyl
PrimerExpress (Applied Biosystems, Foster City, CA).
When reporting CpG sites used in an assay, it is impor-
tant to indicate the template source (ie, GenBank acces-
sion number) and the coordinates of the examined DNA

Table 2. Comparison of Quantitative MSP and MIP Assays for Quantitative Assessment of CpG Methylation

Methylation-specific quantitative PCR
(MethyLight, etc.)

Methylation-independent PCR (for subsequent
pyrosequencing, mass spectrometry,

COBRA, etc.)

Basic characteristics Quantification during PCR Quantification after PCR; not specific for the
methylated or unmethylated sequences

Paraffin-embedded tissue Usable Usable
Precision Good Good, especially at high-level methylation
Accuracy Good Good, especially at high-level methylation
Monitoring of complete bisulfite

conversion
By amplification of a non-CpG

genomic reference*
By the presence of non-CpG cytosine in templates

that should be completely converted
Genomic reference to measure

the amount of input bisulfite-
converted DNA

Necessary* Unnecessary (measuring both methylated and
unmethylated sequences)

Resolution Lower; block of CpG sites coincident
with primer and/or probe sequences

Very high (single nucleotide level)

Analytical sensitivity Very high (1% methylated sequence) 2% to10% methylated sequence (depending on
subsequent detection method)

PCR design Easy for high density CpG sites
(applicable to most CpG islands)

Easy when there is a small CpG island abutted by
CpG sparse areas. CpG sites within PCR primers
must be limited

Closed system versus opening
of PCR tubes

PCR tubes always closed Opening of PCR tubes usually necessary

Samples for standard curves Necessary Unnecessary
PCR bias Specific for methylated sequence by

definition
Need to minimize PCR bias between methylated

and unmethylated sequences

*Some variants of real-time PCR assays do not require a genomic reference.

GCGCMethylated Unmethylated

HhaI

PCR

Primers

No product 

Figure 3. Methylation-sensitive restriction enzymes for detection of CpG
Methylation without bisulfite conversion. DNA is first treated with HhaI
methylation-sensitive restriction endonuclease and then used for PCR. When
the CpG locus being amplified is not methylated, HhaI cleaves its restriction
site, resulting in lack of PCR amplification; whereas, if it is methylated, the
HhaI restriction sites are protected from restriction enzyme digestion, allow-
ing for PCR amplification.
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segment (see Weisenberger et al51 for guidelines). For
bisulfite-based techniques, highlighting the location of
the primer and, if pertinent, probe sequences within the
bisulfite-converted sequence is recommended. For
methylation-sensitive restriction enzyme-based tech-
niques, a map of the examined region and the number of
restriction sites assessed by the assay should be
included.

For gene expression applications, quantitative assays
are preferred when homogeneous samples are available.
Since low levels of CpG methylation detected in tumor
samples may not correlate directly with silencing of gene
expression,21,52 quantitative methods can allow the use
of cutoff-values established through a validation study
with a comparison technique (eg, immunohistochemistry
and quantitative reverse transcription PCR).

In contrast, CpG methylation assays that detect char-
acteristic tumor-related genomic changes may require
detection of any level of abnormal methylation as a cor-
relative biomarker of the neoplastic process. Nonquanti-
tative MSP may be useful for these applications, espe-
cially when quantitative levels would have little value due
to variable sample composition, such as may occur with
very small biopsies or cytologic specimens. Finally, ge-
nome-wide comparative analysis of CpG methylation pat-
terns in normal tissues and tumors may require microar-
ray approaches,53 although validation requirements for
such techniques are inherently complex and not yet
well-established.

Elements of Assay Reporting, Validation, and
Quality Control in CpG Methylation Assays

The essential elements of a clinical report for CpG meth-
ylation testing are summarized in Table 3. In all circum-
stances, the assay validation and reporting requirements
need to be considered in light of the goals of testing. If
CpG methylation is assessed as a surrogate marker for
gene silencing (or loss of function) then assays must be
validated by comparing methylation status of the se-
lected CpG(s) with observed levels of RNA or protein

expression. Discordant false-negative (ie, loss of expres-
sion of an unmethylated gene) or false-positive results (ie,
intact expression of a methylated gene) may be to due to
unusual biology of the examined gene (eg, in cases when
methylation increases expression,54,55) alternative mech-
anisms of gene silencing, or technical issues (eg, heter-
ogeneity of the cellular constituents, incorrect sampling,
or selection of a less informative CpG site). Alternatively,
when CpG methylation data are being used as correlative
biomarkers, including their use as diagnostic markers5 or
as markers for the CpG island methylator phenotype
(CIMP),56 correlation with gene expression is not always
apparent, since a positive methylation status may not
correlate with loss of gene expression examined by meth-
ods such as immunohistochemistry.

