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Preface

A quick glance at the number of references to DNA methylation in the searchable
biomedical databases, such as PubMed and others, or the frequency with which these
words appear on Internet websites and public databases demonstrates the current
boom in interest in DNA methylation. This book is born of the necessity to serve
that interest: it aims to be a comprehensive handbook covering the areas in which
DNA methylation is important, addressing how this modification may be studied for
academic and clinicopathological purposes and how it may be applied in therapeutic
strategies. Until now, the field has lacked this type of organized bibliographical
source, but this current book, with contributions from many of the leading experts
in the field of DNA methylation, makes good this absence.
 CRC Press LLC
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THE RELEVANCE OF DNA METHYLATION TO 
HUMAN BIOLOGY, CLINICOPATHOLOGICAL 
SYNDROMES, AND EXPERIMENTAL MODELS

DNA METHYLATION IN PHYSIOLOGICAL CONDITIONS

We can lump within the scope of the enigmatic word of “epigenetics” all the heritable
changes in gene expression patterns that are based on factors other than straightfor-
ward DNA sequences. The mechanisms controlling epigenetics are complex and we
have only just begun to get our first glimpses of their nature. For example, chromatin
structure, controlled by the patterns of acetylation and methylation of the histone
proteins around the regulatory regions of genes (Jenuwein and Allis, 2001), is one
critical layer of epigenetics [1]. However, at a deeper level still, the most “genetic”
of all epigenetic modifications is DNA methylation [2]. 
1
0-8493-2050-X/05/$0.00+$1.50
© 2005 by CRC Press LLC

 CRC Press LLC



 

2

 

DNA Methylation: Approaches, Methods, and Applications

               

2050_C01.fm  Page 2  Wednesday, August 11, 2004  7:32 AM

© 2005 by
In humans, the vast majority of DNA methylation occurs in the cytosine of the
CpG dinucleotides. We need certain levels of methylcytosine in our genomes to be
considered normal human beings. Endoparasitic sequences such as Alu elements or
LINEs (long interspersed nuclear elements) refrain from jumping around thanks to
the repression of DNA methylation; we keep our parental marks in our imprinted
genes thanks to DNA methylation; and the need to silence one of each pair of X
chromosomes in women is met by DNA methylation. At the same time, the distri-
bution of the dinucleotide CpG in our genomes is not random. Most ubiquitously
expressed genes have high concentrations of CpGs in their promoter-regulatory
regions, from where the RNA transcript of the gene originates. These regions are
called CpG islands. In a normal cell, they are unmethylated, and the gene is expressed
if the required transcription factors are present. 

DNA METHYLATION IN CANCER

The perfect epigenetic equilibrium of DNA methylation previously described in the
normal cell is dramatically transformed in the cancer cell. The DNA methylation
aberrations observed can be considered as falling into one of two categories: transcrip-
tional silencing of tumor suppressor genes by CpG island promoter hypermethylation
and a massive global genomic hypomethylation. Let us briefly examine these two
features.

Hypermethylation of Tumor Suppressor Genes 

In human tumors, some CpG islands become hypermethylated with the result that
the expression of the contiguous gene is shut down. If this aberration affects a
tumor suppressor gene, it confers a selective advantage on that cell and is selected
generation after generation. We and other researchers have contributed to the
identification of a long list of hypermethylated genes in human neoplasias [3,4],
and this epigenetic alteration is now considered to be a common hallmark of all
human cancers affecting all cellular pathways [5–7]. Extremely important genes
in cancer biology, such as the cell-cycle inhibitor p16INK4a; the p53-regulator
p14ARF; the DNA-repair genes hMLH1, BRCA1, and MGMT; the cell-adherence
gene E-cadherin; and the estrogen and retinoid receptors, undergo methylation-
associated silencing in cancer cells [6].

The profiles of CpG island hypermethylation are known to depend on the tumor
type [3,4]. Each tumor subtype can now be assigned a CpG island hypermethylation
profile (methylotype) that almost completely defines that particular malignancy in
a similar fashion, as do genetic and cytogenetic markers. Establishing a DNA methyl-
fingerprint can be very useful for classifying these malignancies according to their
aggressiveness or sensitivities to chemotherapy. Single-gene approaches can also be
extremely useful. In gliomas, B-diffuse large cell lymphomas for example, we have
demonstrated that hypermethylation of the DNA repair gene MGMT confers a good
response to the chemotherapy regimens that include the alkylating drugs BCNU and
cyclophosphamide [8–10]. 
 CRC Press LLC
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Using DNA Hypermethylation in Cancer Management

DNA methylation can be exploited on three translational fronts for clinical purposes
in cancer patients.

1. New lines of treatment based on DNA demethylation agents that reverse
the CpG island hypermethylation of tumor suppressor genes. Unlike
genetic changes in cancer, epigenetic changes are potentially reversible.
For years, in cultured cancer cell lines, we have been able to reexpress
genes that had been silenced by methylation by using demethylating
agents such as 5-aza-2-deoxycytidine [11]. These compounds had previ-
ously been used in the clinic, but the doses administered at those times
were quite toxic. Interestingly, we can reduce the doses by adding inhib-
itors of histone deacetylases, such as phenylbutyrate. Several Phase I and
II clinical trials are underway to test this strategy. Chapters 12–14 are
excellent guides to understanding this complex area.

2. Methylation as a molecular biomarker of cancer cells. The presence of
CpG island hypermethylation of the tumor suppressor genes described is
specific to transformed cells [5–7] and there is a particular profile of
methylation for each tumor type [3,12]. Methylation can, therefore, be
used as an indicator for the presence of a particular malignancy. One of
the best-accepted cases is the presence of hypermethylation of the glu-
tathione-S-transferase P1 (GSTP1) gene in prostate cancer, as summarized
in Chapter 2. Hypermethylation could also be used as a tool for detecting
cancer cells in multiple biological fluids [2] or for monitoring hyperme-
thylated promoter loci in serum DNA from cancer patients [13]. Chapters
2 and 5 provide useful information on this matter. 

3. Gene promoter hypermethylation as a prognostic/predictive factor. Meth-
ylation is not only a positive marker, but also a qualitative one. We have
recently provided compelling evidence about its strength: the methylation-
associated silencing of MGMT (the DNA repair gene) in tumors indicates
which patients will be sensitive to chemotherapy with certain alkylating
agents [10]. Similar scenarios can now be outlined using the methylation
status of hormone and growth factor receptor genes, and those encoding
for DNA repair proteins, for many tumor types. The involvement of
industry in developing some of these uses in a standardized manner is
essential, and it is encouraging that some companies, such as Oncometh-
ylome Sciences, are rising to the challenge.

Global Genomic Hypomethylation

At the same time the CpG islands become hypermethylated, the genome of the
cancer cell undergoes global hypomethylation. The malignant cell can have 20 to
60% less genomic 5mC (5-methylcytosine) than its normal counterpart [14,15]. The
loss of methyl groups is accomplished mainly by hypomethylation of the “body”
(coding region and introns) of genes, and through demethylation of repetitive DNA
 CRC Press LLC



 

4

 

DNA Methylation: Approaches, Methods, and Applications

             

2050_C01.fm  Page 4  Wednesday, August 11, 2004  7:32 AM

© 2005 by
sequences, which account for 20 to 30% of the human genome. How does global
DNA hypomethylation contribute to carcinogenesis? Three mechanisms can be
invoked: chromosomal instability, reactivation of transposable elements, and loss of
imprinting. Undermethylation of DNA might favor mitotic recombination, leading
to loss of heterozygosity, as well as promoting karyotypically detectable rearrange-
ments. Additionally, extensive demethylation in centromeric sequences is common
in human tumors and may play a role in aneuploidy. As evidence of this, patients
with germline mutations in DNA methyltransferase 3b (DNMT3b) are known to
have numerous chromosome aberrations [16]. Hypomethylation of malignant cell
DNA can also reactivate intragenomic parasitic DNA, such as L1 (LINE), and Alu
(recombinogenic sequence) repeats [17]. These, and other previously silent trans-
posons, may now be transcribed and even “moved” to other genomic regions, where
they can disrupt normal cellular genes. The loss of methyl groups can affect
imprinted genes and genes from the methylated X chromosome of women. The best-
studied case is of the effects of the H19/IGF-2 locus on chromosome 11p15 in certain
childhood tumors [18]. Chapter 3 reflects the relevance of DNA methylation to the
control of gene imprinting and X inactivation.

In summary, the disruption of DNA methylation patterns is a major hallmark of
cancer. Much is still unknown, but the unfolding scenario shows great promise for
a better understanding of cancer biology and for improvement in the management
of human tumors.

DNA METHYLATION IN IMMUNOLOGY

DNA methylation also occupies a place at the crossroads of many pathways in
immunology, providing us with a clearer understanding of the molecular network
of the immune system.

From the classical genetic standpoint, two immunodeficiency syndromes, the
ICF (immunodeficiency, centromeric regions instability, facial anomalies) syndrome
and ATR-X (X-linked form of syndromal retardation associated with alpha-thalas-
semia) syndrome, are caused by germline mutations in two epigenetic genes: the
DNMT3b and the ATRX genes [19,20]. DNMT3b is the putative de novo DNA
methyltransferase (DNMT1 would be the maintenance DNA methyltransferase and
DNMT3a the other de novo methyltransferase). In the rare ICF syndrome, charac-
terized by DNA hypomethylation and chromosomal aberration at certain satellite
regions, some lymphogenesis genes are expressed in a deregulated fashion [19]. On
the other hand, the ATRX gene is a chromatin-remodeling gene that, when mutated,
also causes DNA methylation changes, thereby revealing the intimate relationship
between chromatin and methylation [20].

Autoimmunity and DNA methylation can also go hand in hand. Classical autoim-
mune diseases, such as systemic lupus erythematosus or rheumatoid arthritis, are
characterized by massive genomic hypomethylation [21,22]. This phenomenon is
highly reminiscent of the global demethylation observed in the DNA of cancer cells
compared with their normal-tissue counterparts [2,15]. Other examples include the
proposed epigenetic control of the histo-blood group ABO genes [23] and the
silencing of human leukocyte antigen (HLA) class I antigens [24]. The melanoma
 CRC Press LLC
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antigen gene (MAGE) family of genes provides another illustrative example of
immune response mediated by DNA methylation. These genes are not expressed in
normal cells because their CpG islands are hypermethylated (contrary to the dogma).
However, certain processes, such as malignant transformation, demethylate the
island, causing the genes to be reexpressed, with the result that their products are
recognized as tumor-specific antigens by cytolytic T lymphocytes [25].

DNA METHYLATION IN NEUROSCIENCES, CARDIOVASCULAR RESEARCH, 
METABOLIC DISEASES, IMPRINTING DISORDERS, DEVELOPMENT, AND 
CLONING

Aberrant DNA methylation patterns go beyond the fields of oncology and immu-
nology to touch a wide range of biomedical and scientific knowledge. In neurology
and autism research, for example, it was surprising to discover that germline muta-
tions in the methyl-binding protein MeCP2 (a key element in the silencing of gene
expression mediated by DNA methylation) causes the common neurodevelopmental
disease known as Rett syndrome [26,27]. This leads us to wonder how many DNA
methylation alterations underlie other, more prevalent neurological pathologies, such
as schizophrenia or Alzheimer’s disease. Beyond that, DNA methylation changes
are also known to be involved in cardiovascular disease, the biggest killer in Western
countries. For example, aberrant CpG island hypermethylation has been described
in atherosclerotic lesions [28]. Germline variants and mutations in genes involved
in the metabolism of the methyl group (such as MTHFR) cause changes in DNA
methylation [29], and changes in the levels of methyl acceptors and methyl donors
are responsible for the pathogenesis of diseases related to homocysteinemia and
spina bifida [30]. Imprinting disorders, which represent another huge area of
research, are the perfect example of methylation-dependent epigenetic human dis-
eases. A perfectly confined DNA methylation change causes Beckwith-Wiedemann
syndrome, Prader-Willi/Angelman syndromes, Russell-Silver syndrome, and
Albright hereditary osteodystrophy. This highlights the absolute necessity to main-
tain the correct DNA methylation pattern in order to achieve harmonized develop-
ment, as has been demonstrated in mouse models, and is beautifully explained in
Chapter 11. Finally, I cannot fail to mention a hot topic: cloning. Perfecting the
cloning process will require us to design a system to maintain the fidelity of DNA
methylation patterns, whereby we may overcome all the problems that are beginning
to come to light in this area in cloned animals [31].

METHODS AVAILABLE FOR THE STUDY OF 
DNA METHYLATION

Apart from its great value in research into many normal processes and pathological
entities, interest in DNA has also boomed as a result of the development of a
myriad of powerful and exciting new technologies facilitating its study. The emer-
gence of a new technology for studying DNA methylation, based on bisulfite
modification coupled with PCR, has been decisive and is described in detail in
 CRC Press LLC



 

6

 

DNA Methylation: Approaches, Methods, and Applications

    

2050_C01.fm  Page 6  Wednesday, August 11, 2004  7:32 AM

© 2005 by
Chapters 4 and 5. It merits a more detailed explanation here. Until a few years
ago, the study of DNA methylation was almost entirely based on the use of enzymes
that distinguished unmethylated and methylated recognition sites. This approach
had many drawbacks, from incomplete restriction cutting to limitation of the
regions of study. Furthermore, it usually involved Southern blot technologies,
which required relatively substantial amounts of DNA of high molecular weight.
The popularization of the bisulfite treatment of DNA (which changes unmethylated
“C” to “T” but maintains the methylated “C” as a “C”), associated with amplifi-
cation by specific polymerase chain reaction primers (methylation-specific poly-
merase chain reaction), TaqMan, restriction analysis, and genomic sequencing [32],
has made it possible for every laboratory and hospital in the world to have a fair
opportunity to study DNA methylation, even using pathological material from old
archives. We may call this change the “universalization of DNA methylation.” The
techniques described, which are ideal for studying biological fluids and the detailed
DNA methylation patterns of particular tumor suppressor genes, can also be
coupled with global genomic approaches for establishing molecular signatures of
tumors based on DNA methylation markers, such as CpG island microarrays,
restriction landmark genomic scanning (RLGS), and amplification of intermethy-
lated sites (AIMS) [33], as are extensively discussed in Chapters 6–8. 

Moreover, we now have serious cause to believe that we can study the content
and distribution of 5-methylcytosine in the cellular nuclei and the whole genome,
thanks to two new tools: the improved immunohistochemical staining of 5-methyl-
cytosine [34], which allows localization of the latter in the chromatin structure, and
high-performance capillary electrophoresis (HPCE), which is a reliable and afford-
able technique for measuring total levels of 5-methylcytosine [35]. These are
described in the practical Chapters 9 and 10.

CONCLUSIONS AND THOUGHTS

The field of DNA methylation is attracting the interest of many researchers and
clinicians around the world. Some of the best laboratories are gradually changing
their old interests and are moving into the fields of epigenetics and, particularly,
DNA methylation. The area is hugely exciting: it combines questions about basic
processes (How are DNA methylation patterns established? What key molecules are
involved in the mechanism?), and extremely important clinical questions (Is the
hypermethylation of this tumor suppressor gene a good marker of poor prognosis,
or good response to chemotherapy? Can we use DNA demethylating drugs in
chemotherapy regimens?). It also touches on the biology of other more experimental
models, such as the mouse, as is skillfully introduced in Chapter 11. Moreover, the
influence of DNA methylation is spreading to many disciplines of scientific knowl-
edge: neuroscience, cardiovascular science, genetics, imprinting, sterility, agricul-
ture, immunology, cloning, and so forth (see Figure 1.1).

We sincerely hope, by the multidisciplinary and practical approach we have
taken, that this book may serve as an extremely useful starting point for the reader
interested in DNA methylation.
 CRC Press LLC
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FIGURE 1.1 DNA methylation: health, disease, and methodology.
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COMPARTAMENTALIZATION OF CHROMATIN

ABERRANT DNA METHYLATION:

METHYLATION-ASSOCIATED SILENCING OF TUMOR SUPPRESSOR,
GENES AND GLOBAL GENOMIC HYPOMETHYLATION IN CANCER,

SIMILAR CHANGES OCCUR IN CARDIOVASCULAR AND IMMUNE DISEASE,
DISRUPTION OF IMPRINTING AND X-CHROMOSOME INACTIVATION,
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INTRODUCTION 

Over the last decade, molecular markers have emerged as promising tools for early
cancer detection, patient management, and assessment of prognosis. Research into
nucleic acid-based markers has blossomed as their ability to allow for robust analysis
of clinical samples (tissue or body fluids) in a high-throughput fashion [1] has become
recognized. Among the DNA-based approaches, DNA methylation offers several
advantages over other types of molecular markers. Promoter hypermethylation of key
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regulatory genes in human cancers is a frequent event and is often associated with
transcription silencing [2]. In addition, most of the common human tumors appear to
have one or more hypermethylated loci when several methylation markers are exam-
ined together [3]. Furthermore, a specific pattern of hypermethylation for each type
of human cancer is emerging from the rapidly growing list of cancer-related methylated
genes, eventually permitting the identification of the tissue of origin of a particular
neoplasm [3]. Notably, promoter methylation occurs early in tumorigenesis and may
be identified even in preneoplastic lesions [4–6]. From a methodological standpoint,
the identification of methylated DNA is easier than RNA manipulation followed by
reverse transcription-PCR, since DNA harboring methylation is more stable. Likewise,
detection of methylated DNA is particularly suited for clinical samples because meth-
ylation is a positive signal that is less likely to be masked through contaminant normal
DNA. Thus, methylation markers provide sensitive detection in samples where tumor
DNA is scarce or diluted by excess normal DNA.

To be used in the clinical setting, methylation marker technologies are required
to possess high sensitivity and specificity, reproducibility, homogeneity, and high-
throughtput capabilities. The methylation-specific PCR (MSP) assay [7] allows for
the fast and precise identification of methylated DNA at gene promoter regions that
correlates with transcriptional abrogation. In the MSP assay, DNA is treated with
bisulfite, converting unmethylated cytosines to uracil, whereas methylated cytosines
are protected and remain unchanged. Due to its relative simplicity, safety (it does
not use radioactivity), and sensitivity, MSP is a clinically useful method for promoter
hypermethylation detection. Thus far, this method has permitted the identification
of a large number of methylated genes in several human cancers. However, quali-
tative results provided by MSP may mask relevant quantitative differences.

The development of a specific fluorescence-based real-time quantitative MSP
(QMSP) assay in recent years has represented an important step forward in the
acquisition of information on DNA methylation obtained from clinical specimens
[8]. The continuous monitoring of the fluorescent signals during the PCR process
enables quantification of methylated alleles of a single region among unmethylated
DNA, because the fluorescence emission represents the number of generated DNA
fragments [9]. The sensitivity of QMSP is comparable to conventional MSP (1:1,000
to 1:10,000), but the specificity is higher due to the more stringent amplification
conditions and the use of the oligonucleotide probe. Likewise, QMSP allows for the
rapid analysis of multiple markers in a large number of samples and does not require
the use of electrophoretic gels, thus minimizing contamination of subsequent reac-
tions due to manipulation of PCR products. Indeed, methodologies that enable the
analysis of multiple molecular markers are likely to provide more relevant clinical
information than single marker analysis. Moreover, these assays are amenable to
large-scale screening of several target genes in multiple samples.

Noninvasive molecular detection of cancer requires the use of highly sensitive
assays that may detect minimal amounts of altered DNA obtained from body fluids
of cancer patients. Studies have suggested for over two decades that the amount of
DNA in serum of cancer patients is higher than in normal subjects [10], thus
providing a valuable means for screening several cancer types in a single sample.
Besides DNA extracted from serum and plasma [11–15], other types of body fluids
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and clinical samples have been successfully tested for hypermethylation of cancer-
related genes, including urine and semen [16–18], bronchoalveolar lavage fluid
(BAL) [19], saliva [20], sputum [21,22], ductal lavage fluid [23], and fine-needle
aspirates [24]. As highlighted below, high-throughput automation of these assays
might provide clinically valuable information, ranging from early diagnosis and risk
assessment, to therapeutic decision making, prognosis, and surveillance.
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Head and neck cancer (HNC) accounts for an important proportion of cancer-related
morbidity and mortality [25]. Local and regional recurrences are frequent events
that impair continuing efforts to improve patient outcome. Thus, the role of early
detection using methylation markers has been emphasized. Several gene promoters
have been reported to be frequently and specifically hypermethylated in HNC
patients, namely 

 

p16

 

, 

 

p15

 

, 

 

MGMT

 

, and 

 

DAPK

 

 [12,26–28]. Remarkably, methylation
at these loci was found in up to 55% of serum and 56% of saliva DNA samples
collected from HNC patients [12,20]. In nasopharyngeal carcinoma, a common type
of HNC in Asian countries, gene promoter methylation at several loci was success-
fully detected in nasopharyngeal swabs, throat-rinsing fluids, plasma, and peripheral
blood [29–31]. Hence, these markers might be used as molecular tools for early
cancer detection in at-risk populations and also for patient surveillance. This
approach is further supported by the fact that 

 

p16

 

 promoter methylation is already
present in preneoplastic lesions, such as oral epithelial dysplasia [32]. Although 

 

p16

 

and 

 

p15

 

 methylation in plasma DNA from normal subjects was recently reported
(20% and 50%, respectively), methylation levels were significantly lower when
compared to HNC patients, once again emphasizing the need for quantitative MSP
assays [27]. In most studies, no significant associations were found between tumor
methylation status and clinical pathological parameters, though a significant corre-
lation between tumor invasiveness and 

 

DCC

 

 methylation was reported [26]. In the
same study, methylation of 

 

MINT31

 

 emerged as an independent predictor of outcome
[26], but these findings need confirmation in a larger series of patients.
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Lung cancer is the most frequent cause of cancer-associated mortality in the United
States and European countries [33]. Early diagnosis strategies are urgently needed
because two thirds of patients present an advanced (i.e., noncurable) disease stage
at initial clinical diagnosis [34]. Lung cancer comprises a number of distinct patho-
logical entities that for practical purposes are grouped in two major types: small-
cell lung carcinoma (SCLC) and non-small-cell lung carcinoma (NSCLC). The latter
group is the more frequent (~80%) and the most extensively studied from an epi-
genetic standpoint, but is also the more heterogeneous. Among the several epigenetic
markers tested in lung cancer patients, promoter methylation of 

 

p16
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MGMT

 

, 

 

DAPK

 

,

 

RASSF1A

 

, and 

 

APC

 

 showed promising results. 

 

P16

 

 hypermethylation was detected
in 100%, 63%, and 33% of sputum, BAL, and serum DNA samples, respectively
[11,19,22], whereas 

 

MGMT

 

 methylation was found in 66% of sputum and 66% of
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serum DNA samples from lung cancer patients [11,22]. Remarkably, hypermethy-
lation at these 2 gene promoters was detected 5 to 35 months prior to clinical
diagnosis [22]. These results are further supported by recent reports of aberrant
promoter methylation of multiple genes in current and former smokers [35,36].
Analysis of methylation at selected genes in sputum DNA from individuals at high
risk for developing lung cancer thus represents a promising early cancer-detection
strategy. Methylation assays were shown to be more sensitive than conventional
cytology of sputum or BAL for lung cancer detection [22,37]. The specificity of
some PCR assays may be impaired by the reported detection of gene methylation
in normal lung tissue and even normal lymphocytes from healthy individuals
[22,37–39].

The APC promoter 1A is also frequently hypermethylated in lung cancer (95%
of tumors) and is detectable in approximately 50% of serum DNA samples from
NSCLC patients, irrespective of clinical stage [15,38]. Although methylation at this
locus was identified in normal lung tissue, a QMSP assay demonstrated that meth-
ylation levels were significantly higher in tumors [38]. Lower APC and MGMT
methylation levels were shown to be associated with improved survival [15,38,40].
In multivariate analysis, quantitative APC and MGMT methylation were found to
be independent prognostic factors, and similar results were reported for DAPK and
RASSF1A methylation in stage I NSCLC patients, using conventional MSP [41,42].
Furthermore, QMSP assays might also prove useful for occult metastasis detection,
providing a more accurate staging approach for resectable NSCLC [43].

DIGESTIVE TRACT CANCERS

Several studies suggest that aberrant promoter methylation is an early event in
gastrointestinal (GI) carcinogenesis. Indeed, hypermethylation of genes with a crit-
ical function in cell cycle regulation, such as p16, p14, and APC, was reported in
colorectal adenomas [5,44] and even normal gastric mucosa adjacent to tumor [45].
Moreover, aging-associated methylation of several genes (e.g., ESR, MyoD1, IGF2,
N33, PAX6, and CSPG2) was observed in normal colonic mucosa and might be
related to the increased risk for GI cancer in the elderly [46–49]. It is hypothesized
that age-related methylation might contribute to the development of a field defect
enabling the initiation and progression of cancer in older subjects, although the
individual gene susceptibility to methylation seems to vary considerably and is likely
to be tissue-specific. In contrast, some patterns of gene methylation seem to be more
cancer-specific [50]. The clinical significance is illustrated in two studies where the
methylation of these genes was found to be associated with worse prognosis for all
cancer stages [51] and even to be an independent predictor of survival in stage III
colorectal cancer patients treated with 5-fluorouracil [52]. Detection of DNA meth-
ylation in serum as a diagnostic tool for colorectal cancer is also feasible. Methy-
lation of DAPK, hMLH1, and p16 gene promoters was found in serum of 21%,
33%, and 30% colorectal cancer patients, respectively [14,53,54]. Interestingly, p16
methylation in primary tumors was associated with poor prognosis [55], whereas
p16 methylation in regional lymph nodes and in serum might be a useful marker
for early detection of tumor recurrence [56,57].
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In gastric cancer patients, promoter hypermethylation of one or more of five
genes tested (p15, p16, DAPK, GSTP1, and CDH1) was detected in the serum of
83.3% of patients, but not in controls, and was independent of tumor stage [58].
Nonetheless, in a different study, p16 methylation alone was detected in only 26%
of serum samples from patients with gastric cancers harboring the same epigenetic
alteration. These results emphasize the need for analysis of gene panels instead of
single genes to increase the sensitivity of molecular detection assays. Yet, due to the
high prevalence of gastric cancer and the lack of universally accepted screening
tools, detection of specific methylated genes in serum should be further pursued. A
correlation between MGMT methylation and features of poor prognosis in gastric
cancer was reported, but this epigenetic alteration did not bear independent predictive
value [59].

APC promoter methylation is the most frequent epigenetic alteration reported
to date in esophageal adenocarcinoma, ranging from 68 to 92% of tumors [60,61].
Although no prognostic value has been ascribed to APC methylation status in primary
tumors, high plasma levels of methylated gene were found to be associated with
decreased survival in esophageal adenocarcinoma patients using QMSP [13]. Thus,
quantitative APC methylation in plasma stands as a promising prognostic biomarker.
Using conventional MSP, Brock and coworkers also did not find a correlation
between single gene methylation in tumor tissue and clinical pathological parameters
[61]. However, when the panel of target genes was analyzed, those tumors with a
higher number of methylated loci were significantly associated with poor survival
and tumor recurrence [61]. Notably, selected gene panels have the potential to
identify premalignant lesions (Barrett’s esophagus) with the increased likelihood of
progression to adenocarcinoma, with performance that is superior to histology [60].
In esophageal squamous cell carcinoma, the frequency of APC methylation in tumor
tissue and plasma was considerably lower than in adenocarcinoma (50% and 6.3%,
respectively) [13]. In addition, p16 methylation was present in 82% of primary
esophageal tumors and detectable in 23% of sera DNA obtained from the same
patients [62].

Aberrant promoter methylation at the p16 locus is also a common event in
hepatocellular carcinoma (67 to 73%) and detection of this epigenetic alteration in
serum and plasma was successfully accomplished in over 70% of patients with
perfect specificity [63,64]. The use of quantitative assays might improve the detection
rate and provide an additional tool for patient monitoring [65]. Moreover, gene
methylation profiling studies have suggested the possibility of discriminating can-
cerous lesions from nonmalignant liver tissue [66]. This analysis could be useful in
histological assessment where difficulties often arise in the diagnosis of hepatocel-
lular carcinoma from liver biopsies. In addition, it would be interesting to seek other
early epigenetic markers that might aid in the detection of hepatocellular carcinoma
in its early stages, thereby improving the efficacy of curative therapeutic options.

Pancreatic cancer is also a major challenge for early detection. Imaging tech-
niques and cytologic examination are not sufficiently sensitive, and genetic testing
has not provided specific biomarkers that might differentiate benign tissue from
malignant lesions [67]. Although several gene promoters were found to be methy-
lated in pancreatic carcinoma [68,69], only ppENK and p16 were tested as potential
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biomarkers [70]. In the latter study, ppENK was detected in 57% of pancreatic juice
samples of patients with periampullary cancer, whereas the detection rate for p16
was lower (14%). The main drawback of this study was the detection of ppENK and
p16 in a significant proportion of duodenal contents from normal subjects although
it was absent in normal ductal pancreatic epithelium [70]. Eventually, the use of
cannulation procedures that might yield pure pancreatic juice samples might increase
the specificity of the test [70].

BREAST CANCER

Several genes involved in most cancer-related pathways are known to be methylated
in breast cancer [71], and the list is increasing as DNA methylation becomes an
appealing target for breast cancer detection. Moreover, promoter methylation is an
early and frequent event in breast carcinogenesis [72]. APC, cyclin D2, stratifin,
p16, and RASSF1A are among the more frequently methylated genes in breast cancer
[72–77], and several of them were tested as biomarkers. P16 methylation was
detected in 8 to 14% of plasma DNA samples from breast cancer patients, while 11
to 23% of primary tissues showed this epigenetic alteration [78–80]. Aberrant CDH1
methylation was also detected in 20% of plasma samples from breast cancer patients
[80]. Promising results regarding APC and RASSF1A methylation in serum of breast
cancer patients were recently reported [81]. These two markers, either individually
or in combination, came out as independent prognostic markers for overall survival
after screening from a list of 39 methylated gene targets. Importantly, methylated
APC was not found in normal controls, and only one control harbored RASSF1A
methylation [81]. Besides serum DNA, cells collected from the mammary ducts
were tested for DNA methylation [23]. Cyclin D2, RAR-, and Twist methylation
were detected with a high frequency in ductal fluid collected from cancer patients,
while these alterations were seldom observed in fluid from normal ducts. These
results might augment cytological assessment of ductal lavage fluid and eventually
nipple discharge samples, which might be limited by poor preservation and inade-
quate representation of the malignant lesion. Gene promoter methylation of breast
fine-needle aspirates is also feasible and might be useful as an adjunct to cytological
examination [24,82].

GENITOURINARY TRACT CANCER

Among urological malignancies, prostate cancer stands as a leading cause of cancer-
related mortality and morbidity in the Western world. The importance of early
detection has been emphasized because curative treatment (radical prostatectomy or
radiotherapy) is achievable only in the earliest stage of the disease [83]. Because
current screening methodologies display low specificity [84], new approaches that
might detect prostate cancer at an early stage and accurately discriminate malignan-
cies from benign lesions are clearly needed. Furthermore, prostate cancer diagnosis
in biopsies meets with significant difficulties, ranging from inadequate sampling to
considerable interobserver variability in diagnostic assessment and grading [85].
Eventually, the emergence of new molecular markers might increase the consistency
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of prostate cancer diagnosis in sextant needle biopsies and provide more reliable
guidelines to define prognosis and therapeutic modalities.

A lack of sufficiently frequent or early genetic alterations that occur in prostate
cancer prompted a search for epigenetic alterations as tumor markers. The epigenetic
silencing of the glutathione-S-transferase P1 (GSTP1) gene is the most common
somatic genome alteration reported in prostate cancer, occurring in over 90% of
cancers and even in up to 70% of high-grade prostatic intraepithelial neoplasia
(HGPIN), a putative prostate cancer precursor lesion [6,86–88]. This gene codes for
an enzyme involved in DNA protection from electrophilic metabolites of carcinogens
and reactive oxygen species by conjugating chemically reactive electrophiles to
glutathione [89]. In prostate cancer, loss of expression of this enzyme is a frequent
finding and GSTP1 gene silencing is directly associated with promoter hypermeth-
ylation [86,88,90]. However, since induced GSTP1 expression in prostate cancer
cell lines fails to suppress cell growth [91], GSTP1 is not recognized as a tumor
suppressor gene at the present time and was instead proposed to act as a “caretaker”
gene [92].

GSTP1 hypermethylation is detectable in most body fluids of prostate cancer
patients, with variable sensitivity and specificity, depending on the methodology and
sampling procedure as depicted in Table 2.1. In plasma or serum DNA, conventional
MSP performed better than QMSP (up to 72% sensitivity in the former and 13% in
the latter), and both demonstrated perfect specificity [16,18]. Although the reasons
for this apparent flaw of QMSP are not immediately clear, the superior stringency
of the QMSP assay (owing to the use of an internal probe) and the high background
level of fluorescence intrinsic to QMSP analysis might be responsible for that result.
Further improvements in the QMSP assay and future studies aimed at detecting
GSTP1 methylation in body fluids of prostate cancer patients are expected to improve

TABLE 2.1
Performance of GSTP1 Promoter Methylation Assays in Prostate 
Tissue and Body Fluids from Prostate Cancer Patients

Assay Sensitivity Specificity Reference

Prostate tissue

Radical prostatectomy QMSP 79–85% 96.8–100% [6,99]

Biopsies QMSP 73–90.9% 100% [6,98,99]
Plasma/serum QMSP

MSP
13%
36.2–72%

100%
100%

[18]
[6,16]

Urine

Voided urine QMSP
MSP

18.8%
30–36%

93%
95–100%

[18]
[16,18]

After prostatic massage MSP 73% 98% [93]
Ejaculate MSP 50% 100% [16]
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the detection rate. Of interest, the study reporting the higher rate of GSTP1 methy-
lation detection in plasma and serum included a large proportion of patients with
advanced disease stage (approximately 45%) not amenable to curative treatment
[16]. Thus, the likelihood of these patients having circulating tumor cells was
elevated and might be responsible for the high detection rate in plasma and serum
samples.

Urine samples constitute an obvious target for urological cancer detection. In pros-
tate cancer patients, GSTP1 methylation was identified in 27 to 36% voided urine
samples using conventional MSP [16–18], whereas QMSP reached only 18.8% sensi-
tivity [18]. The use of prostatic massage prior to urine collection resulted in a higher
sensitivity (73%) due to the increased shedding of neoplastic cells in the prostatic ducts
[93]. Nevertheless, the specificity of the assay seemed to be compromised because 1
out of 45 patients with benign prostatic hyperplasia (BPH) and 2 out of 7 patients with
HGPIN in prostate biopsies also tested positive in the respective urine samples [93].
Although BPH lesions are reported to harbor GSTP1 methylation, the levels are signif-
icantly lower when compared to prostate cancer [6]. Moreover, GSTP1 methylation was
also found in the urine of another BPH patient but no methylation was detected in the
respective tissue [18]. Because over 75% of prostate carcinomas arise in the peripheral
zone while BPH is a transition zone lesion, and patients with the isolated finding of
HGPIN in prostate biopsy have a high probability of being diagnosed with prostate
cancer in a subsequent biopsy, it is tempting to speculate whether those patients with
BPH or HGPIN simultaneously harbored a prostate carcinoma that would be responsible
for the positive GSTP1 methylation test in urine.

It has also been reported that GSTP1 methylation analysis performed in urine
samples collected after prostate biopsy yielded a higher detection rate, and might
prove useful for the stratification of patients into low- and high-risk categories for
further clinical investigation [94]. An additional finding of this study was that a
significant proportion of men with negative or suspicious prostate biopsy tested
positive for GSTP1 methylation in urine. Since no information about the methylation
status of the respective tissue samples was provided, it is difficult to determine if
such cases are false positives or are indeed part of the significant number of under-
diagnosed cancer cases after prostate biopsy [95,96]. 

Interestingly, a high detection rate of prostate cancer in ejaculates using conventional
MSP for GSTP1 hypermethylation was reported [16,97]. However, those studies were
performed in a rather small set of patients (8 or 9) and the nature of the sampling
procedure, particularly in older men, seems to preclude its widespread clinical use.

The role of GSTP1 promoter methylation for the detection of prostate carci-
noma is not limited to body fluids, and the usefulness of this prostate cancer marker
is now firmly established in tissue samples. Whereas GSTP1 methylation was
detectable in 29% of BPH and 91.3% of prostate cancer tissues, methylation levels
were significantly lower in the former [6]. Thus, a QMSP assay for GSTP1 could
reliably discriminate cancer from noncancerous prostate lesions. Figure 2.1 illus-
trates typical GSTP1 amplification plots for prostate carcinoma, HGPIN, and BPH.
The difference in methylation levels enabled the setting of a cut-off value, resulting
in a detection test with 85.5% sensitivity and 96.8% specificity. When the same
QMSP assay was performed blindly in a set of 21 prostate biopsies (10 biopsies
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without evidence of cancer and 11 with histologically proven adenocarcinoma)
GSTP1 methylation levels correctly predicted the histologic diagnosis with 90.9%
sensitivity, 100% specificity, and 100% positive predictive value [6]. Subsequently,
quantitative GSTP1 methylation was able detect the presence of minute foci of
prostate cancer in sextant prostate biopsies and accurately discriminate malignant
from benign prostate lesions in limited tissue samples [98]. In a recent prospective
study, the QMSP assay for GSTP1 alone showed higher sensitivity than histopa-
thology alone performed by an expert uropathologist (75% vs. 64%) [99]. Fur-
thermore, the combination of histopathology and QMSP for GSTP1 reached a
sensitivity of 79%, with 100% specificity, representing a 15% increase over his-
topathology alone [99]. It is of note that these results were attained with 100%
specificity. Perfect specificity is a key issue in prostate cancer detection due to the
therapeutic implications of a diagnosis of malignancy.

Some concern might arise regarding the putative clinical relevance of prostate
tumors detected by molecular means. Indeed, a variable proportion of prostate
carcinomas seem to be clinically silent and apparently would not be detected if
screening tests were not available [100]. Correlations between the methylation
index (i.e., the proportion of methylated genes in a given panel) and markers of
poor outcome in prostate cancer have been reported [101]. Hence, future studies
should determine whether carcinomas detected in prostate biopsy due to high levels
of promoter methylation are more likely to benefit from appropriate therapeutic
intervention.

FIGURE 2.1 Illustrative QMSP amplification plots for GSTP1 from prostate carcinomas (A
and D), HGPIN (B), and BPH (C) tissues. The prostate carcinoma depicted in (A) shows
stronger amplification of the target gene compared to HGPIN and BPH. The prostate carci-
noma corresponding to (D) is unmethylated at the GSTP1 promoter (the amplification plot
does not cross the threshold line, Ct). The GSTP1/ACTB ratios determined using the cycle
number where fluorescence per reaction crossed the threshold (Ct), which is set to the
geometrical phase of polymerase chain reaction amplification above background. ∆Rn is
defined as the cycle-to-cycle change in the reporter fluorescence signal normalized to a passive
reference fluorescence signal (log scale).
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Although GSTP1 hypermethylation was reported in breast and liver cancer
[3,102], GSTP1 hypermethylation is considerably less frequent in other genitouri-
nary malignancies, namely, bladder and renal cancer [3,103–105], increasing the
specificity of this marker for prostate cancer detection. In bladder cancer, frequent
methylation was reported for RAR-, DAPK, APC, RASSF1A, CDH1, CDH13, and
p16 [104,105]. Whereas bladder cancer patients harboring tumors with high meth-
ylation index seem to have a shorter survival [104], CDH1 methylation-positive
status emerged as an independent prognostic parameter [104], and DAPK hyperm-
ethylation was found to be associated with early recurrence of superficial disease
[106]. Of interest, the methylation analysis of a panel of four genes (RAR-, DAPK,
CDH1, and p16) in voided urine was able to yield a higher bladder cancer detection
rate than conventional urine cytology (90.9% vs. 45.5%), most strikingly in low-
grade cancers [105]. Nonetheless, the specificity of the assay was only 76.4% due
to the detection of RAR- in urine from controls. The addition of RASSF1A to this
panel might increase the power of the assay because RASSF1A methylation was
detected in 50% voided urine from bladder cancer patients, whereas it was com-
pletely negative in controls [107]. Likewise, methylation analysis of plasma DNA
for bladder cancer detection was attempted. The methylation status of p16 and p14
were assessed, but the sensitivity was less than 50% for p16, though the specificity
reached 95% [108,109]. In addition, p14 methylation in plasma was associated with
tumor size, multicentricity, and relapse [108].

Information regarding the gene methylation profile of renal cell carcinoma is
relatively scarce [3,110,111]. DAPK, MT1G, NORE1A, and CDH1 are methylated
at low frequency (<25%), whereas RASSF1A and TIMP-3 are methylated in over
50% of cases. Like prostate and bladder cancer, renal cell cancer is amenable to
detection in urine and a survey for methylation of selected tumor suppressor genes
was recently reported [111]. A conventional MSP assay detected an identical pattern
of gene hypermethylation in 88% of matched urine DNAs, including most patients
with localized disease. Because no hypermethylation was detected for any of the
panel genes in the controls, which included patients with benign kidney disease, the
test showed perfect specificity [111]. Larger studies, which simultaneously include
patients with different urological cancers and confounding genitourinary diseases,
will shed light on the ultimate use of urine DNA for diagnosis and monitoring.

METHYLATION AND PREDICTION OF RESPONSE 
TO CHEMOTHERAPY

DNA methylation-based markers also provide relevant information regarding
response to chemotherapy in some tumors. The most illustrative example is the
association between MGMT silencing via promoter methylation and tumor sensitivity
to chemotherapy with carmustine in brain gliomas [112]. Due to hypermethylation,
the DNA repair function of MGMT is impaired, and neoplastic cells become more
susceptible to damage induced by alkylating agents. Increased response to chemo-
therapy with cyclophosphamide and improved prognosis were also reported for
patients with diffuse large B-cell lymphoma harboring MGMT promoter methylation
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[113]. An additional therapeutical application of methylation analysis results from
the reported association between FANCF promoter methylation (which renders cells
more susceptible to DNA damaging agents) and chemosensitivity of ovarian cancer
cells to cisplatin [114]. Further dissection of the epigenome in several tumor models
is likely to unravel more clinically useful markers.

FUTURE PROSPECTS

The emergence of DNA methylation markers holds the promise of accurate, sensi-
tive, and cost-effective cancer detection in body fluids or tissue samples obtained
by noninvasive or minimally invasive techniques. Panels of markers that include the
most frequently epigenetically altered genes might provide important tools for risk
assessment, early diagnosis, therapeutic decision making, disease monitoring, and
prognosis. These panels will likely include quantitative assessment of markers such
as GSTP1, APC, MGMT, p16, DAPK, and RASSF1A, which either tested individually,
or together, may be able to cover the more common human cancers. We are just
starting to unravel the vast clinical potential of methylation markers and, in the
process, transforming the field of epigenetics into one of the most exciting areas in
translational cancer research.
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INTRODUCTION: AN OLD MOTIF STILL DRIVES 
NEW RHYTHMS   

The nonrandom distribution of 5-methylcytosine in the DNA from several organisms
was observed by various authors more than 40 years ago. Among them, Italian
scientists from the International Laboratory of Genetics and Biophysics (LIGB) in
Naples clearly demonstrated that DNA methylation was present at all the stages of
early embryo development in the sea urchin, and that the 5-methylcytosine was the
only minor base detectable in sea urchin embryos DNA [1,2]. Thirty years ago it
was proposed that DNA methylation might have been responsible for the stable
maintenance of a particular gene expression pattern through mitotic cell division
[3]. Starting from these observations, many questions have been answered, yet many
others still await an explanation.

What is the biological function of DNA methylation? It was proposed that DNA
methylation has evolved as a generalized repression system in more complex
genomes, following their size and complexity [4]. Particularly, DNA methylation
seems to have evolved as a repressing mechanism against the inappropriate expres-
sion of endogenous transposons that may perturb genome organization and integrity
by disrupting functional genes and/or causing chromosomal rearrangements [5]. In
mammals, DNA methylation is one of the main players in determining two biological
phenomena violating the dogma of genetic equality: X chromosome inactivation and
genomic imprinting. Both phenomena share as a common hallmark the monoallelic
expression of genes and a surprising number of epigenetic features, such as cis-
acting control center, long-distance regulation, and differential DNA methylation.
According to new fascinating theories, X inactivation and genomic imprinting may
not share merely mechanistic aspects, but might have common origins, thus solving
different biological challenges [6]. 