Regardless of the application, validation of qualitative
clinical assays such as MSP still requires establishment
of the dynamic range and analytic sensitivity of the assay.
Use of parallel quantitative techniques such as Meth-
yLight can provide such data.21,57 To establish assay
precision and provide ongoing quality control, availability
of well-characterized controls is essential, but these have
proven difficult to standardize. Completely unmethylated
fragments can be easily recovered from cloned or PCR-
amplified DNA. Completely methylated fragments can be
made from unmethylated DNA after treatment with SssI
methylase. A heterogeneous control with a pre-deter-
mined ratio of fully methylated and fully unmethylated
DNA can be made by mixing SssI-treated and un-
treated fragments. This control, however, cannot be
considered partially methylated because each frag-
ment is either methylated or unmethylated; currently
there is no acceptable procedure to make partially
methylated control samples.

The most important consideration in interpretation and
reporting of CpG methylation analyses in neoplastic tis-
sues is the heterogeneity of clinical samples. Spurious
results might be explained by the scantiness of neoplas-
tic cells or by the presence of too many non-neoplastic
cells (eg, lymphocytes, fibroblasts, stromal cells, etc).
This is particularly problematic for cytologic samples,
where tumor cells can be severely degenerated or sig-
nificantly diluted by the background of numerous inflam-
matory cells, benign reactive cells, and microorganisms.

Heterogeneity of the CpG methylation profiles of the
neoplastic cells related to clonal evolution, differentiation
state, or histological grade may also skew results. When
a portion of the sample is selected for analysis, the extent
of errors associated with observer-dependent tissue
sampling is difficult to predict. The heterogeneity issues
remain for cell-free plasma DNA as well, but they are
defined by the nature of the specimen and not by ob-
server-dependent selection of starting material. The influ-
ence of this heterogeneity on test interpretation is also
unknown.

Finally, DNA sample quality issues can greatly influ-
ence assay results. Cytologic materials, which are liq-
uid-based and obtained fresh or fixed with nonformalin
fixatives, represent good quality samples, whereas for-
malin-fixed tissues sections can show much greater
variation in DNA quality.

Table 3. Reporting Recommendations for a CpG
Methylation Assay

Pre-analytic
Clinical indication (e.g., rule out HNPCC)
Tissue source (tumor, aspirate, urine cytology),

including fixative, if known
Correlated immunohistochemical or molecular result, if

for gene expression or MSI correlation

Analytic
Methods employed, including description of sensitivity

and/or other controls
Description of gene(s) and region(s) interrogated using

standardized nomenclature
Quantitative or qualitative result

Post-analytic
Comment if methylation at interrogated CpGs is known

to correlate with gene silencing
Limitations on detection accuracy or sensitivity, such

as sample quality or unusual sample source
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Applications of CpG Methylation Testing in
Neoplastic Disorders

There has been increased recognition that tumor-associ-
ated epigenetic changes play an important role in the
initiation and progression of human cancers. Below, we
review reported applications of CpG methylation analysis
in detection, classification, and monitoring treatment re-
sponse of various human cancers.

Classification of Colorectal Cancer

The most common clinical application for CpG methyl-
ation testing in colorectal neoplasia is as part of the
work-up of hereditary non-polyposis colorectal cancer
(HNPCC/Lynch syndrome),58 which produces microsat-
ellite instability (MSI) by germline mutation of one of sev-
eral DNA mismatch repair genes. Tumors resulting from
HNPCC can be distinguished from most cases of the MSI
high (-H) subset of sporadic colorectal cancer by ab-
sence of CpG methylation of the MLH1 promoter, which
characterizes most cases of sporadic MSI-H colorectal
cancer.51,58–64 However, assessment of MLH1 methyl-
ation by itself is probably not adequate to distinguish
between all sporadic colon cancers and HNPCC-associ-
ated MSI-H cancers, since methylation of MLH1 can
been seen as a “second hit” in individuals with a germline
MLH1 mutation.65 Another limitation is that there are rare
cases of heritable germline MLH1 methylation (epimuta-
tion), which can be a cause of hereditary MSI-H colorec-
tal cancer mimicking HNPCC/Lynch syndrome.66

The CpG island methylator phenotype (CIMP), defined
as widespread promoter CpG island methylation, has
been established as a unique epigenetic phenotype in
colorectal cancer that is correlated with MLH1 methyl-
ation and MSI phenotype.51,62,67 CIMP-positive colorec-
tal tumors have a distinct clinical, pathological, and mo-
lecular profile. Typically, they are associated with older
age, proximal tumor location, female gender, poor differ-
entiation, BRAF mutations, wild-type TP53, inactive WNT/
�-catenin, stable chromosomes, and high-level LINE-1
methylation, independent of MSI status.62,67–71 Particu-
larly, CIMP status may help distinguish sporadic and
HNPCC-related tumors with MSI, because most sporadic
MSI-H colon cancers exhibit CIMP, while this is typically
not seen in HNPCC-associated cancers.59,62,72–74 Re-
cent studies have suggested the existence of KRAS mu-
tation-associated CIMP (CIMP2 or CIMP-low), separate
from CIMP-negative (CIMP-0), and BRAF mutation-asso-
ciated CIMP (CIMP1 or CIMP-high).75–77 Additional stud-
ies support a molecular difference between CIMP-low,
CIMP-negative, and CIMP-high in colorectal cancer.78–80

A recent study suggested that all sporadic MSI-H tumors
were explained by CIMP and MLH1 methylation,51 while
other studies have suggested that there may be a subset
of sporadic MSI-H tumors that do not exhibit MLH1 meth-
ylation and/or CIMP.62,81

Observed differences may be due to the fact that the
panel of CpG markers and method of assessment for
categorizing CIMP are not yet standardized. Use of quan-

titative MethyLight technology and evaluation of a new
panel of four to eight CpG islands, including RUNX3,
CACNA1G, IGF2, MLH1, NEUROG1, CRABP1, SOCS1,
and CDKN2A, may be the most promising approach.51,56

Currently, it is probably best to regard CIMP as we regard
the p.V600E BRAF mutation, which is also commonly
seen in sporadic MSI colon cancers and is only rarely
seen in HNPCC-associated tumors: the presence of ei-
ther CIMP or the p.V600E mutation is strong evidence
that an MSI-H tumor is sporadic, while the absence of
both of these findings indicates that the tumor could be
either HNPCC-associated or sporadic.

Determination of CIMP status may also be useful in
evaluating the prognosis of colon cancer. A relationship
of CIMP with prognosis of microsatellite stable colon
cancers has been reported. While previous studies have
either found no relationship or a very small relation-
ship,60,82 one study demonstrated a poor prognosis as-
sociated with CIMP in microsatellite stable tumors, but
not in MSI-H tumors.83 BRAF mutations have also been
associated with poor prognosis in microsatellite stable
tumors, although in the same study, no effect was seen
on the good prognosis of MSI-H tumors.82 Since micro-
satellite stable tumors with BRAF mutations are usually
very heavily methylated,75 it is possible that the relation-
ship between prognosis and BRAF is actually a relation-
ship between prognosis and high levels of methylation. A
different CIMP panel that only detects extensive methyl-
ation may show such a relationship with prognosis. Fu-
ture studies are necessary to resolve this question.

Tumor Progression in Esophageal Carcinoma

The stepwise progression to esophageal adenocarci-
noma involves an initial stage of intestinal metaplasia
(Barrett’s esophagus), followed by low-grade and high-
grade dysplasia, and finally adenocarcinoma. Shulmann
et al characterized the CpG methylation status of 10
genes (HPP1, RUNX3, RIZ1, CRBP1, 3-OST-2, APC,
TIMP3, P16, MGMT, P14) by real-time quantitative
MSP.84 Their studies demonstrated that hypermethylation
of P16, RUNX3, and HPP1 in Barrett’s esophagus or
low-grade dysplasia may represent independent risk fac-
tors for the progression of Barrett’s esophagus to high-
grade dysplasia or adenocarcinoma.