DNA methylation is accomplished through the activity of specific enzymes that
transfer a methyl group to the cytosine of CpG dinucleotides. A number of DNA
methyltransferases (DNMTs) with different roles have been identified in mammals.
DNMT3A and DNMT3B are mainly devoted to the de novo methylation, whereas
DNMT1, with preferential activity for hemimethylated DNA, acts mainly as main-
tenance methyltransferase. Null mutations of the three DNMTs are lethal [7,8],
clearly demonstrating that DNA methylation is essential for mammalian survival.

How could the repressive signal be interpreted? DNA methylation can directly
interfere with the consensus sequence of trans-acting factors. In addition to repulse
factors, DNA methylation can attract different ones, such as the so-called methyl
binding proteins (MBDs), a family of five proteins that share a common motif, the
methyl binding domain [9]. These proteins seem to convert the DNA methylation
signal into a repressive state of chromatin, recruiting large complexes that include
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histone deacetylases [10]. A suggestive hypothesis proposed that to increase the
fidelity of DNA methylation silencing during vertebrate evolution, an increase arose
in the number and functional diversity of the methyl binding proteins [11]. 

In the following paragraphs, we discuss the molecular details of the involvement
of DNA methylation in the regulation of X inactivation and of genomic imprinting.
On the other hand, as was recently and excellently reviewed [12,13], disturbances
of the regulation by DNA methylation is expected to give rise to genetic syndromes.
What can we learn from them in terms of molecular mechanisms? In this chapter
we will not try to give an answer, but offer a review of the current knowledge.

DNA METHYLATION AND
X CHROMOSOME INACTIVATION 

The involvement of DNA methylation in X chromosome inactivation dates back to
1975, when Riggs predicted the “maintenance methylase” model for somatic inher-
itance of methylation patterns, suggesting that DNA methylation would play a role
in mammalian X inactivation and development. He emphasized that especially for
X inactivation, which was thought to be based on specific protein–DNA interactions,
it was unnecessary to involve DNA sequence changes because protein binding was
sensitive to methylation. Also, methylation patterns would be clonally heritable given
a maintenance methylase. A maintenance methylase was defined as a DNA meth-
yltransferase that preferentially acts on hemimethylated sites [3]. Since then, DNA
methylation has long been considered an important component of X inactivation,
particularly as a mechanism for steadily maintaining the inactive state and for
transmitting it as a “memory” through cell generations. 

GENERAL FEATURES OF X INACTIVATION 

X chromosome inactivation is the process whereby female mammals transcription-
ally silence one of their two X chromosomes to compensate for having a double
dosage of X-linked genes as compared to males. This is necessary because the
unbalanced gene dosage of sex chromosomes between males and females represents
an impediment to normal development. Several mechanisms have been adopted by
different species to circumvent this problem [14]. The distinctive feature of mam-
malian X inactivation, compared to other dosage compensation strategies, is that
silencing of one X chromosome takes place while its homologue in the same nucleus
remains genetically active. Visible as a compact structure at the nuclear periphery
(the Barr body), the inactive X is similar to a constitutive heterochromatin for the
following features: hypermethylation within CpG islands of house-keeping genes,
late replication during S-phase, and association with modified nucleosomes. These
nucleosomes are peculiarly composed of hypoacetylated and methylated histone H3,
hypoacetylated histone H4, and enriched with H2A variants [15]. But the feature
making the inactive X unique among the chromosomes is that it is associated with
a non-coding RNA molecule, the Xist RNA (X-inactive specific transcript) [16] over
its entire length. Although it is not completely clear how each of these characteristics
contributes to the X inactivation process, they seem to act synergistically [17].
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The onset of X inactivation is triggered upon cellular differentiation during early
embryogenesis in the mouse, occurring shortly after the implantation of embryos.
In the first differentiated tissue, trophectoderm and primitive endoderm, X inactiva-
tion occurs early, whereas in the tissues that form the embryo proper, it occurs a
little later. An even later site of X inactivation is in the male germline during
spermatogenesis. Invariably, it is always the paternal X that is inactivated in extraem-
bryonic lineages (imprinted inactivation) [18]; in contrast, either the maternal or the
paternal X can be inactivated in the cells forming the embryo proper (random
inactivation). Thus, in mammals, except marsupials where only imprinted paternal
inactivation is observed, two different forms of X inactivation are described; regard-
less of the mechanism, the final result, in terms of dosage compensation, is identical.
A possible third mechanism may operate during spermatogenesis, as spermatocytes
are the only cells believed to inactivate the single X in males. 

XIST AND TSIX: THE ANTAGONIST RNAS

A major contribution to our current understanding of X inactivation has come from
classical genetic studies: whether one X remains active or becomes silenced depends
on the activity of an X-linked central control that, through a counting and a choice
step, coordinates silencing between the two X chromosomes and initiates it. This
small region, called the X inactivation center (Xic) [19], harbors several unusual
genetic elements. Among them, the pivotal element is Xist, a gene expressed only
from the inactive X and whose nuclear RNA product forms a “cloud” on it [20].
Accumulation of Xist RNA could then recruit the silencing complexes that establish
a heritable chromatin conformation along the length of the X chromosome. Results
from gene knockout and transgenic studies have widely confirmed this model [21]
and the key role of Xist RNA. Following a recent, finer mutational analysis, the
specific domain responsible for silencing has been identified within a repeat motif
at the 5 end of Xist RNA, thus indicating a modular nature for this RNA [22].

A molecular breakthrough in understanding the counting and choice steps of X
inactivation came with the discovery of Tsix, an overlapping antisense RNA of Xist,
which, like Xist, is a noncoding RNA [23]. Its expression pattern is dynamically
associated with Xist expression during the process of X inactivation. Prior to the
onset of X inactivation, Xist is expressed at low level from each X chromosome,
together with Tsix. When X inactivation initiates, Xist transcript levels are up-
regulated from the chromosome that will become the inactive X (Xi), while Tsix
expression, which has a repressive role, is lost but persists on the future active X
(Xa). How the Tsix expression blocks Xist RNA accumulation at the molecular level
remains unknown. Two main potential mechanisms, which are not mutually exclu-
sive, have been proposed: an RNA interference mechanism that destabilizes Xist
RNA and the silencing the Xist promoter. They, in fact, may work together to repress
Xist expression [24]. It has been demonstrated that Tsix also regulates X chromosome
choice. A cis-acting center for choice and imprinting (ICR, imprinting control region)
of inactive X lies at the CpG island of Tsix promoter (at the 3 end of Xist), including
a repeat element known as DXPas34, as its deletion abolishes random choice in
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cells of the embryo proper to favor inactivation of the mutated X and disrupt maternal
Xist imprinting in extraembryonic tissues [25,26]. Thus, while imprinted X inacti-
vation is paternally directed and random X inactivation is zygotically controlled,
both work through Tsix to regulate Xist. Random X inactivation in embryonic tissues
is probably accomplished by the erasure of an imprinting mark that controls the
imprinted expression of Xist and Tsix. Differential DNA methylation of the Xist
promoter could be an obvious candidate for such an imprint, but detailed bisulfite
sequencing has failed to confirm early reports based on PCR-restriction enzyme
analysis suggesting methylation differences in female germline and early embryos
[27]. Given the importance of the CpG island of Tsix in counting and choice, another
attractive target for this imprint might lie there. Although DXPas34 is differentially
methylated on the Xa and Xi of somatic female cells [28], again bisulfite sequencing
in oocytes and spermatocytes failed to find any differences in the methylation pattern
between them [29]. Thus, whether DNA methylation is the imprinting mark erased
in the embryonic lineage to allow random X inactivation remains undetermined.

A striking role for CpG and non-CpG methylation of the DXPas34 region has
been recently proposed in the model of chromosome choice invoking trans-acting
blocking factors that protect the future Xa from silencing, first postulated by Lyon
in 1996 [30]. Intriguingly, the switch for Xist action might depend not only on the
activity of its antisense counterpart, Tsix, but also on the binding of CTCF (CCCTC-
binding factor), a zinc-finger transcription factor that has been implicated in bound-
ary formation and chromatin insulation [31]. Latest models hypothesize that CTCF
binds the regulatory element, DXPas34, within Tsix whose transcription then marks
and protects the future Xa from inactivation. Conversely, on the future Xi, Tsix must
be extinguished so that Xist RNA accumulates along the chromosome. Allelic meth-
ylation differences within the proposed differentially methylated region in this reg-
ulatory element would enable discrimination of the X chromosomes and binding of
CTCF to only one allele of the Tsix. Suppression of Xist by binding of the CTCF
to the Xa could be achieved by direct activation of its repressor, Tsix, or by
blocking access to a putative enhancer located downstream (Figure 3.1A). Although

FIGURE 3.1 CTCF binding sites at the mouse Xic (A) and at human 11p15.5 DMR1 (B).
� expressed genes, � repressed genes, � CTCF binding sites, | | |��� unmethylated DMR, | | |●●●

methylated DMR, || | CpG island, ∆ enhancer. (Modified from: Lee, J.T., Curr. Biol., 13(6),
R242–254, 2003.) 
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methylation blocks CTCF in vitro, whether DNA methylation might regulate its
binding in vivo remains unclear because, as mentioned, conflicting evidence has
been reported for the methylation status of the DXPas34 region. Because CpG
methylation has relatively little effect on CTCF binding to DXPas34 in vitro, but
non-CpG methylation abolishes CTCF binding in this assay, the searching for an
imprint in the form of differential non-CpG methylation at DXPas34 would be the
next step. Without DNA methylation, the CpG island may regulate the Tsix gene
through other chromatin-associated changes. Whatever will be the case, the model
proposed would provide a fascinating solution to the long-standing dilemma of how
a cell could discriminate between two seemingly equivalent X chromosomes, leading
them to divergent fates [32].

SILENCING FACTORS: PROTEIN NUCLEIC ACID WANTED 

One important feature of X inactivation is its spreading from the Xic, where this
process initiates, to the entire X chromosome. Discovering the molecules that are
involved in this process is the goal of an intensive research effort. At present, almost
nothing is known about the partners, proteins, or nucleic acids mediating the binding
of the Xist transcript to the X chromosome or about the chromatin remodeling that
is induced by this association. One approach to identify the proteins recruited by
Xist RNA has been to analyze the temporal order of events leading to stable X
inactivation after expression of Xist in differentiating XX embryonic stem (ES) cells
(Figure 3.2A). In this in vitro model system, global H4 hypoacetylation, recruitment
of the variant histone, macroH2A, and CpG methylation are all relatively late events
in the X inactivation process, occurring well after Xist RNA coating and transcrip-
tional silencing of genes. Rather than being involved in the establishment of the
inactive state, these epigenetic marks appear instead to be involved in maintaining it.

Because there is a tight developmental window during which cells are both
responsive to and dependent upon Xist expression [33], it is suggested that the
recruitment of factors that mediate this transcriptional shutdown is developmentally
regulated within a defined window of time. It is possible that either the partners of
Xist mediating silencing are no longer present or competent or that the chromatin
of the X chromosome has become remodeled to resist their effects. In this latter
scenario, irreversibility might reflect the arrival of promoter DNA methylation, as
recently postulated [10]. The implication that irreversibility implicates DNA meth-
ylation is supported by the frequent reactivation of a X-linked transgene in mouse
embryo cells and in cultured somatic cells when Dnmt1 is absent or inhibited [34].

The relative instability of X-inactivated genes in the marsupials and the tendency
for cells of the human chorionic villus to reactivate X-inactivated genes have also
both been linked to hypomethylation of CpG islands of X-linked genes [35,36]. In
addition, X inactivation can be relieved by treatment of somatic cells with demeth-
ylating agents [37], demonstrating that methylation clearly contributes to reinforce
inactivation.

The stepwise process leading to establishment of X inactivation in differentiating
XX ES cells suggests that it might be possible, by determining the earliest detectable
events, to identify candidates for the silencing factors recruited by Xist RNA. Recent
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studies have focused attention on modifications of the histone H3 N-terminus. If
DNA methylation is a late event, histone methylation at H3-lysine 9, after a previous
deacetylation, as well as loss of methylation at H3-lysine 4, seem to be very early
steps of X inactivation. Furthermore, the late appearance of H3 methylation at the
promoters of X-linked genes suggests that it may also be involved in “locking in”

FIGURE 3.2 (A) Timing of epigenetic events in initiation, establishment, and maintenance
of X inactivation during female ES cell differentiation. (B) Lifecycle of imprints during
mammal development.
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the transcriptional inactivity of X-linked genes [38]. The specific interplay between
the two kinds of epigenetic modifications, DNA and histone methylation, in gene
silencing is still under investigation. It will be interesting to find out their relative
contribution to the silencing complex involved in X inactivation. Another event
temporally regulated is the recruitment to the inactive X of Polycomb group complex,
Eed-Enx1. Based on the latest models, the function of this complex would be to
establish, interacting with Xist RNA, histone H3 methylation at lysines 27/9 very
early after a previous deacetylation by a histone deacetylase (HDAC) yet unidenti-
fied, but also bound to Xist [39]. 

The involvement of other factors, such as those that bring about DNA methy-
lation in the initiation and propagation of X inactivation, however, remains to be
investigated. Early results had suggested a role for DNA methylation not only in
the maintenance of inactive state of X-linked genes but also in an initiation step,
namely in the controlling Xist expression during the enactment of the active X.
Differential DNA methylation has been described for the Xist promoter on the active
X and inactive X in somatic cells and in undifferentiated ES cells [40]. Moreover,
differentiating ES cell lines lacking the Dnmt1 exhibit, in fact, Xist de-repression in
some cells and initiate inactivation of X-linked genes in cis [41], indicating a
requirement for DNA methylation in blocking initiation of silencing in ES cells.
More recently, studies of Dnmt1-knockout mice indicate that the zygotic function
of Dnmt1 might not be essential for the establishment of X inactivation in embryonic
and extraembryonic tissues [34]. The presence of maternal methyltransferases might
be sufficient to allow the initiation and spreading of X inactivation to proceed.
Analyses of Dnmt3a and Dnmt3b protein levels in mice suggest that de novo
methylation at the time of X inactivation is largely due to the Dnmt3b [42], thus
implicating this enzyme in the CpG island methylation. Hypermethylation might
recruit a methyl-CpG-binding protein, such as MECP2 and MBD2, which in turn
would recruit chromatin-remodeling complexes. 

Useful insights on the role of DNA methylation in spreading step X inactivation
came from studies carried out in human ICF (immunodeficiency, centromeric decon-
densation, and facial anomalies) patients who have DNMT3B mutations [43]. In
these subjects several genes have their CpG island hypomethylated, and among them
only two are inactivated imperfectly [44]. Because X inactivation in ICF cells is
basically normal at the cytological level, and mostly at the individual gene level,
the establishment and spread of X inactivation appear to be normal in a DNMT3B-
deficient background. This is not surprising because, as mentioned, evidence shows
methylation of CpG islands as a secondary silencing event.

Recently, a report analyzed the LINE-1 (L1) repeats in ICF cells and their
methylation status [45]. This is particularly interesting because of implications for
the so-called Lyon repeat hypothesis. Mary Lyon proposed that L1s might function
to promote spreading along the X chromosome, acting as the “way station” or
“booster elements” originally hypothesized by Riggs, probably through an Xist-
mediated intrachromosomal pairing of L1 repeats [46]. These elements were inter-
esting candidates for this function in view of the L1-rich nature of the human and
mouse X’s compared with the autosomes. By analyzing L1 CpG islands of the
inactive X chromosome in ICF patients, Hansen found that they are hypomethylated.
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Because methylation inhibits recombination and other processes that require pairing,
at the time of X inactivation L1 repeats are probably unmethylated [45]. Thus, a
role in the spreading of X inactivation could be played by unmethylated L1 elements
rather than by methylated L1s.

A MOLECULAR LINK BETWEEN X INACTIVATION 
AND GENOMIC IMPRINTING? 

Imprinted X inactivation is also mediated by Xist and Tsix RNA as random X
inactivation. However, a distinct mechanism regulates Xist expression, so that the
transcription occurs only on the paternally derived X chromosome, as well as the
downstream events. The role of DNA methylation, for example, is less clear than
in random X inactivation. Indirect observations indicate that DNA methylation of
CpG islands might not occur [34,47]. According to this, lower levels of methylation
at constitutive heterochromatin have been seen in these lineages relative to the
embryo proper [48]. 

Although imprinted X inactivation is believed to be the ancestral mechanism of
dosage compensation in mammals, already observed in all tissues of marsupials, the
basis of its existence is still mostly enigmatic. An old point of view has been very
recently reexamined by Huynh and Lee. These authors have demonstrated that the
paternal X is actually transmitted to the zygote as a preinactivated chromosome. In
this model, the paternal X chromosome exhibits a gradient of silencing already at
the zygotic gene activation (two-cell stage) probably deriving from the paternal
germline [49]. Recent evidence is in contrast to these conclusions, leaving the issue
still debatable. Namely, it has been reported that the male germline does not confer
any imprints to the paternal X chromosome, as it appears to be active at the two-
cell stage and becomes inactive only after Xist RNA coating occurring from the
four-cell stage onward (see Okamoto, I. et al., Science, 303, 644–649, 2004). Regard-
less of the detailed molecular aspects of the imprinted X inactivation, the existence
of this phenomenon may provide the evolutionary link between X inactivation and
autosomal imprinting [6]. 

DNA METHYLATION AND GENOMIC IMPRINTING 

Genomic imprinting is a system of non-Mendelian inheritance that is unique to
eutherian mammals, marsupials, and higher plants. It is an epigenetic mechanism
of gene regulation that determines the parent-of-origin-dependent expression of a
number of genes during development. Imprinted genes are marked in the male and
female germline and retain molecular memory of their parental origin, resulting in
allelic expression differences. DNA methylation is a basic mechanism for establish-
ment and maintenance of the imprinting status.

The concept of genomic imprinting as a possible mechanism to explain func-
tional differences between maternal and paternal genomes in mammals was proposed
in 1984 [50,51]. These two groups demonstrated that gynogenetic or androgenetic
embryos that had either two maternal or paternal pronuclei showed early embryonic
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lethality and never developed to term. These early observations were largely sus-
tained by subsequent numerous genetic and molecular demonstrations. A few years
later, a role of imprinting in human diseases (Prader-Willi syndrome, [52]) was
suggested. In the early 1990s, the first imprinted gene was identified (IGF2, [53]).
Systematic screening methods have contributed to the identification of a large num-
ber of imprinted genes and to the precise localization of imprinted chromosomal
regions. To date, about 60 imprinted genes have been isolated from the human and
mouse genomes. Using restriction landmark genome scanning (RLGS), it has been
estimated that there are roughly 100 imprinted genes in the mouse genome [54].
Although some of the genes analyzed are imprinted in mice but not in humans, most
of the imprinted genes are conserved. The mouse chromosomal region, responsible
for the embryo development failure, was mapped to specific chromosomes by the
use of artificially created uniparental disomies (UPD), in which two copies of a gene
were inherited entirely from a parent. 

Several hypotheses have been proposed to explain the evolution of a particular
regulative mechanism of gene expression. The more generally accepted is the
parental conflict hypothesis. According to this, evolutionary force that propagates
genomic imprinting in mammals might be a parental conflict for the maternal
resources, promoting imprinted expression of genes that function in growth reg-
ulation [55]. Few hypotheses deal with mechanistic aspects and the molecular
basis of imprinting: (1) It has been suggested that repeats and retrotransposons
might be marked and silenced by allele-specific epigenetic modifications; thereby
a host defense mechanism may have provided the molecular basis for genomic
imprinting [56]. (2) Imprinting might be evolved from incomplete gene silencing,
thereby leading first to random monoallelic gene expression and later to a specific
silencing [56]. (3) Duplication and translocation of chromosomal segments might
play a role in imprinting establishment through a different possible mechanism
such as the necessity of a dosage compensation to silence additional gene copies
[55]. (4) As mentioned, imprinting and X chromosome inactivation may have a
common origin [6]. 

COMMON FEATURES OF IMPRINTED GENES 

The mammalian genes that undergo parental-specific regulation and the chromo-
somal region where they map share an interesting range of physical, genetic, and
epigenetic features that may be summarized in some main relevant points. 

Imprinted genes are rarely found dispersed; around 80% of them are physi-
cally linked in clusters with other imprinted genes. The clustered organi-
zation of imprinted genes is thought to reflect coordinated regulation of the
genes in a chromosomal domain. Imprinting centers or imprinting control
elements (ICs) have been discovered in some clusters; the ICs seem to be
necessary for the regional control of imprinting and imprinted expression.
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Deletions and inappropriate methylation of these regions are associated
with loss of imprinting and human diseases (see Table 3.1). 

The comparison of proteins codified by different imprinted genes shows no
interesting common features. It is possible to underline only functional
similarities between some proteins with a role in fetal growth and devel-
opment. Instead, the analyses of nucleotide sequences show two elements
of functional significance. First, they are unusually rich in CpG islands (in
the mouse, 88% of imprinted genes are associated with CpG islands vs.
the 47% in the whole genome). Second, the CpG islands are frequently
surrounded by direct repeats. The repeats, together with the CpG islands
associated with them, are involved in conferring or maintaining differential
methylation of the imprinted allele [54].

The parental alleles of an imprinted gene show differences in the methylation
pattern. As described below, the differentially methylated regions (DMRs)
can have different properties and methylation patterns during development
and in germ and somatic cells. Deletion of a DMR results in loss of
imprinting. DMRs are generally CpG rich and often fulfill the criteria of
CpG islands. Some DMRs (e.g., H19, IGF2R) contain also repeat elements. 

Imprinted genes can differ with respect to bulk chromatin structure for specific
modification, such as the accessibility of DNA to transcriptional machinery
and histone covalent modifications. Methylation imprints are associated
with chromatin imprints [57].

TABLE 3.1
A Schematic Summary of the Main Genetic Abnormalities in Prader-Willi, 
Angelman, and Beckwith-Wiedemann

Molecular Class
Prader-Willi 
Syndrome

Angelman 
Syndrome

Beckwith-Wiedemann 
Syndrome

Deletion or duplication Paternal deletions 75% Maternal deletions 75% Paternal duplication <1%
Uniparental disomy Maternal (meiotic) 

22%
Paternal meiotic 2% Paternal somatic 10%

IM: Inherited
   Sporadic

IC microdeletions 1%
  “        2%

IC microdeletions 1%
      “        2%

None
LOI at IGF2 (20%) or 
LIT1 (50%)

Translocations, 
chromatin effects

Paternal inheritance 
(<1%)

— Maternal inheritance <1%

Gene mutations — Maternal UBE 3A 7% Maternal CDKN1C 10% 
unknown — 13% 10–20%

Source: Adapted from Nicholls, R.D., J. Clin. Invest., 105(4), 413–418, 2002.
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Imprinted genes often reside in chromosomal regions that undergo asynchro-
nous replication [58]. Meiotic recombination frequency of these segments
may differ in male and female germ cells [59].

Within the imprinted gene clusters, genes that encode for untranslated RNA
and antisense RNA possibly involved in imprinted expression control have
been identified [60]. 

MOLECULAR BASES OF IMPRINTED 
EXPRESSION REGULATION 

The mechanism of genomic imprinting is complex and not completely understood.
It is well established that DNA methylation plays a leading molecular role. Cytosine
methylation marks imprinted genes differently in gametes, and the inheritance of
these epigenetic marks leads to differential gene expression. Usually methylation
marks the unexpressed allele, but it is not an absolute rule. Genomic imprinting
changes during the life cycle of the organism and proceeds in a different way in
germ and somatic cells (see Figure 3.2B). In somatic cells, imprinting may be
established in a tissue-specific manner. 

Imprints are established during the maturation of germ cells to sperm or eggs.
After fertilization, the differential mark of paternal and maternal alleles in somatic
cells is maintained during organism development. In the germ cells of the new
organism, imprints are erased at an early stage in the primordial germ cells, and at
a later stage of development, in inner cell mass, they are established again in a sex-
specific manner. Imprint determination during development may be schematized in
three main steps: erasure, establishment, and maintenance.

Erasure. In mouse germ cells during erasure, there is a marked and apparently
genome-wide demethylation. First demethylation occurs in male pronucleus
and seems to be independent on DNA replication. After the formation of
the zygote, at the stage of blastocyst, both paternal and maternal chromo-
somes undergo progressive demethylation erasing most, but not all, of the
marks that are inherited from the gametes. Whether this mechanism is
passive or active is still unknown. Whether the methylation marks on
imprinted genes are protected from genome-wide demethylation is also
discussed [57]. The general DNA demethylation is accompanied by chro-
matin modifications that seem to facilitate the genomic reprogramming.

Establishment. The exact timing of the imprints’ resetting is not yet clear and
seem to be quite different in oocytes and sperm [61]. After erasure, de novo
methylation of cytosine begins in both sex germlines at late fetal stages and
continues after birth. The maternal or paternal imprints established in germ
cells lead to the formation of the primary DMRs. De novo and maintenance
methyltransferases seem to be needed for remethylation in sperm and oocyte.
Dnmt1 and its germ-cell-specific isoforms (Dnmt1o) are candidates; but also
the known somatic de novo methyltransferase, Dnmt3a and Dnmt3b, may
carry out the same function in germ cells [60]. It is also yet unclear how
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Dnmts specifically target DMRs in eggs and sperms. This phenomenon
implies the existence of germline-specific factors that allow the recognition
of the specific DMRs and the sex of the lineage. This idea is well supported
by the evidence that deficiency of the Dnmt1 causes a postzygotic loss of
imprinting that cannot be restored by Dnmt1, Dnmt3a, and Dnmt3b. Putative
candidates for this function may be direct repeats [54], as repeated elements
are often involved in local heterochromatization [62]. 

Maintenance and reading. During mammals’ development a wave of
genome-wide demethylation after fertilization and a wave of de novo meth-
ylation after implantation exist that imprinted DMRs have to resist. How
DMRs enact this defense is still under discussion. The regulation of
imprinted status also involves histone acetylation and possibly histone
methylation [57]. When the methylation and chromatin imprints are estab-
lished, they have to be conversed in differential transcription. Reading
mechanisms better explored are:

Differential silencing by CpG island or promoter methylation. 
Regulation by antisense transcripts associated with CpG island or promot-

er methylation (i.e., Air gene).
Regulation by silencing factors that repress the promoter in cis.
Allele-specific regulation of neighboring genes by differential methylation

of boundary elements within a CpG island. A well-described example is
the role of CTCF in recognition of an unmethylated boundary in the
H19/IGF2 system [60]. The same binding sites are recognized by Boris
[63], another protein that seems to act in a tissue-restricted manner (tes-
tis). Recent reports suggest that Boris and CTCF could serve as counter-
acting genes by manifesting and reprogramming states, respectively [64].

IMPRINTING IN GENETIC DISEASES

Genomic imprinting plays a critical role in embryogenesis as evidenced by certain
aberrations of human pregnancy, such as hydatiform mole or ovarian dermoid cysts.
A large number of imprinted genes identified in humans and mice are involved in
pre- and postnatal development. Recent studies [65] associate imprinted genes with
determining brain development, and two paternally expressed genes have been
associated with the regulation of maternal behaviors in mice. Evidence suggests that
imprinted mammalian genes influence complex neuropsychological behavior and
neuropathological disorders [66]. In the following, three of the most investigated
syndromes are summarized.

PRADER-WILLI SYNDROME AND ANGELMAN SYNDROME 

Prader-Willi syndrome (PWS, OMIM #176270) and Angelman syndrome (AS, OMIM
#105830) are autosomal dominant disorders showing parent-of-origin effects, since the
inherited diseases are transmitted from only one of the parents. These two clinically
distinct genetic diseases are associated with imprinting on chromosome 15q11-q13 and
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have a frequency of about 1:10,000/1:40,000. Both syndromes are neurodevelopmental
disorders associated with deficiencies in sexual development and growth; PWS and AS
patients show behavioral and neurological problems including several learning disabil-
ities. Major diagnostic criteria for Prader-Willi syndrome include hypotonia, hyperph-
agia, marked obesity, hypogonadism, and developmental delay. Major diagnostic criteria
for AS are ataxia, tremulousness, sleep disorders, hyperactivity, and a peculiar happy
disposition with outbreaks of laughter.

The most common genetic feature associated with Prader-Willi and Angelman
syndromes (see Table 3.1) is an interstitial de novo deletion of 3–4 Mb in the chro-
mosome 15q11-q13. An unequal crossing-over between low copy repeats (duplicons)
present in the region seems to be the main cause of these deletions. The duplicons
contain the HERC2 gene, a highly conserved gene that, when mutated in mice, affects
development and fertility [67]. These deletions are of maternal origin in AS patients
and of paternal origin in PWS patients. Imprinted expression is coordinately controlled
by an IC, which is functional in the germline and in early postzygotic development.
The IC regulates the establishment of parental-specific allelic differences in DNA
methylation, chromatin structure, and expression [68,69]. The 15q11-q13 IC has a
bipartite structure. One part seems to be involved in switching of paternal imprinting
in maternal; the other seems to be responsible for the opposite switch [70].

While the main genes involved in AS have been identified, this goal for PWS
is still unaccomplished. Recent evidence supports the existence of at least 30 pre-
sumed genes in the region [71]. Several genes have been identified and characterized,
and a paternal expression was demonstrated. At least two genes in this region,
UBE3A and ATP10C, are maternally expressed in some tissues. Deletions and other
alterations (see Table 3.1) in UBE3A have been shown to cause AS. The UBE3A
gene encodes for a ubiquitin protein ligase, which is thought to play a role in marking,
by ubiquitination, proteins destined for degradation within the brain. This gene is
expressed in the hippocampus and Purkinje cells with a brain-specific imprinting
(maternal allele expression) while it is biallelically expressed in other tissues [72]. 

In contrast to AS, which is often associated with single gene mutations, PWS
is always associated with chromosomal abnormalities affecting multiple genes. The
finding of many paternally imprinted genes has contributed to the identification of
several candidate genes for PWS. The SNRF/SNRPN locus is a prime candidate. It
is notable that the 5 end of the SNURF/SNRP maps in the IC. This locus is highly
complex with a long variable policistronic precursor transcript with multiple func-
tions. At least four transcripts are associated with this locus: SNURF, IPW, PAR5,
and multiple small nucleolar RNAs (snoRNAs) [73]. The snoRNAs have been
proposed to confer most of the PWS phenotype [74]. 

BECKWITH-WIEDEMANN SYNDROME

Beckwith-Wiedemann syndrome (BWS, OMIM #130650) is an autosomal multigenic
syndrome with a clear parent-of-origin phenotype. This syndrome has a mainly sporadic
inheritance and, only in a few cases (CDKN1C gene mutations), it is autosomal dom-
inant. Clinically it is characterized by pre- and postnatal overgrowth, macroglossia, and
anterior abdominal wall defects. Additional, but variable, complications include
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organomegaly, hypoglycemia, genitourinary abnormalities, and, in about the 5% of
affected children, embryonal tumors, frequently Wilm’s tumor (in BWS patients, the
rate of Wilm’s tumor is over 1000 higher than in the normal population). As for the
other syndromes described, the molecular bases of BWS are very complex. The 11p15.5
is organized into two imprinted domains in which genomic imprinting is controlled by
separate imprinting control regions. The genetic mechanisms underlying BWS (see
Table 3.1) imply a role either for paternally and maternally expressed genes. Oversim-
plifying, in the BWS pathogenesis two main mechanisms seem to be involved: paternally
derived duplications, UPD, and loss of imprinting (LOI) at insulin-like growth factor
(IGF2) locus; and maternally derived translocations and specific mutations at the
CDKN1C (p57KIP2) locus [75]. These two genes contribute to the BWS phenotype
together with a number of other imprinted or nonimprinted genes, which are localized
in the two domains [76].

The distal domain 1 contains the imprinted genes IGF2, H19, and INS, and a
differentially methylated region, DMR1, IGF2, and H19, are closely linked and
oppositely imprinted. IGF2 encodes a paternally expressed fetal growth factor; H19
encodes an untranslated pol III transcript. The expression profile of IGF2, in normal
development, resembles the spectrum of tissues and organs involved in BWS. In the
mouse, these two genes share, and seem to compete for, a cluster of enhancers
located at the 3 end of the H19 gene. The DMR1 is located 2 kb upstream of H19
and regulates reciprocal imprinted expression of IGF2 and H19. This regulative
region functions as a chromatin boundary or insulator, which is recognized by CTCF
(see Figure 3.1B). DMR1 is methylated on the paternal chromosome while it is
unmethylated on maternal allele, and is so accessible to the binding of CTCF. This
binding blocks IGF2 promoter interaction with downstream enhancers and favors
H19 transcription.

The proximal domain 2 contains several imprinted genes. A particular role in
BWS syndrome is recognized for CDKN1C, a cyclin-dependent kinase inhibitor,
which is maternally expressed. Although this gene is involved in cell growth regu-
lation, it is rarely involved in tumors. Mutations in this gene do cause BWS and are
associated with the dominant transmission of the syndrome. The other genes iden-
tified are IPL/TSSC3, maternally expressed; IMPT1/TSSC5, maternally expressed;
KCNQ1, maternally expressed and encodes for a number of transcripts. One of these
codifies for a part of a potassium channel, which is associated with other human
disorders (long QT syndrome and Jervell-Lange-Nielson syndrome) [77]. Aberra-
tions in this gene are strongly associated with BWS. The intron 10 of KCNQ1
contains DMR2. The paternal DMR2 is not methylated and permits the transcription
of a long antisense transcript known as KCNQ1OT1 or LIT1. DMR2 seems to have
insulator activity in mice [78] and insulator and silencer activity in humans [75]. 

DNA METHYLATION DISORDERS AND 
HUMAN DISEASES 

The list of human diseases caused or involving methylation disturbances is quite
long. These pathologies are often syndromic, given the pleiotropic effect of mutations
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on the phenotype. It is possible to subdivide these defects according to (1) pertur-
bation of the methylation level; (2) failure of the interpretation of the methylation
signal; and (3) inappropriate methylation of regulatory regions. 

In addition to germline mutations, somatic effects may also perturb DNA meth-
ylation control and, subsequently, gene expression, possibly predisposing to a dis-
ease. This is the case of the hyperhomocysteinemia secondary to chronic renal failure
[79]. Additionally, even in striking contrast to the current notion of erasure of the
DNA methylation mark after fertilization discussed before, epigenetic regulation,
such as DNA methylation, could play a role in predisposing multifactorial defects,
such as diabetes [80,81].

ICF SYNDROME: IS IT A MATTER OF (METHYLATION) LEVEL?

Disturbance of the methylation level is seen in a rare autosomal-recessive disease,
ICF syndrome (ICF, OMIM #242860). ICF patients invariably present two peculiar
signs: a severe immunodeficiency and a peculiar decondensation of the pericentro-
meric heterochromatin, especially of chromosomes 1 and 16, and less frequently
chromosome 9. Other variable signs at a clinical level are facial anomalies and
psychomotor and mental retardation that seem hallmarks for methylation-related
diseases. The syndrome was genetically mapped on chromosome 20 by genetic
analysis [82], and the causative gene was identified as that encoding DNMT3B
[8,43,83]. Mutations usually reside in the carboxy terminus, containing the catalytic
domain, leading to the hypothesis that such loss of function is responsible for the
disease [84]. What are the target sequences of DNMT3B enzyme activity? The
hypomethylation of the genome in ICF syndrome is much less generalized than after
treatment with DNA methyltransferases inhibitors, such as 5-azacytidine. In addition
to the hypomethylation of the major satellite [85], an abnormal pattern of the
facultative heterochromatin belonging to the inactive X chromosome has been
shown. The result was unexpected since there are no phenotypic differences between
male and female ICF patients [86]. However, it does not prevent the occurrence of
X inactivation [87]. A number of repetitive sequences are affected by DNMT3B loss
of function; the hypomethylation of nonsatellite sequences, such as D4Z4 and NBL2,
after a whole genome scan for methylation differences in ICF patients has been
reported [88]. A detailed study of L1 methylation in ICF syndrome [45] has also
been published. L1 elements are hypermethylated, both on the active and inactive
X in normal cells; in ICF patients’ derived cells, DNMT3B loss of function produces
no effect on the Xa but a significant hypomethylation of Xi-specific LINEs. This is
a unique phenomenon of identical allele modification performed by different DNA
methyltransferases. 

What about genes affected in ICF syndrome? This argument is still in debate.
In earlier experiments, no demethylation was observed in the single DNMT3B
mutant, whereas the double mutant DNMT3A/3B shows demethylation of the 5
region of Xist and the DMR2 of IGF2 genes. Hansen and coworkers showed a
generalized hypomethylation of X-inactive genes, with a gene-specific reactivation
seen only for G6PD and for the pseudoautosomal gene SYBL1. Such specific
biallelic expression led to an advancement of replication timing [44]. SYBL1 gene
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histone code was further investigated in an ICF patient cell line: DNA hypomethy-
lation is accompanied by histone H3/4 hyperacetylation and differential methylation
of H3K4 and H3K9, with enrichment of the former and a decrease of the latter [89].
This phenomenon is probably mechanistically linked with MBD binding of SYBL1
promoter, which is also affected in ICF syndrome cell lines (Matarazzo, M.R., et
al. in progress).  

Since the main system affected in ICF syndrome is the immune system, the
study of Ehrlich’s and Hanash’s teams to derive the expression profiling of these
patients is of extreme interest. Over 30 genes were found deregulated, many of them
lymphogenesis associated, with specialized function in lymphocyte signaling, mat-
uration, and migration [90]. 

RETT SYNDROME: LOST IN “TRANSCRIPTION”

Rett syndrome (RTT, OMIM #312750) is a neurodevelopmental disorder of postnatal
brain growth constituting one of the most common causes of mental retardation in
females. The disease is almost always sporadic, with an estimated prevalence of
1:10,000/1:14,000. Girls with classic RTT show a normal neonatal period for the
first months of life with subsequent developmental and neurological regression,
characterized by head growth deceleration, loss of speech and purposeful use of
hands, communication dysfunction, social withdrawal with autism, and stereotypical
hand movements [91,92]. Most sporadic cases of classic RTT and around 50% of
atypical cases are caused by de novo heterozygous mutations in the X-linked MECP2
gene, which stands for methyl-CpG-binding protein 2 [93]. Mutations are often
linked to its three recognizable motifs, two of them (MBD and TRD [transcriptional
repression domain]) involved in binding of the methylated DNA and of the Sin3A
co-repressor, respectively, and the third one located at COOH end of the protein,
similar to the fork head domain [94]. While the gene is broadly expressed [95], the
protein is largely confined to the neurons [96].

Three mouse models have been described for MECP2 gene functional deletion.
All of them give rise to profound behavioral phenotypes in the homozygous deleted
[97,98] or mutated mice (MECP2 308/y; [99]), such as tremors, motor impairments,
increased anxiety, seizures, and stereotypic hindlimb and forelimb clasping. Mice
die after few weeks of postnatal life. Females heterozygotes develop similar symp-
toms, but later in life. All of these symptoms, as well as the timing of occurrence,
are very similar to those exhibited by RTT patients. Mice deleted by a Cre-mediated
excision of MECP2 gene, either in early neuronal development or in postnatal
neurons, give rise to a similar phenotype, pointing to an effect on neuronal mainte-
nance rather than development of brain functions. At a molecular level, analysis of
the histone acetylation level in MECP2-mutated mice has identified hyperacetylation
of histone H3 in brain tissues, thus supporting the notion that disruption of MECP2
function could lead to altered chromatin structure. Interestingly, the deletion of
MBD2 gene gives a behavioral phenotype [100]. Since both MBD2 and MECP2
are expressed ubiquitously in humans and mice, the finding that disruption of either
gene has a prominent effect on cerebral functions is somewhat surprising: functional
redundancy of MBDs in the brain might be less than in other tissues and brain
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development may be exquisitely dependent upon DNA methylation-mediated silenc-
ing. A way to discriminate between these alternatives is represented by the identi-
fication of genes that are misregulated in the presence of dysfunctional MBDs. Direct
binding of these proteins to specific gene promoters has been identified only in a
few genes to date [101,102]. 

Expression profiling experiments have been recently done by using either autop-
tic brain tissues from RTT patients [103] or brain tissues derived by MECP2 knock-
out mice [104]. Both cases revealed no dramatic changes in transcription of specific
genes. The results obtained suggest that, at least for MECP2, its deficiency leads to
subtle gene expression changes in mutant brains. However, the role of MECP2 as
transcriptional repressor and its importance for brain function has been confirmed
recently by the identification of two putative targets: the transcriptional repressor of
neuronal specific genes, Hairy2a [105], and the brain-derived growth factor (BDNF;
[106–108]), which is thought to be essential for converting transient stimuli into
long-term changes in brain activity. Interestingly, in this latter case, the over-expres-
sion of BDNF is caused by cortical depolarization that, on one hand phosphorylate
MECP2, thus affecting its affinity for methylated DNA; on the other hand, it causes
a limited hypomethylation of BDNF promoter III, thus boostering the effect. As
already commented [108], these latest results may indicate that the MBD proteins,
in addition to genome-wide functions, perform a number of gene-specific functions,
thus revealing a functional plasticity and a biological role so far unsuspected.

FRAGILE X SYNDROME, ATR-X SYNDROME, AND FSHD: 
CPG METHYLATION, A USER’S GUIDE 

A number of human syndromes share, among differential clinical presentations and
molecular signs, the occurrence of differential DNA methylation that, in turn, might
be involved as a primary cause of deregulation, or, rather, an effect of the causative
gene dysfunction. 

Fragile X Syndrome 

Fragile X syndrome (FRA-X, OMIM #309520) is one of the most common causes
of mental retardation, with an incidence of 1:4000 in males and 1:8000 in females.
The syndrome is caused by mutations of the FMR-1 gene, located on the X chro-
mosome. FRA-X was the first syndrome associated with trinucleotide expansion; in
fact, the FMR-1 gene contains, at its 5UTR region, a CGG repeat that is highly
polymorphic in normal individuals (between 7 and 60 repeats). Alleles with between
60 and 230 repeats are called permutations, whereas alleles with over 230 repeats
are fully mutated [109]. The FMR-1 gene codifies for an RNA-binding protein,
highly expressed in the brain. A step forward in the comprehension of its role in
brain function has been made recently [110]: FMRP is a repressor of translation by
regulating specific dendritic RNAs. FMRP is found in RNPs together with a non-
translatable RNA, BC1. 

What about the role of DNA methylation in FRA-X? The onset of the disease
is connected with the CGG expansion at 5UTR; however, the expansion triggers
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cytosine methylation of the repeat and of flanking sequences, including FMR-1 gene
promoter, thus inactivating the gene. Treatment of FRA-X cells with 5-aza-2-deoxy-
citidine causes loss of methylation, reactivating FMR-1 transcription [111]. A syn-
ergistic effect of the combined treatment leading to histone hyperacetylation and
DNA methylation has been demonstrated to reactivate FMR-1 transcription [112].
A detailed analysis of the histone modifications of the FMR-1 gene has recently
been published [109], perhaps leading to the use of pharmaceutical treatment of this
syndrome.

Alpha-Thalassemia Mental Retardation Syndrome (ATR-X) 

ATR-X (OMIM #301040) is an X-linked mental retardation syndrome, characterized
by severe mental retardation, reduced or absent speech, delayed developmental
milestones, and congenital microcephaly. Alpha-thalassemia is a very frequent, but
not constant, feature of the syndrome. Patients are mutated in the ATRX gene, located
on Xq13 [113].

ATRX encodes for a putative ATP-dependent type II helicase of the SNF2 family.
This protein binds the short arms of human acrocentric chromosomes and interacts
with two heterochromatin proteins, mHP1a and EZH2. The ATRX protein belongs
to an ATP-dependent chromatin remodeling complex, together with the transcription
factor Daxx. This complex is localized to promyelocytic nuclear bodies [114].

The effects of ATRX mutations on the chromatin structure of rDNA arrays
located at acrocentric chromosomes have been analyzed. Methylation differences
have been noted: in ATR-X patients, rDNA genes were substantially unmethylated
[115]. In addition to rDNA arrays, the analysis was extended to highly repetitive
sequences spread in the genome. Abnormal methylation (hypomethylation) has been
found at Y-chromosome-specific repeats, DYZ2, and subtelomeric repeats
TelBam3.4. These features resemble those observed in ICF patients; however, in
ATR-X, the amount of methylated cytosines is unaffected [115].