Diagnosis of Biliary and Pancreatic Malignancies
on Cytologic Specimens

Due to its often cryptic location, early detection of cholan-
giocarcinoma is paramount in improving clinical manage-
ment and patient’s survival. Yang et al have shown that
concurrent methylation of multiple CpG islands is a hallmark
for cholangiocarcinoma.85 Using a panel of 12 tumor sup-
pressor genes, they reported that DNA methylation profiles
accurately differentiated malignant cells from reactive cells
in biliary brushings.86 Similarly, Watanabe et al87 found that
aberrant methylation of SFRP1 (SARP2) was seen in 79% of
pancreatic carcinoma and 56% of malignant intraductal
papillary mucinous neoplasms, but was rarely seen in
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chronic pancreatitis and healthy controls. Hypermethyl-
ation of SFRP1 in pancreatic juice may be a highly
sensitive and useful marker in differentiating pancre-
atic carcinoma from chronic pancreatitis.87

Diagnosis and Outcome Prediction in Breast
Cancer

Abnormal CpG methylation in breast cancer has been
found in the promoters and first exons of genes, including
ESR1 (estrogen receptor �),88,89 PGR (progesterone recep-
tor),90 FRBP3 (MDGI, mammary-derived growth inhibitor),91

CALCA (calcitonin),92 MUC1, 93 and known proto-oconco-
gene HRAS, 94 and tumor suppressor CDKN2A95 genes.
The first systematic screen to detect all abnormally methyl-
ated genes used a differential methylation hybridization ap-
proach11 and identified multiple methylated fragments in
cultured tumor cells and in breast cancer tumors,12 includ-
ing transcribed domains of ribosomal DNA.96

Detection of abnormal CpG methylation specific for
breast cancer can be done using fine needle aspirates,97

nipple aspirate fluid,98 and ductal lavage,99 as reviewed
by Dua et al.100 MSP was reported to have high analytical
specificity and moderate analytical sensitivity (100% and
67%, respectively) for diagnosis of malignancy when
three genes (RARB, RASSF1, and CCND2) were ana-
lyzed in fine needle aspirate samples.101 Fackler et al102

evaluated methylation profiles of nine CpG islands in
ductal lavages from 37 cancer patients undergoing mas-
tectomy. A cumulative methylation index had an analyti-
cal sensitivity of 71% and specificity of 83% in the detec-
tion of cancer cells, compared with an analytical
sensitivity of 33% and specificity of 99% by cytomorphol-
ogy alone. This study provides proof-of-principle by
showing the advantages of using methylation analyses to
query cytologic specimens and indicates its potential use
in diagnosis and risk stratification.102

Other studies have found methylation of the CDH1
gene to be associated with breast tumor invasion and
lymph node infiltration,103,104 and methylation of LATS1
and LATS2 has been associated with aggressive can-
cer.105 Nevertheless, currently, there are insufficient data
to determine the clinical usefulness of methylation tests
for diagnosis and prognosis of breast cancer so addi-
tional studies are warranted.

Progression in Cervical Carcinoma

The progression from precursor squamous intraepithelial
lesions to cervical carcinoma requires additional genetic
and epigenetic alterations that have not been character-
ized fully. Gustafson et al examined aberrant promoter
methylation of 15 tumor suppressor genes using a multi-
plex, nested-MSP approach in 11 high-grade squamous
intraepithelial lesions, 17 low-grade squamous intraepi-
thelial lesions, and 11 negative tissues from liquid-based
cervical cytology samples.106 Aberrant promoter methyl-
ation of DAPK1 and CADM1 (IGSF4) occurred at a high
frequency in high-grade squamous intraepithelial lesions
and was absent in low-grade squamous intraepithelial

lesions and negative samples. Also, the mean number of
methylated genes was significantly higher in high-grade
squamous intraepithelial lesions, as compared with low-
grade squamous intraepithelial lesions and negative sam-
ples.106 Aberrant CDKN2A (p16) methylation was signifi-
cantly higher in invasive cervical cancers (61%) as
compared with high-grade squamous intraepithelial lesions
(20%) or normal cytologic specimens (7.5%).107 DNAmeth-
ylation profiling will likely add a new dimension in the appli-
cation of molecular biomarkers for prediction of disease
progression and risk assessment in cervical squamous
lesions, but again others studies are warranted.