Facioscapulohumeral Muscular Dystrophy Syndrome (FSHD)

The autosomal-dominant myopathy, facioscapulohumeral muscular dystrophy syn-
drome (FSHD1, OMIM #158900), is the third most common myopathy, which
progressively affects muscles of the face, shoulder, and upper arm. It has been
associated with the contraction of the 3.3 kb repeat arrays D4Z4 on 4qter region
[116]. Repeat numbers vary from 11 to 150 in normal populations, whereas it is
greatly reduced (1 to 10) in FSHD patients. It was hypothesized that loss of D4Z4
repeats induces the region to adopt a more open chromatin structure, which bring
to the up-regulation of target genes. The increased expression of three genes in
FSHD, but not in unaffected muscle, has been reported. A protein complex drives
the repression, recognizing a specific 27 bp element in the D4Z4 unit; this sequence
has transcriptional repression activity in vitro [117]. However, a recent report links
the marked hypomethylation of the contracted D4Z4 allele to overt disease [118].
This correlation is supported by the finding that FSHD patients with unaltered D4Z4
show hypomethylation of this repeat. 
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FUTURE DIRECTIONS 

Epigenetic modifications and, more precisely, DNA methylation might be involved
in all the conditions that fluctuate in severity as they progress and, in general, with
pathologies in which the environment takes an important place. An example may
be the differential methylation that occurs during aging: hypermethylation of specific
oncosuppressor genes could be an important risk factor for the development of
cancers.

DNA methylation can be affected by pharmaceutical treatments or dietary levels
of methyl donor components, such as folic acid; folate supplementation of patients
with hyperhomocysteinemia, secondary to chronic renal failure, directly affects gene
expression, possibly as a function of the genomic DNA methylation level [79]. Given
that in all the metabolic pathways involving methylation, the universal methyl donor
is S-adenosylmethyonine, varying levels of any of the factors that feed into this
methylation pathway could increase or decrease DNA or histone H3 methylation
efficiency, affecting in both cases gene regulation [119]. There is evidence that
epigenetic changes may be inherited, i.e., changes in diet could activate specific
pathways, leaving an imprint that may be passed throughout generations. This has
been postulated for diabetes in humans, as already reported [80,81], but firm data
are reported only in the case of the coat-color gene agouti, in which changes from
mottled to yellow are caused by the methylation state of an intragenic intracisternal
A-particle element [60]. A diet supplemented with methyl donors affects the coat
type of the offspring, thus establishing that a shift in coat color is correlated with
the increase of DNA methylation [120]. A role for DNA methylation has been also
proposed for behavioral disorders, such as in the reeler mouse, a mouse model for
schizophrenia; the reelin gene shows affected promoter methylation and gene expres-
sion after a diet supplemented with L-methionine, whose effect is reversed by
treatment with valproate [121]. This prompted researchers to analyze genomic meth-
ylation patterns from brain tissues of individuals affected by schizophrenia or bipolar
disorders [122]. More ambitious is the project of the Human Epigenome Consortium
[122,123], which aims to map genomic positions of distinct methylation variants
and to build a dense genomic map, similar to those made for single nucleotide
polymorphisms. Thus, the shifting in epigenetic profiles might be more consistent
with such kinds of pathologies than the occurrence of susceptibility in genes, still
in many cases unidentified, and may also provide the easiest route for pharmaceutical
interventions. 

REFERENCES

1. Scarano, E. et al., On methylation of DNA during development of the sea urchin
embryo. J. Mol. Biol., 14(2), 603–607, 1965. 

2. Grippo, P., M. Iaccarino, E. Parisi, and E. Scarano, Methylation of DNA in developing
sea urchin embryos. J. Mol. Biol., 36, 195–208, 1968.

3. Riggs, A.D., X inactivation, differentiation, and DNA methylation. Cytogenet. Cell
Genet., 14(1), 9–25, 1975.
 CRC Press LLC



DNA Methylation in X Inactivation, Imprinting, and Associated Diseases 47

2050_C03.fm  Page 47  Thursday, August 5, 2004  8:37 AM

© 2005 by
4. Bird, A.P., Gene number, noise reduction and biological complexity. Trends Genet.,
11(3), 94–100, 1995.

5. Yoder, J.A., C.P. Walsh, and T.H. Bestor, Cytosine methylation and the ecology of
intragenomic parasites. Trends Genet., 13(8), 335–340, 1997.

6. Lee, J.T., Molecular links between X-inactivation and autosomal imprinting: X-
inactivation as a driving force for the evolution of imprinting? Curr. Biol., 13(6),
R242–254, 2003.

7. Li, E., T.H. Bestor, and R. Jaenisch, Targeted mutation of the DNA methyltransferase
gene results in embryonic lethality. Cell, 69(6), 915–926, 1992

8. Okano, M. et al. DNA methyltransferases Dnmt3a and Dnmt3b are essential for de
novo methylation and mammalian development. Cell, 99(3), 247–257, 1999.

9. Hendrich, B. and A. Bird, Identification and characterization of a family of mamma-
lian methyl-CpG binding proteins. Mol. Cell Biol., 18(11), 6538–6547, 1998.

10. Bird, A., DNA methylation patterns and epigenetic memory. Genes Dev., 16(1), 6–21,
2002.

11. Hendrich, B. and S. Tweedie, The methyl-CpG binding domain and the evolving role
of DNA methylation in animals. Trends Genet., 19(5), 69–277, 2003.

12. Hendrich, B. and W. Bickmore, Human diseases with underlying defects in chromatin
structure and modification. Hum. Mol. Genet., 10(20), 2233–2242, 2001.

13. Bickmore, W.A. and S.M. van der Maarel, Perturbations of chromatin structure in
human genetic disease: recent advances. Hum. Mol. Genet., 12 Spec No 2:
R207–213, 2003.

14. Cline, T.W. and B.J. Meyer, Vive la difference: males vs females in flies vs worms.
Annu. Rev. Genet., 30, 637–702, 1996.

15. Plath, K. et al., Xist RNA and the mechanism of X chromosome inactivation. Annu.
Rev. Genet., 36, 233–278, 2002.

16. Brockdorff, N. et al., The product of the mouse Xist gene is a 15 kb inactive X-
specific transcript containing no conserved ORF and located in the nucleus. Cell,
71(3), 515–526, 2002.

17. Csankovszki, G., A. Nagy, and R. Jaenisch, Synergism of Xist RNA, DNA methyla-
tion, and histone hypoacetylation in maintaining X chromosome inactivation. J. Cell
Biol., 153(4), 773–784, 2001.

18. Takagi, N. and M. Sasaki, Preferential inactivation of the paternally derived X chro-
mosome in the extraembryonic membranes of the mouse. Nature, 256(5519),
640–642, 1975.

19. Lee, J.T. et al. A 450 kb transgene displays properties of the mammalian X-inacti-
vation center. Cell, 86(1), 83–94, 1996.

20. Clemson, C.M. et al. XIST RNA paints the inactive X chromosome at interphase:
evidence for a novel RNA involved in nuclear/chromosome structure. J. Cell Biol.,
132(3), 259–275, 1996.

21. Avner, P. and E. Heard, X-chromosome inactivation: counting, choice and initiation.
Nat. Rev. Genet., 2(1), 59–67, 2001.

22. Wutz, A., T.P. Rasmussen, and R. Jaenisch, Chromosomal silencing and localization
are mediated by different domains of Xist RNA. Nat. Genet., 30(2), 167–174, 2002.

23. Lee, J.T., L.S. Davidow, and D. Warshawsky, Tsix, a gene antisense to Xist at the X-
inactivation centre. Nat. Genet., 21(4), 400–404, 1999.

24. Boumil, R.M. and J.T. Lee, Forty years of decoding the silence in X-chromosome
inactivation. Hum. Mol. Genet., 10(20): 2225–2232, 2001.

25. Lee, J.T. and N. Lu, Targeted mutagenesis of Tsix leads to nonrandom X inactivation.
Cell, 99(1), 47–57, 1999.
 CRC Press LLC



48 DNA Methylation: Approaches, Methods, and Applications

2050_C03.fm  Page 48  Thursday, August 5, 2004  8:37 AM

© 2005 by
26. Sado, T. et al., Regulation of imprinted X-chromosome inactivation in mice by Tsix.
Development, 128(8), 1275–1286, 2001.

27. McDonald, L.E., C.A. Paterson, and G.F. Kay, Bisulfite genomic sequencing-derived
methylation profile of the xist gene throughout early mouse development. Genomics,
54(3), 379–386, 1998.

28. Courtier, B., E. Heard, and P. Avner, Xce haplotypes show modified methylation in
a region of the active X chromosome lying 3′ to Xist. Proc. Natl. Acad. Sci. USA,
92(8), 3531–3535, 1995.

29. Prissette, M. et al., Methylation profiles of DXPas34 during the onset of X-inactiva-
tion. Hum. Mol. Genet., 10(1), 31–38, 2001.

30. Lyon, M.F., X-chromosome inactivation. Pinpointing the centre. Nature, 379(6561),
116–117, 1996.

31. Bell, A.C., A.G. West, and G. Felsenfeld, The protein CTCF is required for the
enhancer blocking activity of vertebrate insulators. Cell, 98(3), 387–396, 1998.

32. Chao, W. et al., CTcf. a candidate trans-acting factor for X-inactivation choice.
Science, 295(5553), 345–337, 2002.

33. Wutz, A. and R. Jaenisch, A shift from reversible to irreversible X inactivation is
triggered during ES cell differentiation. Mol. Cell, 5(4), 695–705, 2000.

34. Sado, T. et al., X inactivation in the mouse embryo deficient for Dnmt1: distinct effect
of hypomethylation on imprinted and random X inactivation. Dev. Biol., 225(2),
294–303, 2000.

35. Kaslow, D.C. and B.R. Migeon, DNA methylation stabilizes X chromosome inacti-
vation in eutherians but not in marsupials: evidence for multistep maintenance of
mammalian X dosage compensation. Proc. Natl. Acad. Sci. USA, 1987. 84(17),
6210–624.

36. Migeon, B.R. et al., Complete reactivation of X chromosomes from human chorionic
villi with a switch to early DNA replication. Proc. Natl. Acad. Sci. USA, 83(7),
2182–2186, 1986.

37. Graves, J.A., 5-azacytidine-induced re-expression of alleles on the inactive X chro-
mosome in a hybrid mouse cell line. Ex. Cell Res., 141(1), 99–105, 1982.

38. Heard, E. et al., Methylation of histone H3 at Lys-9 is an early mark on the X
chromosome during X inactivation. Cell, 107(6), 727–738, 2001.

39. Silva, J. et al. Establishment of histone h3 methylation on the inactive X chromosome
requires transient recruitment of Eed-Enx1 polycomb group complexes. Dev. Cell,
4(4), 481–495, 2003.

40. Beard, C., E. Li, and R. Jaenisch, Loss of methylation activates Xist in somatic but
not in embryonic cells. Genes Dev., 9(19), 2325–2334, 1995.

41. Panning, B. and R. Jaenisch, DNA hypomethylation can activate Xist expression and
silence X-linked genes. Genes Dev., 10(16), 1991–1996, 2002.

42. Watanabe, D. et al., Stage- and cell-specific expression of Dnmt3a and Dnmt3b during
embryogenesis. Mech. Dev., 118(1-2), 187–190, 2002.

43. Hansen, R.S. et al., The DNMT3B DNA methyltransferase gene is mutated in the
ICF immunodeficiency syndrome. Proc. Natl. Acad. Sci. USA, 96(25), 14412–14417,
1999.

44. Hansen, R.S. et al., Escape from gene silencing in ICF syndrome: evidence for
advanced replication time as a major determinant. Hum. Mol. Genet., 9(18),
2575–2587, 2000.

45. Hansen, R.S., X inactivation-specific methylation of LINE-1 elements by DNMT3B:
implications for the Lyon repeat hypothesis. Hum. Mol. Genet., 12(19), 2559–2567,
2003.
 CRC Press LLC



DNA Methylation in X Inactivation, Imprinting, and Associated Diseases 49

2050_C03.fm  Page 49  Thursday, August 5, 2004  8:37 AM

© 2005 by
46. Lyon, M.F., X-chromosome inactivation: a repeat hypothesis. Cytogenet. Cell Genet.,
80(1-4), 133–137, 1998.

47. Kratzer, P.G. et al., Differences in the DNA of the inactive X chromosomes of fetal
and extraembryonic tissues of mice. Cell, 33(1), 37–42, 1983.

48. Chapman, V. et al., Cell lineage-specific undermethylation of mouse repetitive DNA.
Nature, 307(5948), 284–286, 1984.

49. Huynh, K.D. and J.T. Lee, Inheritance of a pre-inactivated paternal X chromosome
in early mouse embryos. Nature, 426(6968), 857–862, 2003.

50. Surani, M.A., S.C. Barton, and M.L. Norris, Development of reconstituted mouse
eggs suggests imprinting of the genome during gametogenesis. Nature, 308(5959),
548-550, 1984

51. McGrath, J. and D. Solter, Completion of mouse embryogenesis requires both the
maternal and paternal genomes. Cell, 37(1), 179–183, 1984.

52. Nicholls, R.D. et al., Genetic imprinting suggested by maternal heterodisomy in
nondeletion Prader-Willi syndrome. Nature, 42(6247), 281–285, 1989.

53. DeChiara, T.M., E.J. Robertson, and A. Efstratiadis, Parental imprinting of the mouse
insulin-like growth factor II gene. Cell, 64(4), 849–859, 1991.

54. Reik, W. and J. Walter, Genomic imprinting: parental influence on the genome. Nat.
Rev. Genet., 2(1), 21–32, 2001.

55. Walter, J. and M. Paulsen, The potential role of gene duplications in the evolution of
imprinting mechanisms. Hum. Mol. Genet., 12 Spec No 2, R215–220, 2003.

56. Kaneko-Ishino, T., T. Kohda, and F. Ishino, The regulation and biological significance
of genomic imprinting in mammals. J. Biochem. (Tokyo), 133(6), 699–711, 2003.

57. Li, E., Chromatin modification and epigenetic reprogramming in mammalian devel-
opment. Nat. Rev. Genet., 3(9), 662–673, 2002.

58. Kitsberg, D. et al., Allele-specific replication timing of imprinted gene regions.
Nature, 364(6436), 459–463, 1993., G. Gyapay, and J. Jami, Imprinted chromosomal
regions of the human genome display sex-specific meiotic recombination frequencies.
Curr. Biol., 5(9), 1030–1035, 1993.

60. Jaenisch, R. and A. Bird, Epigenetic regulation of gene expression: how the genome
integrates intrinsic and environmental signals. Nat. Genet., 33 Suppl: 245–254, 2003.

61. Geuns, E. et al., Methylation imprints of the imprint control region of the SNRPN-
gene in human gametes and preimplantation embryos. Hum. Mol. Genet., 12(22),
2873–2879, 2003.

62. Dorer, D.R. and S. Henikoff, Expansions of transgene repeats cause heterochromatin
formation and gene silencing in Drosophila. Cell, 77(7), 993–1002, 2004.

63. Loukinov, D.I. et al., BORIS, a novel male germ-line-specific protein associated with
epigenetic reprogramming events, shares the same 11-zinc-finger domain with CTCF,
the insulator protein involved in reading imprinting marks in the soma. Proc. Natl.
Acad. Sci. USA, 99(10), 6806–6811, 2002.

64. Feinberg, A.P., M. Oshimura, and J.C. Barrett, Epigenetic mechanisms in human
disease. Cancer Res., 62(22), 6784–6787, 2002.

65. Nicholls, R.D., The impact of genomic imprinting for neurobehavioral and develop-
mental disorders. J. Clin. Invest., 105(4), 413–418, 2002.

66. Falls, J.G. et al., Genomic imprinting: implications for human disease. Am. J. Pathol.,
154(3), 635–647, 1999.

67. Clayton-Smith, J. and L. Laan, Angelman syndrome: a review of the clinical and
genetic aspects. J. Med. Genet., 40(2), 87–95, 2003.
 CRC Press LLC



50 DNA Methylation: Approaches, Methods, and Applications

2050_C03.fm  Page 50  Thursday, August 5, 2004  8:37 AM

© 2005 by
68. Nicholls, R.D. and J.L. Knepper, Genome organization, function, and imprinting in
Prader-Willi and Angelman syndromes. Annu. Rev. Genomics Hum. Genet., 2,
153–175, 2001.

69. Brannan, C.I. and M.S. Bartolomei, Mechanisms of genomic imprinting. Curr. Opin.
Genet. Dev., 9(2): 164–170, 1999.

70. Buiting, K. et al., Inherited microdeletions in the Angelman and Prader-Willi syn-
dromes define an imprinting centre on human chromosome 15. Nat. Genet., 9(4):
395–400, 1995.

71. Bittel, D.C. et al., Microarray analysis of gene/transcript expression in Prader-Willi
syndrome: deletion versus UPD. J. Med. Genet., 40(8), 568–574, 2003.

72. Albrecht, U. et al., Imprinted expression of the murine Angelman syndrome gene,
Ube3a, in hippocampal and Purkinje neurons. Nat. Genet., 17(1), 75-78, 1997.

73. Runte, M. et al., The IC-SNURF-SNRPN transcript serves as a host for multiple
small nucleolar RNA species and as an antisense RNA for UBE3A. Hum. Mol.
Genet., 10(23), 2687–2700, 2001.

74. Gallagher, R.C. et al., Evidence for the role of PWCR1/HBII-85 C/D box small
nucleolar RNAs in Prader-Willi syndrome. Am. J. Hum. Genet., 71(3), 669–678,
2002.

75. Weksberg, R. et al., Beckwith-Wiedemann syndrome demonstrates a role for epige-
netic control of normal development. Hum. Mol. Genet., 12 Spec No 1: R61–68,
2003.

76. Maher, E.R. and W. Reik, Beckwith-Wiedemann syndrome: imprinting in clusters
revisited. J. Clin. Invest., 105(3), 247–252, 2000.

77. Neyroud, N. et al., A novel mutation in the potassium channel gene KVLQT1 causes
the Jervell and Lange-Nielsen cardioauditory syndrome. Nat. Genet., 15(2), 186–189,
1997.

78. Kanduri, C. et al., A differentially methylated imprinting control region within the
Kcnq1 locus harbors a methylation-sensitive chromatin insulator. J. Biol. Chem.,
277(20), 18106–18110, 2000.

79. Ingrosso, D. et al., Folate treatment and unbalanced methylation and changes of allelic
expression induced by hyperhomocysteinaemia in patients with uraemia. Lancet,
361(9370), 1693–1693, 2003.

80. Kaati, G., L.O. Bygren, and S. Edvinsson, Cardiovascular and diabetes mortality
determined by nutrition during parents’ and grandparents’ slow growth period. Eur.
J. Hum. Genet., 10(11), 682–688, 2002.

81. Pembrey, M.E., Time to take epigenetic inheritance seriously. Eur. J. Hum. Genet.,
10(11), 669–671, 2002.

82. Wijmenga, C. et al., Localization of the ICF syndrome to chromosome 20 by homozy-
gosity mapping. Am. J. Hum. Genet., 63(3), 803–809, 1998.

83. Xu, G.L. et al., Chromosome instability and immunodeficiency syndrome caused by
mutations in a DNA methyltransferase gene. Nature, 402(6758), 187–191, 1999.

84. Ehrlich, M., The ICF syndrome, a DNA methyltransferase 3B deficiency and immu-
nodeficiency disease. Clin. Immunol., 109(1), 17–28, 2003.

85. Jeanpierre, M. et al., An embryonic-like methylation pattern of classical satellite DNA
is observed in ICF syndrome. Hum. Mol. Genet., 2(6), 731–735, 1993.

86. Miniou, P. et al., Abnormal methylation pattern in constitutive and facultative (X
inactive chromosome) heterochromatin of ICF patients. Hum. Mol. Genet., 3(12),
2093–2102, 1994

87. Bourc’his, D., et al., Abnormal methylation does not prevent X inactivation in ICF
patients. Cytogenet. Cell Genet., 84(3-4), 245–252, 1999.
 CRC Press LLC



DNA Methylation in X Inactivation, Imprinting, and Associated Diseases 51

2050_C03.fm  Page 51  Thursday, August 5, 2004  8:37 AM

© 2005 by
88. Kondo, T. et al., Whole-genome methylation scan in ICF syndrome: hypomethylation
of non-satellite DNA repeats D4Z4 and NBL2. Hum. Mol. Genet., 9(4), 597–604,
2000.

89. Matarazzo, M.R., et al., Allelic inactivation of the pseudoautosomal gene SYBL1 is
controlled by epigenetic mechanisms common to the X and Y chromosomes. Hum.
Mol. Genet., 11(25), 3191–3198, 2004.

90. Ehrlich, M. et al., DNA methyltransferase 3B mutations linked to the ICF syndrome
cause dysregulation of lymphogenesis genes. Hum. Mol. Genet., 10(25), 2917–2931,
2001.

91. Rett, A., Über ein eigenartiges hirnatrophisches Syndrom bei Hyperammonemie im
Kindesalter. Wien. Med. Wochenschr., 116, 723–728, 1966.

92. Hagberg, B., J. Aicardi, K. Dias, and O. Ramos, A progressive syndrome of autism,
dementia, ataxia, and loss of purposeful hand use in girls: Rett’s syndrome: report
of 35 cases. Ann. Neurol., 4: 471–479, 1983.

93. Amir, R.E. et al., Rett syndrome is caused by mutations in X-linked MECP2, encoding
methyl-CpG-binding protein 2. Nat. Genet., 23(2), 185–188, 1999.

94. Vacca, M. et al., Mutation analysis of the MECP2 gene in British and Italian Rett
syndrome females. J. Mol. Med., 78(11), 648–655, 2001a.

95. D’Esposito, M., et al., Isolation, physical mapping, and northern analysis of the X-
linked human gene encoding methyl CpG-binding protein, MECP2. Mamm.
Genome, 7(7), 533–535, 1996.

96. LaSalle, J.M. et al,. Quantitative localization of heterogeneous methyl-CpG-binding
protein 2 (MeCP2) expression phenotypes in normal and Rett syndrome brain by
laser scanning cytometry. Hum. Mol. Genet., 10(17), 1729–1740, 2001.

97. Chen, R.Z. et al., Deficiency of methyl-CpG binding protein-2 in CNS neurons results
in a Rett-like phenotype in mice. Nat. Genet., 27(3), 327–331, 2001.

98. Guy, J., et al., A mouse Mecp2-null mutation causes neurological symptoms that
mimic Rett syndrome. Nat. Genet., 27(3), 322–326, 2001.

99. Shahbazian, M., et al., Mice with truncated MeCP2 recapitulate many Rett syndrome
features and display hyperacetylation of histone H3. Neuron, 35(2),: 243–254, 2002.

100. Hendrich, B. et al., Closely related proteins MBD2 and MBD3 play distinctive but
interacting roles in mouse development. Genes Dev., 15(6), 710–723, 2001.

101. Fournier, C. et al., Allele-specific histone lysine methylation marks regulatory regions
at imprinted mouse genes. Embo. J., 21(23), 6560–6570, 2002.

102. Ballestar, E. et al., Methyl-CpG binding proteins identify novel sites of epigenetic
inactivation in human cancer. Embo. J., 22(23), 6335–6345, 2003.

103. Colantuoni, C. et al., Gene expression profiling in postmortem Rett Syndrome brain:
differential gene expression and patient classification. Neurobiol. Dis., 8(5), 847–865,
2001.

104. Tudor, M. et al., Transcriptional profiling of a mouse model for Rett syndrome reveals
subtle transcriptional changes in the brain. Proc. Natl. Acad. Sci. USA, 99(24),
15536–15541, 2002.

105. Stancheva, I. et al., A mutant form of MeCP2 protein associated with human Rett
syndrome cannot be displaced from methylated DNA by notch in Xenopus embryos.
Mol. Cell, 12(2), 425–435, 2003

106. Martinowich, K. et al., DNA methylation-related chromatin remodeling in activity-
dependent BDNF gene regulation. Science, 302(5646), 890–893, 2003.

107. Chen, W.G. et al., Derepression of BDNF transcription involves calcium-dependent
phosphorylation of MeCP2. Science, 302(5646), 885–889, 2003.
 CRC Press LLC



52 DNA Methylation: Approaches, Methods, and Applications

2050_C03.fm  Page 52  Thursday, August 5, 2004  8:37 AM

© 2005 by
108. Klose, R. and A. Bird, Molecular biology. MeCP2 repression goes nonglobal. Science,
302(5646), 793–795, 2003.

109. Coffee, B. et al., Histone modifications depict an aberrantly heterochromatinized
FMR1 gene in fragile x syndrome. Am. J. Hum. Genet., 71(4), 923–932, 2002.

110. Zalfa, F. et al., The fragile X syndrome protein FMRP associates with BC1 RNA and
regulates the translation of specific mRNAs at synapses. Cell, 112(3), 317–327, 2003.

111. Chiurazzi, P. et al., In vitro reactivation of the FMR1 gene involved in fragile X
syndrome. Hum. Mol. Genet., 7(1): 109–113, 1998.

112. Chiurazzi, P. et al., Synergistic effect of histone hyperacetylation and DNA demeth-
ylation in the reactivation of the FMR1 gene. Hum. Mol. Genet., 8(12), 2317–2323,
1999.

113. Gibbons, R.J. et al., Mutations in a putative global transcriptional regulator cause X-
linked mental retardation with alpha-thalassemia (ATR-X syndrome). Cell, 80(6),
837–845, 1995.

114. Xue, Y. et al., The ATRX syndrome protein forms a chromatin-remodeling complex
with Daxx and localizes in promyelocytic leukemia nuclear bodies. Proc. Natl. Acad.
Sci. USA, 100(19), 10635–10640, 2003.

115. Gibbons, R.J. et al., Mutations in ATRX, encoding a SWI/SNF-like protein, cause
diverse changes in the pattern of DNA methylation. Nat. Genet., 24(4), 368–371,
2000.

116. Wijmenga, C. et al., Chromosome 4q DNA rearrangements associated with facios-
capulohumeral muscular dystrophy. Nat. Genet., 2(1), 26–3, 1992.

117. Gabellini, D., M.R. Green, and R. Tupler, Inappropriate gene activation in FSHD: a
repressor complex binds a chromosomal repeat deleted in dystrophic muscle. Cell,
110(3), 339–348, 2002.

118. van Overveld, P.G. et al., Hypomethylation of D4Z4 in 4q-linked and non-4q-linked
facioscapulohumeral muscular dystrophy. Nat. Genet., 35(4), 315–317, 2003.

119. Van den Veyver, I.B., Genetic effects of methylation diets. Annu. Rev. Nutr., 22, 255-
282, 2002.

120. Cooney, C.A., A.A. Dave, and G.L. Wolff, Maternal methyl supplements in mice
affect epigenetic variation and DNA methylation of offspring. J. Nutr., 132(8 Suppl),
2393S–2400S, 2002.

121. Tremolizzo, L. et al., An epigenetic mouse model for molecular and behavioral
neuropathologies related to schizophrenia vulnerability. Proc. Natl. Acad. Sci. USA,
99(26), 17095–17100, 2002.

122. Dennis, C., Epigenetics and disease: altered states. Nature, 421(6924), 686–688, 2003.
123. Beck, S., A. Olek, and J. Walter, From genomics to epigenomics: a loftier view of

life. Nat. Biotechnol., 17(12), 114, 1999.
 CRC Press LLC



            

2050_C04.fm  Page 53  Friday, August 13, 2004  8:22 AM

© 2005 by
4
 Studying Mammalian 
DNA Methylation: 
Bisulfite Modification

Susan J. Clark

CONTENTS

Acknowledgments....................................................................................................53
Abstract ....................................................................................................................53
Introduction..............................................................................................................54
Principle of Bisulfite Conversion ............................................................................54
“Standard” Bisulfite Protocol ..................................................................................55
Efficiency of Bisulfite Conversion ..........................................................................56
Detection of Methylation by PCR Amplification ...................................................57
Detection of Methylation by DNA Sequencing......................................................60
Conclusion ...............................................................................................................60
References................................................................................................................62

ACKNOWLEDGMENTS

I wish to thank Wenjia Qu and Rebecca Hinschelwood for help with figures and Peter
Molloy for reading the manuscript. The methylation research in Dr. Clark’s lab is
funded by National Health and Medical Research Council grants 293810 and 202907.

ABSTRACT

This chapter summarizes the current user-friendly laboratory protocol for the study
of methylation using bisulfite conversion. The process of bisulfite treatment exploits
the different sensitivity of cytosine and 5-methylcytosine (5-MeC) to deamination
by bisulfite under acidic conditions, in which cytosine undergoes conversion to uracil
while 5-MeC remains unreactive. Methylation analysis after bisulfite conversion has
become the most widely used method to detect 5-MeC in DNA and provides a
reliable way of detecting any methylated cytosine even at single molecule resolution.
However, the method by which the converted DNA is analyzed can influence the
interpretation of the methylation status of the DNA. In this chapter, we discuss the
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different approaches that can be used for DNA methylation analysis depending on
the degree of specificity and detail required. We suggest ways to reduce amplification
of unconverted DNA, and compare results using direct polymerase chain reaction
(PCR) sequencing versus clonal analysis to determine the methylation pattern of a
sequence. 

INTRODUCTION 

The detection of 5-MeC using bisulfite conversion was first reported by Frommer
et al.1 and enabled by Clark et al.2 Since then, the validity of bisulfite sequencing
has been confirmed to the point where methods based around bisulfite conversion
account for the majority of new data on DNA methylation. Methylation analysis
using bisulfite sequencing has been used to study the change in methylation patterns
in specific sequences during early development, tissue specificity of methylation,
and aberrant methylation in cancer.  The most significant result to come from this
early sequencing work was the finding that not all CpG sites are methylated equally
and that the degree of heterogeneity at any one site in a sequence suggests that the
interplay between de novo methylation and maintenance methylation is more
dynamic than first predicted.3,4 Thus bisulfite sequencing has allowed the complexity
of methylation biology to be appreciated and has opened the door to explore more
questions about the process of DNA methylation, both in normal and cancer cells. 

PRINCIPLE OF BISULFITE CONVERSION 

The key to determining methylated cytosines is based on the selective chemical
reaction of sodium bisulfite with cytosine versus methylated cytosine residues. The
reaction is highly single strand specific and, therefore, it is important to ensure that
the genomic DNA is fully denatured prior to the bisulfite reaction. Cytosine can
form adducts across the 5-6 bond with the bisulfite ion. The mechanism of this
reaction was initially reported in the early 1970s.5 The deamination of cytosine by
sodium bisulfite, as summarized in Figure 4.1, involves the following steps: (1)
Sulfonation: addition of bisulfite to the 5-6 double bond of cytosine, (2) Hydrolytic
deamination: deamination of the resulting cytosine–bisulfite derivative to give a
uracil–bisulfite derivative, and (3) Alkali desulfonation: removal of the sulfonate
group by a subsequent alkali treatment to give uracil. The extent of sulfonation
formation is controlled by pH, bisulfite concentration, and temperature.2,6,7 The
forward sulfonation reaction is favored by low pH and the reverse reaction by high
pH. In the second step of the reaction, cytosine–SO3 undergoes hydrolytic deami-
nation to give uracil–SO3. This step is catalyzed by basic substances, such as sulfite,
bisulfite, and acetate anions.5 Since sulfonation is favored by acidic pH, the reversible
sulfonation reaction and the subsequent irreversible deamination step are both carried
out at pH 5 in high bisulfite concentration. Bisulfite can oxidize automatically with
oxygen, and so a free radical scavenger is included in the reaction to minimize
oxidative degradation. The third step of the reaction involves alkali treatment to
change the pH and remove the bisulfite adduct. 
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The important conditions for a “successful” bisulfite conversion are (1) clean
and fully denatured DNA; (2) freshly prepared bisulfite; (3) low pH for the deami-
nation reaction; (4) high pH for the desulfonation reaction; and (5) hydroquinone
to reduce bisulfite oxidation. The time of incubation varies with the amount and
source of DNA to be treated. As a general rule, a small amount of low-quality DNA,
such as from bodily fluids, requires only short incubation times (4 to 8 h), whereas
high concentrations of DNA, such as from cell lines or tissues, can require up to 16
h of incubation to ensure complete conversion.8 The “standard” bisulfite protocol
that can be used for all DNA templates, including DNA extracted from bodily fluids,
is described below. 

“STANDARD” BISULFITE PROTOCOL 

1. The source of DNA can be from cell lines, tissues, or bodily fluids. It is
preferable to use DNA that is free of proteins by prior digestion with

FIGURE 4.1 Schematic diagram of the bisulfite conversion reaction.2
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proteinase K. For limited cell numbers (10 to 1000 cells), we resuspend
the fresh, frozen, or fixed cells in 18 µl proteinase K/SDS buffer (2 µg
E.coli tRNA, 1% SDS, 280 µg/ml proteinase K) and incubate at 37°C for
30 min prior to the addition of sodium hydroxide. 

2. For large molecular weight DNA, it is preferable either to digest with an
appropriate restriction enzyme (avoiding digestion of the target region),
or to shear by passing the DNA resuspended in proteinase K/SDS buffer,
5 times in through a 26 gauge needle, followed by incubation at 37°C for
30 min (reducing the size of the DNA aids in ensuring full denaturation). 

3. Add 2.2 µl freshly prepared 3M NaOH to the DNA sample in 18 µl;
vortex and centrifuge briefly.

4. Incubate at 37°C for 15 min.
5. Incubate at 90°C for 2 min, place on ice, and centrifuge briefly. 
6. Add 208 µl saturated sodium metabisulfite pH 5.0 (BDH). (Saturated

sodium metabisulfite is prepared by adding 7.6 g Na2S2O5 to 15 ml water
and adjusting the pH to 5.0 by adding 464 µl freshly made 10M NaOH.)

7. Add 12 µl 10 mM hydroquinone; vortex and centrifuge briefly.
8. Overlay the samples with 200 µl mineral oil to prevent evaporation and

limit oxidation.
9. Incubate for 4 to 16 h at 55°C in a water bath with a lid.

10. Remove the mineral oil and discard.
11. Add 1 ml Promega’s Wizard® DNA Clean-Up resin and desalt according

to manufacturer’s instructions.
12. Add 50 µl water to the minicolumn and leave at room temperature for 5

min.
13. Spin for 20 sec to collect the eluant and discard the minicolumns.
14. Add 5.5 µl 3M NaOH and incubate at 37°C for 15 min.
15. Centrifuge briefly.
16. Add 1 µl tRNA (10 mg/ml).
17. Add 33.3 µl 5M NH4OAcetate pH 7.0.
18. Add 330 µl cold (–20°C) 100% ethanol and mix well.
19. Leave at –20°C overnight.
20. Centrifuge at 14,000 rpm for 15 min at 4°C.
21. Resuspend the DNA pellet in 10 µl H2O at room temperature for ~2 h

with occasional vortexing.
22. Store at –20°C in freezer.

EFFICIENCY OF BISULFITE CONVERSION 

After bisulfite treatment, the unmethylated cytosines will be converted to thymine
residues, and the methylated cytosines will remain intact. The conversion of cytosine
to uracil by bisulfite is remarkably selective and efficient when carried out under
the “standard” protocol. The rate of chemical conversion has been estimated to be
in the order of 99.5 to 99.7%7 of all cytosines, but is more often 95 to 98% due to
varying DNA quality. For most applications this rate of conversion is more than
sufficient, and the low level of unconverted cytosines is detectable only by a detailed
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analysis of cloned fragments. However, if the rate of conversion is less efficient or
variable within a given DNA sequence, then an increased level of cytosines remain
in the sequenced molecule, usually at non-CpG positions and in contiguous DNA
regions or in blocks. Blocked regions represent areas of DNA that were nonreactive
to bisulfite deamination due to interference from bound proteins,9 insufficient dena-
turation, or rapid renaturation. Blocked regions are commonly encountered in
repeated sequences and in CpG-rich DNA with secondary structure.10 It is, therefore,
important to perform multiple independent bisulfite reactions on protein-free DNA
if regions of apparent nonconversion are observed. Often non-CpG methylation has
been confused with a lack of bisulfite conversion. 

DETECTION OF METHYLATION BY 
PCR AMPLIFICATION 

The target region to be analyzed for methylation is amplified from the bisulfite-
converted DNA using specific PCR primers. The type of primers chosen will greatly
influence the methylation result obtained (summarized in Table 4.1). Extensively
methylated DNA regions will be preferentially amplified by using methylation-
specific PCR (MSP) primers.11 Conversely, hypomethylated DNA regions will be
preferentially amplified by using unmethylated-DNA-specific PCR (USP) primers.
Using these primer sets, a simple yes or no answer for methylation is obtained, and
complete methylation, or complete absence of methylation across the region, is
assumed. However, in most studies, the degree of methylation is not known and,
therefore, use of nonselective PCR (NSP) primers is required.2 NSP primers are

TABLE 4.1
Primer Selection Depends on Methylation Profile

Methylation 
Profile 

Fully 
Methylated

Fully 
Unmethylated

Heterogeneous 
Methylation

Differentially 
Methylated 

Examples of 
gene targets

CpG islands promoters 
in tissue culture

CpG island promoters 
in normal cells

CpG island 
promoters in 
cancer

Imprinted and 
X-linked 
genes

Primer selection MSP USP NSP NSP
Primer length 20–25 20–25 25–30 25–30
% cytosine in 
primer for 
conversion

25–30% 25–30% 25–30%
end in 3′C

25–30%
end in 3′C

Primer CpG 
content

3–4 CpGs 3–4 TpG 0% 0%

Position of 
CpGs

3′ end is a C of a CpG 3′ end is a T of a TpG
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designed with no CpG in the priming region or mismatches to CpGs and so theo-
retically can amplify methylated and unmethylated DNA equally.12 This feature is
important when the DNA is heterogeneously methylated in the target region, or
when quantitation of methylation at a given site is required. In addition, if there is
differential methylation in the target region, such as for imprinted or X-linked genes,
it is important to use NSP primers so that both copies of the gene will be represented.
In this case, it is also important to optimize the PCR conditions such that both
methylated and unmethylated DNA amplify in similar proportions.13 This may not
necessarily be the case, especially in CpG-rich regions, as the melting temperature,
polymerization, or copying efficiency of the template (C-rich), versus the unmeth-
ylated template (T-rich), will vary considerably. 

Whatever priming sets are chosen, it is essential to ensure amplification and/or
detection of only fully converted DNA. With this in mind, it is important to design
primers to a region that is as rich as possible in cytosine resides. However, even
with these precautions MSP has a tendency to amplify regions of unconverted DNA.
This is because the cytosine residue of the CpG is preferably placed at the 3 end of
the primer to ensure selective amplification of methylated DNA; however, if a small
proportion of the region is unconverted in the bisulfite-treated DNA reaction, these
molecules may also be selectively amplified. Because of this problem of selective
amplification, the number of false positives with MSP is often high. To reduce the
number of false methylation positives scored, we previously have recommended
using a hybridization probe for full conversion, thereby enabling only the methylated
and converted amplified DNA to be quantified.14 

Another approach to avoid false positives is to reduce the temperature of dena-
turation in the PCR amplification cycling. Unconverted DNA has a higher denatur-
ation temperature than fully converted DNA and often amplifies more efficiently
than converted DNA. Figure 4.2 shows an example in which a dilution series from
1 to 106 copies of bisulfite-converted GSTP1 (glutathione S-transferase) DNA was
spiked into a small amount of bisulfite-unconverted GSTP1 DNA, and these mixtures
were used as templates for MSP. At a denaturation temperature of 95°C, only the
unconverted GSTP1 DNA was amplified, even when 106 copies of converted DNA
was in the amplification reaction (Figures 4.2A and B). However, if the denaturation
temperature was reduced to 80°C in the PCR cycling reaction, the unconverted DNA,
which previously masked the presence of methylated DNA, was no longer amplified
(Figures 4.2C and D). Moreover, the lower denaturation temperature permitted the
spiked, converted, and methylated DNA copies to be amplified in proportion to their
input level. Ablation of the unconverted DNA in the PCR is due to the fact that the
C-rich, unconverted amplicon has a higher melting temperature and at 80°C remains
double stranded and, therefore, no longer provides a template in the PCR amplifi-
cation reaction. In contrast, the converted DNA is relatively T-rich and has a lower
melting temperature and denatures at 80°C, providing the only single-strand template
for amplification in the reaction mix. Using a combination of differential temperature
and a conversion-specific probe with real-time PCR allows for an accurate high-
throughput screen of methylated molecules. 
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FIGURE 4.2 (See color insert following page 114) Effect of the denaturation temperature in the PCR
cycling reaction on eradicating detection of unconverted DNA. 0, 10, 102, 103, 104, 105, and 106 copies
of a fully converted and methylated plasmid clone containing GSTP1 CpG island (Profiles A–G respec-
tively) were spiked into unconverted DNA. Profile H shows the no DNA control. The GSTP1 promoter
region was amplified using MSP primers (MSP-81: 5-TTTTCGCGATGTTTCGGC and MSP-82:
5-GCCGCGCAACTAACCGA) and the amplicons detected by real-time PCR using either a FAM-labeled
probe to converted GSTP1 DNA (5-FAM-TTGCGTATATTTCGTTGCGGTTTTTTTTT-TAMRA) or a
VIC-labeled probe to unconverted GSTP1 DNA (5-VIC-CTGTCTGTTTACTCCCTAGGCCC-TAMRA),
as described in Rand et al., 2002.14 (A) Denaturation temperature of 95°C. Cycling conditions: 95°C ×
2 min, (95°C × 15 sec, 60oC × 1 min) × 50 cycles. Detection probe: FAM-labeled probe to converted
GSTP1 DNA. (B) Denaturation temperature of 95°C. Cycling conditions: 95°C × 2 min, (95°C × 15 sec,
60°C × 1 min) × 50 cycles. VIC-labeled probe to unconverted GSTP1 DNA. (C) Denaturation temperature
of 80°C. Cycling conditions: 95°C × 2 min, (95°C × 15 sec, 60°C × 1 min) × 5 cycles; (80°C × 15 sec,
60°C × 1 min) × 45 cycles. FAM-labeled probe to converted GSTP1 DNA. (D) Denaturation temperature
of 80°C. Cycling conditions: 95°C × 2 min, (95°C × 15 sec, 60oC × 1 min) × 5 cycles; (80°C × 15 sec,
60°C × 1 min) × 45 cycles. VIC-labeled probe to unconverted GSTP1 DNA. At a denaturation temperature
of 95°C, only unconverted DNA was amplified. However, if the denaturation temperature was reduced
to 80°C, only the converted DNA was amplified and the amplification was quantitative. 
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DETECTION OF METHYLATION BY 
DNA SEQUENCING 

If methylation analysis of only single CpG sites is required, then the amplified
bisulfite-treated product can be assayed using informative restriction enzymes, such
as Taq1 (TCGA) or BstU1 (CGCG), or by using a SNuPE-based assay.15 However,
methylation sequencing is essential if contiguous CpG sites are to be analyzed in a
defined region. To ensure a representative DNA methylation profile, we recommend
that each bisulfite DNA be amplified in triplicate and then the PCR products pooled.
The pooled PCR products can be directly sequenced using the forward and reverse
amplification primers as sequencing primers. Figure 4.3A shows a direct sequencing
profile of the ICAM-1 gene. The relative peak heights of the cytosine to thymine
peaks at each site can be used to semiquantitate the methylation levels (Figure 4.3B). 

For a more detailed methylation profile, in particular, if understanding methy-
lation heterogeneity of a region is important, then the pooled PCR products can be
cloned and individually sequenced. Pooling is again important to ensure an accurate
profiling of the genomic DNA, as often single PCR products may contain only a
limited number of molecules. Figure 4.3C shows the difference in the methylation
profile by direct PCR sequence analysis versus clonal sequence analysis. The direct
sequence profile reflects the density of methylation in the population, whereas the
clonal sequencing portrays the degree of heterogeneity in the cells. Moreover, if
methylation levels are low (less than 25% at any one site), then direct sequencing
will not be sufficiently sensitive to be reliable for methyaltion detection, and cloning
is required. To ensure a representation of the molecules in the PCR amplifications,
at least 10 independent clones are required, but often more are needed if the meth-
ylation pattern is particularly heterogeneous. 

Even though cloning and sequencing may be laborious and expensive, the insight
into methylation biology that is obtained is invaluable to understanding the process
and the role of methylation in the cell. The human and mouse genome have been
sequenced for the four bases, but bisulfite methylation sequencing is now required
to provide yet another dimension of information that is potentially provided by
selective methylation of cytosine residues in different cell types, and at different
stages of development. The implication of methylation changes, both in disease
states and during aging, have exciting diagnostic and therapeutic potential. 

CONCLUSION 

Bisulfite conversion permits differential determination of methylated cytosines from
unmethyalted cytosines. However, the method of analysis of the bisulfite-treated
DNA is critical, as it influences the interpretation of the methylation pattern in the
genome and can result in misleading conclusions. Before choosing between the
different methods available for analysis, the expected methylation profile of the DNA
region should be taken into account. To determine the methylation profile of a given
target region, we recommend that the level of heterogeneity of methylation of that
region first be assessed using bisulfite sequencing. Understanding the methylation
profile is especially important prior to the design of primers for a more routine MSP
 CRC Press LLC
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IGURE 4.3 (See color insert) Bisulfite sequencing of the ICAM-1 gene. (A) An example of the
rimer of the PCR amplification in the Dye Terminator cycle sequencing kit with AmpliTaq DN
quencing software Model 3700 version 3.3 (Applied Biosystems). The degree of methylation 

ytosine residues with the peak of the thymine residues. (B) A compilation of the direct sequencing
f the ICAM-1 gene. The shaded areas represent sites of methylation and the unshaded areas repres
dividual clones of the PCR product that was directly sequenced. A number of slightly different

ut the average methylation at each site equates with the direct PCR sequencing profile. However
lones, such as CpG site 26, this degree of methylation is not detected by direct PCR sequencing. 
ows 50% methylation, but this site is not represented in the clones, suggesting that more clones 

f the target region. 
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or real-time analysis of the DNA samples. Methylation sequence information allows
primers to be designed successfully by taking into account the methylation propen-
sity of individual CpG sites within the region. The tools available for methylation
detection have become more sophisticated and more informative over the last decade,
but care and thoughtful design of the experiment and analysis methods chosen are
critical.
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5
 Bisulfite PCR-Based 
Techniques for the Study 
of DNA Methylation

James G. Herman

The explosion of studies involving changes in DNA methylation in the last ten years,
particularly in the study of cancer, are largely the result of two factors: the increasing
awareness of the importance of epigenetic silencing in cancer and the improvements
in the techniques used to determine changes in DNA methylation. In this chapter,
we will focus on the specific methods utilizing bisulfite-modified DNA and poly-
merase chain reaction (PCR), discussing the techniques used and information gained,
the most appropriate applications for differing molecular questions, and the limita-
tions inherent to each technique. 

The increasing awareness that epigenetic changes could play an important role
was initially focused on the silencing of bona fide tumor suppressor genes in cancer.
These observations were fueled by the discovery of genes that were genetically
altered in both familial and sporadic forms of cancer, the classic tumor suppressor
genes such as retinoblastoma,1 von Hippel-Lindau,2 INK4a,3 BRCA1, and others
that could also be inactivated by promoter region methylation. Studies in the early
1990s were largely accomplished using restriction enzymes to preferentially cleave
unmethylated sequences in the promoter regions of these genes, while leaving
methylated sequences uncut.1–3 Southern blot analysis provided the final readout of
the methylation status of these CpG islands, but was limited by two main factors:
the restriction site’s location was fixed in the sequence and such analyses required
large amounts of high molecular weight DNA. The increasingly powerful molecular
techniques used for genetic changes, including PCR amplification, plasmid cloning,
and gene sequencing, were not available for examining epigenetic changes, because
5-methylcytosine content and location were not maintained by DNA polymerases
or in place during plasmid cloning. Techniques combining methylation-sensitive
restriction enzymes with PCR have been limited by the problem of incomplete
enzyme cleavage of the target sequence. What was needed was a method to “fix”
the epigenetic pattern in the DNA sequence prior to the application of amplification
techniques. 
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0-8493-2050-X/05/$0.00+$1.50
© 2005 by CRC Press LLC

 CRC Press LLC



 

66

 

DNA Methylation: Approaches, Methods, and Applications

              

2050_C05.fm  Page 66  Thursday, August 5, 2004  8:42 AM

© 2005 by
The breakthrough in this area was the recognition that 5-methylcytosine information
could be fixed in the DNA by selective deamination of cytosine to uracil with the
protection of 5-methylcytosine from the same deamination,4 initially forming the basis
of genomic bisulfite sequencing,4 but also forming the basis of all other bisulfite-based
techniques. This deamination allows the epigenetic modification of cytosine to be
effectively converted into genetic information, which can then be subjected to the same
molecular techniques that are used for genetic analysis. Following modification, a
specific region, or gene of interest, can be amplified using the polymerase chain reaction.
The nature of this amplification divides bisulfite PCR-based techniques into two cate-
gories: nonselective amplification or methylation-selective amplification. An overall
listing of these techniques is provided in Figure 5.1.

Nonselective methods of amplification are all similar in that these techniques
seek to amplify all sequences regardless of methylation status following bisulfite
modification. This is accomplished by using primers that do not complement (or
complement minimally) to regions containing CpG sites that are potential sites of
DNA methylation. Further discussion of primer location and design are given below,
but the hallmark of these techniques is the intention to not preferentially amplify
either methylated or unmethylated sequences. This nonselective amplification then
requires a second analysis to determine the actual methylation changes or patterns,

FIGURE 5.1 Methods of determining methylation patterns following bisulfite modification.
Shown is a representative sequence that is unmethylated above, and the same sequence with
methylation at each CpG site (shown as meC). Following treatment with sodium bisulfite under
denaturing conditions, all cytosines are converted to uracil, but all methylcytosines remain as
meC. Primers are designed for PCR amplification that can avoid these CpG sites (nonbiased
approaches) or take advantage of these differences for specific methylation amplification
(biased approaches). 
Note:
SSCP = single-strand DNA conformation polymorphism.
Ms-SNuPE = methylation-sensitive single nucleotide primer extension.
ERMA = enzymatic regional methylation assay.
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and these readouts of the methylation changes are the ways in which these techniques
differ from each other. 

Genomic bisulfite sequencing, the original bisulfite technique for determining meth-
ylation patterns in DNA, remains the most comprehensive method for methylation
analysis. Following PCR amplification with nonbiased primers, the methylation status
at each CpG site can be determined using either gel-based4 or, more commonly today,
automated sequencing.5 Two alternatives provide slightly different types of information:
direct sequencing from PCR products5 and the sequencing of individual plasmid clones.
The advantage of direct sequencing of a purified PCR product is that the resulting
sequence analysis is representative of the sample that was bisulfite treated and amplified;
that is, it is a pooled average of the methylation of each CpG site over the amplified
region. This approach thus saves the effort, time, and expense of the isolation of multiple
plasmid preparations, and the added expense of multiple sequence analyses, and may
better represent the overall methylation status of a sample. However, this convenience
comes at the cost of a loss of much of the information in methylation patterns contained
in the original sequence: all information as to the methylation status of individual copies
of DNA is lost in the average methylation result obtained. In contrast, the genomic
sequencing of individual plasmid clones provides a detailed analysis of the methylation
status of each CpG site on each copy of DNA.6–8 This allows the evaluation of complex
patterns of methylation, a better understanding of the relationship of allelic patterns of
methylation, and a better evaluation of mixed patterns of methylation. For example,
cloned sequencing can determine whether a segment of DNA with 50% overall meth-
ylation has resulted from heterogeneous methylation averaging 50% methylation on all
copies of DNA or whether it results from a mixture of complete methylation on some
alleles with completely unmethylated DNA on the remaining DNA copies.

However, not all studies require the detailed analysis provided by genomic
bisulfite sequencing. In particular, since the silencing of tumor suppressor genes is
associated with regional changes in methylation at these CpG islands, an examination
of fewer CpG sites within the region may provide representative information about
the methylation status of a given CpG island. These techniques, then, allow the
examination of more samples, or more genes for each sample with a given amount
of resources (time, effort, and expenses). In practice, it is often helpful to combine
the use of genomic bisulfite sequencing on some well-studied samples with a simpler
analysis on a larger panel of tumors or samples. The simplest approach of these
methods is bisulfite restriction analysis.9 This approach uses the predicted changes in
restriction enzyme sites created by the conversion of only unmethylated cytosine to
uracil by bisulfite treatment. For example, the sequence CCGA becomes TTGA if
unmethylated, but TCGA if the internal (that is, CpG) cytosine is methylated. TCGA
is the recognition site for BstUI. This approach uses primers that are identical to those
used for bisulfite sequencing, and genomic DNA is bisulfite treated and amplified by
the PCR prior to restriction analysis. The restriction products are run on gels to
determine the level of methylation, comparing uncut to cut fragments. A more quan-
titative approach to this restriction analysis is accomplished by the use of radioactive
probes.10 Limitations of this approach are the limited number of sites appropriate for
restriction analysis, the inability to chose the specific sites analyzed for methylation
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analysis,9 the need for added steps (restriction, gel analysis), and the use of radioac-
tivity for accurate quantitation.10 However, this approach is relatively simple and can
provide some degree of methylation quantitation.

A more precise approach for quantitatively determining methylation status at
individual CpG sites has been called Ms-SNuPE (methylation-sensitive single
nucleotide primer extension), which is based on bisulfite treatment of DNA followed
by single nucleotide primer extension.11 Genomic DNA is treated with sodium
bisulfite, and amplification of the desired target sequence is then performed, using
PCR primers specific for bisulfite-converted DNA as for sequencing. The resulting
PCR product is then isolated and used as a template for methylation analysis at the
CpG sites of interest using primer extension with radioactive C or T. Advantages
over alternative methods used for detection of methylation changes include the
avoidance of restriction enzymes and the precise quantitation for the methylation
status at individual CpG sites.12 Potential disadvantages include the need for radio-
activity and the need for separate amplifications and evaluations for each CpG site
examined.

Another accurate method to assess the CpG methylation density of a DNA region
in mammalian cells is ERMA (enzymatic regional methylation assay).13 After
bisulfite modification of genomic DNA, the region of interest is PCR amplified with
primers similar to sequencing (nonbiased) primers, but modified to contain dam sites
(GATC). The purified PCR products are then incubated with 14C-labeled S-adeno-
syl-L-methionine (SAM) and dam methyltransferase to label the adenine of the dam
site as an internal control to standardize DNA quantity. Incubation with 3H-labeled
SAM and the bacterial enzyme SssI methyltransferase that methylates all CpG sites
for methylation quantification follow this. This method determines an exact mea-
surement of the methylation density of the region studied, essentially averaging the
methylation on all copies of DNA amplified by PCR over this region. However, the
method again requires radioactivity and does not provide the methylation status of
individual CpG sites that MS-SNuPE would provide or the detailed allelic methy-
lation patterns obtained by genomic bisulfite sequencing. It may be best suited for
examination of methylation changes induced by demethylating agents. 

Finally, other methods analyze the PCR products generated by bisulfite-specific,
that is, nonbiased, primers based on conformational changes produced by the sequence
differences resulting from bisulfite modification of methylated or unmethylated CpG
sites. The combination of bisulfite treatment and PCR-single-strand DNA conformation
polymorphism (SSCP) analysis has been proposed for a quantitative methylation assay.14

In using this technique, PCR products are run under conditions similar to that used to
detect mutations in specific genes, in this case, taking advantage of the sequence
differences between methylated and unmethylated DNA after bisulfite treatment.14

Using mixtures of known amounts of methylated and unmethylated DNA, the propor-
tions of methylated DNA can be calculated. More complex patterns observed on SSCP
due to heterogeneous patterns of methylation may be more difficult to assess and
quantitate because the complex allele differences in methylation may not produce simple
banding patterns.15,16 However, for the lab already familiar with and equipped to perform
SSCP analysis, this approach may prove useful. In similar fashion, the products of
nonbiased bisulfite PCR can be resolved as differentially methylated sequences by
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denaturing gradient gel electrophoresis.17 This method visually displays the degree and
heterogeneity of DNA methylation and has demonstrated a high degree of intra- and
inter-individual heterogeneity for the p15 gene in leukemia,17 which had been found by
sequencing analysis.6,7,18 Denaturing gradient gel electrophoresis (DGGE) and SSCP-
based bisulfite techniques yield semi-quantitive methylation information in a given
region, but lack either the absolute quantitation of methylation obtained with MS-SNuPE
or ERMA or the specific methylation patterns obtained by genomic bisulfite sequencing. 

Inherent to the above methods of methylation analysis following bisulfite mod-
ification of DNA is the assumption that these sequences are amplified in a nonbiased
manner during PCR.  Primer design plays an important role in this approach, and
the ideal primer for any of the nonbiased PCR approaches incorporates, or overlies,
a number of cytosines at non-CpG sites whose modification from cytosine to uracil
allows the distinction between bisulfite-unmodified DNA and bisulfite-modified
DNA, a point better discussed in Chapter 4. However, it is also important that the
primers cover no CpG sites, or at least a minimum number of CpG sites, that would
bias toward either unmethylated or methylated sequences (depending on the primer
sequence). Alternatively, intentional mismatches at these CpG sites can be incorpo-
rated to avoid such bias. If either mixed bases or intentional mismatches are used,
these should be located in the 5 portion of the primer to minimize effects on primer
annealing and extension. Should either of these constraints prove difficult, it is
possible to design PCR primers for either the coding strand or the noncoding strand
because bisulfite treatment renders these sequences no longer complementary. For
greater detail, one is referred to original descriptions cited above for primer design
guidance. However, to achieve any degree of accurate quantitation using any of these
methods, one must first be certain that there is not a bias in the initial PCR related
to secondary structures that differ between highly methylated and unmethylated
sequences following bisulfite treatment, a topic thoroughly examined in a published
report.19

In contrast to the above methods of methylation analysis following bisulfite
treatment, biased approaches utilize the sequence differences produced at CpG sites
following bisulfite as the basis for PCR amplification. The earliest and simplest
approach to this type of analysis was methylation-specific PCR (MSP).20 MSP uses
the sequence differences resulting from the bisulfite treatment as the basis for primer
design. While sequencing and other nonbiased approaches avoid CpG sites in the
area to which primers are designed, MSP places primers precisely over these mis-
matches and utilizes primers specific for the unmethylated and modified sequence
and in a separate PCR reaction, the methylated reaction. To achieve maximal dis-
crimination between unmethylated and methylated sequences, differences are mostly
placed at the 3 portion of the primer that is most important for primer annealing
and extension. The preferential amplification provides two advantages for this
approach: (1) the methylation analysis is done when the presence or absence of a
PCR product is examined by gel electrophoresis and (2) the specific amplication of
methylated sequences allows great sensitivity, and molecular detection approaches
using methylation changes are largely based on this type of assay.21–24 Added sen-
sitivity to simple MSP has been accomplished through the use of fluorescent
primers24 or nested PCR approaches,23 the latter of which also facilitates the
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examination of multiple genes in limiting amounts of DNA.25 The preferential ampli-
fication of MSP, however, largely eliminates any useful degree of quantitation,
although much like reverse transcription-PCR approaches with limiting cycle num-
ber, one might gain gross quantitative information using this approach. 

Approaches that restore a degree of quantitation to MSP take advantage of the
recent advances in quantitative real-time PCR.26,27 These approaches monitor the
production of PCR product with fluorescent detection, using a variety methods for
measurement including simple double-stranded DNA dyes, molecular beacons, or
Taqman technology. This type of quantitation must be distinguished from that of
the nonbiased approaches above, since what is being quantified here is the amount
of DNA having a particular methylation pattern, recognized by the PCR primers or
probe, and not the overall level of methylation. Quantitative results of this, and all
above quantitative methods, may also be greatly affected by the relative amounts of
tumor and normal cells included in the tissue or sample used for DNA extraction. 

Finally, a number of critical parameters determine the successful development
of these assays and may also markedly influence results and, thus, should be empha-
sized again. Many follow the phrase used to describe important issues in real estate:
“location, location, location.” The first location is the site of methylation examined.
While one can determine methylation changes for any region of a gene, or for any
other region of the genome, methylation-induced gene silencing is associated with
methylation changes in the proximal promoter region of a specific gene. Therefore,
although each region may differ in CpG content and length, 5 CpG islands should
be the starting point for the examination of methylation changes leading to gene
silencing. The second location is the overall size of the area PCR amplified following
bisulfite treatment. For biased or MSP-based approaches for methylation analysis,
short fragments are ideally chosen for amplification, typically 100 to 200 bp. This
makes PCR amplifications more robust, allows shorter cycle times, and is needed
for Taqman-based approaches due to system constraints. Since the methylation
changes examined underlie the primers in any case, there is no need to place the
primer far apart. For the nonbiased approaches, in many cases, it would be tempting
to amplify large stretches of DNA, since this would allow longer sequencing runs
yielding more information in genomic bisulfite sequencing or, for bisulfite restriction
analysis, may incorporate more potential restriction sites within the PCR amplicon.
However, practical limitations produced by the bisulfite fragmentation of the DNA
limit the size of DNA easily amplified during PCR. Realistic PCR products should
be less than 500 bp, although with large amounts of good-quality DNA this may be
increased somewhat. Finally, the third location is that of the PCR primers. While
this separates the biased from nonbiased approaches, it also is critical for assuring
PCR amplification, as well as avoiding amplification of bisulfite-blocked DNA,
reducing PCR bias in nonbiased approaches, and assuring specific methylation
amplification in biased bisulfite approaches.
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ABSTRACT

We propose the combined use of methyl-CpG-binding domain (MBD) column
chromatography and microarray technologies for interrogating cancer genomes. The
MBD column chromatograph is based on the affinity binding of methylated CpG
island targets to individual MBD proteins and is used to selectively elute bound
DNA fragments. The approach is shown to be effective for identifying a large number
of methylated loci in the cancer genome. To increase throughput, cloned DNA
fragments can further be spotted on microarray slides for differential methylation
hybridization. Fluorescently labeled amplicons, which represent different pools of
methylated DNA fragments in tumor and control samples, are prepared and co-
hybridized onto a microarray slide. Methylated loci are identified based on their
differential fluorescence intensities in tumors relative to the control samples. Hier-
archical clustering algorithms are further employed to segregate tumor subgroups
showing similar methylation profiles. Such a microarray-based analysis, which uses
cloned methylated loci by the MBD technology, can routinely be used for clinical
diagnosis of specific cancer types.

INTRODUCTION

DNA methylation is a well-recognized epigenetic change that regulates transcrip-
tional silencing in the cancer genome [1]. It takes place by the addition of a methyl
group to the fifth carbon position of a cytosine residue in CpG dinucleotides fre-
quently located at the 5-end GC-rich CpG islands of genes [1]. Increasing evidence
indicates that in addition to this epigenetic change, other DNA-binding proteins
participate in this transcriptional repression, resulting in changes of chromatin struc-
ture in and around the promoter regions of a gene target [2]. One family of such
proteins is methyl-CpG-binding domain (MBD) proteins [2]. With the exception of
MBD4, which is involved in DNA repair, four MBD family members, MeCP2,
MBD1, MBD2, and MBD3, are shown to couple to the methylated regions that are
transcriptionally inactive in the genome [3]. 

To further investigate epigenetic changes in cancer, several genome-wide
approaches based on enzymatic restriction or bisulfite treatment of methylation
targets have been described [4–8]. One other unique technique is MBD column
chromatography, which relies on the affinity binding of methylated DNA targets to
individual MBD proteins [9–11]. In this approach, the polypeptide corresponding
to a methyl-CpG-binding domain is attached to a solid support. The stoichiometry
of the column matrix allows for specific binding to methylated CpG sequences, and
bound DNA fragments are eluted in appropriate salt fractions. This MBD column
chromatography approach can be used effectively to isolate methylated CpG islands
in test samples and is advantageous to simultaneously assess methylation profiles
of multiple loci in the cancer genome. Here we propose the combined use of this
technology with the microarray-based differential methylation hybridization (DMH)
[6,12] for high-throughput analysis of cancer-specific DNA methylation. The DNA
fragments cloned by the MBD column method can be used to construct a focused
DMH microarray for routine assessment of DNA methylation in clinical specimens.   
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METHYL-CPG-BINDING DOMAIN 
COLUMN CHROMATOGRAPHY

RATIONALE AND STRATEGY

At present, MeCP2 is the most commonly used protein for preparing MBD columns
[13]. This protein binds specifically to a symmetrically methylated CpG (mCpG)
sequence, but not to a hemimethylated or nonmethylated CpG sequence [14]. The
MBD column is an affinity matrix that contains a polypeptide corresponding to the
methyl-CpG-binding domain of MeCP2, which is attached to a solid support (Figure
6.1) [13]. The stoichiometry of the binding is one polypeptide to one mCpG sequence
[15]. Hence, DNA fragments that contain many mCpG sequences have high affinity
to the column, while those having the same nucleotide sequence of a fewer number
of mCpGs have low affinity to the column. The electrostatic interaction between
polypeptide and DNA is disrupted by the addition of salt (e.g., sodium chloride).
High concentrations of salt can be used to elute highly methylated DNA fragments
that bind tightly to the column, while nonmethylated DNA fragments are eluted in
low-salt fractions. Thus, separation of DNA fragments primarily on the basis of the
number of mCpGs can be achieved. As such, this approach would be the method of
choice when an overall methylation assessment of DNA fragments is intended, but
it is limited for the analysis of detailed methylation patterns at the individual CpG
dinucleotide level.

EXPERIMENTAL DESIGNS

MBD Column Preparation

The HMBD polypeptide, which is comprised of the methyl-CpG-binding domain
of the rat MeCP2 protein (85 amino acids) and a histidine tag (6 consecutive histidine
residues) at its N-terminal, has been used to prepare an MBD affinity column [13].
The polypeptide is expressed in bacteria via an expression vector construct [16].

FIGURE 6.1 A schematic illustration of an MBD column. The polypeptide HMBD attached
to a solid support binds to a symmetrically methylated CpG sequence at a 1:1 ratio, but not
to a nonmethylated CpG sequence.
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Because HMBD is basic (predicted pH 9.75), it can be partially purified from bacteria
lysate by cation exchange column chromatography. The partially purified product
is then passed through an Ni2+-nitrilotriacetic acid agarose column (QIAGEN, 30210;
Bio-Rad, Poly-Prep column, 731-1550, 0.8 cm in diameter) to produce an MBD
column. The HMBD polypeptide specifically binds to the column through the his-
tidine tag. Typically 30 to 50 mg of polypeptide can be loaded on 1 ml of beads.
This amount of polypeptide can be obtained from 1 l of bacterial culture with
appropriate induction. In our experience, up to 50 µg of digested human genomic
DNA can be loaded and appropriately separated with this size column.

DNA Sample Elution

In order to permit good separation, genomic DNA samples are digested with an
appropriate restriction endonuclease. If the target of the analysis is a CpG island,
Tsp509I (AATT) or MseI (TTAA) are the enzymes of choice since these sites appear
infrequently within a CpG island, and, hence, it is expected that digestion with these
enzymes renders the integrity of a CpG island relatively intact. Furthermore, these
restriction fragments are amenable to cloning since the recognition sites are com-
patible with EcoRI and NdeI sites, respectively, which are represented in many
cloning vectors.

A linear or stepwise gradient of sodium chloride is applied to elute bound DNA.
Since the HMBD polypeptide is basic, nonspecific charge–charge interaction
between the polypeptide and DNA can result in the retention of nonmethylated DNA
in the column and, as a consequence, their elution at a substantial salt concentration.
Detection of target DNAs in the eluate, however, can be achieved either by PCR or
Southern hybridization (see examples in Figure 6.2). Since the strength of the
interaction is affected by the amount of the bound protein, the salt concentration to
elute a specific DNA fragment having a defined number of mCpGs cannot be
unambiguously determined. Different concentrations of sodium chloride are required
to elute a certain DNA fragment when different batches of MBD columns are used.
The retention capacity of a column decreases after extensive use and, therefore,
different elution profiles obtained by using the same column cannot always be
directly compared.

APPLICATIONS

We have previously used MBD column chromatography to determine the methyla-
tion status of the CDH1 CpG island (Figure 6.2). This CpG island locus is not
methylated in normal somatic tissue DNA, but is methylated in a gastric cancer cell
line MKN1. Tsp509I-digested fragments derived from normal tissue DNA or MKN1
have been analyzed by MBD column chromatography. In DNA from normal somatic
tissue, corresponding DNA fragments have been detected in low-salt fractions around
fraction 16 (0.52 M NaCl) (Figures 6.2A and 6.2B). In contrast, the CDH1 CpG
island fragment has been detected in high-salt fractions 30–36 (0.72–0.80 M NaCl)
in the MKN1 DNA sample (Figures 6.2A and 6.2C). These results indicate that
nonmethylated and methylated CpG islands can be separated by MBD column
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chromatography [17,18]. Since the CDH1 DNA fragment (1.7 kb in length with 126
CpG sites in it) is representative of a CpG island in terms of length and number of
CpG sites, it is expected that DNA fragments containing a CpG island will have a
similar elution profile. Our results have demonstrated that 80% of Tsp509I fragments
containing CpG islands give PCR products exclusively in low-salt fractions
(Shiraishi, unpublished result).

Occasionally it is desirable to combine eluates into fewer pools to minimize the
number of fractions that are analyzed. When an analysis of CpG island methylation
is intended, eluates can be pooled in two fractions: a low-salt fraction containing
nonmethylated CpG islands and a high-salt fraction containing methylated CpG
islands [19,20]. Once properly fractionated, repeated PCR experiments using appro-
priate PCR primer sets and fractionated DNA as templates permit methylation
profiling of many CpG islands [19]. However, as can be easily inferred, PCR products
for a DNA fragment containing a nonmethylated CpG island can be also detected
in the high-salt fractions when the restriction fragments contain a substantial length
of a flanking nonisland region that contains some mCpG sites [20]. An absolute
methylation status cannot be determined solely by MBD column chromatography.

MBD column chromatography has also been applied to directly enrich methy-
lated sequences. Many genes are inactivated by CpG island methylation, and it is
well accepted that this is an important mechanism of gene silencing in cancer. Some
tumor suppressor genes are also inactivated in this manner. In order to perform a
comprehensive identification of CpG island methylation in cancer, MBD column

FIGURE 6.2 Separation of genomic DNA fragments by MBD column chromatography. (A)
A linear gradient of salt (0.4–1.0 M NaCl by 40 mM per step in 20 mM HEPES (pH 7.9,
10% glycerol, 0.1% triton X-100, 0.5 mM phenylmethylsulfonyl fluoride, and 10 mM 2-
mercaptoethanol) was applied to elute-bound DNA. 4 ml of elution buffer were applied at
each step, and 1.3 ml of aliquot was collected for each fraction. (B) 50 µg of Tsp509I digests
of DNA from human adult male tissue and (C) 50 µg of Tsp509 I digests of DNA from MKN1
cell line were applied to the column. 300 µl of aliquot were subjected to PCR. M lane: Hae III
digests of pUC19 DNA; C lane: PCR products from each Tsp509I-digested genomic DNA.
The details of PCR experiments have been described [17].
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chromatography has been applied [10,17]. High-molecular-weight DNA obtained
from nine male lung cancer patients has been digested with Tsp509I. Highly meth-
ylated DNA fragments have been enriched by three rounds of MBD column chro-
matography and cloned. The cloned fragments have been subject to the segregation
of partly melted molecules (SPM) analysis to enrich DNA fragments associated with
CpG islands [21]. With the SPM analysis, DNA fragments associated with CpG
islands are preferentially retained in a denaturing gradient gel after prolonged electric
field exposure. The retained fragments are excised from the gel, cloned, and
sequenced. Approximately 6000 plasmid clones have been sequenced, and 700
independent sequences are identified as single-copy candidate CpG island sequence
on the basis of the Gardiner-Garden and Frommer’s algorithm [22]. Of the 700
unique sequences, 200 CpG island loci are found to be methylated in lung tumors,
including those of known tumor-associated genes such as the HOXA5 gene. These
loci are methylation free in normal lung tissue DNA. Thus, this MBD study identifies
potential epigenetic biomarkers that can be used for high-throughput methylation
analysis by DMH in lung cancer.

POTENTIAL LIMITATIONS AND SOLUTIONS

Although MBD column chromatography is robust, certain DNA fragments show
unpredictable elution profiles by this method. For example, DNA fragments with a
high density of mCpGs have higher affinity to the column than expected based on
the number of mCpGs [9,17]. This phenomenon becomes evident when mCpG
densities are greater than 1 per 12 bp in a fragment. These observations suggest that
the frequency of the occurrence of mCpG can affect the affinity. The high affinity
may be attributed to the protein–protein interaction that potentially strengthens the
binding. 

A second category of fragments, which have unpredictable elution profiles, are
the ones that have sparsely methylated genomic DNA fragments. Some are isolated
with DNAs that have high-affinity binding to the column [9,10,23]. When these
fragments are cloned and subject to MBD column chromatography after treatment
with SssI methylase, they do not show high affinity to the column. Nor do they show
high affinity to an MBD column even when they are mixed with digested genomic
fragments from which they originate. The reason why such fragments are enriched
after repeated MBD column chromatography is unclear.

DIFFERENTIAL METHYLATION HYBRIDIZATION 

RATIONALE AND STRATEGY

The methylation status of cloned DNA fragments can be individually verified by
PCR-based approaches (e.g., methylation-specific PCR or combined bisulfite restric-
tion analysis) or bisulfite sequencing in primary tumors. However, these conventional
approaches may not be practical, especially if a large number of methylated loci are
identified by the MBD column chromatography. To increase throughput, we devel-
oped DMH for high-throughput analysis of CpG island methylation in cancer. This
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microarray-based approach has been used to simultaneously profile DNA methyla-
tion in breast [6,24,25], ovarian [26], and colorectal [12] tumors, and to identify
candidate loci that are associated with clinicopathological parameters of cancer
patients. In this regard, the aforementioned 200 loci isolated by MBD column
chromatography can be used to construct a DMH microarray subpanel designed
solely for the use of lung cancer methylation analysis. The schematic flowchart for
DMH is presented in Figure 6.3. PCR products of these loci are arrayed on micro-
scopic slides and cohybridized with fluorescently labeled tumor and control amp-
licons. One of the key steps in preparing amplicons is the digestion of 4-base
methylation-sensitive restriction enzymes (HpaII and BstUI) in linker-ligated DNA
samples. The recognition sites of these restriction enzymes are frequently located
within CpG islands. PCR-amplified products are expected to contain different pools
of DNA fragments because of the differential methylation status of tumor relative
to the control samples. Methylation differences are reflected in Cy5-labeled tumor
and Cy3-labeled normal hybridization intensities in the microarray. This can be
attributable to a greater abundance of methylated DNA fragments that resist meth-
ylation-sensitive digestion in tumor samples and are amplified by linker-PCR,
whereas the same unmethylated, allelic fragments are restricted in normal samples
and cannot be amplified. Different hierarchical clustering algorithms [27–29] can
further be employed to segregate tumor subgroups based on their similar methylation
profiles and clinicopathological characteristics. 

FIGURE 6.3 Schematic flowcharts of differential methylation hybridization. The diagram
illustrates the preparation of MBD clones for microarraying and the generation of methylation
amplicons, which are used as hybridization probes (see further description in the text).

Preparation of MBD microarray Generation of methylation amplicon

MBD column chromatography

Clone putative MBD fragments

MseI or Tsp509I cut

Methylated
CpG

Unmethylated
CpG

Ligate to linkers
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No Product
hybridization

Methylation-sensitive
restriction with BstUI or HpaII

Clones selected for BstUI or Tsp509I sites

Array cloned MBD PCR products
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Nylon membrane Glass slide
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EXPERIMENTAL DESIGNS

Construction of MBD Microarray

PCR is conducted to individually amplify Tsp509I or MseI fragments of the 200
MBD loci with flanking vector primers. The expected sizes of these PCR products
are verified by agarose gel electrophoresis. Locus identity can also be verified by
DNA sequencing. In addition, 20 Tsp509I or MseI fragments from various chromo-
some locations will be included as controls. These control spots do not contain
internal methylation-sensitive sites HpaII or BstUI to be tested by DMH. In the
presence of 20% DMSO, purified PCR products (0.1 µg/µl) in triplicate are arrayed
onto polylysine-coated microscopic slides by the Affymetrix/GMS 417 microarrayer.
The microarrayer can deposit microdots (~0.02 µl per spot and 150 µm in diameter)
on a total of 42 slides per run. Prior to microarray hybridization, DNA is denatured
and printed slides are crosslinked and postprocessed as described by DeRisi et al.
(http://www.microarrays.org).

Preparation of Methylated Amplicon  

To prepare methylated amplicons, genomic DNA (1 µg) will be restricted with MseI
or Tsp509I, the 4-base cutters that restrict bulk DNA into small fragments (<200
bp); its recognition site (TTAA) rarely occurs in GC-rich regions and, thus, most
GC-rich CpG islands remain intact after this restriction [13,21]. The restricted CpG
island fragments are expected to match the MseI- or Tsp509I-digested inserts orig-
inally used in the construction of the DMH microarray panel. The cleaved ends of
DNA are ligated to unphosphorylated linkers. The ligated DNA is then restricted
consecutively with two 4-base methylation-sensitive endonucleases, BstUI and
HpaII. Genomic fragments containing methylated sites are protected from the diges-
tion and can be amplified by PCR, whereas genomic fragments containing unmeth-
ylated sites are cut, and cannot be amplified in the test sample. Low amplification
cycles (20 to 25 cycles) are used for linker-PCR. This approach yields sufficient
PCR products for single or low-copy numbers of CpG island loci, but would not
overamplify unrestricted repetitive sequences in the ligated DNA. The amplified
products are purified, and methylated amplicons (3 to 4 µg each) are fluorescently
labeled with Cy5 (tumor) or Cy3 (normal). These labeled amplicons are cohybridized
to a DMH microarray slide. 

Microarray Data Acquisition

Hybridized microarray slides are scanned and the data generated by the scanning
software are exported in a spreadsheet format. The hybridization output is the
measured intensities of fluorescence reporters pseudo-colored with red. Positive
hybridization signals, which are indicative of CpG island methylation, are scored
and exported to an Excel spreadsheet. CpG island loci whose signal intensities are
slightly above the background or are devoid of hybridization signals represent the
unmethylated loci in the test sample; their genomic fragments are restricted away
by the methylation-sensitive endonucleases prior to linker-PCR. Because signal
 CRC Press LLC
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intensities of hybridized targets vary due to different amounts of DNA dotted onto
microscopic slides, the signal intensity of each spot will be normalized with that of
the internal controls (i.e., 20 MseI or Tsp509I fragments containing no test methy-
lation-sensitive sites). A positive signal for CpG island methylation is scored when
a cutoff intensity [(signal – background) × normalized factor] is greater than 20 to
50 (arbitrary units) in triplicated spots of an arrayed probe [30]. It is possible that
some positive controls may exhibit greater adjusted hybridization signals than the
rest due to an increase in copy numbers of the corresponding loci in the test tumor
samples. (Note: hyperdiploidy may be observed in tumor samples.) In this case, not
all positive controls can be used for normalization. Based on experience gained from
our preliminary studies, the normalization factor will be derived from ~50% of the
positive controls. For quality control, it is necessary to periodically conduct a self-
hybridization study in which two equal portions of a defined amplicon will be labeled
with Cy5 and Cy3, respectively, and cohybridized to a microarray slide. In this case,
the adjusted red/green ratio of all the CpG island tags across the microarray panel
will be expected to be 1.

POTENTIAL LIMITATIONS AND SOLUTIONS

Normal Stromal and Lymphatic Components in Tumor Samples

This is a common problem for detecting bona fide molecular alterations in clinical
specimens. The issue, however, may not be a key concern for the proposed DMH
assay. As mentioned earlier, the detection of hypermethylated sequences relies on
the presence of amplified products of methylated DNA in tumor amplicons. As such,
the presence of a small amount of normal stromal cells (<20%) in macrodissected
tumor specimens would not greatly affect the DMH outcome. 

Copy-Number Increases vs. True Hypermethylation of the Test Loci 
in Ovarian Tumors

It is likely that the interrogating sequences do not contain internal methylation-
sensitive HpaII or BstUI sites, and the fragments are differentially amplified in
tumors relative to normal controls during amplicon preparation. This scenario of
copy-number increases in tumors could be detected when we conducted DMH assays
using ~8000 CpG island tags randomly selected from the CpG island library CGI
[13]. This, however, is not a concern in the MBD application because the internal
methylation-sensitive sites of all loci used in the subpanel are individually verified
by DNA sequencing.

Incomplete Methylation-Sensitive Restriction during Sample 
Preparation

Incomplete methylation-sensitive digestion may occur during sample preparation,
resulting in false-positive detection of DNA methylation after PCR amplification.
Therefore, we have conducted a preliminary test to determine the efficiency
of digestion in two CpG island fragments (BRCA1 and p16INK4) known to be
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unmethylated in normal blood DNA [30]. Primers flanking a DNA fragment of
BRCA1, which contains two internal HpaII and three BstUI sites, have been used
for PCR amplification. Primers have also been designed for amplification of a
DNA fragment in p16INK4. Next, we determined at which cycles of PCR the
amplification of undigested DNAs became apparent and found that at >29 cycles
of PCR the amplified BRCA1 or p16INK4 fragment can be seen in the digested
samples in ethidium bromide-stained gels. These results suggest that the false
finding of DNA methylation may occur when high cycles of amplification are used
in sample preparation. Consequently, we routinely use fewer PCR cycles (20 to
25 cycles) to prevent unwanted amplification of residual undigested DNA during
amplicon preparation.

CONCLUDING REMARKS 

Significant efforts have proven the potential utility of genome-based technologies
in disease diagnosis. Profiling of transcriptomes and proteomes, which provides vast
amounts of molecular information, may eventually replace individual biomarkers
currently in use for early detection and prognosis of cancer. This will represent a
new paradigm in clinical settings. Therefore, comprehensive analysis of epigenomes
represents a new opportunity of biomarker discovery for cancer detection and prog-
nosis. The present study is significant in that novel methylation microarray platforms,
which use CpG island loci identified by the MBD technology, can be developed for
routine clinical diagnosis of specific tumor types.

Unlike genetic mutations, CpG island methylation is reversible by epigenetic
treatments of cancer cells. The combined use of DNA demethylating agents and
histone deacetylase inhibitors synergistically reactivates expression of genes silenced
by this methylation-mediated mechanism and restores tumor suppressor functions
[31,32]. The present microarray-based methylation assay, therefore, will provide
useful information regarding which patients will benefit from these reagents as
supplements in chemotherapies designed to reverse this aberrant epigenetic condi-
tion.
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7
 Arbitrarily Primed-PCR 
and Related DNA 
Methylation 
Methodologies
Jordi Frigola, Maria F. Paz, Manel Esteller, and 
Miguel A. Peinado

The dynamics of DNA methylation, and its involvement in multiple biological and
pathological processes, requires the use of discovery-based strategies to obtain
comprehensive profiles and to reveal specific changes associated with development
or disease progression. Due to the extent of genomic methylation, there is no need
to identify markers a priori, and methodologies based on the screening of large sets
of randomly selected anonymous markers may render valuable information at both
global and specific levels. The advent of the polymerase chain reaction (PCR) has
impacted on the design of multiple molecular biology methodologies and, in the
case of DNA methylation, has been widely used not only for analysis of specific
sequences, but also in the acquisition of fingerprints representing DNA methylation
patterns. PCR-based technologies are frequently chosen because of the requirement
of minimal amounts of starting material (usually a few nanograms of genomic DNA)
and the relative simplicity of the processes and equipment required. Most PCR-
based DNA methylation fingerprinting techniques are adaptations of methodologies
previously developed for the analysis of genomes and are based on the sensitivity
of restriction endonucleases that are unable to digest methylated CpG sites.

PCR-based DNA fingerprinting methods allow for the generation of large num-
bers of polymorphic markers while using very small amounts of starting DNA with
no need of prior knowledge of the target sequence. These methods are well suited
for high-throughput applications used in genomic studies addressing the comparison
of two or more samples. Various approaches take advantage of the ubiquitous
presence of repetitive elements throughout the genome to produce arbitrary finger-
prints. Alu-PCR employs Alu-specific primers [1] and the simple sequence-repeat
anchored PCR (SS-PCR) amplification uses primers containing microsatellites and
two or three additional nucleotides at the 3 end [2]. Methods based in the use of
arbitrary primers, such as arbitrarily primed-PCR (AP-PCR) [3] and random ampli-
fied polymorphic DNA (RAPD) [4], are probably the most widely used in studies
that range from phylogenetics in prokaryotes and eukaryotes to the genetic analysis
85
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of many human diseases. Finally, an alternative method known as amplified fragment
length polymorphism (AFLP) produces complex DNA fingerprintings by amplifi-
cation of restriction fragments ligated to adaptors [5]. In this case, the PCR primers
are specific to the adaptor, but include an arbitrary short sequence at the 3 end
allowing the selection of a subset of all the fragments.

The various methods reviewed here are summarized in Table 7.1 and share a
similar experimental design (Figure 7.1) although, due to differences in the restric-
tion enzyme used, or the selective process during PCR amplification, the outcomes
are quite different and are unlikely to reveal the same markers. In all cases, the first
step consists of the enzymatic digestion of genomic DNA with a methylation-
sensitive restriction endonuclease (Table 7.2). This digestion results in the preser-
vation of DNA fragments containing a methylated restriction site as compared to
those that are unmethylated. Often, other restriction endonucleases unrelated to DNA
methylation are used in conjunction with the methylation-sensitive enzymes in order
to fragment the DNA. The purpose of the additional digestion is to reduce the number
of sequences that will amplify independently of their methylation status [6–9].

The second step consists of PCR amplification of sequences meeting specific
conditions that are characterisitic of each procedure. Here, two main strategies can
be defined: restriction by selective amplification of DNA sequences flanked by sites
resulting from the digestion with one of the restriction enzymes [10,11], and restric-
tion by homology of the fragment with the primers used in the AP-PCR [6–8].
Finally, some methods, such as methyl specific-amplified fragment length polymor-
phism (MS-AFLP) [9] and amplification of interspersed methylated sites (AIMS)
[12], use a combination of both strategies. Illustrative schemes of two approaches
(MS-AP-PCR and AIMS) are shown in Figures 7.2 and 7.3. 

In MS-AP-PCR and MSRF, those sequences containing a methylated site will
be preserved (and amplified), as compared to the same sequence containing an
unmethylated site that will not be displayed because of the previous digestion with
a methylation-sensitive endonuclease [6–8]. A better characterization of the DNA
methylation changes is obtained by parallel analysis of the sample without treatment
with the endonuclease sensitive to methylation [6–8]. Alternatively, MS-AFLP [9]
amplifies the digested (unmethylated) DNA by flanking the fragments with adaptors
and using adaptor-specific primers. In this case, the PCR products represent DNA
sequences with an unmethylated site. Some methods take advantage of the avail-
ability of isoschizomers insensitive to DNA methylation and with different cleavage
to produce alternative patterns reflecting methylated and unmethylated targets
[10–12].  

The sequences that are selected for amplification and its number are highly
variable among the different methods. This implies that each strategy is likely to
provide markers that are unlikely to be revealed by the others. Additionally, when
analyzing complex samples that may contain heterogeneous cell populations, such
as those found in a tumor biopsy, the sensitivity limit for de novo hypo- or hyper-
methylations is also variable. For instance, the AIMS method [12] shows sensitivity
toward hypermethylation while the MS-AFLP [9] is more efficient in detection of
hypomethylation. 
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TABLE 7
Compar tion

 

Method

  

Display Method Reference

 

MSRF

  

Gel electrophoresis (8)

MS-AP-P

  

Gel electrophoresis (6)

MS-AP-P

  

Gel electrophoresis (7)

MS-AFLP

  

Gel electrophoresis (9)

AIMS

  

Gel electrophoresis (12)

MS-RDA RDA (11)

MCA

  

RDA (10)
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ative Summary of AP-PCR-Type Methods for the Analysis of DNA Methyla

Endonucleases1 Sequence Selection Displayed Targets

MseI + BstUI Sequences flaked by the primer and without 
an unmethylated BstUI site

Methylated DNA

CR RsaI + HpaII/MspI Sequences flaked by the primer and without 
an unmethylated HpaII site

Methylated DNA

CR MseI + HpaII/MspI Sequences flaked by the primer and without 
an unmethylated HpaII site

Methylated DNA

MseI + NotI Sequences flaked by at least one cleaved NotI 
(unmethylated) site and primer homology

Unmethylated 
DNA

SmaI + PspAI Sequences flanked by two cleaved PspA1 
(methylated) sites and primer homology

Methylated DNA

HpaII Sequences falnked by two cleaved HpaII 
(unmethylated) sites

Unmethylated 
DNA

SmaI + XmaI Sequences flanked by two cleaved XmaI 
(methylated) sites

Methylated DNA

ion-sensitive endonucleases are in bold. Plus sign indicates digestion with multiple enzymes; slash ind
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Finally, the third step consists of the detection or display of the differences in
the methylation profile between two or more samples. Two of the methods perform
subtractive representational difference analysis (RDA) [10,11], while in the rest,
the generated products are resolved by gel electophoresis, giving rise to DNA
fingerprints. The RDA approach is suited to detect relevant markers but is not
appropriate for the generation of representative fingerprints. In addition, due to its
technical complexity, the comparative analysis of multiple samples is labor inten-
sive and difficult to interpret. By comparison, the fingerprinting methods provide

FIGURE 7.1 Scheme of the experimental design shared by the different methods for the
detection of differential methylation using AP-PCR-style approaches.