Diagnosis of Urothelial Carcinoma in Urine
Cytology

Urine cytology is the initial method used for screening of
bladder urothelial carcinoma. Although high-grade urothe-
lial carcinoma can be readily detected in urine cytology,
cytologic detection of low-grade papillary urothelial car-
cinoma in urine is challenging due to the overlapping
cytomorphologic features with benign reactive pro-
cesses. Wang et al,108 using a panel of nine CpG islands,
found that concurrent methylation of three or more CpG
islands can differentiate low-grade papillary urothelial
carcinoma lesions from benign/reactive urothelium in
urine. The analytical sensitivity to detect low-grade
urothelial carcinoma by DNA methylation profiling was
80% in comparison with 13% by cytology alone.108 These
studies demonstrate that analysis of methylation profiling
in certain cytologic specimens can be a useful ancillary
tool in facilitating early and accurate detection of urothe-
lial cancer cells.

Predicting Response to Chemotherapy: MGMT
Profiling in Glioblastoma and Lymphoma

MGMT is a DNA repair enzyme that is frequently methylated
in human cancers, including glioblastoma and diffuse large
B-cell lymphoma. MGMT functions to repair O6-methylgua-
nine DNA adducts generated by both endogenous and
exogenous exposure to alkylating agents.109–111 Repair of
O6-methylguanine is critical to prevent accumulation of
G�A transition mutations in important growth regulatory
genes, including KRAS and TP53.112 CpG islands within the
promoter and coding region of MGMT are aberrantly hyper-
or hypomethylated, respectively, resulting in transcriptional
repression.79,113–117 Loss of MGMT expression and/or
MGMT promoter methylation are associated with a worse
prognosis in several tumor types,118–120 possibly due to an
increased mutation rate.

Since unrepaired O6-methylguanine signals apopto-
sis,121 low MGMT expression would be expected to pre-
dict an improved clinical response to chemotherapeutic
alkylating agents. Thus, MGMT promoter methylation sta-
tus can impact the degree of signaling for apoptosis
following alkylating agent therapy. In glioblastoma multi-
forme, loss of MGMT expression predicts greater efficacy
of treatment with temozolimide and other alkylating
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agents. Several studies have shown a compelling direct
correlation between MGMT promoter methylation and
drug response that translates into increased overall pa-
tient survival.122–125 Consequently, MGMT promoter
methylation analysis using MSP is being used in the
clinical laboratory to predict outcome and response to
therapy in glioblastoma. MGMT promoter methylation
also predicts improved outcome in patients with diffuse
large B-cell lymphoma treated with the alkylating agent
cyclophosphamide.126 In addition to predicting drug re-
sponse, MGMT promoter methylation is an independent
predictor of better outcome in glioblastoma and diffuse
large B-cell lymphoma.124,127

CpG Methylation Profiling of Free DNA in Body
Fluids as a Screening Tool

Tumor cells that are undergoing necrosis or apoptosis
release fragments of genomic DNA, which may enter the
circulation or be released in the urine or stool where they
can be used as biomarkers for the diagnosis, staging, or
post-treatment monitoring of cancer. There is tremen-
dous variability in the amount and half-life of cell-free
DNA released into the circulation128,129; however, the
ease of obtaining serial serum or plasma has stimulated
tremendous interest in the potential utility of detecting
tumor-associated methylated DNA in such samples.

Several studies have addressed whether CpG methyl-
ation of tumor biomarkers in serum cell-free DNA is in fact
correlated with tumor status. Bastian et al evaluated cir-
culating serum cell-free DNA CpG methylation of GSTP1,
which is hypermethylated in prostate cancer.130 They
found that circulating cell-free DNA with GSTP1 hyper-
methylation was not detected in the serum of men with a
negative prostate biopsy but was detected in 12% with
clinically localized disease and in 28% with metastatic
cancer. Detection of hypermethylated GTSP1 DNA in
serum was the most significant predictor of increased
prostate specific antigen levels.130

Using MethyLight MSP, Muller et al analyzed 215 serum
samples from patients with cervical or breast cancer to
identify multigene associated CpG methylation changes. In
cervical cancer, hypermethylation of three genes (MYOD1,
CDH1, and CDH13) in pretreatment sera was significantly
associated with a poor disease outcome.131 Methylation of
a similar set of genes (RASSF1, ESR1, APC, HSD17B4, and
HIC1) selected from a panel of 39 genes in serum was
found to be informative for prediction of metastasis, with
APC and RASSF1 being the most important.132