TABLE 7.2
Restriction Endonucleases Used in DNA Methylation 
Fingerprinting

Sensitive to Methylation
Isoschizomers Insensitive 

to Methylation

Enzyme 
Name

Recognition 
Sequence Sites Not Cut1

Enzyme 
Name

Recognition 
Sequence

BstUI CG↓CG mCGmCG –
HpaII C↓CGG CmCGG MspI C↓CGG
NotI GC↓GGCCGC GmCGGCmCGC –
SmaI CCC↓GGG CCmCGGG PspAI/XmaI C↓CCGGG

1Only methylated cytosines (mC) at CpG dinucleotides are shown.

Genomic DNA

Digestion with methylation-
sensitive endonuclease

AP-PCR Adaptor Ligation

Gonzalgo et al., 1997
Huang et al., 1997
Kohno et al., 1998 AP-PCR PCR

Yamamoto et al., 2001
Frigola et al., 2002

RDA

Ushijma et al., 1997
Toyota et al., 1999
 CRC Press LLC



 

Arbitrarily Primed-PCR and Related DNA Methylation Methodologies

 

89

     

2050_C07.fm  Page 89  Friday, August 13, 2004  8:25 AM

© 2005 by
FIGURE 7.2 Diagram of the analysis of differential DNA methylation by methylation-
sensitive AP-PCR.

FIGURE 7.3 (See color insert following page 114) Diagram of the analysis of differential
DNA methylation by amplification of intermethylated sites.

Amplification of InterMethylated Sequences (AIMS)
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B
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comprehensive profiles that may be used to generate signatures of DNA methylation
in addition to the identification of novel markers. 

All methods described here have been applied mainly in the field of cancer
research, allowing the identification of novel markers of both hypermethylation and
hypomethylation in the tumor tissue as compared to the normal cell. A brief summary
of some of the applications is shown in Table 7.3.

The last section of this chapter will focus on the AIMS technique [12,14], its
applications, and recent improvements. First, in order to enrich the global genomic
scanning on GC-rich sequences that undergo methylation changes between different
samples, we modified the previously described AIMS approach [12], developing a
methyl-enriched AIMS. As in the original method, it allows for the identification of
hypo- and hypermethylations by reproducible and readable fingerprints. The isola-
tion, cloning, and sequencing of the fragments that constitute the fingerprints lead
to the identification of specific sequences associated with altered methylation pat-
terns. As other nondirected approaches, this method provides precise mapping of
methylation aberrations associated with a disease, but is not intended to screen all
the genes or all the cytosine residues in the genome. Moreover, the refinement of
the technique to address issues of sensitivity and efficiency should provide a valuable
tool to generate specific and comprehensive methylation profiles of CpG islands
possessing a putative role in carcinogenesis. Thus, this approach has the potential
to identify new tumor suppressor genes relevant to the carcinogenic process, since
CpG islands are almost always associated with promoters or coding regions of genes
[16]. Biotechnology companies, such as Oncomethylome Sciences, are now offering
AIMS as a service to find new hypermethylated genes in human cancer. 

TABLE 7.3
Applications of DNA Methylation Fingerprinting Methods in Cancer 
Research1

Method Applications Reference

MSRF Detection of hypermethylated CpG islands in human breast cancer (8)
MS-AP-PCR Detection of hypermethylated loci in human lung cancer (7)
MS-AFLP Genome methylation profiling in human colon cancer (13)
MS-AFLP Detection of hypomethylation in satellite DNA in human breast cancer (9)
AIMS Detection of hypermethylated/hypomethylated loci in human 

colorectal cancer
(12)

AIMS Genome methylation profiling in cancer cells with disrupted DNA 
methyltransferases

(14)

MS-RDA Detection of hypermethylated/hypomethylated loci in mouse liver 
tumors

(11)

MCA-RDA Detection of methylated CpG islands in human colorectal cancer (10)
MCA-RDA Detection of methylated CpG islands in human pancreatic cancer (15)

1This is not a comprehensive list.
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The specificity of the technique to analyze the methylation status of the genome
relies on the digestion of genomic DNA with methylation-sensitive and methylation-
insensitive isoschizomers (Sma I or Cfr9I and Xma I) in parallel for the same sample.
Then, a second round of digestions is performed with a single enzyme for all the
samples, to obtain homogeneous sticky ends. This double restriction enzyme diges-
tion is used to reduce the number of PCR fragments and potential artefacts. Thus,
we are able to join the products of the digestions to an adaptor of known sequence,
previously prepared by incubation of two oligonucleotides. The products of ligation
are then purified, and thus ready for PCR amplification. This step is performed using
different primers or sets of primers [12] consisting of one of the oligonucleotides
from the adaptor extended with the overhanging end left by the second enzyme, plus
one to four arbitrarily chosen nucleotides. PCR products are diluted in formamide
dye buffer, denatured for 3 min at 95ºC, loaded into a 6% polyacrylamide 8M urea
sequencing gel, and run for 6 h. The gels are dried under vacuum and exposed to
an x-ray film. In order to obtain reproducible results, it is interesting to determine
previously the minimal amount of adaptor-ligated template DNA, using serial dilu-
tions and performing each reaction twice. 

Those fragments showing differences among samples can then be isolated: the
appearance of a band denotes hypermethylation, whereas the loss of a band signifies
hypomethylation (comparing samples digested with the methylation-sensitive
enzyme). Bands with different methylation patterns can be excised from the dried
gels, reeluted, and reamplified by PCR under the same conditions. PCR products
are then cloned into plasmid vectors and sequenced to ascertain the identity of the
isolated band. Sequences are then compared with the genomic databases to identify
similarities to any previously known sequence. They can be grouped into any of
four categories of DNA sequences: those corresponding to CpG islands (contained
or located within), non-CpG islands, unknown or anonymous sequences, and
sequences generated from repetitive elements such as SINEs, LINEs, LTRs, Alus,
and MIRs [14].

The improvement of the methyl-enriched AIMS technique as a consequence of
the double parallel methylation-sensitive digestion described here allows us to over-
come potential biases of the AIMS derived from the simple methylation-sensitive
digestion. Thus, real methylation alterations can be distinguished from genetic/epi-
genetic polymorphisms or genomic losses or gains that would otherwise lead to an
inaccurate estimation of the CpG islands altered by DNA methylation. This is
important, since there is widespread evidence that cancer genomes are genetically
and epigenetically unstable. 

Therefore, this method can be used for the identification of novel CpG islands
that may be progressively methylated during tumorigenesis. Apart from isolating
sequences associated with methylation changes in genomic DNA, it is possible to
determine quantitatively the relative hypo- and hypermethylation status of genomic
DNA. This is given as a ratio between the number of bands with differences of
intensity to the total number of comparable bands between the samples (index of
methylation). 

In order to enable visual detection of methylation changes by AIMS and methyl-
enriched AIMS, those anomymous methylation tags can be assigned to different
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chromosomal regions. It is possible to combine data generated with those approaches
with competitive genomic hybridization in order to determine the origin and chro-
mosomal distribution of sequences. Methyl-enriched AIMS products are labeled with
SpectrumRed and whole genomic DNA with SpectrumGreen, or vice versa, and
then the competitive hybridization of both against a panel of metaphase chromo-
somes is performed [12,14]. Using this approach, AIMS has identified genes under-
going methylation-mediated silencing in chromosomal regions known to be involved
in cancer, such as the loci 19p13 [14].

Finally, it is worth noting the versatility of the AIMS technique. It is a sensitive
and accurate approach that can be used to screen for methylation changes in DNA
and is suitable for the study of a high number of tags associated with these variations
in large series of samples. It has great potential for diverse applications, not only
within the field of cancer research, that range from simple comparisons between
tumor and normal tissue to combination with other techniques for improved specif-
icity. For example, AIMS can be combined with chromatin immunoprecipitation
(ChIP) using immunoprecipitated DNA as the starting material; performing ChIP
with antibodies against methyl-CpG-binding proteins and DNA methyltransferases
followed by methyl-enriched AIMS will enable the isolation of the genomic targets
of these proteins. 
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INTRODUCTION

Interrogating genomic DNA for abnormal CpG island methylation events and pat-
terns provides important information on disease processes, particularly tumorigen-
esis. Methylation of CpG islands in promoters is an epigenetic phenomenon asso-
ciated with transcriptional silencing, and some degree of abnormal methylation has
been found in almost every tumor type analyzed thus far.1 In cancer studies, the
methylation status of one or more genes in a tumor is compared to normal tissue.
The presence or absence of gene-specific CpG island methylation in tissues and
body fluids can serve as a biomarker for early detection of cancer,2 provide prognostic
information,3 and advance the overall understanding of tumor biology. Methylation
studies can be broadly classified into two groups. The first is a candidate gene
approach in which the methylation status of a gene of interest, such as a tumor
suppressor gene, is investigated in various tumors. The second strategy employs a
more global approach, in which many genes, or loci, throughout the genome are
assayed to determine widespread changes and to estimate overall methylation levels.4 

One global technique, restriction landmark genomic scanning (RLGS), is a two-
dimensional electrophoretic display of 1500 to 2000 potential methylation events in
one assay.5 Prior knowledge of the genomic sequence of these loci is not necessary;
therefore RLGS is well suited for the discovery of methylation targets that were not
previously known to be involved in cancer. The methylation readout is a display of
CpG islands based on the ability of methylation-sensitive restriction enzymes to
digest the DNA under evaluation. RLGS is often used to compare CpG island
methylation in tumor DNA with the corresponding normal tissue, but also detects
novel imprinted genes,6 regions of genomic amplifications7,8 and deletions,9,10 and
hypomethylation events.11 

THE RLGS METHOD

Biological material for RLGS consists of high molecular weight genomic DNA
digested by a methylation-sensitive, rare-cutting restriction endonuclease having a
GC-rich recognition sequence (e.g., NotI [GCGGCCGC] or AscI [GGCGCGCC]).5

Overhangs created by the methylation-sensitive enzyme are filled in with radioactive
nucleotides, and “landmarks” corresponding to unmethylated CpG islands are
present in the final autoradiograph. Conversely, methylated CpG islands are not
digested, and no landmark is present because the fill-in reaction for the methylated
site does not take place. DNA is then digested with a second enzyme that fragments
the DNA into pieces that can be resolved in an agarose tube gel. The second enzyme
can vary, but is often a 6 base pair cutter (e.g., EcoRV [GATATC]), and it is not
methylation sensitive. Following separation in the 0.8% agarose tube gel, the DNA
is digested in situ with a frequent cutter, such as HinfI (GANTC), to produce
fragments of the appropriate size for resolution on the second-dimension non-
denaturing 5% polyacrylamide gel. Figure 8.1 illustrates the common NotI–EcoRV–
HinfI enzyme combination. The substitution of AscI for NotI, or PstI or PvuII for
the other enzymes, results in the display of additional CpG islands, thereby allowing
assessment of a larger percentage of the genome than with only one set.12 
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RLGS, like other methylation scanning methods, has inherent strengths and weak-
nesses. Some features that make RLGS an ideal tool for methylation scanning are 

1. The simultaneous assessment of up to 2000 CpG islands in a single assay
2. The high percentage of these CpG islands that are associated with the

promoter regions of genes 

FIGURE 8.1 Restriction landmark genomic scanning method. Diagram of the RLGS proce-
dure using the enzymes NotI (N), EcoRV (E), and HinfI (H). DNA is represented by black
rectangles. The NotI overhangs are filled in with radioactive nucleotides (**), resulting in a
landmark (black oval) on the cartoon representation of a profile. The bottom panel shows an
actual RLGS profile from a bone marrow aspirate from a human.
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3. The availability of different enzyme combinations to increase the number
of CpG islands assayed

4. The excellent reproducibility between different samples
5. Prior knowledge of genomic sequence not a prerequisite
6. Arrayed plasmid cloning libraries for identification of individual loci
7. High probability of identifying novel methylation targets
8. Ability to quantify methylation alterations and genomic copy number

changes
9. No limitations by hybridization kinetics or primer design

10. Applicability to any organism
11. Ability to integrate in silico and bioinformatics approaches in CpG island

identification
12. Development of automated profile analysis

It must be remembered, however, that RLGS is not an appropriate method for all
methylation experiments. For example, 1 microgram of high molecular weight DNA
is necessary, which precludes analysis of tissue derived from paraffin blocks or by
laser capture microdissection. The procedure is technically challenging and requires
equipment not found in most laboratories. Very sensitive PCR-based methods are
better suited for detecting low levels of methylation. RLGS provides information
about only the methylation status of the “landmark” created by the methylation-
sensitive restriction enzyme, not the status of the entire CpG island. Therefore, the
usual scenario is that tumor genomes are screened by RLGS to identify methylation
targets that are then investigated in more detail with other techniques.

Here we describe how RLGS has been used to discover novel imprinted genes
and cancer-related genetic and epigenetic (hyper- and hypomethylation) alter-
ations, and we provide an overview of the latest developments in RLGS profile
analysis that capitalize on the human genome draft and state-of-the-art computa-
tional biology. 

IDENTIFICATION OF SEQUENCES INVOLVED IN THE 
REGULATION OF GENOMIC IMPRINTING 

Most genes are expressed from both the paternal and the maternal alleles; however,
a few genes escape this rule. The term “genomic imprinting” describes this phe-
nomenon in which genes are expressed from either the paternally inherited copy or
the maternally inherited copy.13 Fewer than 100 genes out of the total estimated
30,000 genes in the mouse or human genomes are imprinted. Although the reason
for the evolution of genomic imprinting is unclear, the importance of imprinted
genes is well demonstrated. Deregulation of imprinted gene expression leads to
growth impairment, as in the case of Prader-Willi syndrome, Angelman syndrome,
or Beckwith-Wiedeman syndrome, and loss of imprinting has been implicated in
tumorigenesis.14–16 Allele-specific DNA methylation in, or close to, sequences that
regulate imprinted expression has been found.17 This characteristic feature seen in
all imprinted regions has been used in the past for the identification of novel
 CRC Press LLC



 

Discovering DNA Methylation Differences

 

99

                         

2050_C08.fm  Page 99  Wednesday, August 11, 2004  7:37 AM

© 2005 by
imprinted genes, or imprinted regions, using the RLGS method. RLGS profiles of
inbred mouse strains show varying numbers of strain-specific polymorphic frag-
ments, a prerequisite for the identification of imprinted loci by RLGS. 

Such mouse strain-specific differences are seen on an RLGS profile from
C57BL/6, which shares about 87% of RLGS fragments with the DBA/2 strain,
indicating that each profile has approximately 13% strain-specific RLGS fragments.
RLGS profiles of F1 progeny from a genetic cross of C57BL/6 with DBA/2 animals
display all RLGS fragments that are seen in the individual profiles. Fragments found
in both strains will be displayed with diploid signal intensity, whereas strain-specific
RLGS fragments exhibit haploid or half intensity (Figure 8.2A).18 While the majority
of polymorphic fragments behave the same in a reciprocal cross, RLGS fragments
located in imprinted regions do not.19 First, all restriction landmark sites in imprinted
regions would show up as haploid fragments in each of the parental RLGS profiles.
Second, a landmark site in an imprinted region would be present only in F1 animals of
one direction, but not in the reciprocal cross (Figure 8.2B). The different transmission
patterns between nonimprinted and imprinted polymorphic RLGS fragments have
been used in the past for the identification of novel imprinted genes.20 An RLGS
screen of mouse reciprocal crosses led to the identification of eight RLGS candidate
loci, termed Irlgs 1–8, that followed a paternal- or maternal-specific transmission.19

FIGURE 8.2 Identification of imprinted loci by RLGS: (A) Transmission of nonimprinted
polymorphic RLGS fragments. Polymorphic fragments are present only in either strain X or
strain Y profiles, while these polymorphic fragments show haploid intensity in the F1 animals
of both reciprocal crosses between strains X and Y. RLGS patterns of F1 animals from
reciprocal crosses are identical. (B) Transmission of imprinted polymorphic sequences in
RLGS profiles. RLGS fragments in imprinted regions show either a paternal or maternal
specific transmission. Profiles of F1 animals of reciprocal crosses differ in these fragments.
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Molecular analysis of Irlgs2 resulted in the discovery of U2afbprs, a gene with
homology to the human U2 auxilary factor 35-kDa small subunit on mouse chro-
mosome 11.21 U2afbprs is expressed from the paternal allele only. Interestingly, the
human U2AFBPRS gene is not imprinted,22 a feature seen only in a small subset of
imprinted genes. Molecular characterization of Irlgs3 resulted in the identification
of Rasgrf1, a guanine nucleotide exchange factor expressed from the paternal allele
in the neonatal brain.6 Imprinting of the human counterpart of Rasgrf1 has not yet
been described. A cell cycle control gene, ZAC/PLGL1, was identified as an
imprinted gene in a screen for novel imprinted genes in humans by comparing
parthenogenetic DNAs with those DNAs derived from hydatidiform moles.23 

ANALYSIS OF CANCER IN HUMANS AND MICE 

The reproducible and quantitative nature of RLGS make it well suited for tumor
and normal tissue comparisons.5 Ideally, comparisons are made between patient-
matched normal and tumor samples to eliminate the potential effect of genetic
polymorphisms on RLGS spot intensity. Tissue-matched or cell-type-matched con-
trols are also useful to distinguish methylation that varies in different normal cells
from truly aberrant changes in cancer. The parallel analyses of more than 1000 CpG
sites afforded by RLGS is critical for pattern recognition within, and among, cancer
types, and for estimating the overall influence of CpG island methylation on the
cancer cell genome.24–26 Human cancer types that have been analyzed by RLGS
include leukemias26 and solid tumors of the brain,24,27–30 breast,24 colon,24 head and
neck (including matched primary and metastatic pairs),25 liver,31–36 lung,37,38

meninges,39 oral cavity,40 adrenal gland,41,42 and testis.43 Comparison of tumor and
normal control RLGS profiles has been used to detect alterations in methylation
such as aberrant CpG island methylation and loss of methylation in high copy number
sequences,24–27,37,41,44,45 and also copy number changes including deletion,10,26,28,46

chromosomal gains, and regional amplification.8,10,28,30,38,47–51 (See Figure 8.3.)

ABERRANT METHYLATION OF CPG ISLANDS 

CpG islands on autosomal chromosomes are usually unmethylated, but may become
aberrantly methylated in tumors, thus contributing to transcriptional inactivity of the
associated gene. Using the candidate gene approach of studying methylation in genes
first identified through classic genomic screens, aberrant CpG island methylation
has been shown to be associated with silencing of a wide variety of tumor suppressor
and cancer-related genes.1 In contrast, RLGS and other methods have been used to
identify novel cancer genes that are primarily affected by aberrant methylation, and
are missed by copy number and mutational analysis of tumor DNA.10,24–26,28,37 On
RLGS profiles, aberrant methylation of a CpG site results in a decrease of intensity
of the corresponding spot. In many cases, a single copy spot is completely absent
from a tumor profile indicating that the methylation (and/or deletion) event has
occurred in both alleles of the gene and in the majority of cells in the tumor. This
fact suggests that many aberrant methylation events occur early in the tumorigenesis,
though this appears to be CpG-island- and tumor-type dependent. 
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The RLGS approach illuminates patterns of methylation that might yield clues
to the underlying mechanism of aberrant methylation and tumorigenesis. First, the
observation that some CpG islands are preferentially methylated suggests that clonal
selection and/or different susceptibilities of CpG islands to hypermethylation may
shape the patterns in tumors.24 An argument in favor of differential susceptibility to
aberrant methylation was recently reported.52 In this study, RLGS analysis of cells
overexpressing the DNA methyltransferase DNMT1 was used to identify CpG
islands that were frequently methylated or never methylated. Using DNA pattern
recognition algorithms and supervised learning techniques on this data, a classifica-
tion function was derived that is capable of discriminating methylation-prone from
methylation-resistant CpG islands. This suggests that there is a component of

FIGURE 8.3 Methylation and copy number changes detectable by RLGS. Most CpG islands
are unmethylated in normal cells (left column of boxes) and, therefore, generate a spot of
diploid intensity (gray and black spots in top, left panel). In tumors, CpG islands may become
aberrantly methylated (top, right two boxes), resulting in a decrease in spot intensity that is
equivalent to the level of methylation. Note that while one spot may decrease in intensity
(gray spot), others remain unmethylated (black spots). In contrast, high copy number
sequences may be methylated in normal cells, but become hypomethylated to varying degrees
in tumors (see gray spot in second row, right two boxes). Copy number changes such as
deletion and amplification are also detected by RLGS (lower 2 rows of boxes). The left column
depicts RLGS profile close-ups of normal tissue, while the right two columns depict tumor
profiles. “Gain” consists of a diploid locus becoming 3 to 4 copies, while loci are considered
amplified if the copy number is 5 or greater (gray spot).
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“susceptibility to methylation” that is DNA-sequence-dependent.52 Second, the pat-
terns of aberrant methylation across CpG islands displayed on RLGS profiles are
clearly nonrandom and tumor-type-specific, suggesting that methylation of specific
gene subsets may contribute to the generation of particular cancer types. In addition
to the nonrandom nature of aberrant methylation across the genome, acute myeloid
leukemias exhibit an overrepresentation of aberrant methylation occurring on chro-
mosome 11.26 Third, the total number of aberrantly methylated CpG islands in
sporadic human tumors was estimated to be in the hundreds from RLGS profiles.24

These estimates should not be interpreted to reflect an equivalent number of meth-
ylation-silenced genes, as some aberrant methylation may not influence gene expres-
sion due to the genomic location or methylation density. Fourth, the total number
of methylated sites is variable between and, in some cases, within different tumor
types, suggesting there may be methylation subtypes within tumors having similar
histology. 

Aberrant methylation of individual CpG islands discovered by RLGS has been
shown to be functionally and/or clinically relevant to tumorigenesis. For example,
two aberrantly methylated genes, SOCS1 in liver tumors53 and SLC5A8 in colon
cancer,54 have been shown to possess tumor suppressor activity. Dai et al. identified
frequent promoter methylation of bone morphogenetic protein 3B (BMP3B) in non-
small-cell lung cancer and demonstrated that BMP3B has growth-suppressive prop-
erties in lung cancer cells.55 In acute myeloid leukemia (AML) patients, methylation
of WIT1 is significantly more frequent in refractory AML compared to chemosen-
sitive AML.56 These and additional studies35,36 suggest that RLGS is a useful tool
for discovering new tumor suppressor genes and may be a rich source of biomarkers
for predicting clinical behavior of tumors.

Relative to primary tumors, human tumor cell lines exhibit significantly higher
levels of CpG island methylation.57 RLGS analysis revealed a 5-fold to 93-fold
increase in the frequency of CpG island methylation in cell lines compared to their
primary tumor counterparts. More than 57% of CpG islands that were methylated
in these tumor cell lines were never methylated in primary tumors. This study
suggests that a significant proportion of the methylation in cell lines is an intrinsic
property of cell lines rather than their malignant tissue of origin.57 

HYPOMETHYLATION

Loss of methylation in tumors has also been detected using RLGS. Such hypome-
thylation has been reported for several high copy number sequences that are normally
methylated, including pericentromeric sequences and a tandem repeat sequence on
chromosome 8q21.41,45 The demethylation appears as a single new spot with an
intensity equivalent to the number of repeats that become demethylated and can
exceed 100-fold in some cases. Hypomethylation has been linked to chromosome
instability and may be a contributing factor to specific chromosomal abnormalities
seen in human cancer. The presence of hypomethylated repeat sequences in hepa-
tocellular carcinoma is significantly associated with tumor recurrence, even in
patients with a conventional good prognosis.36 
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REGIONAL DNA AMPLIFICATION

In addition to hypomethylation of high copy number sequences, amplification of
chromosomal regions in tumors also results in an RLGS spot of high intensity.47 In
most instances of amplification detected on RLGS profiles, the amplification has
been found to increase the intensity of a normally single copy spot, rather than
creating a new spot as from hypomethylation. Novel amplified regions (and corre-
sponding candidate genes) identified by RLGS include 7q21 (CDK6) and 1q32.1
(GAC1) in brain tumors, 19q13.1 (e.g., AKT2) in pancreatic cancers, 8p22-23
(Cathepsin B) in esophageal adenocarcinoma, 2p24 (NAG along with N-myc) in
neuroblastoma and medulloblastoma, 11q22 (cIAP1 and cIAP2) in lung cancer, and
1p34-35 (L-myc) in ovarian carcinomas.8,30,38,48–51,58

INTEGRATED GENETIC AND EPIGENETIC ANALYSIS OF TUMORS

Due to the similar appearance of hypomethylation and gene amplification, as well
as CpG island methylation and deletion on RLGS profiles, it is not always possible
to distinguish genetic from epigenetic events. To address the relative contribution
of copy number changes and methylation alterations to RLGS spot changes, and to
tumorigenesis, RLGS analysis was paired with a high-resolution copy number anal-
ysis (array comparative genome hybridization) on the same tumor set.10,28 These
studies showed that subsets of gene-associated CpG islands are preferentially
affected by convergent methylation and deletion, including genes that exhibit tumor
suppressor activity such as SOCS1, as well as novel genes such as COE3 and ZNF342
that have been missed by traditional nonintegrated approaches. These results also
show that most aberrant methylation events are focal and independent of deletions,
and aberrant CpG island methylation appears to be far more prevalent than deletion
as a source of RLGS spot loss.10,28 

MOUSE MODELS OF HUMAN CANCER

RLGS analysis of mouse models of human cancer has also identified targets of
amplification and aberrant CpG island methylation. For example, RLGS analysis of
mouse liver tumors has identified aberrant methylation of α4 integrin and CDKN2A
as well as amplification and overexpression of cyclin A2.46 In addition, other novel
targets of aberrant methylation and gene silencing have been identified in mouse
tumors, such as mlt 1 and Igfbp7.59,60 Nonrandom deletions on chromosomes 1, 5,
7, and 13 have also been identified in mouse hepatoma.9 Thus, RLGS analysis of
these tumors indicates that the models recapitulate, in part, the genetic and epigenetic
alterations seen in human tumors. These studies also highlight the ease with which
RLGS can be applied to any species.

RLGS is, thus, a useful tool for identifying novel cancer genes, understanding
the relative contribution of genetic and epigenetic mechanisms in tumorigenesis, and
providing a rich source of biomarkers for prediction and prognosis in the cancer
clinic. Further advancements in identification of RLGS spots and expansion of the
number of sites analyzed will provide considerable impetus for the future application
of RLGS to cancer genomes. 
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RLGS SPOT CLONING 

While DNA methylation changes can be detected using RLGS images by virtue of
spot loss, the DNA sequence and chromosome location of the DNA fragments
represented by RLGS spots are unknown. One way to obtain this information is to
clone the RLGS fragments. Cloning RLGS fragments, or simply identifying the
sequence, is a critical step that allows us to go from counting methylation events to
identifying the targets of hypermethylation. The amount of DNA present in a diploid
spot of an RLGS profile is estimated in the 10–15M range. Elution and direct cloning
of such low amounts of DNA proved to be very difficult and, therefore, early RLGS
fragment cloning was limited to the high copy number RLGS fragments.30,42 Tech-
nical improvements, such as use of the restriction trapper and PCR-mediated cloning
methods,61–63 have allowed for the cloning of some diploid RLGS fragments; how-
ever, these methods remain inefficient and have inherent technical problems.

TARGETED LIBRARY CLONING STRATEGY

The cloning of RLGS fragments from human profiles was greatly improved by the
creation of an arrayed NotI–EcoRV boundary library.64,65 Total genomic DNA was
completely digested with NotI and EcoRV, cloned into a plasmid vector and arrayed
in 384-well microtiter plates, each well representing a single clone. Clones from
this boundary library were pooled from each of 32 microtiter plates. The pooled
clones from each individual plate were labeled and mixed with labeled genomic
DNA at the appropriate ratio, such that fragments represented by clones from that
pool show an approximate 10-fold enhancement in intensity when the mixture of
clone and genomic DNA is run in an RLGS profile. Thirty-two plate pool mixing
gels have been prepared in this way. In addition, each of 16 rows (A–P) from all 32
plates were pooled and used to create individual row pool mixing gels. The same
has been done for each of 24 columns. Thus, a spot cloning resource of 32 plate
mixing gels, 16 row mixing gels, and 24 column mixing gels has been created. The
clones from these 32 plates cover approximately 70% of the fragments in a normal
RLGS profile from peripheral blood lymphocyte (PBL) DNA.

In order to identify the correct library clone address for one of these fragments,
the correct plate, row, and, column mixing gels in which the fragment of interest is
enhanced must be determined. Owing to the redundancy of the library, many frag-
ments are represented more than once in this set of 32 plates. This results in finding
the fragment of interest enhanced in more than one plate, row, and column mixing
gel, creating many different possible combinations, which must be tested to identify
the proper address in the library. To identify the correct address, all possible row
and column combinations where the spot of interest is enhanced are used in com-
bination with one of the identified plates.  The correct clone is identified by deter-
mining which clone has an insert size closest to the spot size as predicted by its gel
migration distance. To confirm that the correct clone has been identified, plasmid
DNA from the clone is used to create a mixing gel to demonstrate that this single
clone enhances the correct spot. Numerous reports using this method have been
published7,24,26,30,37,43,44,56–58,64–67 and analysis of these clones provided unequivocal
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evidence that RLGS preferentially scans CpG islands, and when it can be determined,
that these tend to be in the 5′ ends of genes.12,43 Similar cloning libraries have been
created for the mouse and rat genomes as well as a second enzyme combination
(AscI–EcoRV) in human.

NONTARGETED LIBRARY CLONING STRATEGY

In order to clone large numbers of RLGS spots using the boundary libraries previ-
ously described, a strategy was devised using mixing gels that would result in the
identification of every RLGS spot in the set of gels. To accomplish this it was
necessary to eliminate the redundancy in the library by sequence analysis of a portion
of the library, followed by rearraying the nonredundant clones. Large-scale sequenc-
ing of 10 plates in the library totaling 3840 clones was performed and the sequences
were compared to one another. A set of nonredundant clones was identified and
rearrayed into 96-well plates. These 96-well nonredundant plates were used to create
plate, row, and column mixing gels as described. However, in this set of gels, each
spot could be present only once and, therefore, would have only a single plate, row,
and column address. Each mixing gel was then carefully analyzed to identify each
enhanced spot. This information resulted in the identification of unique library
addresses for many RLGS spots.

VIRTUAL RLGS: SPOT SEQUENCE IDENTIFICATION

A virtual RLGS (vRLGS) image is a computer-generated RLGS image constructed
from a genome database. Each spot in the virtual image comes from a clearly
identified DNA sequence or set of sequences in the human genome database. By
matching the spots in the virtual image to spots on a laboratory gel, we can identify
the DNA sequence and chromosome location of a given RLGS fragment.

For a NotI–EcoRV–HinfI RLGS profile, the migration of each RLGS fragment
in the first dimension is determined by the size of the NotI–EcoRV fragments (and
the NotI–NotI fragments without an internal EcoRV site). In the second dimension,
these fragments are further digested in gel with HinfI and thus the migration in the
second dimension is determined by the NotI–HinfI fragment sizes. Note that only
the NotI half-site is labeled, and only the NotI–HinfI fragments are ultimately
visualized. The size-dependent migration of these fragments in both dimensions can
be predicted based upon empirical data. Thus, it should be possible to use bioinfor-
matics to predict what an RLGS profile should look like based upon the publicly
available human genome sequence. Such an approach could be used as a new RLGS
spot sequence identification strategy. Rouillard et al. recently demonstrated a first
generation example of such an approach.68 A similar method using in silico digests
of human genome sequence along with chromosome-assignment data69 was used to
identify and confirm the nucleotide sequence of 200 RLGS spots.10,28

The location of an RLGS spot depends on the distance the corresponding DNA
fragment migrates in the gel, both in first and second dimensions. This migration
distance correlates highly to the length of the DNA fragment. Using previously
described library RLGS spot cloning techniques, DNA fragment information was
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identified for 300 spots on a NotI–EcoRV–HinfI master gel. Spot locations came
from a master RLGS profile, used as a standard for all gels.24 For the x-coordinate,
a simple linear regression model D~log(L), where D is the distance the DNA
fragment migrates and L is the fragment length for both x and y gel coordinates,
was fitted to the data. For the y-coordinate, it was observed that the migration pattern
of 278 smaller DNA fragments (length <800 bp) is slightly different from that of
22 longer fragments (length 800). Hence, for the y-coordinate, a piecewise regression
model to derive the prediction formula was developed, which was more accurate
than a single regression model. It became clear that the y-dimension prediction was
not as accurate as the x-dimension prediction. To improve prediction of the y-
coordinate, other feature variables that may contribute higher accuracy to the fitted
model were considered. The other feature variables considered were DNA curvature,
GC%, and CpG%. Therefore, using this version of vRLGS that incorporates DNA
curvature and GC content into the migration models, it is possible to correctly
identify the sequences of previously unidentified RLGS spots. 

In 1996, Yoshikawa et al. used flow-sorted chromosomes to run chromosome-
specific RLGS profiles.69 These individual chromosome RLGS profiles were put
together with each spot labeled to indicate which chromosome it came from. We
first compared the chromosome-assigned RLGS profile69 with our master profile to
identify what chromosome each spot of interest was expected to be from. For each
of four spots, we used the vRLGS profile to identify the sequence predicted to
migrate closest to the actual spot that was from the correct chromosome. These were
our set of candidate sequences. We designed PCR primers from each of these
candidate sequences and eluted the DNA from a human NotI–EcoRV–HinfI RLGS
profile for all four spots. We then used the primers for the candidate sequence to
amplify DNA eluted from the spot in question, as well as a nearby spot that served
as a negative control. Accurate prediction of a spot sequence was determined if a
strong PCR product was obtained when that spot was used as template, but no
product or a very weak product was detected using a nearby spot as template.

Figure 8.4 shows an example of the vRLGS spot sequence verification experi-
ment. The left panel shows the actual RLGS gel at section 3D, while the right panel
shows the virtual profile from the same section. The lower panel is a composite of
those two images. We predicted the sequence of spots 36, 56, 62, and 68 from section
3D of the master profile based on the virtual spots indicated. In all four cases, the
PCR experiment described showed a strong band when the primers from the pre-
dicted sequence matched the template DNA used, but no band when DNA from a
nearby spot was used as template.

As is clear from Figure 8.4, the virtual pattern does not perfectly match the
actual pattern. Spots 56, 62, and 68 are very close, but spot 36 has approximately
a spot’s width gap between the virtual and actual spots. Also, there are extra spots
in the virtual profile. These extra spots most likely arise from NotI sites that are
methylated in a normal genome and, therefore, do not contribute to the normal RLGS
pattern. Currently, we are unable to predict which NotI sites are normally methylated.
Despite these imperfections, we were successful in correctly predicting the sequence
of these four spots on the first try. Efforts are underway to refine the DNA fragment
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migration modeling and prediction of which NotI sites (by sequence context) should
be normally methylated and, therefore, would not contribute to the pattern. 

FIGURE 8.4 Spot sequence identification by vRLGS: (A) The left panel shows a portion of
section 3D of the master RLGS profile and the right panel shows the same region from the
vRLGS profile. The lower panel is a composite of the two images. Spots 3D36, 3D56, 3D62,
and 3D68 are indicated on the master profile, and the corresponding candidate virtual spots
are indicated on the virtual profile. The virtual spots are linked to sequence information used
to design PCR primers for the confirmation the matching real and virtual fragments. (B) PCR
primers were designed for each candidate sequence and used to amplify spot DNA eluted
from the RLGS gel, or from one of the other spots as a negative control. In each case, a PCR
product is produced only when the predicted spot DNA is used as template, indicating that
the correct sequence was predicted for the spots using the vRLGS.
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INCREASING GENOME COVERAGE BY SELECTING 
DIFFERENT ENZYME COMBINATIONS

In addition to the myriad applications of virtual RLGS in identifying RLGS spot
sequences, virtual RLGS can also be used as an in silico experimental tool to increase
the coverage of CpG islands. The optimal range of resolution in the first dimension
of RLGS gels is between 5 kb and 500 bp. Within this size range, RLGS analysis
is interrogating only a small proportion of the estimated 29,000 CpG islands in the
human genome by using the NotI–EcoRV–HinfI and AscI–EcoRV–HinfI enzyme
combinations. In order to increase our coverage of CpG islands, it is possible to
change the enzymes used in the RLGS gels. First, we could change the landmark
enzyme to another GC-rich methylation-sensitive enzyme that cuts primarily in CpG
islands. Second, we could change the second or third enzymes so that a different
subset of CpG islands harboring the landmark site migrates into the window of
optimal gel resolution. The difficulty comes in determining what new enzymes to
use. The considerations should be that the new enzyme combinations, regardless of
whether it is a change in the landmark enzyme or the second or third enzymes,
should produce a pattern of spots at a density that allows adequate resolution.
Additionally, the CpG islands displayed should have minimal overlap with the CpG
islands displayed for other enzyme combinations.

Using vRLGS, it will be possible to test an unlimited number of possible enzyme
combinations to define a subset that will produce a pattern of spots of appropriate
density. This subset will be further reduced to a working set of enzyme combinations
by determining which set of CpG islands is queried with each combination and by
identifying the optimal set of combinations to maximize CpG island coverage in the
minimum number of profiles. This will greatly enhance the utility of RLGS as a
gene discovery tool and allow for a more complete picture of CpG island hyper-
methylation.

SUMMARY AND FUTURE 

The study of aberrant methylation has provided important insights into the patho-
genesis of cancer and other diseases. Some ways in which RLGS contributed to this
knowledge have been described in this chapter. When RLGS was first introduced in
1991, the data were limited to descriptive reports on the numbers of spots lost or
gained on a profile.5 For many years, it was not possible to link this data with
genomic sequence, and mechanistic investigations were hampered. The subsequent
development of direct cloning strategies,63 arrayed plasmid libraries,64,65 and com-
puter-based analysis tools10,28,68 has enabled investigators to focus on specific genes
and confirmed that the number of methylated CpG islands in tumors was indeed
underestimated by previous approaches.26 Furthermore, it was determined that some
methylation events occur preferentially in certain tumor types, lending credence to
the hypothesis that some tumors harbor a characteristic methylation signature.24 

The ability to associate specific genes with RLGS loci has opened many prom-
ising avenues. The identification of novel cancer-related genes such as WIT156 and
BMP3B55 provides a starting point for in vitro and in vivo experiments designed to
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investigate possible tumor suppressor function. The construction of a panel of meth-
ylated sequences detected by RLGS will allow screening of large numbers of tumors
in the hopes of deciphering methylation signatures in various malignancies. Such
panels can also be used for in-depth analysis of luminal fluids to validate these
targets as markers for cancer screening and early detection of relapse, as well as
therapeutic monitoring in patients receiving pharmacologic demethylating agents.
The recent development of arrayed rat70 and mouse (Plass, unpublished data)
NotI–EcoRV cloning libraries will greatly enhance the value of RLGS in the inves-
tigation of laboratory animals.

It is clear that aberrant DNA methylation is a key factor in the pathogenesis of
cancer and other diseases. In order to fully understand the mechanisms by which
epigenetic alterations participate in normal and neoplastic processes, we need to
continue to explore various model systems as well as primary patient samples. Data
obtained through genome scanning methods such as RLGS provide the foundation
for further hypothesis-driven research to address these very important and basic
questions.
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Methylation of cytosines in the 5 position of the pyrimidinic ring is the most
important epigenetic modification in eukaryotes. In animals, methylcytosine (mC)
is mainly found in cytosine–guanine (CpG) dinucleotides [1], whereas in plants it
is more frequently located in cytosine–any base–guanine (CpNpGp) trinucleotide
sequences (reviewed by Finnegan et al. [2]).

The most studied epigenetic alteration in mammalians is the promoter hyper-
methylation of CpG island-associated genes, since this process is associated with
gene silencing, and it has been demonstrated to be one of the causes of the
repression of tumor suppressor genes in cancer [3]. Paradoxically, cancer is also
associated with the overall hypomethylation of the genomic DNA [4–6]. The
explanation lays in the fact that CpG islands represent only 2% of the whole
genome; thus alterations at the promoter level are masked by the global changes.
The opposed behavior of the DNA methylation status of promoters and the rest of
the genome is enough evidence to consider both processes as independent mech-
anisms and to give the deserved relevance to the global DNA methylation of the
DNA.

The level of global DNA methylation has been calculated for 25 years [7]. In
the beginning, it was used as a descriptive tool or marker of biological processes,
such as aging and cancer [8,9] in animals and morphogenic potential in plants [10,
11]. Lately, several papers have attempted to elucidate specific mechanistic impli-
cations of the alterations of the global DNA methylation in the cell operational
system. In brief, they proposed that global DNA methylation gives an extra advantage
113
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to cancer cells by increasing the genomic instability. Some of the evidence that
supports this hypothesis are the embryonic stem (ES) DNMT1 knockouts that show
deletions at HPRT and thymine kinase transgene [12], the ICF patients with no
DNMT3b function that show numerous chromosome aberations [13], the colorectal
somatic knockouts of DNMT1 that display punctual chromosomal alterations [14],
and mice carrying a hypomorphic DNA methyltransferase 1 (Dnmt1) allele, which
reduces Dnmt1 expression to 10% of wild-type levels resulting in substantial
genome-wide hypomethylation in all tissues and high frequency of chromosome 15
trisomy [15].

From a methodological standpoint, levels of methylcytosine occurrence in the
genomic DNA can be measured by high-performance separation techniques or by
enzymatic–chemical means. The latter are never as sensitive as the former, and
sometimes their resolution is restricted to endonuclease cleavage sites. Despite the
drawbacks, enzymatic–chemical approaches are still commonly used since, unlike
separation techniques, they do not require expensive and complex equipment, which
is not always available. When separation devices are available, high-performance
capillary electrophoresis (HPCE) may be the best choice since it is faster, cheaper,
and more sensitive than high-performance liquid chromatography (HPLC) [16]. Even
though in situ hybridization methods for studying cytosine methylation status some-
times give accurate measures of the degree of total DNA methylation, one of the
most interesting aspects of these approaches is that they provide information on
tissue-specific methylation patterns. By means of labeled anti-methylcytosine anti-
bodies, DNA methylation can be monitored in metaphase chromosomes,
hetero–euchromatin and, most importantly, on a cell-by-cell basis within the same
sample. The latter alternative, which generally yields qualitative results, is of great
interest in cancer research as it can reveal methylation differences between normal
and tumor tissues in the same sample.

QUANTIFICATION OF RELATIVE mC LEVELS IN 
GENOMIC DNA BY HPLC

In 1977, Riggs and colleagues reported for the first time the quantification of the
global relative levels of mC in genomic DNA using high-performance liquid chro-
matography [7]. In this pioneer approach, single bases were obtained by chemical
hydrolysis in 88% formic acid at 180ºC for 20 min as it had been previously described
by [17]. Subsequently, the hydrolyzed products were fractioned and quantified by
HPLC technologies using a Partisil SCX K218 column and 45 mM ammonium
phosphate as an elution buffer. The relative amount of mC was calculated through
calibration curves for the relative C and mC areas obtaining high reproducibility
and sensitivity responses (only 5 to 10 µg of DNA was needed). With this innovative
assay, the authors were able to reveal absolute values for overall mC levels in
mammalians that are in accordance with the levels currently obtained with stronger
approaches. Ten years later, Catania et al. [18] suggested the use of hydrofluoric
acid instead of formic acid for chemical hydrolysis of DNA to prevent deamination
of cytosine and methylcytosine, which often occurs with formic acid.
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In any case, enzymatic hydrolysis of DNA is reported to be a better alternative
for quantifying the degree of DNA methylation [19]. 2-Deoxymononucleosides are
obtained using Nuclease PI, DNase I, and snake venom phosphodiesterase [20] or
micrococcal nuclease and phosphodiesterase II [21] followed by hydrolysis with
alkaline phosphatase. Resulting deoxyribonucleosides are subsequently separated
by HPLC, and methylcytosine levels are quantified by comparing the relative absor-
bance of cytosine and methylcytosine at 254 nm in the sample with external standards
of known bases. This method generally requires only 2.5 µg DNA to quantify 5-
methylcytosine with a low standard deviation for replicate samples. Using these
assays in the 1980s, Ehrlich and colleagues established the basis of the behavior of
global mC contents in animals [22]. Other groups also provided valuable information
within the field of plants [23]. 