Koyanagi et al studied the association between DNA
methylation of RASSF1 and RARB in circulating tumor cells
in peripheral blood of melanoma patients with response to
biochemotherapy (a treatment modality that includes bio-
logical agents such as interferon and interleukin-2).133 Pa-
tients with methylated RASSF1 and RARB showed a signif-
icantly poorer response to biochemotherapy, shorter time to
progression, and lower overall survival.133

Grady et al studied CpG methylation of MLH1 pro-
moter DNA in the serum of patients with microsatellite
unstable colon cancers.134 In a panel of sera from 19

colon cancer cases, methylation of MLH1 was detected
in sera in three out of nine patients whose primary tumors
harbored MLH1 methylation. The assay proved 33% an-
alytically sensitive and 100% specific.134

Detection of hypermethylated DNA in stool samples
has been proposed as a screening tool for colorectal
cancer.135,136 Lenhard et al analyzed promoter methyl-
ation of HIC1 in stools of patients with colorectal cancer or
adenomas.136 They found that 97% of samples had am-
plifiable DNA and HIC1 was methylated in 42% of colo-
rectal cancer patients and 31% of patients with adeno-
mas, and was not methylated in normal samples.
Belshaw et al135 compared methylation of a panel of CpG
islands using MSP and combined bisulfite restriction
analysis and found similar methylation frequencies of
ESR1 and MGMT between tumor tissue samples and
fecal DNA from the same patients.

The above reported data identify potential clinical ap-
plications of CpG methylation testing; however, future
prospective studies are required to validate these find-
ings and to refine guidelines for clinical practice.

Monitoring Treatment Response to
Demethylating Agents

One of the most promising clinical applications for CpG
methylation analysis is in monitoring the response to
demethylating agents. 5-aza-2�-deoxycytidine/decitab-
ine (Dacogen) and azacitidine (Vidaza) are agents ap-
proved by the U. S. Food and Drug Administration for
treatment of myelodysplastic syndrome. They function by
reversing hypermethylation of tumor suppressors, includ-
ing the cell cycle regulator p15. Demethylating agents
also have variable activity in a wide variety of other tumor
types, especially in combination with other agents.

Several clinical studies have now used CpG methyl-
ation profiling of pre- and post-treatment blood samples
to monitor the therapeutic effects of demethylating
agents. The effects of these drugs on both global meth-
ylation (eg, LINE repeats) and the CpG methylation of
specific target genes have been studied. In a phase I/II
study of decitabine in acute myelogenous leukemia/my-
elodysplastic syndrome, transient and reversible de-
creases in the level of DNA methylation at LINE and
CDKN2B (p15) promoter were observed by a quantitative
pyrosequencing assay over a 10-day course of treat-
ment.137 Transcriptional up-regulation of CDKN2B (p15)
was observed in parallel with decreases in CpG methyl-
ation. Lower pretreatment levels of CDKN2B (p15) pro-
moter methylation were correlated with clinical responses
to decitabine. Changes in the levels of CpG methylation
following treatment were modest (shifts of 10% to 20%)
strongly indicating the need for reproducible quantitative
assays for monitoring methylation levels.137 As dis-
cussed above, such techniques include real-time PCR
(eg, MethyLight) and pyrosequencing methodologies.138

Given the current wide use of demethylating agents in
myelodysplastic syndrome and myeloid leukemias,
CDKN2B (p15) methylation assays have the potential to
be used up-front to predict which patients will respond
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to demethylation therapies. However, given the ability to
monitor response in these tumors based solely on blood
counts, empirical use of demethylating agents in the
absence of pretreatment testing may well continue. If
demethylating therapy becomes common in solid tumors
where treatment response is more difficult to assess,
blood monitoring of re-expression of blood proteins, such
as fetal hemoglobin due to CpG demethylation, may
serve as a useful surrogate marker of drug response.139

CpG Methylation and Inflammatory and
Infectious Diseases Related to Cancer
Development