One of the major problems classically associated with quantifying the overall
mC levels in the genomic DNA is the sensitivity of the method because it compares
the amount of one specie (mC) with the amount of another specie (C) that is 100-
fold concentrated. For years, this has forced researchers to analyze large amounts
of genomic DNA, a great inconvenience in regard to human primary tumors. Sen-
sitivity of the system can be increased with mass spectrometry detection, which has
a detection limit 106 times the limit of absorption spectroscopy detectors. Annan et
al. [24] used high-performance liquid chromatography/mass spectrometry coupled
with a moving-belt interface to analyze electrophoretic derivatives of methylcytosine
and 5-hydroxymethyluracil nucleobases. As little as 9.9 pg (signal-to-noise ratio 5)
and 180 fg (signal-to-noise ratio 10) of the respective nucleobases were detected in
the negative electron-capture chemical ionization mode, and linear responses were
observed over a moderate dynamic range. Alternatively, Gowher et al. [25] developed
a highly specific and sensitive assay for detecting trace amounts of mC in genomic
DNA. They degraded DNA to nucleosides, purified mC by HPLC and, for detection
by one-dimensional and two-dimensional thin-layer chromatography, radiolabeled
using deoxynucleoside kinase and [gamma-(32)P]ATP. Using this assay, they showed
that mC occurs in the DNA of D. melanogaster at a level of approximately 1 in
1000 to 2000 cytosine residues in adult flies. This labeling strategy has already been
used to quantify mC concentration [21] but, in this case, it was employed in con-
junction with one-dimensional, high-performance, thin-layer chromatography using
alkylamino-modified silica plates (HPTLC-NH2) instead of HPLC technology. 

HPCE-BASED METHODS

The development of capillary electrophoretic techniques has given rise to a research
approach that has several advantages over other current methodologies used to
quantify the extent of DNA methylation. Capillary electrophoresis (CE) is a family
of related separation techniques that use narrow-bore fused-silica capillaries to
separate a complex array of large and small molecules (Figure 9.1A). High voltages
are used to separate molecules based on differences in charge, size, and hydropho-
bicity. Injection into the capillary is accomplished by immersing the end of the
capillary into a sample vial and applying pressure, vacuum, or voltage. Depending
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on the types of capillary and buffers, CE can be segmented into several separation
techniques of the sample components between initial and terminal electrolytes.  

From its beginnings, CE has proved extremely helpful in separating various
DNA components, including a number of base adducts [26], and recently Fraga et
al. [16] have reported the quantification of the relative mC content of the genomic
DNA of plants and animals using an HPCE system from Beckman Coulter (Figure
9.1B) to analyze acid-hydrolyzed genomic DNA. In this context, separation and
quantification of cytosine and methylcytosine is only possible by the use of a sodium
dodecyl sulfate (SDS) micelle system. This method is faster than HPLC (taking less
than 10 min per sample). It is also reasonably inexpensive since it does not require
continuous running buffers, and it displays a great potential for fractionation (the-
oretically, up to 106 plates). Biotechnology companies, such as Oncomethylome
Sciences, are offering HPCE as a service to measure total 5-methylcytosine genomic
content. Nevertheless, no or almost no preparative analyses are possible with HPCE
systems because of the low injection volumes involved. 

Release of bases from DNA by chemical means involves the production of a
complicated mixture of molecules that makes detection and quantification of mC

FIGURE 9.1 (A) Block diagram of basic CE system. The magnified view depicts the capillary
interior with molecules of different size and charge separating. As illustrated, in free-solution
capillary electrophoresis, the positive molecules migrate toward the negative electrode while
the electroosmotic flow carries the neutral and negatively charged molecules in the same
direction. (B) Beckman Coulter CE device.
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difficult when DNA is not sufficiently purified and concentrated. This problem can
be avoided by enzymatic hydrolysis with nuclease P1 and alkaline phosphatase to
produce 2-deoxymononucleosides, which are then fractionated using a modification
of the previously described HPCE method [27]. Approximately 1 methylcytosine in
200 cytosine residues can be detected by this method using 1 µg genomic DNA
(Figure 9.2). This is now the most commonly used methodology to quantify the
global DNA methylation levels. It has been successfully used to

FIGURE 9.2 Quantification of global DNA methylation by HPCE; upper panel, a represen-
tative electropherogram for standard nucleosides (dC, 5mdC, dA, 2-deoxythymidine, and 2-
deoxyguanosine) dissolved (5 mM) in Milli-Q grade water; lower panel, an electropherogram
obtained after enzymatic hydrolysis of 4 µg of genomic DNA from the MCF-7 human cancer
cell line. A zoom of the 5-methylcytosine peak is shown in the lower square. 
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1. Confirm that tumors are hypomethylated in comparison to their normal
counterparts [28]

2. Determine how a genomic variant for an enzyme of the S-adenosylmethion-
ine metabolic pathway may alter the global DNA methylation levels [29]

3. Study alterations of the global DNA degree associated to PML-RAR
translocations in human leukemia [30] 

4. Perform a profile of global DNA methylation in human cancer cell lines
and demonstrate that the treatment with the demethylating agent 5-aza-
2-deoxycytidine depends on the cell type [31]

5. Ascertain the DNA demethylating properties of the anesthetic drug
procaine [32]

Alternatively, laser-induced fluorescence (LIF) and mass spectrometry detectors
should be used. Capillary electrophoretic separation and on-line detection by mon-
itoring LIF have already been successfully used to quantify other modified bases in
the DNA [33]. Using LIF monitoring systems, a concentration detection limit of
approximately 3 × 10–10M (91) or 1 adduct/107 normal nucleotides/microgram DNA
[34] can be achieved. More recently, Stach et al. [35] have described a method for
fluorescence detection of DNA methylation in an HPCE system. For this purpose,
micrococcal nuclease DNA digestions are derivatized with a fluorescence probe, and
analytes are detected in an HPCE system by LIF with an excitation wavelength of
488 nm.

In both HPLC and HPCE approaches, the absence of RNA must be ensured in
order to avoid miscalculation of the relative amount of mC in the genomic DNA.
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One key to understanding the exact contribution and physiological roles of DNA
methylation depends on determining the spatial distribution of 5-methylcytosine, as
well as that of all the machinery involved in DNA methylation and its downstream
consequences. This spatial information can be obtained at two different levels: the
overall distribution within the context of the nuclear architecture and the distribution
along the genomic sequence.

The localization of 5-methylcytosine is not only directly related to the distribu-
tion of DNA methyltransferases (DNMTs), methyl-CpG binding proteins (MBDs),
and associated proteins, but also to the result of the activity of some histone-
modifying complexes. In fact, multiple connections between CpG methylation and
histone modifications have been established during the past ten years [1,2]. For
instance, several corepressor complexes that recruit histone deacetylase (HDAC) and
histone methyltransferase (HMT) activities link DNA methylation to histone
deacetylation and histone H3 K9 methylation.3–5

The existence of different post-translational modifications in histones was rec-
ognized in the 1960s, although only recently has it been proposed that these mod-
ifications constitute a sort of code that can be read by nuclear factors to be translated
in different chromatin states (such as transcriptionally active). Thus, histones provide
the necessary infrastructure for the correct and efficient operation of different nuclear
machineries. However, the exact contributions of histone modifications to the dif-
ferent processes in which these nuclear factors are involved may depend on the
spatial distribution of regulatory elements, the transcription factors involved, and
the three-dimensional folding of DNA. The use of antibodies has served to provide
direct biochemical and functional links between histone modifications and DNA
methylation at precise nuclear and genomic locations. This chapter aims to review
techniques that constitute the most important source of mechanistic information in
this field: chromatin immunoprecipitation (ChIP) assays, which provide information
about associations of nuclear factors and histone modifications at specific sequences;
and immunolocalization, which informs about global distribution in the nucleus. 

ANTIBODIES: THE POWER OF THE SPECIFICITY 

The exquisite specificity of antigen and antibody recognition has provided one of
the most useful properties of protein-based molecular biology tools. In contrast to
chemical or enzymatic methods to determine differential folding or conformational
changes in chromatin,6–8 most of which provide only indirect information about the
proteins associated with DNA, antibodies allow a direct identification of the proteins
and their post-translational modification status at precise chromatin or nuclear loca-
tions.

During the past 10 years, the development of the techniques discussed in this
chapter has coped with the appearance of a myriad of antibodies raised against
different elements of the DNA methylation machinery. There are antibodies directed
against 5-methylcytosine,9 although most of the data has been obtained with anti-
bodies raised against site-modified histone peptides and a variety of nuclear factors.
The range of specificity of antibodies to investigate histone modifications varies
between those that simply recognize modified amino acids (like anti-phospho-Ser)
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and others that recognize site-specific modifications of a particular histone. These
antibodies can be used to identify and determine the precise spatial and temporal
location of these modifications in the context of a sequence or in the nucleus.

Specificity is extremely important to guarantee the viability of these antibody-based
techniques. Most of the techniques involving antibodies require several washes in highly
stringent conditions that help the assays to be more specific. In general, polyclonal
antibodies are preferred to monoclonal antibodies to avoid potential epitope masking
problems. On the other hand, it is recommended to use affinity-purified antibodies rather
than whole serum. It is important to characterize the antibodies before starting immu-
noprecipitation and immunolocalization experiments.

The use of antibodies against different elements of the chromatin and DNA
methylation machinery is helpful in understanding the mechanistic links between
histone modifications and nuclear factors. In this sense, antibodies against DNMTs,
MBDs, HDACs, and HMTs have been particularly useful in establishing the con-
nection between DNA methylation and histone modifications.4,5,10

IMMUNOLOCALIZATION

Immunolocalization, that is, the use of antibodies to spot specific epitopes in cells
and tissues, is now a widespread methodology that allows a qualitative and mor-
phological analysis of gene expression and protein function. In combination with
the impressive advances that occurred in the fields of microscopy and image
analysis, where confocal and deconvolution microscopy are illustrative examples,
the potential and weight of immunolocalization have progressively increased in
modern biology.11,12 The foundations of this powerful methodology were estab-
lished three decades ago and its basic principles, with very minor variations, are
now current protocols in cell biology.13–16 However, with continuous use in the
bench, current protocols are applied so routinely that some aspects of the basic
principles of immunolocalization are often forgotten. In this section, two of these
aspects, namely fixation and mounting, are discussed in detail from the perspective
of cultured cell immunolabeling. Both of them are relevant for general immunolo-
calization analysis and, due to the particular nature of the nuclear compartment,
they also have a special importance in the study of nuclear antigens and components
of the methylation machinery. 

FIXATION

When facing the problem of immunolocalization of a particular antigen, the most
basic challenge is choosing the correct fixation process for the sample. This is a
basic principle of immunolocalization that is often ignored and erroneously resolved
when applying the most current protocols with no further consideration. On one
side, there exist at least eight different fixation protocols that are useful for immu-
nolocalization analysis, but only two of them are currently used (Table 10.1). On
the other side, it is well known that different fixation protocols render different
immunolocalization patterns of the same antigen.17 The object of fixation is to
preserve cells and extracellular materials in such a way that there has been as little
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alteration as possible to the structure and chemical composition of the original living
sample.18 It is clear that perfect fixation is impossible to attain and that a certain
structural distortion of the starting material is always a side effect of fixation.
However, it is also obvious that in each case particular attention should be paid to
the process of fixation. A standard fixation protocol is not always the correct choice
for the detection of a particular antigen, and this choice will determinate the quality
of the information obtained. 

Biological fixation can be achieved by both physical (heating and freezing) and
chemical methods. Chemical fixation with liquid fixatives is the method of choice
for most immunolocalization purposes. Liquid fixatives affect biological samples
both physically and chemically, being that the rate of penetration of these substances
in the living material is a determinant factor of the final impact on the sample. The
principal physical changes produced by liquid fixatives are shrinkage, swelling, and
hardening, and many chemical reactions altering the nature of biomolecules are
implicated in fixation. (For a detailed discussion of biological fixation, see Pearse13

and Kiernan.18) Based on their major chemical actions on the sample, liquid fixatives
are grouped in two main categories: coagulants and noncoagulants.18 Fixatives that
cause coagulation of cytoplasmic proteins destroy or distort organelles and secretory
granules, but they do not seriously disturb the supporting extracellular materials.
Thus, coagulants are thought to produce a sponge-like proteinaceous reticulum inside
the cells, which results in good overall morphological preservation, but also in an
extensive loss of biochemical properties of the sample. Noncoagulant fixatives pro-
mote protein crosslinking and tend to convert the cytoplasm in an insoluble gel in
which the organelles are well preserved. In this insoluble gel, the chemical properties
of biomolecules are relatively maintained, but the morphological preservation is
poor.

TABLE 10.1
Fixation Protocols Suitable for 
Immunolocalization in 
Cultured Cells

Coagulant Fixatives

Cold methanol
Cold methanol/acetone
Cold methanol/acetic acid 

Noncoagulant Fixatives

Neutral buffered formalin
Formaldehyde with glutaraldehyde
Formalincalcium

Coagulant/Noncoagulant Fixatives

Neutral buffered formalin with picrate
Formalin-methanol
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Common organic coagulants suitable for immunolocalization include acetone,
ethanol, and methanol (Table 10.1). These chemical compounds displace water from
biomolecules, thereby breaking hydrogen bonds in a denaturing reaction by which
soluble proteins are coagulated while nucleic acids remain soluble in water and are
not precipitated. Most lipids are also dissolved in this reaction. At low temperatures
(–20ºC) alcohols precipitate many proteins without denaturing them. These precip-
itated proteins retain their biochemical properties and remain soluble in water. Other
coagulant fixatives of some use in immunolocalization are the fast penetrating acetic
and picric acids (Table 10.1). Acetic acid coagulates nucleic acids but does not fix
proteins. Picric acid coagulates biological samples by forming salts (picrates) with
the basic groups of proteins but also causes a strong nucleic acid hydrolysis. 

The most common noncoagulant fixative is formaldehyde (Table 10.1). Form-
aldehyde is a highly reactive gas usually found as a solid polymer (paraformalde-
hyde) or as a solution containing 37 to 40% (w/v) (formalin). Formalin solutions
also contain methanol (10% v/v) as a stabilizer, an important detail that should be
kept in mind during fixation. Formaldehyde reacts with many chemical groups of
protein molecules, such as primary amines of N-terminal amino acids and lysine
side-chains, guanidyl groups of arginine, sulphydryl groups of cysteine, aliphatic
hydroxyl groups of serine and threonine, and amide nitrogen at peptide linkages
(see Pearse13 for detailed information). These reactions render hemiacetal-like
adducts with free hydromethyl groups capable of further reactions with suitably
positioned functional groups in the same or adjacent proteins. Formaldehyde also
preserves most lipids, especially if fixing solutions contain calcium ions. Glutaral-
dehyde, another common noncoagulant fixative, is a bifunctional aldehyde with
chemical properties similar to those of formaldehyde.

When analyzing nuclear components, the particular nature of the nuclear com-
partment and its specific response to the process of chemical fixation should be
considered. The main component of the nucleus is the double strand of DNA and
its associated proteins, that is, chromatin. Chromatin is packaged orderly inside the
nucleus using the structural elements of the nuclear matrix. Emerging concepts
indicate that a coordinate and dynamic interaction of the components of chromatin
and nuclear matrix establish a definite three-dimensional arrangement of local
regions inside the nucleus that is functionally relevant for cell functioning.19,20 This
arrangement should be preserved as well as possible in the process of fixation in
order to perform a correct immunolocalization analysis of nuclear function, but it
is obvious that any method of fixation induces changes in the physical state of
chromatin. From a morphological point of view, formalin is not a good fixative for
chromatin, but coagulant fixatives, such as alcohols and acetic acid, are recom-
mended in order to preserve the native three-dimensional structure of the nucleus.
However, coagulants are expected to destroy or alter the antigenecity and localization
of epitopes. In fact, different fixatives result in different nuclear morphologies and
in different patterns of epitope localization. Coagulant–noncoagulant fixative mix-
tures are strongly recommended for immunolocalization of nuclear proteins (Table
10.1). These mixtures are expected to combine the properties of both types of
fixatives, reaching the equilibrium between nuclear morphology preservation and
the maintenance of antigenecity (Figure 10.1).
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INDIRECT IMMUNOFLUORESCENCE

There exist two main approaches for immunolocalization: direct and indirect immu-
nolabeling. In direct immunolabeling, the antibody used for antigen detection is
directly coupled to a tracer molecule. Only one step is needed in order to immu-
nolocalize the antigen. In indirect immunolabeling, a primary antibody is used for
antigen recognition and a second antibody, coupled to a tracer molecule, is used to
localize the primary antibody. Tracer molecules are typically fluorescent or enzy-
matic markers. However, due to the widespread use and superior sensitivity of
fluorescence microscopy, the lower molecular weight, and easy chemical handling
of fluorophores, these molecules have become the tracers of choice for immunolo-
calization. Current immunolocalization analysis uses mainly the indirect approach
because the labeling of each primary antibody is laborious and can decrease the
specificity for the antigen.21 In addition, direct immunolocalization is less sensitive
since more than one secondary antibody could theoretically bind to one molecule
of primary antibody. 

A feasible immunolocalization of almost any nuclear protein can be achieved
by using a tested fixation protocol in combination with an indirect immunofluores-
cence approach, in which the availability of appropriate primary antibodies is a
limiting requirement. In particular, immunolocalization of proteins implicated in the
epigenetic regulation of nuclear function, such as MBDs or HDACs (Figure 10.1),
have rendered much valuable information, strongly supporting results obtained by
biochemical or molecular approaches.22–24 A very special component of the epige-
netic machinery, the 5-methylated cytosine residue of DNA (5mC), can also be

FIGURE 10.1 Fluorescence micrographs showing the localization of different components
of the epigenetic machinery after immunolabeling with specific antibodies of formalde-
hyde/methanol fixed samples. (a) Distribution of 5mC in mouse Pam212 keratinocytes.
Localization of two MBD proteins, MeCP2 (b) and MBD1 (c), in human MCF7 mammary
carcinoma cells. (d) Immunolocalization pattern of acetylated histone H3 in human HCT116
colon carcinoma cells. Bars: 10 µm.
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accurately located by indirect immunolabeling (Figure 10.1). Antibodies against
methylcytidine, recognizing methylcytosine residues in both DNA and RNA species,
are now available.25 The use of these antibodies for the specific location of methylated
DNA requires a special protocol that includes a strong acid hydrolysis of nucleic
acids (Table 10.2). Acid treatment in such specific conditions is expected to com-
pletely hydrolyze and extract RNA molecules and partially denature DNA, exposing
methylcytosine residues for a correct antibody recognition.25

MOUNTING

The final step in immunolocalization analysis is the process of sample mounting. It
is generally assumed that an aqueous medium is necessary for the preservation and
examination of immunolabeled samples with fluorescent signals. Accordingly, water
or glycerol–water mixtures were originally used as mounting media for immuno-
fluorescent preparations. Semipermanent aqueous media containing polyvinyl alco-
hol (PVA) and glycerol were described as an improved alternative to glycerol–water
mixtures, allowing the preservation of samples in a rigid medium.26,27 Mowiol 40-88
and variants are now the most frequent class of PVA used for fluorescent immuno-
labeling.28,29 

Although it is generally claimed that immunofluorescence reactions are stable
in Mowiol-mounted specimens stored in the dark at 4ºC, common practice indicates
that, in these conditions, the quality of preparations diminishes and becomes unsuit-
able for microscopic observation. With most antibodies, the fluorescent signal cor-
responding to specific immunolocalization in aqueous-mounted samples finally
become diffuse and decay after variable times, ranging from days to weeks (Figure
10.2). A similar situation is observed when intercalant DNA fluorophores, such as
DAPI, are used for nuclear counterstaining (Figure 10.2). A very suitable and
improved alternative is permanent mounting in nonaqueous medium, such as
DePeX30 (Table 10.3). Mounting in nonaqueous medium is the procedure of choice

TABLE 10.2
Procedure for 5mC Immunolocalization in Cultured Cells

• Fix the cells in 4% formalin for at least 15 min at RT. Slightly better results are obtained fixing 
the cells O/N at 4ºC.  

• Wash a few times in dH2O. For O/N fixing, this wash should be prolonged for at least 30 min.
• Refix the cells in cold methanol (–20ºC) for 5 min.
• Wash in dH2O and incubate the cells in 2N HCl for at least 30 min at 37ºC. This is a critical 

step. It is expected to hydrolyze RNA thus avoiding a false 5mC signal of non-DNA species. 
Incubation time depends on cell type. Longer times and stronger DNA hydrolysis are good 
for cells with compacted nuclei. In other cells, longer incubation times may render a high 
background. 45 min is a good starting point.

• Wash in water and incubate the samples in Tris-Borate-EDTA (standard TBE for DNA 
electrophoresis) for 5 min at RT.

• Wash in water and then in PBS, block the cells in PBS-BSA, and procceed with immunostaining.

Source: Adapted from Habib, M. et al., Exp. Cell Res., 249, 46, 1999.
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for most histological and histopatholgical purposes and requires ethanol dehydration
and xylol clearing of the sample.18 It is well known that fluorescent reactions induced
by a wide variety of fluorochromes and fluorescent vital probes are very well
preserved after dehydration, clearing, and permanent mounting in nonaqueous
media.31–34 Absence of water and oxygen radicals in hydrophobic media prevents
both emission decay and diffusion of hydrophilic fluorescent probes, almost com-
pletely eliminating background signals of medium autofluorescence. Antigen-anti-
body recognition is also correctly preserved after the dehydration and clearing steps
required for hydrophobic mounting. Thus, nonaqueous mounting of immunofluo-
rescent samples results in protein localization patterns that are indistinguishable from
those obtained just after aqueous mounting (Figure 10.2). However, the advantage

FIGURE 10.2 Fluorescence micrographs of human HCT116 colon carcinoma cells immu-
nolabeled for β-catenin and counterstained with DAPI. Images were obtained one month after
mounting in aqueous Mowiol medium (lower panels) or nonaqueous DePeX medium (upper
panels). Note the diffusion and altered localization of both β-catenin and DNA fluorescent
signals in aqueous Mowiol medium. Images obtained just after immunolabeling in both
mounting media were quite similar to those obtained in DePeX one month after mounting.
Bar: 10 µm.

TABLE 10.3
Nonaqueous Permanent Mounting of Immunofluorescence Samples

• After the last step of immunolabeling, cell cultured samples are washed two to three times in 
dH2O to completely remove PBS salts

• If desired, cell nuclei are counterstained with DAPI (10 nM in 50% ethanol) for 5 min at RT.
• Wash three times in 70% ethanol and completely dehydrate the samples in 100% ethanol (each 

step 10 to 20 sec).
• Cell samples are finally cleared in xylene and mounted in a drop of DePeX (a nonfluorescing 

neutral solution of polystyrene in xylene; Serva).

Source: Adapted from Espada, J. et al., Biotech. Histochem., in press.
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of nonaqueous over aqueous mounting of immunofluorescent samples is strongly
evident a few weeks after mounting (Figure 10.2). An additional and very interesting
benefit of permanent hydrophobic mounting is that immunofluorescent samples can
be easily archived at room temperature and examined after months or even years.

MAPPING HISTONE MODIFICATIONS AND 
NUCLEAR PROTEINS BY CHROMATIN 

IMMUNOPRECIPITATION

ChIP assays have become very popular techniques not only to determine the mod-
ification status of histones at specific sequences, but also to identify the presence of
nuclear factors at those sequences. In brief, this biochemical approach is performed
through fixation of the cells with formaldehyde to prevent dissociation of DNA-
associated proteins from their target DNA sequence in subsequent steps. The protocol
continues by fragmentation of chromatin, by micrococcal nuclease, or by or soni-
cation, and the cleared lysate is incubated with a primary antibody. The antibody-
antigen complexes are recovered by addition of protein A or protein G Sepharose
beads. The DNA bound to the antibodies can then be recovered and analyzed by
PCR amplification with specific primers or hybridization with radioactive probes
(Figure 10.3). Recently, a combination of ChIP assays with genome-wide techniques
has broadened the potential of this technique. 

FIGURE 10.3 Schematic representation of the ChIP assays. Standard analysis (PCR ampli-
fication), (bottom left corner), or combination with genome-wide analyses (bottom right
corner) are depicted.
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During the past few years, excellent methodological reviews describing this
technique have been written,35–38 as the technique has become one of the most
commonly used tools to investigate the profile of histone modifications and binding
of transcription factors to specific sequences.39–42 

Since there are detailed protocols describing the ChIP assay,37,38 this section will
focus on several critical steps, including optimization of the crosslinking, DNA
fragmentation, and quality of the antibody, as well as on some of the applications
of the ChIP assay.

A FEW TECHNICAL CONSIDERATIONS

The most common crosslinking agent used in ChIP assays is formaldehyde, a dipolar
reagent that produces both protein–nucleic acid and protein–protein crosslinks
through the imino groups of amino acids, such as Lys, Arg, and His, and DNA
(adenines and cytosines). A key property of the crosslinks obtained by using form-
aldehyde is its reversibility, which is achieved by treatment at low pH in aqueous
solution or incubation at 60 to 70˚C in the presence of SDS. Due to the small size
of formaldehyde (2Å) only proteins located within this distance from DNA will
become crosslinked. Some of the chromatin-modifying enzymes, such as histone
deacetylase, do not directly bind to DNA, and their gene-specific regulatory functions
occur through recruitment by DNA-binding proteins to a particular regulatory
sequence. Although these proteins do not exhibit DNA-binding properties, it is
possible to investigate their interaction with particular sequences by using additional
protein–protein crosslinkers.43 For instance, dimethyl adipimidate (DMA) has been
used to investigate the association of the yeast HDAC Rpd3.44

Efficient fixation of proteins to DNA is crucial for the ChIP assay. Standard
conditions for formaldehyde crosslinking usually consist of a concentration of 1%
between 15 min and 1 h, depending on the proteins to be analyzed. It is important
to avoid long formaldehyde crosslinking treatment as it results in an increase of
resistence to fragmentation by sonication and will decrease the efficiency of the
technique.

On the other hand, formaldehyde is a moderately denaturing agent for proteins
and high concentration, and long exposure to this reagent may result in the loss of
antigen epitopes. It is advisable to empirically determine the sensitivity of proteins
to formaldehyde. After standard fixing conditions at different times, immunolocal-
ization analysis can detect loss of fluorescence signal due to denaturation.

When choosing fixation conditions, it is important to ensure that the increased
mechanical resistence of chromatin will still allow fragmentation by sonication. In
fact, the size of the chromatin fragments is the second critical parameter to consider
when performing ChIP assays. The size of the chromatin fragments will determine
both the yield of the amount of immunoprecipitated material and the resolution of
the technique. Chromatin fragmentation is generally achieved by sonication
(although micrococcal nuclease can also be used in protocols that avoid fixation by
formaldehyde). Chromatin fragmentation must be optimized for each sonicator and,
for that, pilot experiments with different sonication conditions must be performed
prior to an immunoprecipitation experiment. 
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In many different studies, accurate mapping can be achieved by designing
primers that amplify DNA fragments of around 200 bp. Large chromatin fragments
are immunoprecipitated less efficiently than small fragments, at least in a specific
fashion. On the other hand, the size of the fragments determines the resolution of
the technique. Fragments should not largely exceed the size of the sequence to be
analyzed. If the average chromatin fragments are much larger than the sequence to
be PCR amplified or probed, one cannot be sure that the protein for which the
antibody was used is actually bound to that particular sequence or in the neighboring
regions. 

Finally, the quality of the antibody is extremely important in ChIP assays.
Considerations to be taken when planning a ChIP assay related to the antibodies
should, in general, be similar to the  details previously mentioned. First, it is essential
to ensure that the antibody is efficient in pulling down the antigen and, second, that
most of the material represents specific immunoprecipitated DNA, with respect to
nonspecifically precipitated DNA. Generally,  “no antibody” controls are included.
Finally, it is advisable to include a preimmune serum, when total antiserum is used
in the ChIP assay, or an immunoglobulin as additional negative controls.

CHIP ASSAYS ARE MAPPING THE GENOME ROAD

The use of antibodies in ChIP assays has served to provide direct functional and
mechanistic links among histone modifications, nuclear factor binding, DNA meth-
ylation, and different chromatin states. Although many early studies based on bio-
chemical fractionation suggested that histone acetylation is linked to transcriptional
activation, direct evidence was obtained when using antibodies to acetylated core
histones in ChIP assays. Immunoselection of DNA fragments containing acetylated
histones led to a major enrichment of transcribed sequences.45 Chromatin immuno-
precipitation has also served to establish functional connections between histone
deacetylation and methylation of DNA sequences.46–48 The possibility of using ChIP
assays to investigate recruitment of different factors to specific sequences has served
to detect interaction of different elements of the DNA methylation machinery to
methylated sequences, like MBDs that are recruited to hypermethylated genes in
cancer.49–51 This information, together with immunoprecipitation results that are able
to connect different subunits of multiprotein complexes, provide mechanistic insights
between different elements of this machinery. Moreover, these types of studies not
only serve to map the chromatin of genes, but also help us to understand the histone
code.

THE USE OF CHIPS TO IDENTIFY NOVEL METHYLATED TARGETS

The completion of the human genome has provided a huge valuable database for
scientists. The sequence contains both the information corresponding to the entire
proteome and part of the infrastructure involved in the ordered regulation of gene
expression. We now know that regulation of gene expression depends not only on
the presence of cis regulatory elements that are contained in the DNA sequence, and
that chromatin structure, histone modifications, and the binding of many different
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transcriptional factors participate in this process. The past years have witnessed the
development of novel genome-wide strategies conducted to analyze the vast amounts
of information that is now available from the human genome.

One strategy that can provide organized information about how the information
encoded in the genome is used arises from the possibility of isolating functionally
characterized DNA sequences and identifying them in the context of the genome.
For instance, if it were possible to isolate the entire collection of regulatory sequences
that are bound by a particular transcription factor, and these sequences could be
identified by using the information from the human genome, a global picture of the
regulation mediated by this factor could be obtained.

The combination of ChIP assays, which are useful to isolate DNA sequences
bound by a factor or with a particular histone modification pattern, with genome-
wide strategies make possible this proposal. In this sense, two major approaches
have been used to date: the first one is based on the combination of ChIP assays
with direct cloning and sequencing;52 the second one requires hybridization of the
ChIP sequences on a specialized microarray (ChIP on chip).51,53

The first approach, direct cloning and sequencing of immunoprecipitated DNA,
has been used to identify sequences that are bound by a human transcription factor.52

The major problem in this strategy is eliminating as much nonspecifically precipi-
tated DNA as possible. In a standard ChIP assay, a significant amount of DNA is
precipitated nonspecifically. This is generally not a problem because specific primers
are used. To minimize the amount of this nonspecific DNA, sequential immunopre-
cipitations are performed.52

A most promising genome-wide approach is provided by combining the ChIP
assays with hybridization on a microarray (ChIP on chip). This approach has been
succesfully used to investigate transcription factor targets in yeast54,55 and human
samples.51,53 This technique relies on the availability of appropriate microarrays.
Since most of the available microarrays contain cDNA sequences, using this
approach to identify regulatory regions has been limited to the yeast system and the
use of a CpG microarray. However, there are multiple efforts to construct appropiate
genomic microarrays and soon there will be several microarrays available for these
studies.

ChIP on chip analyses require an amount of DNA that largely exceeds the
standard amounts of recovered DNA. For instance, standard conditions for ChIP
require the use of about 1 million cells to yield between 10 and 100 ng of immu-
noprecipitated DNA. In ChIP on chip analysis, submicrogram amounts of DNA are
required. Therefore, when planning this type of experiment, it is important to scale
up the amounts of cells and antibodies to convenient levels.

ChIP on chip assays produce comprehensive information about histone modi-
fications and nuclear factor binding. In order to produce useful information, addi-
tional experiments are necessary. First, independent ChIP assays are required to
validate the identified sites. Individual ChIPs help to minimize the number of false
positives. Second, functional experiments complement and also validate the con-
clusions obtained from the assays. For instance, when applying the ChIP on chip
assays to investigate DNA sequences with particular histone modification patterns,
for which a particular known transcriptional status is associated, expression studies
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can provide this type of functional information. The possibilities of different com-
binations of the ChIP assay with genome-wide technologies is of enormous potential
since it will facilitate the discovery of novel targets from a functional point of view.
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INTRODUCTION 

Aberrant DNA methylation is associated with transcriptional silencing of tumor
suppressor genes in neoplasia.1,2 Recently, in addition to DNA methylation, chro-
matin modifications have been shown to be involved in modulating gene expression.2

However, the interplay among DNA methyltransferases responsible for DNA meth-
ylation, chromatin structure, and chromatin remodeling proteins in neoplasia is not
fully understood in mammals. It remains to be determined whether the aberrant
137
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signal is initiated first at the chromatin level and then transmitted to the DNA level
or vice versa. Many knockout models for the different DNA methyltransferases and
chromatin modulators have been developed. This chapter will focus on describing
some of these models and their role in enhancing our understanding of DNA meth-
ylation and cancer.

DNA METHYLTRANSFERASES 

In mammals, DNA methylation occurs at the carbon-5 position of cytosine residues
in the context of a CpG dinucleotide pair. There are two distinct types of DNA
methyl transfer reactions: de novo methylation and maintenance methylation. The
process of de novo methylation occurs when a CpG site that was previously
unmethylated becomes methylated. Maintenance methylation occurs when a methyl
group is transferred to a cytosine residue in the daughter strand that has a methylated
cytosine at CpG dinucleotide in the parent strand. To date, five mammalian DNA
methyltransferases have been identified (Dnmt1, Dnmt2, Dnmt3a, Dnmt3b, and
Dnmt3L). Each methyltransferase will be discussed in detail.

DNMT1

Dnmt1 was identified in 1988;3 however, its sequence remained incomplete for
several more years.4 It is composed of two parts, a diversified amino terminal region
and a conserved carboxy terminal region (Figure 11.1). The N-terminal region in
Dnmt1 is the largest among all mammalian DNA methyltransferases and has several
functional elements, including a nuclear localization signal, replication foci targeting
sequences, a zinc binding domain, and a proliferating cell nuclear antigen interacting
motif. The C-terminal domain consists of the catalytic domain with all the conserved
motifs (I-X) necessary for the activity of the methyltransferase.5,6 Dnmt1 is com-
monly referred to as the maintenance methyltransferase because of its low de novo
activity and its high preference toward hemimethylated DNA. Dnmt1 is required for
embryonic development, genomic imprinting, and X-inactivation.7–9

DNMT2

Dnmt2 was identified in 1998 and shares homology with the pmt1 protein of the
fission yeast S. pombe.10,11 Although it contains all of the conserved methyltransferase
motifs, the yeast pmt1 protein is not thought to be a functional methyltransferase
since the catalytic Pro-Pro-Cys motif is not conserved, but instead is Pro-Ser-Cys.
Restoration of the consensus sequence in pmt1 resulted in a catalytically active
methyltransferase.12 Dnmt2 contains a catalytic domain with all the correct con-
served motifs. Nevertheless, human DNMT2 produced in E.coli and mouse Dnmt2
produced in a baculovirus system failed to methylate DNA in vitro.10,11 In addition,
Dnmt2-deficient embryonic stem (ES) cells retain their ability to de novo methylate
integrated DNA viruses.10 Recently, a study by Hermann et al. showed that Dnmt2
has a weak methyltransferase activity observed at CG sites within the ttnCGa(g/a)
consensus sequence.13
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DNMT3A AND DNMT3B

Dnmt 3a and Dnmt3b, identified by Okano et al. in 1998,14 are highly conserved between
human and mouse, but have little sequence homology to either Dnmt1 or Dnmt2. They
are expressed in undifferentiated ES cells, but are expressed at a much lower level in
differentiated cells and adult tissues.15 Dnmt3a and Dnmt3b encode functional proteins
that show approximately equal preference for both unmethylated and hemimethylated
DNA substrate in vitro14 as well as in vivo.16 Dnmt3a and Dnmt3b are essential for de
novo methylation in ES cells and during embryogenesis.17

The Dnmt3a gene encodes two isoforms, Dmnt3a and Dnmt3a2, driven by
separate promoters (Figure 11.1). Dnmt3a and Dnmt3a2 proteins share identical
amino acid sequences, but they differ at the N-terminal end.18 Dnmt3a2 is the
predominant Dnmt3a gene product in ES cells and is mainly localized to euchro-
matin, whereas Dnmt3a is primarily concentrated in the heterochromatin.18

To date, six Dnmt3b isoforms have been identified, which are produced via
alternative splicing (Figure 11.1). Dnmt3b1 and Dnmt3b2 are enzymatically active,

FIGURE 11.1 Schematic diagram of the structure of the murine DNA (cytosine)-methyl-
transferase proteins. NLS stands for nuclear localization signal. The replication foci targeting
sequences, the Zn++-binding region, the conserved PWWP and PHD motifs, the conserved
motifs in the catalytic domain (I, IV, VI, and X), in addition to the sites of alternative splicing,
are indicated. (Source: Derived in part from Chen, T. et al., Mol. Cell. Biol., 23 (16),
5594–5605, 2003.)
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whereas Dnmt3b3, Dnmt3b4, Dnmt3b5, and Dnmt3b6 are thought to be catalytically
inactive due to the lack of the conserved motif IX essential for the methyltransferase
activity resulting from alternative splicing between exons 21 and 22.18,19

DNMT3L

The mouse Dnmt3L gene (DNA methyltransferase 3-like) was identified in 2001
and shares 61% identity with its human counterpart.20,21 The N-terminal part of
Dnmt3L protein has a cysteine-rich region containing a novel-type zinc finger
domain, highly conserved in Dnmt3a, Dnmt3b, and ATRX. The C-terminal part of
the protein shares similarity with the motifs I, IV, and VI found in all other DNA
methyltransferases. However, it lacks the consensus amino acid residues in these
motifs needed for methyltransferase activity.21 

Dnmt3L is expressed in ES cells, in the chorion of E7.5 and E8.5 embryos, in
oocytes, and in differentiating spermatocytes of newborn and adult mice.22 This
expression pattern is very similar to that of Dnmt3a and Dnmt3b.14,17 Dnmt3L has
been shown to interact with Dnmt3a and Dnmt3b and to colocalize with these
enzymes in the heterochromatin foci of transfected mammalian cells.22 Dnmt3L is
involved in the establishment of maternal genomic imprinting.22,23 Since Dnmt3L
by itself has no intrinsic methyltransferase activity, these data suggest that Dnmt3L
regulates genomic imprinting by recruiting Dnmt3a and Dnmt3b to specific loci in
the genome.22 The role of Dnmt3L in DNA methylation has also been assessed in
human cells using replicating minichromosomes carrying various imprinting centers
(ICs) as methylation targets, in which human DNMT3L was shown to stimulate de
novo methylation activity of Dnmt3a.24 

GENE TARGETING OF Dnmt METHYLTRANSFERASES 

Many targeted mutations of the murine Dnmt1 gene have been generated, which
differ in the location of the targeted region. The resulting alleles differ qualitatively
and quantitatively in their residual Dnmt1 expression. The Dnmt1n allele (N-terminal
disruption or NaeI deletion), the most studied Dnmt1 hypomorphic allele, has a
neomycin expression cassette that replaces part of exon 4 at NaeI site. Dnmt1n/n

embryos are severely stunted, developmentally delayed, and die at E10.5. They also
show severe DNA hypomethylation with 30% reduction in the normal content of
methylcytosines.7,9 

The Dnmt1s allele (SalI site insertion) is a null allele with a neomycin expression
cassette inserted at SalI site in the replication foci-targeting region in the N-terminal
domain.9 Dnmt1c (catalytic domain disruption) is a null allele generated by deletion
of two conserved motifs in the catalytic domain. Mice heterozygous for either Dnmt1s

or Dnmt1c are viable and fertile; however, both Dnmt1s/s and Dnmt1c/c embryos show
significantly lower methylation levels than the Dnmt1n/n embryos and die at E8.5.9

ES cells homozygous for Dnmt1n, Dnmt1s, or Dnmt1c alleles with extensive DNA
hypomethylation are viable and grow normally in the undifferentiated state; however,
they die upon differentiation.9 
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Another Dnmt1 targeting event, Dnmt1Chip, was generated by insertion of a
genomic/cDNA Dnmt1 hybrid into the endogenous locus of Dnmt1.25 This results
in functional Dnmt1 transcripts but at levels lower than those of the wild type Dnmt1
allele. Dnmt1Chip has been used in combination with severe knockout alleles like
Dnmt1c, which will be discussed later.26,27

The Dnmt1r allele (EcoRV insertion) contains a 320-bp insertion containing
three copies of the lac operator sequence (lacO) from E.coli located in intron 3 just
upstream of the splice acceptor site. Dnmt1r is a hypomorphic allele that is expressed
at a lower level than the wild type allele but at a higher level than the Dnmt1n allele.
Dnmt1r/r mice are viable and undergo normal development.28,29

Dnmt12lox was generated through conditional inactivation of Dnmt1 using the
Cre-loxP system and has loxP sites flanking exons 4 and 5. Cre-mediated deletion
of Dnmt12lox in primary mouse embryonic fibroblasts resulted in extensive genomic
hypomethylation and p53-dependent cell death within 6 days of Dnmt1 deletion.30

This cre/lox binary system was also used in vivo to study the role of Dnmt1 in the
development of the nervous system. Conditional knockout mice in which Dnmt1
deletion achieved in either postmitotic CNS neurons or in E9-E12 CNS precursor
cells were generated. Dnmt1 deficiency had no effect on postmitotic neurons. On
the other hand, Dnmt1 deficiency in mitotic precursor cells resulted in significant
DNA hypomethylation of progeny cells. Mutant mice with 95% hypomethylated
cells in the brain died postnatally of respiratory distress, whereas mosaic mice with
30% hypomethylated CNS cells survived until adulthood.31

Null mutations of Dnmt3a and Dnmt3b genes have also been generated by
deleting part of the catalytic domain containing two highly conserved motifs.17

Dnmt3a–/– mice develop to term; however, although they appear to be normal at birth,
most of them were stunted and died at about 4 weeks of age. Dnmt3b–/– mice are
not viable as the embryos suffer from multiple developmental defects, including
growth impairment between 9.5 and 16.5 dpc.17

The Dnmt2 gene has been inactivated in ES cells by targeted deletion of a
conserved motif in the catalytic domain. Dnmt2-deficient ES cells displayed normal
growth and morphology with no significant change in their methylation status.10

Targeted disruption of Dnmt3L was performed independently by two groups.22,23

Dnm3L–/– mice are viable and survive to adulthood without any visible morphological
abnormalities. However, both sexes are infertile. Dnmt3L–/– males have azoospermia,
while the heterozygous progeny of Dnmt3L–/– females have developmental defects
and die before midgestation.22,23

DNA METHYLATION AND 
CHROMATIN REMODELING 

Gene silencing in neoplasia is associated with alterations of both DNA methylation
patterns and chromatin structure. However, it is still unclear whether methylation
initiates this process or whether it is a result of chromatin remodeling events.
Evidence for the linkage between DNA methylation and chromatin configuration
will be discussed below in Lsh and Mbd2 knockout mouse models. 
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LSH KNOCKOUT MICE

Lsh (lymphoid-specific helicase) is a member of the SNF2 chromatin remodeling
family. The SNF2 family of proteins utilizes the energy derived from ATP hydrolysis
and disrupts histone/DNA interactions allowing the sliding of nucleosomes on the
DNA.32,33 Lsh is highly expressed in lymphoid tissues in adult mice and has been
shown to be essential for their normal development.34,35 Lsh shares 50% identity in
the helicase region with Ddm1 (decrease in DNA methylation 1), another member
of SNF2 family. Ddm1 acts as a modulator of genomic methylation in Arabidopsis
thaliana; its mutation results in 70% loss of the 5-methylcytosine content.36,37 Lsh-
deficient mice develop to term but die shortly after birth. They have abnormal
lymphoid development, renal defects, and a 20% reduction of birth weight. They
also show defects in CpG methylation throughout the genome.38 Analysis of repet-
itive elements, including minor and major satellites sequences, Sine B1 repeats and
telomeric sequences, as well as single copy loci like β-Globin and Pgk-1 genes, all
of which are heavily methylated in normal cells, revealed substantial hypomethyla-
tion in all the examined tissues in the absence of Lsh. 

Lsh is a nuclear protein that is shown to localize to the pericentric heterochro-
matin.39 Under normal circumstances, heterochromatin composed of hypermethy-
lated DNA has low methylation at H3-K4 (histone3-lysine4) and high methylation
at H3-K9 (histone3-lysine9).40 The loss of Lsh results in the abnormal accumulation
of di- and trimethylated H3-K4 at pericentromeric DNA and other repetitive
sequences, and in the reactivation of the retroviral gene expression.41 In addition,
disruption of higher order heterochromatin organization by treatment with the his-
tone deacetylase inhibitor Trichostatin A (TSA) leads to the dissociation of Lsh from
pericentromeric heterochromatin,39 suggesting that Lsh might be recruited to an
intact heterochromatin region in order to maintain normal heterochromatin forma-
tion. As a result, Lsh is crucial for DNA and histone methylation, and Lsh-deficient
mice provide an important model system to characterize the relationship between
DNA methylation and chromatin structure.

MBD2 KNOCKOUT MICE

Mbd2 (methyl-CpG binding repressor 2) binds to methylated DNA and represses
transcription through the recruitment of corepressor complexes containing histone
deacetylases.42 Mbd2–/– mice are viable, fertile, and contain normal global levels of
genomic CpG methylation.43 However, they are defective in the silencing of certain
developmentally regulated genes44 and have abnormal maternal behavior; Mbd2–/–

mothers fail to adequately feed their pups.43 

Silencing of tumor suppressor genes through CpG methylation at their promoter
regions contributes to cancer.1 Since Mbd2 interprets the DNA methylation signal
through transcriptional repression, the effect of Mbd2 deficiency on tumorigenesis
was tested on the Min (multiple intestinal neoplasia) mouse model system.45 Min
mice carry a germline mutation in the Apc tumor suppressor gene and develop
multiple intestinal adenomas in the first 6 months of life.46,47 The deficiency of Mbd2
increased ApcMin/+ mouse survival and decreased tumor burden in a dose-dependent
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manner. ApcMin/+ Mbd2–/– mice live significantly longer (median = 354 days) than
ApcMin/+ Mbd2+/– mice (median = 238 days) or ApcMin/+ Mbd2+/+ mice (median = 183
days).45 In addition, ApcMin/+ Mbd2–/– mice had approximately 10 times fewer ade-
nomas than ApcMin/+ Mbd2+/– control mice. Another effect of Mbd2 deficiency is the
altered distribution of intestinal tumors. The few adenomas that arise in ApcMin/+

Mbd2–/– mice are mainly located in the distal colon compared to the small intestine
in ApcMin/+ Mbd2+/+ mice.45 This study showed that Mbd2 is involved in the Min
tumorigenic pathway and emphasized the direct contribution of both aberrant DNA
methylation and chromatin remodeling events in the process of tumorigenesis.

HYPOMETHYLATION AND CANCER 

DNA methylation alterations are common in human tumors.2 At the global level,
the genomic content of 5-methylcytosine is often decreased in tumor cells compared
to normal cells;48 however, DNA hypermethylation at the promoters of tumor sup-
pressor genes is common and is associated with transcriptional repression and thus
neoplasia.1,2 The function of cancer-linked DNA hypomethylation is not well under-
stood.

The biological and the functional significance of DNA hypomethylation in
cancer were explored by in vivo modulation of DNA methylation, accomplished
through genetic manipulation of the Dnmt1 gene. Since homozygous knockout
Dnmt1 mice die during gestation, Laird et al. used the combined effect of heterozy-
gosity for a null mutation of the Dnmt1 gene (Dnmt1S), and the treatment with low
doses of the DNA methyltransferase inhibitor 5-aza-2′-deoxycytidine (5-azaCdR) to
reduce the methyltransferase activity in the Min mouse model system.49 The
decreased methylation in Min mice led to a significant reduction in the average
number of intestinal adenomas. Control Dnmt1+/+ ApcMin/+ mice developed an aver-
age of 113 intestinal adenomas, while heterozygous Dnmt1S/+ ApcMin/+ mice treated
with 5-azaCdR and thus with substantial hypomethylation in their tissues developed
an average of 2 intestinal adenomas. One caveat to this study is that the reduction
in intestinal adenomas could be caused in part by 5-azaCdR cytotoxicity and not by
DNA hypomethylation.50 To circumvent this issue, Eads et al. used a pure genetic
approach by introducing two hypomorphic alleles, Dnmt1N and Dnmt1R, into the
Min mouse background.51 DnmtN/R ApcMin/+ mice with substantially reduced DNA
methylation were completely protected from polyp development, demonstrating the
complete dependence of Min polyp formation on sufficient levels of DNA methyl-
transferase expression. To address whether this is a broad phenomenon, Trinh et al.
used a similar strategy to introduce Dnmt1N and Dnmt1R hypomorphic alleles into a
different mouse model that does not involve ApcMin, the Mlh1 mismatch repair
deficient mice.28 Mlh1–/– mice are predisposed to the development of multiple tumors,
including lymphomas and intestinal adenocarcinomas.52 Dnmt1 hypomorphic
Mlh1–/– mice showed a diminished frequency of intestinal tumors and an exacerbated
frequency of aggressive lymphoid tumors. This suggests that the effect of hypome-
thylation on tumor development is dependent on the tissue of origin that gives rise
to the tumor. In a recent study, Gaudet et al. generated mice with a 90% reduced
level of Dnmt1 expression by combining the hypomorphic allele Dnmt1chip with the
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null allele DnmtC.26 The Dnmt1chip/C compound heterozygote mice had substantial
genome-wide hypomethylation in all tissues and at 4 to 8 months of age developed
aggressive T-cell lymphomas that exhibited a high frequency of chromosome 15
trisomy. This suggests that DNA hypomethylation induces tumor formation by
promoting chromosomal instability.

DNA hypomethylation has been linked to chromosomal instability in multiple
studies. Patients with ICF (immunodeficiency, centromere instability, and facial
anomalies) syndrome, with mutations in the catalytic domain of Dnmt3b, show
profound chromosomal abnormalities including decondensation of the centromeric
and pericentromeric regions of particular chromosomes, associated with methyla-
tion-deficient repetitive sequences in the region.53,54 In studies involving colorectal
cancer cell lines, a striking correlation between genetic instability and methylation
capacity was observed, indicating that defects in DNA methylation might contribute
to abnormal chromosomal segregation in cancer cells.55 In addition, it was shown
that the loss of the murine Su(var)3-9 methyltransfersase, which governs H3-K9
methylation at pericentric heterochromatin, results directly in chromosomal insta-
bilities that are associated with increased risk of B-cell lymphomas and perturbed
chromosomal segregation during male meiosis.56

The effect of hypomethylation on genomic integrity was also evaluated in murine
ES cells in two separate studies. Chen et al. first showed that homozygous Dnmt1
knockout ES cells with global DNA hypomethylation have increased aberrant recom-
bination events and, therefore, elevated mutation rates at the endogenous X-linked
hypoxanthine phosphoribosyltransferase (Hprt) and integrated autosomal viral thy-
midine kinase (Tk) genes.57 However, Chan et al. used random integrations of a
chimeric TKNeo (thymidine kinase neomycin phosphotransferase) transgene to
select for mutations and found that Dnmt1-deficicient ES cells have lower gene
inactivation and mutation rates at the TKNeo loci than Dnmt1-proficient cells.58 This
discrepancy might be caused in part by differences in the chromosomal locations
assessed in the two studies.

To further explore the effect of hypomethylation on genomic instability, Eden
et al. used tumor-prone mice harboring mutations in the neurofibromatosis (Nf1)
and p53 alleles linked on mouse chromosome 11.27 All mice carrying mutations of
Nf1 and p53 alleles in cis (Npcis) develop soft tissue sarcomas between 3 and 7
months of age that exhibit loss of heterozygosity (LOH) at both gene loci.59 The
advantage of this model system is LOH of both alleles can be easily scored in a
tissue culture system. Npcis mice carrying the hypomorphic allele Dnmt1Chip/–

develop sarcomas at an earlier age and have a roughly twofold increase in LOH
events compared with Npcis Dnmt1+/+ mice. This study provides the most direct
evidence of the role of DNA hypomethylation in promoting gene inactivation and
genomic instability by LOH. However, the mechanisms by which hypomethylation
promotes LOH are still unknown. Further studies will need to address the relationship
between hypomethylation and other mechanisms of gene inactivation, like gene
mutation and gene silencing, in somatic cells that are more relevant to the process
of carcinogenesis than ES cells.

The reduction of DNA methylation seems to have opposing effects in the develop-
ment of different types of cancer. Hypomethylation can simultaneously enhance soft
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tissue sarcomas and the rate of lymphomagenesis and reduce the incidence of intestinal
adenomas in Min mice. Such discrepancies in the outcomes of hypomethylation on
tumor formation may be due to varying mechanisms or pathways in the tissues of origin
that gave rise to the tumors. A better understanding of these pathways is necessary to
choose the appropriate therapeutic strategy for cancer patients.

OUTLOOK

The embryonic lethality of Dnmt1 knockout mice has prevented the analysis of
Dnmt1 function in adult tissues and in neoplasia. To overcome this problem, Dnmt1
heterozygous and hypomorphic mice have been developed, which has facilitated
understanding of the role of DNA methylation in various mouse models of cancer.
A drawback of these systems is that the modulation of DNA methylation in the
germline may affect multiple tissues simultaneously, precluding the detailed study
of its function on a specific cell lineage in isolation. In addition, the study of the
effect of DNA methylation on a tissue-specific type of cancer might be complicated
by the severity of phenotype in another tissue. For instance, Dnmt1N/R Mlh1–/– mice
had an exacerbated lymphomagenesis that caused earlier lethality and made difficult
the study of intestinal cancer.28

The next step will be to circumvent these limitations by generating conditional
knockout mice in which the loss of function of Dnmt1 is induced in a tissue-restricted
and time-specific manner. The Cre-loxP system has been successfully used to pro-
duce tissue-restricted expression of Dnmt1.30 However, this system is of limited use
because cre-based recombination is a highly stochastic event in which a subset of
cells undergoes complete inactivation of Dnmt1. Differentiated cells that have lost
Dnmt1 expression undergo p53-dependent cell death,30 which makes it difficult to
study the early stages of neoplasia in vivo. As an alternative, our laboratory is using
another strategy of developing an in vivo tissue-specific transcriptional repression
of Dnmt1 based on a prokaryotic repressor/operator system. This system allows most
of the cells to undergo partial inactivation of Dnmt1.

In addition to Dnmt1 conditional knockout mice, the generation of conditional
knockouts of other DNA methyltransferases (Dnmt2, Dnmt3a, Dnmt3b, and
Dnmt3L) and chromatin remodeling proteins (Lsh and Mbd2) will be useful in
elucidating the mechanisms by which DNA methylation affects tumorigenesis.
Moreover, the generation of transgenic mice with increased expression of these genes
in a conditional manner, and the usage of mouse imaging systems to noninvasively
monitor tumor development in these mouse models, will complement our under-
standing of these mechanisms. 
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INTRODUCTION

During tumorigenesis, abnormal cytosine methylation within CpG islands has been
demonstrated to be strongly associated with the transcriptional repression of critical
genes involved in various cellular processes. Genes involved in all facets of tumor
development and progression can become abnormally methylated and epigenetically
silenced. Since cytosine methylation is a biochemical epigenetic modification of
DNA that does not result in changes in the genetic code, the inactivation of gene
expression by DNA methylation is, thus, a process that can be modulated by bio-
chemical or biological manipulations. Given the ubiquitous nature and reversibility
of this phenomenon, it is appealing to design strategies to reverse and reestablish
the various important functions of tumor suppressor or cancer-related genes that
151
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have been silenced by methylation. Reversal of expression of epigenetically silenced
genes may result in tumor growth suppression and increased sensitivity to anticancer
drugs, thus making the application of pharmacologic inhibitors of DNA methylation
a conceptually attractive and rational approach for anticancer treatment (Figure 12.1).
Agents that can reverse DNA methylation include nucleoside and non-nucleoside
inhibitors of DNA methylation. In this chapter, we will discuss various demethylating
agents and the concepts behind their application.

INHIBITORS OF DNA METHYLATION  

NUCLEOSIDE ANALOGS

The most well-known inhibitors of DNA methylation include the nucleoside analogs,
5-azacytidine (5-Aza-CR), which was originally synthesized as a cancer chemother-
apeutic agent in 1964 (Sorm et al., 1964), and its deoxy analog, 5-aza-2-deoxycy-
tidine (5-Aza-CdR). These compounds are ring analogs of the pyrimidine nucleo-
sides, cytidine and 2-deoxycytidine, respectively, but differ by having nitrogen atoms
in place of carbons in the fifth position of the ring (Figure 12.2) (Sorm et al., 1964;
Vesely, Cihak and Sorm, 1968). The primary metabolic activation of 5-Aza-CR is
mediated by uridine–cytidine kinase, whereas 5-Aza-CdR is activated by deoxycy-
tidine kinase. Following their phosphorylation to monophosphates, both compounds
are eventually incorporated into newly synthesized DNA. Once incorporated into
the DNA, both compounds can form a covalent complex with the major
DNA methyltransferase (DNMT1) and thereby trap the enzyme (Figure 12.3A)

FIGURE 12.1 Model for inactivation of a tumor suppressor gene by aberrant methylation
of its promoter region. Normally, active tumor suppressor genes are unmethylated in their
promoter/5′ regions, hence functioning to suppress cell growth. During tumorigenesis, how-
ever, many tumor suppressor genes become abnormally methylated in their promoter/5′
regions, thereby leading to the inactivation and silencing of these genes. Nevertheless,
demethylating agents can be utilized to demethylate the promoter/5′ regions of these genes,
leading to reactivation of genes and reconstitution of cell growth control.
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FIGURE 12.2 Chemical structures of cytidine and deoxycytidine analogs. Of the eight
cytidine and deoxycytidine analogs, only arabinosylcytidine (Ara-CR) was not shown to be
an inhibitor of DNA methylation.
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(Bouchard and Momparler, 1983; Santi, Garrett and Barr, 1983). The trapping and
subsequent depletion of the DNMT enzyme results in a passive demethylation
process in which newly synthesized DNA strands remain hypomethylated and the
loss of methylation patterns is propagated during cellular replication (Bender et al.,
1999; Jones and Taylor, 1981; Jones, Taylor and Wilson, 1983; Velicescu et al., 2002;
Wilson, Jones and Momparler, 1983). 

Demethylation by these agents has shown to result in the reexpression of numer-
ous methylation-silenced genes, such as p15, p16, BRCA1, RB, hMLH1, and Myf3
(Bender, Zingg and Jones, 1998b; Jones, 1985; Strathdee et al., 1999). Furthermore,
5-Aza-CdR has been shown to induce cellular differentiation (Constantinides, Jones
and Gevers, 1977; Jones and Taylor, 1980) and has been used in clinical trials for

FIGURE 12.3 Mechanisms of DNA methyltransferase (DNMT) inhibition by demethylating
agents. (A) Inhibition of DNMTs by 5-Aza-CdR (or 5-Aza-CR). After incorporation of the
analog into genomic DNA, the aza-substituted DNA forms an irreversible covalent complex
with the DNMT, thereby depleting the enzyme and resulting in passive demethylation over
successive rounds of DNA replication. This mechanism is representative of other nucleoside
analog inhibitors of DNA methylation. (B) Inhibition of DNMTs by antisense inhibitors. The
addition of a short antisense oligomer leads to the formation of a region of double stranded
RNA (dsRNA) that is degraded and subsequently prevents translation of the DNMT protein,
leading to DNA demethylation. This mechanism of inhibition is similar to that of small-
interfering RNA. 
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the treatment of several hematopoietic disorders (Pinto and Zagonel, 1993; Issa et
al., 2004). At equimolar concentrations, 5-Aza-CdR is at least twice as potent as 5-
Aza-CR in inhibiting DNA methylation (Pinto and Zagonel, 1993), since 5-Aza-CR
is predominantly incorporated into newly synthesized RNA in addition to DNA,
whereas 5-Aza-CdR is incorporated exclusively into DNA. The incorporation of 5-
Aza-CR into RNA produces disassembly of polyribosomes, defective methylation
and acceptor function of transfer RNA, and marked inhibition of protein production
(Glazer and Hartman, 1980; Lu et al., 1976). Both drugs are inactivated through
deamination by cytidine deaminase. The clinical utility of these agents is limited by
their cytotoxicities at high concentration and their instability in aqueous solutions,
making frequent changes of newly prepared solutions necessary (Issa et al., 2003;
Jones and Baylin, 2002; Santini, Kantarjian and Issa, 2001).

In addition to 5-Aza-CR and 5-Aza-CdR, various cytosine analogs modified in
position 5 of the pyrimidine ring, such as pseudoisocytidine and 5-fluoro-2-deoxy-
cytidine, have also been developed and shown to be potent inhibitors of DNA
methylation (Figure 12.2) (Jones and Taylor, 1980). Other molecular variations of
5-Aza-CR were developed, including dihydro-5-azacytidine (DHAC) (a hydrolyti-
cally stable congener of 5-Aza-CR) and arabinofuranosyl-5-azacytosine (fazara-
bine), both of which were shown to be effective inhibitors of DNA methylation and
introduced into clinical trials (Figure 12.2) (Curt et al., 1985; Glazer and Knode,
1984; Goldberg et al., 1997; Powell and Avramis, 1988; Samuels et al., 1998;
Yogelzang et al., 1997). This distinctive feature of the modification at position C-5
is seemingly responsible for inhibiting DNMT. Analogs that do not possess this
change in the pyrimidine ring, such as cytosine arabinoside (Ara-CR) (Figure 12.2),
6-azacytidine (6-Aza-CR), and gemcitabine, do not inhibit DNA methylation (Jones
and Taylor, 1980; Santini et al., 2001). However, nucleoside analog inhibitors of
DNA methyltransferase, such as aza-nucleoside analogs, are limited somewhat by
its myelosuppression in patients and potential mutagenic effects following the incor-
poration of these agents into the genomic DNA (Hsiao, Gattoni-Celli and Weinstein,
1985; Jackson-Grusby et al., 1997). Unfortunately, despite promising results with
these agents in various clinical trials, the mutagenic, cytotoxic, and chemically
unstable properties of nucleoside analogs have limited their clinical effectiveness. 

Aza-nucleoside analogs are cytotoxic and myelosuppresssive, especially when
used at the high doses commonly used in clinical trials. On the other hand, these
agents can reactivate silenced genes and cause cellular differentiation at low doses.
The efficiency of gene reactivation by 5-aza analogs is not necessarily improved by
increasing the dosage beyond their optimally effective concentration (Jones and
Taylor, 1980). As a matter of fact, a recent study has shown that low doses may be
more efficacious in myeloid malignancies, with greater therapeutic effects and better
tolerance and side effect profiles, than high doses (Issa et al., 2003). This idea of
finding the optimal dose for responses rather than a maximally tolerated dose will
definitely change the way our future clinical trials are conducted. 

Interestingly, a nucleoside analog without the apparent modification at position 5
of pyrimidine ring, zebularine (1-(beta-D-ribofuranosyl)-1,2-dihydropyrimidin-2-one),
was recently characterized as a novel inhibitor of DNA methylation (Figure 12.2)
(Cheng et al., 2003). Zebularine, a cytidine analog containing a 2-(1H)-pyrimidinone
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ring, was originally developed as a cytidine deaminase inhibitor because it lacks an
amino group on position 4 of the ring (Kim et al., 1986; Laliberte, Marquez and
Momparler, 1992) and is known to be stable in acidic and neutral aqueous solutions
and minimally toxic in vitro and in vivo (Cheng et al., 2003). The mechanism of action
is presumably similar to 5-Aza-CR, which requires the incorporation into DNA and
subsequent formation of a covalent bond with the DNMT (Hurd et al., 1999; Zhou et
al., 2002). Due to its chemical stability, this agent was the first in its class shown to be
orally active in the reactivation of genes silenced by aberrant methylation in mouse
models (Cheng et al., 2003), however, this drug has yet to be tested in clinical trials.
Nevertheless, with its stability and minimal toxicity, zebularine holds promise as an
effective anticancer agent.

NONNUCLEOSIDE ANALOGS

Other than nucleoside analogs, nonnucleoside analogs have also been described to
function as inhibitors of DNA methylation. These inhibitors are of interest because
they circumvent a number of the potential drawbacks associated with nucleoside
analog treatments, including the requirement for DNA incorporation and the forma-
tion of toxic protein–DNA adducts. The first of these inhibitors described were
antisense oligonucleotides directed against the DNMT1 mRNA (Fournel et al., 1999;
MacLeod and Szyf, 1995; Ramchandani et al., 1997). Antisense oligonucleotide
inhibitors are relatively short synthetic nucleic acids designed to hybridize to a
specific mRNA sequence, and the hybridization can block mRNA translation and
cause mRNA degradation (Figure 12.3B) (Crooke, 2000). Antisense oligonucleotides
directed against DNMT1 mRNA have been shown to inhibit DNMT1 mRNA expres-
sion, DNMT1 activity, and tumorigenesis ex vivo and in vivo (Fournel et al., 1999;
MacLeod and Szyf, 1995; Ramchandani et al., 1997). Since many of these agents
are associated with nonspecific toxicities (Akhtar and Agrawal, 1997), a second
generation DNMT1 antisense bearing an O-methyl modification of the ribose in the
four 5′ and 3′ nucleotides was generated (Fournel et al., 1999). This modified
antisense effectively inhibited DNMT1 and exhibited very strong antitumor effects
in vitro and in vivo. DNMT1 antisense (MG98) oligonucleotides are currently in
Phase 1 clinical trials. Along the same line, small-interfering RNAs (siRNAs) of
DNMT1 and DNMT3b were recently developed and demonstrated to result in
selective depletion of these enzymes with corresponding lower methyltransferase
activities and global and gene-specific demethylation and reactivation of tumor
suppressor genes in human cancer cells (Leu et al., 2003; Matsukura, Jones and
Takai, 2003; Robert et al., 2003).

A second novel method for inhibiting DNMT1 consists of hairpin-structured
oligonucleotide substrate mimics. These inhibitors act competitively and inhibit
purified DNMT1 mRNA at nanomolar concentrations in vitro (Bigey et al., 1999).
However, for reasons that are unclear, the hairpin inhibitors of DNMT1 are unable
to induce DNA methylation changes or activate methylation-silenced genes in treated
cells (Bigey et al., 1999). Nonetheless, antisense oligonucleotide inhibitors remain
promising candidates for anticancer therapy.
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Other nonnucleoside analogs that inhibit methylation include procainamide,
which is used for the treatment of cardiac arrhythmias, and hydralazine, which
is used for the treatment of hypertension. Procainamide is a noncompetitive
inhibitor of the DNA methyltransferases and can reactivate the transcription of
the p16 gene from a methylation-silenced promoter in prostate cancer cells grown
in nude mice (Lin et al., 2001). Both agents have been shown to induce deme-
thylation and reexpression of estrogen receptor (ER), retinoic acid receptor β
(RAR-β), and p16 genes in cultured cells, and the ER gene in mice. Oral treatment
with hydralazine was also able to demethylate and reexpress the RAR-β and p16
genes in cancer patients (Segura-Pacheco et al., 2003). In addition, an anesthetic
drug related to procainamide, procaine, was also found to effectively inhibit DNA
methylation in breast cancer cells (Villar-Garea et al., 2003). The mechanism by
which these three agents (procainamide, hydralazine, and procaine) inhibit DNA
methylation is still unknown, however, it has been postulated that these drugs
bind to CG-rich DNA sequences (Thomas and Messner, 1986; Villar-Garea et
al., 2003), thereby interfering with the translocation of DNA methyltransferase
along the DNA strands. Although these agents may have various non-specific
medical side effects unrelated to their demethylating effects (Knowles, Shapiro
and Shear, 2003), their availabilities for oral use, low costs, and negliglible
toxicities make them suitable for clinical trials and offer a simple alternative to
5-Aza-CdR and antisense oligonuleotides.

S-ADENOSYLMETHIONINE (ADOMET)-RELATED INHIBITORS OF 
DNA METHYLATION

DNA methylation can also be inhibited by targeting the pathways of S-adenosyl-
L-methionine (SAM) metabolism. Many of these agents that inhibit DNA methyl-
ation are competitive inhibitors of SAM, inhibitors of SAM synthesis, or inhibitors
of S-adenosyl-L-homocysteine (SAH) metabolism to target SAM-dependent meth-
yltransferases (Bender et al., 1998b). Numerous studies have demonstrated the
inhibition of methyl-transfer and decarboxylation reactions using analogs and
metabolites of SAM (Borchardt, 1980; Pegg, Secrist and Madhubala, 1988). There
are many ways that SAM metabolism can be altered, however, the interference
with SAM metabolism may lead to nonspecific effects on other cellular methyl-
transfer reactions that require SAM, including spermidine and spermine synthesis
(Chiang et al., 1996). This, therefore, limits the clinical utility of these compounds
that interfere with all SAM-dependent methyl-transfer reactions. Furthermore,
many of these inhibitors of (cytosine-5)-DNA methyltransferases analogous to
SAM and SAH have been shown to be mutagenic (Zingg et al., 1996).

Given the therapeutic promise of reversing methylation changes in cancer, there
are certain to be more DNA methylation inhibitors for use in clinical studies. The
ultimate goal is to identify or develop an inhibitor that exhibits greatest demethy-
lating ability, yet with minimal side effects and drawbacks.
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DRAWBACKS OF DEMETHYLATING AGENTS AND 
CLINICAL CONCERNS   

INAPPROPRIATE ACTIVATION OF GENES

A major concern regarding the clinical use of demethylating agents is the potential
inappropriate activation of genes in normal cells. This may not, however, be that
serious, since transcription from promoter-containing CpG islands does not seem to
be commonly controlled by methylation in normal cells. There is little evidence
indicating that demethylation causes substantial changes in gene expression in nor-
mal cells (Liang et al., 2002), where the major targets would be imprinted genes
and X-chromosome inactivated genes. Demethylation of imprinted genes may not
be a critical issue in most adult cells. In addition, the process of X-chromosome
inactivation is also known to be most important during embryogenesis and modulated
by different layers of epigenetic control, such as RNA expression, histone modifi-
cation, and chromatin remodeling (Bird and Wolffe, 1999). In fact, studies have
shown that the X-chromosome cannot be reactivated in normal human fibroblasts
after treatment with 5-Aza-CdR (Wolf and Migeon, 1982), whereas it can be readily
reactivated in rodent–human somatic cells (Wolf and Migeon, 1982), indicating that
some higher level of control is likely to be absent in these hybrids. Apparently, both
imprinted genes and X-chromosome inactivated genes cannot be routinely and easily
activated by inhibiting DNA methylation in normal adult cells. Besides these genes,
another important concern involves the potential activation of transposable elements,
which are normally methylated, and the consequential deleterious effects in normal
tissues. The activation of these transposable elements by demethylating agents is
still unclear and thus requires further studies to better understand this phenomenon.
However, there are encouraging results indicating that patients treated with 5-Aza-
nucleosides for various malignant and nonmalignant diseases did not generally show
massive toxicity due to inappropriate gene activation (Lübbert, 2000).

REMETHYLATION AND RESILENCING

Another impediment to the use of demethylation therapy is the phenomenon of
gene resilencing. Following the removal of the demethylating agent, there appears
to be a tendency of methylation to spread back into the demethylated CpG island
in these cells (Jones and Baylin, 2002). This process has been shown to lead to de
novo methylation and to the resilencing of the target gene (Bender et al., 1999).
In fact, transfected retroviral long terminal repeat (LTR) promoters have been
shown to be actively methylated in specific cancer cell lines (Lengauer, Kinzler
and Vogelstein, 1997). This short therapeutic window due to rapid gene silencing
definitely poses critical challenges for pharmacological strategies that seek to
reactivate tumor suppressor gene expression. Despite this challenge, this narrow
window of demethylation can be used for appropriate scheduling of secondary
agents whose antitumor effects are being nullified due to abnormal gene hyper-
methylation. In fact, promising results from our laboratory have shown that zebu-
larine can hinder or prevent remethylation or resilencing from occurring when the
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drug is administered in a continuous fashion to cancer cells (Cheng et al., 2004).
The potential clinical application of this drug remains to be elucidated.

NONSPECIFICITY

The issue of nonspecificity of demethylating agents is also a potential drawback.
Demethylating agents have also been shown to activate genes that either do not have
CpG islands in their promoters (Liang et al., 2002) or are unmethylated to begin
with (Soengas et al., 2001; Suzuki et al., 2002), and there is insufficient information
with regard to the spectrum of genes that are activated in normal cells after exposure
to such agents. The nonspecific effects of demethylating agents on both normal and
cancer cells will limit their clinical utility. The pharmacological or biological
approaches in the inhibition of cytosine methylation, however, have nevertheless
been promising in preventing or reversing the onset neoplasia as shown in various
animal models (Belinsky et al., 2003; Laird et al., 1995; Lantry et al., 1999).
Furthermore, various neoplastic cell lines were shown to be growth suppressed after
the treatment with 5-Aza-CdR, whereas normal fibroblasts cell lines were unaffected
(Bender, Pao and Jones, 1998a). These studies along with others have renewed
interest in the clinical application of demethylating agents, though there is still a
great deal of the promise that remains to be fulfilled. 

REACTIVATION OF GENE EXPRESSION THROUGH 
DRUG COMBINATIONS 

The reactivation of silenced genes by DNA methylation inhibitors can result in the
direct suppression of tumor growth or sensitization of cancer cells to other anticancer
therapies. An exciting approach in the application of demethylating agents includes
the combination treatment with a demethylating agent initially, followed by a sec-
ondary agent that targets the reactivated genes or pathway. The combination of a
demethylating agent with a secondary agent allows a more distinct and direct ther-
apeutic approach in targeting specific genes or reactivated pathways in the treatment
of human cancer.

DEMETHYLATING AGENT AND CHEMOTHERAPY

There are several examples illustrating the usage of demethylating agent in reacti-
vating critical cellular processes to sensitize cancer cells resistant to chemotherapy
treatment (Table 12.1). Many chemotherapeutic agents are known to kill susceptible
cells through the induction of the physiological cell death program (apoptosis).
Apparently, deregulation of any gene involved in the activation or execution of
apoptosis may be an important mechanism of chemoresistance (Schmitt and Lowe,
1999). A prominent example of this includes the association between loss of apop-
tosis-related protein caspase-8 and resistance to cytotoxic drugs like doxorubicin and
cisplatin. Treatment of cells harboring caspase-8 promoter hypermethylation with 5-
Aza-CdR led to reexpression of caspase-8 and restored sensitivity for chemotherapy,
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or death-receptor-induced apoptosis in various tumors in vivo (Teitz et al., 2000).
The resistance to chemotherapeutic agents appears to be mediated by methylation
of genes in the apoptotic pathway. 

In another instance, the restoration of Apaf-1 expression in highly chemoresistant
melanoma cell lines after treatment with 5-Aza-CdR led to a marked enhancement
in their sensitivity to adriamycin and a rescue of the apoptotic defects associated
with Apaf-1 silencing (Soengas et al., 2001). 5-Aza-CdR treatment was also shown
to be effective in sensitizing previously resistant ovarian cancer cells or tumor
xenografts to cisplatin treatment (Plumb et al., 2000; Strathdee et al., 1999). The
mechanistic basis for the sensitization to cisplatin is presumably due to the reacti-
vation of the methylation-silenced MLH1 mismatch repair gene. Altogether, these
studies support the idea of targeting the silencing mechanism of genes involved in
critical cellular processes, such as apoptosis or DNA repair, with demethylating
agents to increase the efficacy of various forms of chemotherapy. 

DEMETHYLATING AGENT AND HISTONE DEACETYLASE INHIBITORS

An interesting combination treatment which has received interest recently is the
combination usage of DNA demethylating agents with histone deacetylase (HDAC)
inhibitors (Table 12.1). Histone modification and chromatin remodeling are also
known as major epigenetic players in the transcriptional regulation of gene expres-
sion (Grewal and Moazed, 2003; Turner, 2002). HDAC activity has been shown to
be important in the transcriptional repression of methylated sequences (Brown and
Strathdee, 2002). Previously, it was also shown that combination of 5-Aza-CdR and
trichostatin A, an inhibitor of HDACs, causes synergistic reactivation of gene expres-
sion in cancer cell lines (Cameron et al., 1999). Another recent study also showed
that combination of 5-Aza-CdR and the HDAC inhibitor sodium phenylbutyrate can
synergistically reactivate gene expression in human cancer cells and effectively
reduce formation of lung cancers in mouse models (Belinsky et al., 2003). Given
the cross-talk between these epigenetic pathways, combinations of these drugs could
be more effective than individual drugs alone. Their synergistic effect on gene
expression can possibly prolong the timing of the therapeutic window, making this
a powerful combination regimen for reactivating silenced genes.

DEMETHYLATING AGENT AND INTERFERON

The strategy of using a demethylating agent together with a secondary agent has
also been demonstrated with the interferon pathway (Table 12.1). Treatment of
various cancer cell lines with 5-Aza-CdR leads to an increased expression of genes
involved in the interferon signal transduction pathway (Karpf and Jones, 2002; Karpf
et al., 1999; Liang et al., 2002). The induction of interferon pathway target genes
following the 5-Aza-CdR treatment was most likely an indirect effect of the drug,
since most of the interferon-related genes do not contain promoter CpG islands.
Nevertheless, these findings have strong clinical implications, since it has been
previously reported that interferon responsive genes become down-regulated in
various tumors as compared to their normal counterparts (Karpf et al., 1999), and
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that the interferon pathway may be disrupted during carcinogenesis (Abril et al.,
1998; Sun et al., 1998; Wong et al., 1997). In fact, treatment with 5-Aza-CdR was
shown to sensitize cancer cells to subsequent treatment with interferon-α (Karpf et
al., 1999). It will thus be of great interest to assess the ability of demethylating
agents to reconstitute interferon sensitivity in cancer patients who are nonresponsive
to interferon-α therapy.  

POTENTIAL COMBINATION THERAPIES 

Other potential combination strategies have been proposed besides these combina-
tion treatments (Table 12.1). Potential secondary agents that have been suggested
include (1) estrogen therapy, (2) retinoids, and (3) immunotherapy. First, methylation
of the ER promoter CpG island appears to play a role in its silencing in ER-negative
tumor cell lines (Lapidus et al., 1998). Given the fact that 17β-estradiol stimulates
the growth of ER-positive breast tumors via functional ER, endocrine therapy such
as antiestrogen or ovarian ablation has been established as an important part of breast
cancer management (Davidson, 2001). Thus, it may be feasible to reactivate the ER
protein and sensitize patients with ER-negative tumors to become responsive to
endocrine therapy. Second, the RAR-β gene was shown to be silenced by DNA
methylation in numerous cancers (Cote, Sinnett and Momparler, 1998; Yang et al.,
2002). It will thus be interesting to evaluate whether the reactivation of the RAR-β
gene by demethylation can reconstitute the responsiveness of various cancer cells
to retinoids (Karpf and Jones, 2002). Last, studies have shown that 5-Aza-CdR
treatment can upregulate the expression of specific MAGE antigens, a family of
cancer/testis-specific antigens (Weber et al., 1994). Apparently, this MAGE gene
induction is specific to tumor and not normal epithelial cells (Karpf and Jones, 2002).
These data suggest a potential combination treatment that involves the use of dem-
ethylating agents to augment the presentation of cancer-specific antigens, which can
thereby be targeted by immunotherapy.

CONCLUSION 

The prevalence of aberrant epigenetic inactivation of critical genes in tumors makes
an attractive target for inhibitors of DNA methylation as novel anticancer therapies.
The search and identification of newer demethylating agents that are both effective
biologically effective and clinically beneficial without the various drawbacks will
inevitably continue. The search for an ideal demethylating agent that exhibits potent
demethylating abilities without drawbacks is highly unlikely; however, the agents
with greatest effects or benefits and fewest side effects would be the most practical
and relevant in the clinical setting. Furthermore, the diverse possibilities in the
combined application of demethylating agents with secondary agents offer various
new exciting clinical strategies that can specifically target reactivated genes and
pathways in the treatment of cancer.
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INTRODUCTION

All human cancers appear to show loss of the normal control of DNA methylation.
Analysis of DNA methylation at a genome-wide level has demonstrated that tumors
often exhibit overall decreased levels of DNA methylation [1]. In contrast, individual
CpG islands often exhibit increased methylation in cancer. Indeed, methods that
enable large-scale analysis of CpG islands throughout the genome indicate that
cancers probably exhibit aberrant increased methylation of hundreds, or even thou-
sands, of CpG islands within a single tumor [2,3]. The prevalence of aberrant DNA
169
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methylation in cancer makes it a good target to consider for the development of
novel anticancer agents. Many genes involved in apoptosis signaling pathways can
frequently become hypermethylated and transcriptionally silenced in tumors (Figure
13.1). Reversal of gene methylation and epigenetic silencing, therefore, has the
potential either to cause suppression of tumor growth or to increase the ability of
tumor cells to undergo drug-induced apoptosis. In this chapter we discuss issues
surrounding the development of DNA demethylating agents as potential anticancer
agents and the types of approaches currently being used to evaluate them preclini-
cally. These studies show that there is a need for robust measures of biological
activity developed in the preclinical setting that can be used to evaluate clinical
activity and that laboratory models be used to guide rational combinations of de-
methylating agents with other treatments.

DNA METHYLTRANSFERASES AS TARGETS 

Key targets for potential DNA demethylating agents are DNA methyltransferases
(DNMTs), enzymes that catalyze the addition of a methyl group to cytosine
residues at CpG dinucleotides [4]. To date, three members of the DNMT family
have been described in mammalian cells. DNMT1 is believed to function primarily
to maintain the DNA methylation pattern following the synthesis of new DNA
during cell division, as it exhibits much higher activity on hemimethylated DNA
than on unmethylated DNA [5]. DNMT3a and 3b show no preference for hemi-
methylated DNA and, based on inactivation of the DNMT3a and 3b genes in mice,
they are believed to function principally as de novo methyltransferases [6]. Genetic
inactivation of DNMTs in the germ line of mice indicates that inactivation is

FIGURE 13.1 Apoptotic and cell cycle control pathways in cancer. Circled genes are fre-
quently methylated and the gene epigenetically silenced in cancer.
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developmentally lethal. However, this is not a major concern for the treatment of
a somatic disease such as cancer with DNMT inhibitors. Simultaneous inactivation
of DNMT1 and DNMT3b in a colon tumor cell line slows the growth of the cells
and induces dramatic reversion of global methylation [7]. These marked changes
result in demethylation of repeated sequences, loss of insulin-like growth factor
II (IGF2) imprinting, abrogation of silencing of the tumor suppressor gene p16INK4a,
and growth suppression. Such genetic inactivation studies are important proof-of-
principle experiments showing the central role of these genes in maintaining a
hypermethylated phenotype in tumor cells and validating inhibition of DNMTs as
targets for inducing demethylating activity. 

Reduction in DNMT levels has been suggested to cause increased chromosomal
instability in somatic cells, which could influence tumor progression or be carcino-
genic [8]. However, these characteristics are similar to many clinically useful DNA
damaging anticancer agents, where therapy-associated tumors can occur in a small
proportion of patients many years after treatment [9]. Patients find this an acceptable
risk for the treatment of a life-threatening illness such as cancer. More immediate
concerns regarding the clinical use of DNA demethylating agents are:

• Can a biologically active demethylating dose of drug be given safely with
acceptable toxicity?

• What is the optimum schedule of drug?
• Are there drug interactions that might increase toxicity or sensitivity/resis-

tance of tumors to existing therapies?
• Can patient groups be identified who may particularly benefit from

demethylating agents?

Preclinical experimental models can help shed light on these important clinical
issues.

TYPES OF DEMETHYLATING AGENTS 

NUCLEOSIDE DNMT INHIBITORS

The two closely related drugs 5-azacytidine and 2′deoxy-5-azacytidine, also known
as decitabine, have long been used experimentally to inhibit DNA methylation in
tissue culture and have been shown to reactivate numerous methylation-silenced
genes (see Chapter 10). These nucleoside DNMT inhibitors are phosphorylated to
their nucleotide prior to being incorporated into DNA. Once incorporated into DNA
they complex and inactivate all three forms of DNA methyltransferases. Nucleoside
DNMT inhibitors have been reported to have antitumor activity, especially against
hematological malignancies. Like many other novel therapeutics currently being
developed, demethylating agents (that do not have unwanted additional activities)
are hoped not to function in a nonspecific manner and, thus, have fewer side effects
than conventional chemotherapy. Rather, they have been proposed to reverse repres-
sion of tumor suppressor genes and cell cycle genes aberrantly methylated in tumor
cells leading to inhibition of tumor growth. An important consequence of this is
 CRC Press LLC
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that, unlike conventional cytotoxic agents, it may be best to use such drugs at
concentrations lower than the maximum tolerated dose. For instance, there is an
optimal concentration at which analogues of 5-azacytosine induce cellular differenti-
ation; higher concentrations produce less differentiation and more cytotoxicity [10].
Thus in the case of decitabine, although its use at high doses may induce direct
toxicity effects due to its incorporation into DNA, prolonged low dose schedules
[11] or combinations with other drugs [12] may be more biologically effective in
inhibiting DNMT activity with less toxicity. For example, it has been demonstrated
that, in mouse xenograft models, treatment with relatively low doses of decitabine
can result in reactivation of a methylation-silenced gene, MLH1 [12]. The MLH1
protein, part of the human DNA mismatch repair system, has been shown to be
important in determining sensitivity to a number of chemotherapeutic agents and,
indeed, the treated xenografts exhibited clear increases in sensitivity to drugs such
as carboplatin, temozolomide, and epirubicin. 

Decitabine exhibits poor oral bioavailability and, consequently, is administered
intravenously. However, an oral DNMT inhibitor, zebularine [1-(beta-D-ribofurano-
syl)-dihydropyrimidin-2-one], has recently been identified [13]. In vitro experiments
have shown that synthetic oligonucleotides containing zebularine form tight com-
plexes with bacterial methyltransferases, leading to a potent inhibition of DNA
methylation [14]. The use of an oral DNA methyltransferase inhibitor may become
important if prolonged low dose administration and constant enzyme inhibition is
necessary to produce a biological effect.

One of the limitations of the nucleoside analogue DNMT inhibitors in clinical
trials has been treatment-associated side effects, such as neutropenia and thromb-
ocytopenia [15]. It is believed that these cytotoxic effects are due to effects of the
drug after incorporation into DNA that are not related to DNMT inhibition. Indeed,
the types of toxicities observed in mice and humans at these maximum tolerated
doses are consistent with DNA damaging activity rather than DNA demethylation
activity. 

NONNUCLEOSIDE DNMT INHIBITORS

The toxicity of nucleoside DNMT inhibitors has stimulated a search for DNMT
inhibitors that are not incorporated into DNA. The drug procainamide (approved by
the U.S. Food and Drug Administration for the treatment of cardiac arrythmias) has
been suggested to be a nonnucleoside inhibitor of DNMT [16]. In human prostate
cell lines and xenograft tumors, procainamide can reverse GSTP1 CpG island hyper-
methylation and restore GSTP1 expression. 

Another approach being used to inhibit DNA methylation is the use of antisense
oligonucleotides. Antisense oligonucleotides directed against the DNMT1 mRNA
have been shown to reduce DNMT1 protein levels and induce demethylation and
expression of the p16 tumor suppressor gene in human tumor cells [17] and also
inhibits tumor growth in mouse models [18]. This DNMT1 antisense molecule has
also been used in phase I clinical trials and has shown some antitumor activity (for
further details see http://www.methylgene.com/html).
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PHARMACODYNAMIC MEASURES OF 
DEMETHYLATING AGENTS 

The maximum biologically effective dose of a DNA methylating agent may not
equate to the maximum tolerated dose. Early clinical trials that address safety of a
drug examine maximum tolerated dose, but an important element of clinical trials
involving methylation inhibitors should be the use of molecular endpoints to monitor
changes in DNA methylation. Clearly the most satisfactory approach would be to
monitor levels of methylation of important tumor suppressor genes in tumor DNA.
However, such an approach would be possible only in a limited number of tumor
types, such as hematological malignancies, where repeated sampling of the tumor
was feasible (see Chapter 12). Another approach is to determine total genomic levels
of 5′methylcytosine in a surrogate tissue, such as peripheral blood mononuclear
cells. It has previously been shown, using an HPLC-based method, that reductions
in total genomic levels of 5′methylcytosine in peripheral blood mononuclear cells
of xenograft bearing mice closely mirrors reduced methylation of the MLH1 pro-
moter following decitabine treatment [12]. Similarly, genes methylated in normal
tissue, such as imprinted genes [19], can also be assessed for reductions in methy-
lation in surrogate tissues. Fetal hemoglobin is repressed in adults by DNA methy-
lation and levels are increased by treatment with inhibitors of DNA methylation [20]
and, thus, represent another potential molecular endpoint to monitor the effect of
DNA methylation inhibitors. MAGE1a is biallelically methylated in most normal
cells and contains a CpG island in the promoter region. Biallelic methylation of
MAGE1a makes it easier to monitor changes in methylation using techniques such
as methylation-specific PCR, COBRA, or sequencing of bisulfite-modified DNA in
surrogate tissues such as peripheral blood mononuclear cells or buccal smears.

The end result of gene activation with inhibitors of DNA methylation, such as
decitabine, can be the induction of differentiation of undifferentiated cells and
activation of tumor suppressor genes [21,22]. There is an optimal concentration at
which analogues of 5-azacytosine induce cellular differentiation; higher concentra-
tions produce less differentiation and more cytotoxicity [10]. Morphological and
functional differentiation is induced in primary suspension cultures of human leu-
kemia cells following repeated exposure to decitabine [23]. Cellular differentiation
after treatment with decitabine has been observed in many cell systems, although
the induction of differentiation may be dependent on the cell line studied. 