Viruses and CpG Methylation

Some viruses appear to use methylation to regulate
expression of their own viral genes as well as host cellular
genes. Diseased tissues that harbor viruses might, there-
fore, be responsive to therapies that alter methylation
patterns.140–143 For example, Epstein-Barr virus, which is
associated with selected histological subtypes of lym-
phomas and carcinomas, may repress certain viral genes
(nuclear antigens EBNA 1-6, and latent membrane pro-
teins LMP 1 and 2) in an effort to elude immune destruc-
tion.144,145 In other examples, hepatocellular carcinomas
appear to silence certain tumor suppressor genes in the
presence of heptatitis B virus infection,146 and HPV ap-
pears to use methylation to exert its effects on viral and
cellular gene expression.147 JC virus T antigen expres-
sion is also associated with widespread CpG methylation
referred to as CIMP in colorectal cancer.148 Dysregula-
tion of DNA methyltranferases may be responsible, at
least in part, for the effects of viruses on host gene
promoter methylation.146,149 The first protein ever shown
to bind to and activate a methylated promoter was a
virally encoded factor, demonstrating that viruses have
evolved mechanisms to overcome methylation to their
selective advantage.150 To the extent that host cellular
methylation patterns are altered in virus-specific ways, it
may be possible to use expression patterns or methyl-
ation patterns to identify virus-related subclasses of can-
cers. Furthermore, a promising novel targeted therapeu-
tic strategy involves demethylation/activation of viral
gene expression in a way that triggers immune recogni-
tion and destruction of virally infected tumor cells with
little adverse effect on uninfected normal cells.

Bacterial Infection and CpG Methylation

In contrast to CpG methylation in tumors, the CpG
methylation status of genes in non-neoplastic tissues has
received little attention.151 However, several studies have
shown that CpG island hypermethylation of genes known
to be methylated in cancers can be detected in the
non-neoplastic tissues.152–154 One of the most remark-
able examples of methylation in non-neoplastic tissue is
the hypermethylation of multiple CpG islands in the mu-
cosal tissues of patients with inflammatory conditions,
such as chronic gastritis associated with Helicobacter

pylori infection and inflammatory bowel diseases (ulcer-
ative colitis and Crohn’s disease), conditions with in-
creased risk of cancer development.

Increased CpG methylation of several genes has been
identified in the gastric mucosa of patients with H. pylori
gastritis, reviewed by Gologan et al.151 Chan et al155

demonstrated that CDH1 (E-cadherin) methylation was
more frequent in the gastric mucosa of patients with H.
pylori infection as compared with those without. Another
study,154 where the methylation status of several genes
was examined, reported that CpG methylation was up to
303-fold higher in H. pylori-positive than in H. pylori-neg-
ative gastric mucosal tissue. MLH1 CpG methylation in
gastric epithelial cells associated with reduced RNA and
protein levels of MLH1 were reported after exposure of
gastric cells to H. pylori organisms.156 Studies to-date
have not provided conclusive evidence regarding the
potential role of CpG methylation in inflammatory cells
present in the gastric mucosa of H. pylori gastritis.

The potential implications of these reported findings are
two-fold: first, CpG methylation may become useful in clin-
ical practice to determine the risk of gastric cancer, and
second, demethylating agents by restoring the CpG meth-
ylation levels in the gastric mucosa may become useful in
cancer chemoprevention. Prospective studies for
these potential applications of CpG methylation asso-
ciated with H. pylori gastritis and other inflammatory
diseases are warranted.

Summary

There are numerous promising clinical applications of
CpG methylation testing for tumors and preneoplastic
lesions. However, if CpG methylation testing is to become
routine in clinical molecular diagnostics, there is a critical
need for cross-laboratory comparisons of different meth-
odologies, for the development of standardized quality
control materials for assays and for the adoption of stan-
dard reporting formats. While significant advances have
been made in the analysis of methylation patterns in
various clinical tissues and other samples, with the ex-
ception of MGMT in gliomas, the selection of optimal
gene targets for prognostic methylation panels in specific
tumor types remains to be established. Genome-wide
methylation screens are currently identifying new marker
gene panels for prognosis and therapy-response predic-
tors in other tumors. Application of such techniques in
carefully controlled clinical trials, where favorable num-
bers of samples can be compared with patient outcomes
data, is an essential component for the development of
clinically meaningful targets for CpG methylation analy-
sis. Comparative studies are clearly essential to further
advancement of this field, therefore, we urge researchers
to identify and define the CpG sites analyzed in published
reports by listing DNA sequences and/or describing the
location of the tested CpG(s) in relation to the transcriptional
start site. Such advances will be instrumental in attaining
clinically valuable and reliable CpG methylation assays for
molecular diagnosis for the years to come.
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