High-density oligonucleotide gene expression microarrays have been used to
examine the effects of decitabine treatment on human fibroblast cells (LD419) and
a human bladder tumor cell line (T24) [24]. Data obtained 8 days after recovery
from decitabine treatment showed that more genes were induced in tumorigenic
cells (61 genes induced; ≥4-fold) than nontumorigenic cells (34 genes induced; ≥4-
fold). Approximately 60% of induced genes did not have CpG islands within their
5′ regions, suggesting that some genes activated by decitabine may not result from
the direct inhibition of promoter methylation. Interestingly, a high percentage of
genes activated in both cell types belonged to the interferon signaling pathway.

Many reports have been published on the activation of tumor suppressor genes
by decitabine (see also Chapter 10). Herman et al., for example, reported that
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decitabine activated the tumor suppressor gene VHL in human renal carcinoma cell
lines [25]. Decitabine can activate the expression of p16/CDKN2 tumor suppressor
gene in lung cancer cell lines and in some lung tumor surgical specimens [26,27].
The p16/CDKN2 tumor suppressor gene inhibits the enzyme activity of cyclin-
dependent kinases that mediate the phosphorylation of the retinoblastoma (Rb) gene
product. The hypophosphorylation of Rb is thought to prevent the entry of tumor
cells into the S-phase of the cell cycle. 

Decitabine can activate the expression of E-cadherin in primary tumors of breast
and prostate [28,29]. E-cadherin is a cell-adhesion molecule that suppresses tumor
cell invasion and metastasis in experimental tumor models. Estrogen receptor (ER)
can become methylated in breast tumors and reactivated by decitabine in ER-negative
human breast carcinoma cell lines [30]. 

What can be concluded from these many studies on the effects of DNA deme-
thylation on gene expression in tumor cells is that many can be altered in expression
by both direct and indirect mechanisms. Reexpression of genes in tumors will have
different potential effects. For instance, reexpression of some genes will be pro-
apoptotic while others will be antiapoptotic. Measures of 5-methylcytosine levels
and methylation of CpG islands will give pharmacodynamic measures that demeth-
ylation is being induced; however, this will not identify the key targets that will
inhibit growth of a given tumor type. Indeed the effects of demethylating agents
may vary between tumor types, and between patients, depending on the profile of
genes aberrantly methylated in a given tumor.

DRUG COMBINATIONS 

COMBINATIONS WITH EXISTING THERAPIES

Re-silencing of gene expression does recur over time in cells after treatment with
DNMT inhibitors such as decitabine [12]. Therefore, there may be only a specific
window of time when tumor cells will die due to epigenetic reversal of silencing of
tumor suppressor genes and subsequent apoptosis. On the other hand, this window
of demethylation can be utilized for appropriate scheduling of a cytotoxic or other
treatments whose antitumor effects are being inhibited due to gene methylation.

Synergistic cytotoxicity of decitabine and a variety of clinically important cyto-
toxic agents has been reported in vitro and in vivo, including cisplatin, carboplatin,
epirubicin, cyclophosphamide, and temozolomide [12,31]. The combination of decit-
abine and retinoic acid produced an additive antileukemic effect in HL-60 cells,
which correlated with additive reduction of c-myc expression and increase in the
differentiation of the leukemia cells [32].

The combination of decitabine and cisplatin showed a synergistic cytotoxic
interaction in many human tumor cell lines. Although a possible underlying mech-
anism originally suggested is the increased binding of cisplatin to decitabine-sub-
stituted DNA that is independent of DNA hypomethylation [33], more recent studies
have focused on the effects of decitabine in reactivating drug sensitivity genes [34].
Loss of DNA mismatch repair (MMR) because of hypermethylation of the hMLH1
gene promoter occurs at a high frequency in a number of human tumors. A role for
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loss of MMR in resistance to a number of clinically important anticancer drugs has
been shown [12]. Decitabine was used in vivo to sensitize MMR-deficient, drug-
resistant ovarian (A2780/cp70) and colon (SW48) tumor xenografts that are MLH1
negative because of gene promoter hypermethylation [12]. Treatment of tumor-
bearing mice with the demethylating agent decitabine at a nontoxic dose induces
MLH1 expression. Reexpression of MLH1 was associated with a decrease in hMLH1
gene promoter methylation. Decitabine treatment alone had no effect on the growth
rate of the tumors. However, decitabine treatment sensitized the xenografts to cis-
platin, carboplatin, temozolomide, and epirubicin. Sensitization was comparable
with that obtained by reintroduction of the hMLH1 gene by chromosome 3 transfer.
Decitabine treatment did not sensitize xenografts of HCT116, which lacks MMR
because of hMLH1 mutation. 

The human multidrug resistance gene 1 (MDR1) encodes P-glycoprotein (Pgp),
a transmembrane protein that acts as a drug efflux pump, reducing intracellular levels
of certain anticancer drugs, and thus reducing their effectiveness. Increased MDR1
expression has been shown to be a clinically relevant mechanism for leukemia,
although its relevance for solid tumors remains controversial [35]. Increased tran-
scription of the MDR1 gene in chronic lymphocytic leukemia and bladder cancer
following chemotherapy has been shown to be associated with decreased methylation
[36,37]. This would argue that treatment of sensitive tumors with a demethylating
agent could lead to resistance to chemotherapy by increased expression of MDR1.
Indeed, increased resistance of tumor cells after treatment with azacytidine analogues
to drugs that are substrates of Pgp has been observed [37]. However, increased
sensitization and no effect has also been reported to be induced by DNMT inhibitors
for MDR drugs in different tumor models [12,38,39]. This again emphasizes the
possibility that these agents will have different effects depending on the pattern of
genes methylated in a given tumor and argues that patient stratification, depending
on their methylation status, may be necessary in clinical trials of demethylating
agents.

COMBINATIONS WITH HISTONE DEACETYLASE INHIBITORS

Initially, it was suggested that DNA methylation inhibited transcription factor bind-
ing leading to suppression of gene transcription. Indeed, several important transcrip-
tion factors have been shown to be sensitive to methylation of CpGs within their
recognition sites [40]. In recent years though, a more generally applicable mecha-
nism, by which DNA methylation can lead to transcriptional repression, has begun
to be elucidated [41,42]. DNA methylation leads to the binding of a family of proteins
known as methyl-binding domain (MBD) proteins. The members of this protein
family all share a common methyl-binding domain that enables them to bind spe-
cifically to DNA that contains methylated CpG sites. At least three of the five known
members of this family (MeCP2, MBD2, MBD3) have been shown to be associated
with large protein complexes containing histone deacetylase (HDAC1 and HDAC2)
and chromatin remodeling activities (sin3a and mi-2). Thus, DNA methylation has
a direct influence on both histone acetylation and higher-order chromatin structure.
The action of these histone deacetylases (HDACs) is to restore a positive charge to
 CRC Press LLC



 

176

 

DNA Methylation: Approaches, Methods, and Applications

          

2050_C13.fm  Page 176  Wednesday, August 11, 2004  8:03 AM

© 2005 by
lysine residues in the amino tail of histones. This, together with other chromatin
remodeling activities, is then thought to result in the production of compacted
chromatin that is refractory to transcription.

Although these observations argue that DNA methylation is a key signal leading
to histone modifications, chromatin remodeling and gene silencing, this signaling
can also operate in the opposite direction. For example, disruption of histone meth-
ylation in Neurospora crassa results in the elimination of DNA methylation [43].
Disruption of histone methylation can be brought about by mutation of the dim-5
gene, which encodes a protein homologous to the chromatin-associated protein
Suv39h found in mammalian cells. Similarly, increased histone acetylation in cells
treated with HDAC inhibitors can also lead to demethylation of DNA [44]. Another
key connection between DNA methylation and histone acetylation has been estab-
lished by the finding that DNMT1 associates with HDAC1 and is part of a complex
that also contains the RB tumor suppressor gene product and the transcription factor
E2F. DNMT1 cooperates with other cellular factors to repress transcription from
promoters containing E2F-binding sites [45,46]. It has been suggested that loss of
function of RB, a frequent event in several types of tumors, might result in improper
regulation of this complex, which results in mislocalization of DNMT1 and the
production of aberrant methylation patterns. An important implication of these
results is that if changes in histones can influence DNA methylation, then it is
possible that the methylation of genes observed in tumors is a result of transcriptional
silencing owing to histone modification or chromatin remodeling, rather than of
DNA methyltransferase activity per se.

Taken together, these studies demonstrate the emerging concept that crosstalk
between these different mechanisms of epigenetic regulation (DNA methylation,
histone methylation and acetylation, chromatin remodeling) is essential for appro-
priate control of gene transcription. The different epigenetic layers engaging in this
complex crosstalk means that drug development strategies must consider what are
the crucial targets for an effective epigenetic drug and how these drugs might be
used in combination. For instance, to date DNA methyltransferase inhibitors, such
as decitabine, appear to be the most active compounds for inducing reexpression of
epigenetically silenced genes in tumor cell models. However, HDAC inhibitors can
increase levels of gene expression and have been shown to work together with DNA
methyltransferase inhibitors to induce gene reexpression [47]. Cameron et al. dem-
onstrated that combining treatment with decitabine and treatment with an inhibitor
of histone deacetylase, trichostatin A, caused a synergistic reversal of transcriptional
silencing of the MLH1 and TIMP3 genes in the colorectal cancer cell line RKO [47].
We have also been able to show that novel hydroxamic acid HDAC inhibitors can
synergize with decitabine in inducing reexpression of MLH1 in drug-resistant tumor
models (ovarian, colon, and lung), and this leads to increased sensitivity to chemo-
therapeutic drugs (unpublished). 

Families of HDACs and histone acetyl transferases (HATs) determine the acety-
lation of histones [48,49]. At least five groups of proteins with HAT activity and three
classes of HDACs play a role in modeling the structure of chromatin. In addition to
histone acetylation, these enzymes regulate gene expression by acetylating or deacety-
lating transcription factors such as p53, GATA-1, and TFIIE. Expression of different
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HATs and HDACs or different patterns of histone acetylation at gene promoters in
cancer has not been extensively studied, although certain cancer-prone syndromes
and tumors have been associated with mutations in a HAT or aberrant recruitment of
HDACs [50,51]. HDAC inhibitors have been shown to inhibit proliferation of tumor
cell lines in vitro and in some cases induce apoptosis [50,51]. Several structural classes
of HDAC inhibitors have been examined:

• Short-chain fatty acids (e.g., butyrates)
• Hydroxamic acids (e.g., trichostatin A, suberoylanilide hydroxamic acid,

oxamflatin)
• Cyclic tetrapeptides (e.g., trapoxin A, apicidin) 
• Benzamides (e.g., MS-275).

The structure of the catalytic core of HDACs has been determined by radiograph
crystallography [52]. Residues that form the active site are conserved across all
HDACs, and hydroxamic acid HDAC inhibitors have been shown to complex through
zinc at a zinc-binding site in a tubular pocket at the active catalytic site. 

HDAC inhibitors, in particular hydroxamic acid compounds, inhibit purified
HDACs at nanomolar concentrations and induce growth arrest, differentiation, and
apoptosis in transformed cells. Using acetylated histone-specific antibodies, tumor
cells or normal cells from animals treated with HDAC inhibitors show accumulation
of acetylated histones. The accumulation of acetylated histones in peripheral mono-
nuclear cells has potential as a pharmacodynamic measure of biological activity of
HDAC inhibitors in clinical trials. In addition, specific genes, such as the cyclin-
dependent kinase inhibitor p21/WAF1, have been shown to be upregulated by HDAC
inhibitors and measurement of the levels of these genes could also be of value as
pharmacodynamic endpoints in clinical trials [48,50,51].

TUMOR PROGNOSIS AND STRATIFICATION 

Another potential use of DNA methylation is in the classification of tumors depend-
ing on their methylation status. Such classification might be of use in determining
patient prognosis or potential response to therapy. Indeed, a number of DNA meth-
ylation studies have already identified links between methylation and patient out-
come. For example, a study of methylation of the DNA repair gene MGMT identified
a clear link between methylation of the MGMT promoter and increased overall and
disease-free survival [53], probably due to increased responsiveness to alkylating
agents in MGMT-deficient tumors. Similarly, Tang et al. [54] determined that
increased methylation of the DAP kinase gene was strongly associated with
decreased survival in patients with non-small-cell lung carcinoma and found that
DAP kinase methylation was probably the strongest independent prognostic factor
in these patients. In addition, the development of methods for the large-scale analysis
of CpG island methylation referred to above raises the prospect of dramatically
increasing our ability to classify tumors based on DNA methylation. These methods
have already been able to identify differences between methylation patterns in
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different tumors [3], correlations between methylation and tumor grade [2], and
shown their potential to identify which patients may benefit from chemotherapy [55]. 

The prevalence of aberrant CpG island methylation and associated epigenetic
silencing of genes in tumors makes it an attractive target for novel anticancer
therapies. Several small molecules are now entering early clinical trials that can
reverse demethylation or alter chromatin modification. Given the crosstalk between
epigenetic pathways, combinations of these drugs could be more effective than
individual drugs. Combinations of epigenetic drugs with conventional anticancer
therapies could also be important given their transient effects on gene reexpression.
Pharmacodynamic measures of DNA methylation and histone acetylation, as well
as subsequent effects on gene expression, might help to drive the appropriate sched-
uling of these combinations. Epigenomic analysis of patterns of global DNA meth-
ylation and chromatin positioning will help to identify those patients who will
particularly benefit from DNA demethylating agents.
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CLINICAL DEVELOPMENT OF DRUGS WITH DNA 
DEMETHYLATING ACTIVITY: FROM CYTOTOXIC TO 

EPIGENETIC TREATMENT 

Pharmacologic reversal of epigenetic gene silencing by agents that interfere with
DNA (cytosine) methylation provides a novel treatment approach that may be con-
sidered fundamentally different from the cytotoxic principle used in cancer treat-
ment. Therefore, a better understanding of the mechanisms of action resulting in
DNA demethylation in vitro and in vivo should aid in developing this novel treatment
modality for different neoplasias and hemoglobinopathies. The two compounds that
have advanced farthest in the clinical development for treatment of myelodysplastic
syndrome (MDS) were originally synthesized and applied at high doses, with often
severe toxicities, like other  “classic” cytotoxic antimetabolites such as cytarabine.
In 1964, Sorm and coworkers synthesized the ribonucleoside 5-azacytidine and its
analogue, the deoxynucleoside 5-aza 2′-deoxycytidine (decitabine). Both differ from
cytidine and 2′-deoxycytidine, respectively, by addition of a nitrogen residue at the
fifth carbon position. Whereas the phosphorylation step to monophosphate is iden-
tical for both compounds, 5-azacytidine is predominantly incorporated into newly
synthesized RNA (tRNA and mRNA). A minor proportion of 5-azacytidine is con-
verted to 5-aza-2′-deoxycytidine, thus acting as its prodrug. In contrast, 5-aza-2′-
deoxycytidine is exclusively incorporated into newly synthesized DNA and is thus
the 5- to 10-fold more powerful DNA demethylating agent. Both drugs share the
inactivation step of deamination by cytidine deaminase. 

Both azanucleoside drugs showed a dose-dependent growth inhibitory effect on
leukemia and tumor cell lines in tissue culture and, at high concentrations, cytotoxic
effects that may be mediated by DNA strand breaks following the synthesis of alkali-
labile DNA [1]. Both compounds were tested in rodent models for their antileukemic
activity and were found to have more potent effects than cytarabine in this regard
[2,3].

5-Azacytidine found rapid introduction into clinical trials: Hrodeck and Vesely
first demonstrated antileukemic activity of this compound when administered intra-
muscularly to children with acute lymphoblastic leukemia (ALL) [4]. In parallel
studies in adult patients with acute leukemia, the maximal tolerated dose (300 to
1125 mg/m2 intravenously) was determined. Major hematologic toxicities were seen,
as well as major nonhematologic toxicities, such as nausea and vomiting, diarrhea,
and hepatic toxicity. Until the late 1970s, this drug had been used in at least 150
clinical trials in acute leukemia, almost always in combination with other drugs,
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and, except for one trial [5], not in first-line treatment of these diseases in large trials
(see below). Decitabine followed a similar route of clinical development, being
introduced into clinic by the Montreal Group; in 1985, Rivard, Momparler, and
colleagues first used it in childhood leukemia [6]. The antileukemic effects at high
doses as well as the toxicity profile were quite comparable to the experience with
5-azacytidine.

The clinical development and experience with azanucleosides up to the late
1970s were not much different from those of cytarabine. The fundamental discovery
of the DNA demethylating activity and differentiation-inducing capacity of both
drugs in tissue culture by Jones and Taylor opened a new avenue for development
of both drugs at low-dose schedules, by exploring their biological, gene modulatory
activities [7]. Constantinides et al., followed by Konieczny and Emerson, were the
first to demonstrate induction of differentiation of embryonic fibroblasts to mature
myocytes, adipocytes and chondrocytes [8,9]. Demethylation and transcriptional
upregulation of MyoD, the master switch regulator of myocyte differentiation, was
demonstrated briefly thereafter [10]. Building on this discovery, clinical investigators
rapidly translated these results to clinical approaches of low-dose treatment. This
included patients with hemoglobinopathies (with the rationale of reactivating fetal
hemoglobin gamma gene which is developmentally silenced by methylation), preleu-
kemic myelodysplastic syndromes, and acute myeloid leukemia (with the rationale
of inducing myeloid differentiation). These trials showed a very different toxicity
profile, with negligible nonhematologic toxicity, and less myelotoxicity than seen
in the earlier phase of development. In the following, we will review the clinical
results of high-dose and low-dose schedules of these azanucleosides in hematopoietic
malignancy, their development for solid tumor patients, and patients with hemoglo-
binopathies. In addition, the present knowledge of in vivo activity of both demeth-
ylating drugs in translational studies is addressed. Finally, the concerns that azanu-
cleosides, by being incorporated into DNA, may have a mutagenic and tumorigenic
long-term adverse effect are discussed.

In addition to these azanucleosides, several other compounds have shown in
vitro demethylating activity, some of which are advancing to clinical trials (Table
14.1). A novel compound, zebularine, has shown a strong inhibition of DNA
methylation [11]. Several other recent studies have demonstrated, at least in vitro,
demethylating activity of compounds not previously known for this effect. This
includes procainamide and epigallocatechin-3-gallate, a compound of green tea
[12–14]. 

HIGH-DOSE AZANUCLEOSIDES IN THE TREATMENT 
OF LEUKEMIA: CLINICAL RESULTS OF AGGRESSIVE 

COMBINATION CHEMOTHERAPY

5-AZACYTIDINE

Clinical development of 5-azacytidine for leukemia treatment was performed pre-
dominantly in the United States. As early as 1976, von Hoff et al. [22] communicated
the experience of eight phase II studies of 5-azacytidine-containing regimens, mostly
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in relapsed/refractory acute myeloid leukemia, with a substantial proportion of the
patients being heavily pretreated. In that meta-analysis, a rate of objective responses
of 36% was reported, including 20% complete remissions (CR). In 1987, Glover et
al. [23] summarized the experience of 335 patients with 5-azacytidine in leukemia.
These included numerous drug combinations, and resulted in an overall complete
response rate of 16.7%. In the largest trial reported in that meta-analysis [24], the
CR rate in 101 patients with relapsed/refractory AML was 8%. 

5-AZA-2′′′′-DEOXYCYTIDINE (DECITABINE)

Development of decitabine in AML and CML blast crisis also demonstrated activity
of this drug used either alone or in combination with an anthracycline in
relapsed/refractory disease (Table 14.2). The overall activity was comparable to that
of high-dose cytarabine. While the total doses of 5-azacytidine were between 400
and 2000 mg/m2, with most studies using total doses of 750 mg/m2, decitabine was
used at somewhat higher median doses. Toxicities with decitabine were also marked
at the high doses, including hepatotoxicity, neurotoxicity with reports of coma, and
severe mucositis. A trial conducted by the Brazilian group [25] used decitabine at
a dose of 90 mg/m2 daily over 5 days (total dose 450 mg/m2) combined with
daunorubicin as first-line treatment of de novo AML. They reported a CR rate of
100%, with a median survival of 15 months, and two patients surviving longer than
3 years (G. Schwartsmann, M. S. Fernandez, personal communication).

TABLE 14.1
Drugs with Demethylating Activity Developed for Clinical Use

Drug Mode of Action
Clinical 

Trial

5-azacytidine (5-aza-CR) 1) Inhibition of DNA methyltransferase [15]
2) Incorporation into RNA>DNA resulting in 

disassembly of polyribosomes, defective 
methylation and acceptor function of tRNA, 
inhibition of protein production [16]

++

5-aza-2′-deoxycytidine (5-aza-CdR, 
decitabine)

Inhibition of DNA methyltransferase [15]
Incorporation into DNA>RNA and blocking of 
DNA synthesis resulting in direct toxicity [17]

++

pseudoisocytidine (psi ICR) Inhibition of DNA methyltransferase [15,18] +
zebularine(1-(beta-D-ribofuranosyl)-
1,2-dihydropyrimidin-2-one)

Inhibition of DNA methylation, oral formulation 
[19]

+

arabinosyl-5-azacytidine (fazarabine) Inhibition of DNA methylation [20] +
5-6-dihydro-5-azacytidine (DHAC, 
dH-aza-CR)

Inhibition of DNA methylation, stable in 
aqueous solution [15,21]

++

5-fluoro-2′-deoxycytidine (FCdR) Inhibition of DNA methyltransferase, Dnmt [15]

Note: ++ = various clinical trials; + = phase I trials.
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TABLE 
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 In

  
  

Median Response 
Duration/Survival
(Months, Range) Reference

 

AML, sal [26]
AML, sal [27]
AML, sal [22]

(review summarizing 
8 studies)

AML, sal

    

[28,29]

AML, sal

  

[24,29]

AML, sal 28(6–138)/
35(17–148)

[30]

AML, CM [31]

ANLL (A

  

4–5/NA [29,32]

AML, ind [29,33]

AML, ind [29,34]
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14.2
l Trials of High-Dose 5-Azacytidine and Decitabine in Hematological Malignanci

dication Drug(s)
Patients, 

n
Total Dose 

(mg/m2)
Schedule 
(mg/m2)

Percentage 
Responses 

(%, CR, PR)

vage azaC 14 750–1000 150–200, 5d, i.v. 43 (36/7)
vage azaC 18 750–2000 150–400, 5d, i.v. 39 (17/22)
vage azaC 200 750–2000 150–500, 5d, i.v. 36 (20/16)

vage azaC 50 1500
1500

100, q8h × 15, i.v.
75, q6h × 20, i.v.

30 (20/10)

vage azaC 101 750
1000–1500

250, q4h × 3, i.v.
150–300, 5–10d, c.i.

8 (8/0)

vage azaC 15 1000 200, 5d 47 (33/14)

L bc, salvage azaC
mitoxantrone

53 600 200, 3d 15 (15/0)

ML), induction azaC
VP16

14 750 50, q8h × 15 (0/0)

uction azaC
thioguanosine

81 750 150, 5d, c.i. 27 (20/7)

uction azaC
pyrazofurin

27 750 150, 5d, c.i. 26 (11/14)
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TABLE 
Clinica es

 

In

  
  

Median Response 
Duration/Survival
(Months, Range) Reference

 

AL, induc

  

[29,35]

AML, po
inductio

[36]

AML, ind 7(3.5–13.5)/NA [29,37]

AML, sal 3(1–-20)/NA [26]

CML, bc NA/5(1–10.5+) [27]

CML, bc [38]

AML, AL 0.5(0–1.5)/NA [39]

AML, sal 1/5**(1–15) [6]
AML, MD 12(6–58+)/

19(7–64+)
[40]

AML, sal [41]

AML [42]
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14.2 (CONTINUED)
l Trials of High-Dose 5-Azacytidine and Decitabine in Hematological Malignanci

dication Drug(s)
Patients, 

n
Total Dose 

(mg/m2)
Schedule 
(mg/m2)

Percentage 
Responses 

(%, CR, PR)

tion azaC
daunorubicin
cytarabine
prednisone
vincristine

163 400 50, q12h × 8 72 (72/0)

st-remission 
n

azaC
azaC + thioguanosine

335 750
1500

150, 5d, c.i.
300 5d, i.v.

uction azaC
amsacrine

53 800 200, 4d, c.i. 21 (13/9) 

vage azaC 45 250–1000 50–200, 5d every 2wk, 
c.i.

41 (24/9)

azaC
VP16

27 750 150, 5d, i.v. 58 (3/55)

azaC
mitoxantrone

40 750 150, 5d, i.v. 23 (13/5)

L salvage DAC 22 NA 0.75–80* (mg/kg),
12–44h, c.i.

14 (9/5)

vage DAC 27 37–81*, 36–60h, c.i. 85 (22/15)
S, CML DAC 19 135–910 15–90, q8h 3d, i.v. 70 (15/30)

vage DAC
amsacrine

10 750–1500 125–250, 6d, i.v.

DAC 12 270–360 90–120, 3d, i.v. 33 (25/8)
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TABLE 
Clinica es

 

In

  
  

Median Response 
Duration/Survival
(Months, Range) Reference

 

AML, sal 4/NA [43]

AML, un [25]

CML, bc 
phase

[44]

AML, sal [45]

CML, bc NA/29 [46]
AL, CML 6(0–40.5+)/NA [47]
AML, CM
CML, co

17.2 [48]

CML [49]

 

Note

 

: i.v. kg; ** =  mean; *** = followed by second
transplant
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l Trials of High-Dose 5-Azacytidine and Decitabine in Hematological Malignanci

dication Drug(s)
Patients, 

n
Total Dose 

(mg/m2)
Schedule 
(mg/m2)

Percentage 
Responses 

(%, CR, PR)

vage DAC
+ m-amsacrine or
idarubicin

22 1500 125, q12h 6d, i.v. 68 (59/9)

treated, induction DAC
daunorubicin

8 450 90, 5d, i.v. 100 (100/0)

and accelerated DAC 37 750–1000 75–100, q12h 5d, i.v. 37 (5/5)

vage DAC
+ m-amsacrine or
idarubicin

63 1500 125, q12h 6d, i.v. (36.5/NA)

DAC 31 500–1000 50–100, q12h 5d, i.v. 25 (6/0)
*** DAC 14 1000–1500 100–150, q12h 5d, i.v. 57
ML, ALL, 
nditioning

DAC
busulfan
cyclophosphamide

23 400–800

DAC 130 500–1000 50–100, q12h 5d, i.v. 42

= intravenously; c.i. = continuous infusion; bc = blast crisis; AL: acute leukemia; NA: not given; * =  mg/
.
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LOW-DOSE AZANUCLEOSIDES AS NOVEL 
TREATMENT OF PRELEUKEMIA (MDS) AND ACUTE 

MYELOID LEUKEMIA (AML) 

In contrast to the development of both azanucleosides in a cytarabine-like applica-
tion, i.e., at high doses reaching the maximally tolerated range or as part of an
antileukemic polychemotherapy, the low-dose approach with both drugs followed a
quite different path. Pinto et al. (1989) in their pioneering studies used total doses
of decitabine that were significantly lower [40]. In their first series of 10 patients
with high-risk myelodysplastic syndrome ([50], Table 14.3) they reported a 50%
overall response rate with 40% complete remissions, using a 3-day infusional sched-
ule (continuous infusion, or 4-hour infusions followed by 4-hour rest periods). 

5-AZACYTIDINE

A 7-day schedule was developed in the United States for 5-azacytidine by Silverman
and coworkers, also resulting in substantial number of complete remissions when
given intravenously [51]. The Cancer and Leukemia Group B (CALGB) conducted
a phase II study using the same total dose of 525 mg/m2 but given subcutaneously
(also over 7 days repeated every 4 weeks). This study ([51], Table 14.3) yielded a
complete response rate of 12%, with overall responses of 53% (including 27%
responses not fulfilling the criteria for partial remission; i.e., single lineage improve-
ment such as correction of thrombopenia or anemia). Based on the good tolerance
of this schedule, the same group initiated a phase III comparative trial.

In this trial (CALGB 9221), recently reported by Silverman et al. [52], 191
patients were randomized to either subcutaneous 5-azacytidine for 7 days, repeated
every 28 days (n = 99), or supportive care (n = 92). A crossover to 5-azacytidine
treatment was allowed after 4 months in case of disease progression (n = 46). The
majority of patients suffered from RAEB or RAEB-t, but the IPSS risk score [53],
available for 81/191 patients, was mostly intermediate-1 (45%) or intermediate-2
(27%). Significant differences were noted in the rate of complete remissions (7%
vs. 0%), partial remissions (16% vs. 0%) and “improvement” (37% vs. 5%) between
the 5-azacytidine-treated group and the group receiving only supportive care. Median
duration of these responses was 15 months. Highly significant differences were seen
in the patients’ times on-study before exiting the trial because of failure. By intention-
to-treat, transformation to AML was 2.8-fold more frequent in the supportive-care
group than in the 5-azacytidine group (p = 0.003), suggesting that 5-azacytidine may
prolong time to transformation to acute leukemia. 

In this trial, the median overall survival was 20 months in patients randomized
to immediate 5-azacytidine treatment, compared to 14 months in those assigned to
supportive care (difference not statistically significant). To compensate for the con-
founding factor of more than half of these patients crossing over to 5-azacytidine,
a 6 month “landmark analysis” was performed, resulting in a statistically significant
difference in survival from the landmark between patients on the treatment arm (18
months), and those receiving 5-azacytidine after the landmark or never (11 months).
A quality-of-life analysis showed that patients treated initially with 5-azacytidine
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TABLE 14
Low-Dos cute Myeloid Leukemias

 

Indic

  
  

ponses 
 HI)

Median Response 
Duration/Survival 
(Months, Range) Reference

 

AML, salva 2/NA [59]
MDS [60]
MDS 14.7 (CR+PR)/13.3 [51]
MDS 17.3/NA [61]
MDS NA(2–30+)/NA [62]
AML NA [63]

MDS 15/20
2/14

[64]

MDS 7/NA [65]
AML [42]
MDS   11/NA [66]

MDS 7.3/10.5 [55]
MDS

  

7.3/15 [67]
MDS

  

9/15 [56]

AML/MDS
CML, ALL

8(4–59+)/44 [58]

AML 

  

6/9(5–27) [68]

 

Note:

 

 i.v. = 

  

e;

 

 

 

**

 

 

 

= including patients with >30% blasts
(secondary 
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e Azanucleosides (5-Azacytidine, Decitabine) in Myelodysplastic Syndromes and A

ation Drug(s)
Patients, 

n
Median Age 

(Years, Range)
Total Dose 

(mg/m2)
Schedule 
(mg/m2)

Percentage Res
(%, CR, PR,

ge azaC 11 55 (36–78) 525 75, 7d, c.i. 0 (0/0/0)
azaC 15 64 (31–76) 140–490 10–35, 14d, c.i. 23 (0/0/23)
azaC 43 65 525–1050 75–210, 7d, s.c. 49 (12/25/12)
azaC 68 66 (23–82) 525 75, 7d, s.c. 53 (12/15/27)
azaC 92** NA (27–91) 525 75, 7d, s.c. 61 (13/29/14)
azaC + 
phenylbutyrate

18 67 (48–81) 250–525 5–10d, s.c. 22 (0/11/11)

azaC/
BSC*

98**
92**

69 (31–92) 525 75, 7d, s.c. 60 (7/16/37)
5 (0/0/5)

azaC 46 68 525 75, 7d, s.c. 39 (0/0/39)
DAC 12 NA 270–360 90–120, 3d, i.v. 33 (25/8/NA)
DAC 10 68 (60–78) 135–150 45, 4h × 3d, i.v.;

50, 3d, c.i.
50 (40/10/0)

DAC 29 72 (58–82) 120–225 40–75, 3d, c.i. 54 (29/18/7)
DAC 66 68 (38–84) 135 45, 4h × 3d., i.v. 49 (20/4/25)
DAC 169 70 (38–89) 135 45, 4h × 3d, 

i.v. ***
49 (23/12/14)

, salvage; DAC 50 60 (2–84) 50–200 5–20, 10–20d 28 (18/2/8)

DAC 4 77 (62–79) 135 45, 4h × 3d i.v. 50 (2/0/0)

intravenously; c.i. = continuous infusion; s.c. = subcutaneously; * = possibility of cross-over if progressive diseas
AML according to FAB); *** = also by c.i.
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had a significant improvement over time in fatigue, dyspnea, physical functioning,
and psychological distress, compared to those receiving supportive care only [54].

5-AZA-2′-DEOXYCYTIDINE (DECITABINE)

Wijermans and coworkers performed several studies, using the 3-day schedule of
decitabine pioneered by Pinto and colleagues, to treat mostly elderly patients with
myelodysplasia. The first study of 29 patients (median age 72 years) resulted in
an overall response rate of 54%, including 29% complete remissions [55]. A
cumulative analysis of 169 patients treated in a total of three phase II studies
confirmed this outcome, with an overall response rate of 49%, including 23%
complete responses [56]. Interestingly, among patients presenting with an infor-
mative cytogenetic abnormality, major cytogenetic responses during continued
low-dose decitabine treatment were observed in 31% [57] and the cytogenetic
response rate as well as survival was better in the subgroup with “high-risk”
cytogenetic abnormalities according to the IPSS score [53] compared to patients
with “intermediate risk” cytogenetic abnormalities. 

At present, the unusually favorable response of patients with complex karyotype
or abnormalities of chromosome 7 to this drug is unclear. However, it was the basis
for shaping inclusion to a randomized phase III trial tailored upon the risk strata of
the IPSS of 11 to 30% bone marrow blasts and/or high-risk cytogenetics. This trial,
activated in Europe, compares survival in patients randomized to continuous low-
dose decitabine (maximum treatment duration 12 months) to patients randomized
to supportive care only. The trial, by virtue of its design not allowing a crossover
can study overall survival as a primary endpoint. A similar trial, also using the 72-
hour infusional schedule with 135 mg/m3 total dose, has finished recruitment in the
United States. Whereas the European trial includes patients with the intermediate-
2 and high-risk profile, the U.S. trial also includes patients with MDS of interme-
diate-1 risk.

Recently, Issa and coworkers [58] have used doses of decitabine ranging from
50 to 300 mg/m2 given over 1 hour intravenously over a time span of 10 to 20 days
in (mostly pretreated) patients with relapsed/refractory AML or MDS, also including
five patients with CML, and one patient with ALL. Interestingly, they observed the
highest response rate (five/six patients) in the group treated with a total dose of 150
mg/m2, whereas at high doses, the efficacy was lower. This scheduling also differs
from the intravenous 3-day scheduling used in both decitabine phase III studies as
it includes the possibility of giving decitabine on an outpatient basis. 

COMBINATION OF LOW-DOSE DNA 
DEMETHYLATING AGENTS WITH INHIBITORS OF 

HISTONE DEACETYLASES: CLINICAL RESULTS 

5-Azacytidine has also been employed in combination with sodium phenylbutyrate
(PB), an aromatic fatty acid with cytostatic and differentiating activity against
malignant myeloid cells with an ID50 of 1 to 2 mM. Several mechanisms have been
proposed for its clinical activity. At low concentrations (0.25 to 0.5 mM), it has an
 CRC Press LLC
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effect on histone acetylation via an inhibitory activity on histone deacetylase, thus
inducing histone H3 and H4 acetylation [69]. PB, like other HDAC inhibitors,
synergizes with demethylating agents [70–72]. 

At the Johns Hopkins Cancer Center, patients with MDS (n = 11) and AML (n
= 16) were treated with PB as a 7-day continuous infusion, repeated every 28 days,
in a phase I dose-escalation study [73]. The maximum tolerated dose was 375
mg/kg/day, with dose-limiting, reversible neurocortical toxicity. The median steady-
state plasma concentration at this dose was 0.29 to 0.16 mM. Although no patients
achieved complete or partial remission, four patients achieved hematological
improvement. Monitoring of the percentage of clonal cells over the course of PB
administration showed that hematopoiesis remained clonal [74]. Hematological
response was often associated with increases in colony growth in vitro. Thus, at the
plasma concentrations achieved, PB influences the expression of at least one surro-
gate gene involved in hematopoiesis. 

The outstanding toxicity profile of PB and the synergistic effect of histone
deacetylation and demethylating agents in reactivating silenced genes encouraged
clinical studies on the combination of PB and demethylating agents in hematological
diseases. A treatment scheme entailing subcutaneous injections of 5-azacytidine for
7 consecutive days (75 mg/m2/day), similar to the CALGB schedule, followed by 5
days of intravenous PB (200 mg/kg/day), was reported [75]. Six myelodysplasia/sec-
ondary AML patients received at least one cycle of therapy (range, 1 to 3). Reduction
in bone marrow blast counts, as well as increased myeloid maturation was observed
in four patients; one patient with leukemia who relapsed following bone marrow
transplantation (BMT), had a complete elimination of bone marrow blasts after one
cycle of therapy. An increase in histone acetylation was consistently detected in
peripheral blood and bone marrow samples collected after PB administration. Treat-
ment was relatively well tolerated, with mild adverse reactions including fatigue,
nausea, vomiting, and local tenderness at injection sites, as well as somnolence and
drowsiness associated with PB. 

A second study with sequential administration of 5-azacytidine and PB to re-
express transcriptionally silenced genes was also initated at Johns Hopkins in patients
with MDS and AML. The initial 5-azacytidine dose was also 75 mg/m2/day subcu-
taneously, was given for 5 days, followed by PB at 375 mg/kg/day by intravenous,
continuous infusion, days 5 to 12. Dose de-escalation to determine the minimal 5-
azacytidine dose associated with significant demethylation was performed. Eleven
patients have been treated in a total of 39 courses. The combination was well
tolerated, and two patients had significant hematopoietic improvement. Increases in
histone acetylation by this therapy were detected within 4 hours of initiation of PB
infusion, and persisted throughout the infusion. In nine patients, sequential measure-
ments of p15INK4B promoter methylation by a newly developed PCR-based assay
were performed. All had measurable hypermethylation of the p15 promoter, which
was higher in patients with AML or RAEB-t compared to patients with low-risk
MDS. In three patients during 5-AC/PB treatment, p15 methylation levels decreased.
Baseline methylation density did not predict for the extent of demethylation in
response to 5AC/PB (reviewed in [74]). Both studies successfully demonstrate that
the sequential administration of a first generation demethylating agent and HDAC
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inhibitors is feasible, and gives preliminary evidence of an effect on the methylated
targeted gene promoter.

Among the novel HDAC inhibitors being developed for clinical use, several have
been studied in refractory/relapsed hematologic malignancies. This includes dep-
sipeptide, SAHA, LAQ814, and MS-275. Results of a phase I study of MS275 in
25 patients has recently been reported [76]. While no complete remissions were
noted, this oral compound induced bone marrow partial remissions and hematologic
improvement in four patients (18%). Toxicities included fatigue, anorexia, and elec-
trolyte disturbances. Valproic acid, which has recently been ascribed HDAC activity,
has been administered, alone or in combination with all-trans retinoic acid, to mostly
elderly patients with untreated MDS or AML [77]. While the treatment was well
tolerated and interesting clinical effects were seen, no prolonged disease control was
achieved, thus prompting future studies with other combinations. With both oral
HDAC inhibitors, active and rapid acetylation of histones H3 and H4 was observed
in normal peripheral blood lymphocytes of the patients.

CLINICAL RESULTS OF DNA DEMETHYLATING 
AGENTS IN SOLID TUMORS: PHASE I/II TRIAL 

RESULTS

Promising in vitro activity of 5-azacytidine and decitabine on cell lines and in
rodent tumor models has prompted a number of clinical phase I/II trials of both
compounds in solid tumors. Most of these were performed in the 1980s and yielded
only a low percentage of responses. The clinical results are summarized in Table
14.4. Side effects were similar to those observed in patients with hematologic
malignancies.

Momparler et al. recently performed a phase I/II trial with decitabine (given
intravenously over 8 hours) at doses ranging from 200 to 660 mg/m2 to 15 patients
with metastatic non-small-cell lung cancer. The major toxicity noted was hemato-
poietic in these chemotherapy-naive patients, necessitating recovery periods for up
to 6 weeks before repetition of treatment. Four of nine assessable patients had stable
disease for at least 6 months, with one of them living for more than 5 years [78].
The median survival of all patients was 6.7 months. 

Schwartsmann and coworkers performed a phase II trial of cisplatinum (30 to
40 mg/m2 on 1 day) combined with decitabine (50 mg/m2 for 3 consecutive days,
repeated every 21 days) in 25 chemotherapy-naive patients with advanced squamous
cell carcinoma of the cervix [79]. A median of three courses per patient was admin-
istered (range 1 to 8), with grade III/IV neutropenia being the dominant toxicity
(79% of patients had received prior radiotherapy). Eight of 21 evaluable patients
(38%) achieved a partial response and stable disease was attained in 5 of 21 cases
(24%). Interestingly, objective responses were more frequent in metastatic lesions
at nonirradiated sites.
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Response 
(%) Reference

 

0 [80]
44 [78]
21 [81]
17 [82]
17 [83]

4 [84]
0 [80]

63 [85]
6.4 [85]
25 [86]
8 [87]
0 [88]

62 [79]
17 [89]

0 [90]
7 [80]

20 [91]
7 (breast cancer) [92]

5 [93]
14 [81]

0 [94]

  

sly; ND = not done.
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TABLE 14.4
Treatment of Solid Tumors with 5-Azacytidine and Decitabine

Indication Drug(s)
Patients, 

n

Total 
Dose 

(mg/m2)
Schedule 
(mg/m2)

Head and neck DAC 27 225 75, q8h 1d, i.v.
NSCLC DAC 9 200–660 200–660, 1d, i.v.
NSCLC DAC/cisplatin 14 180 3d, i.v.
Malignant mesothelioma DHAC 29 7500 1500, 5d, c.i.
Malignant mesothelioma DHAC 41 7500 1500, 5d, c.i.
Gastrointestinal cancer azaC 27 ND ND
Colorectal carcinoma DAC 42 225 75, q8h 1d, i.v.
Breast cancer azaC 11 300–700 37.5–87.5, 8d, i.v.
Breast cancer azaC 31 600 10d, i.v.
Breast cancer azaC 4 275–850 27.5–85, 10d, s.c.
Ovarian carcinoma DAC 24 225 75, 3d, i.v.
Cervical carcinoma DAC 15 225 75, q8h 1d, i.v.
Cervical carcinoma DAC/cisplatin 21 150 50, 3d, i.v.
Prostate cancer DAC 14 225 75, q8h 1d, i.v.
Malignant melanoma azaC 30 1000 100, 10d, s.c.
Malignant melanoma DAC 18 225 75, q8h 1d, i.v.
Malignant melanoma DHAC 40 5000 5000, 1d, c.i.
Different solid tumors azaC 177 16 mg/kg 1.6 mg/kg, 10d, i.v., c.i. 1
Different solid tumors DAC 21 50–300 25–100, q12h/q8h 1d, i.v.
Different solid tumors DAC/cisplatin 21 135–360 45–120, 3d, i.v.
Different metastatic solid tumors DAC 19 60–120 20–40, 3d, c.i.

Note: NSCLC = non-small-cell lung cancer; i.v. = intravenously; c.i. = continuous infusion; s.c. = subcutaneou
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LOW-DOSE AZANUCLEOSIDES AS NOVEL 
TREATMENT IN HEMOGLOBINOPATHIES 

Van der Ploeg and Flavell [95] first demonstrated hypomethylated gene regions
upstream of the duplicated gamma-globin µ-locus (encompassing the Gµ and Aµ
genes) in fetal liver cells. Remethylation of these loci has occurred in adult human
bone marrow cells, in which the µ-globin genes are not expressed. This seminal
discovery provided a reason to explore the pharmacologic stimulation of fetal hemo-
globin (HbF) production, through induction of gamma-globin messenger RNA
(mRNA) expression with demethylating agents, in patients with severe beta-thalas-
semia. In anemic baboons, short-term 5-azacytidine administration resulted in a
marked transient enhancement of HbF synthesis [96]. 

In 1982, Ley et al. reported clinical results on a patient with severe beta-
thalassemia [97]. 5-azacytidine was administered by continuous infusion at
2 mg/kg/day for 7 days (Table 14.5). Following infusion, a rise in hemoglobin (Hb)
levels from 8 g/dl to 10.8 g/dl and a more than fourfold increase in reticulocytes
were attained. Hb values remained above pretreatment levels for nearly 5 weeks
without transfusion. Side effects included moderate nausea, vomiting, and mild
leukopenia (noted 3 weeks after end of treatment). In vitro studies revealed a
sevenfold induction of µ-globin mRNA, with a marked increase of both Gµ- and
Aµ-chain synthesis. Transient hypomethylation of the gamma-globin gene locus
coincided with augmented HbF production. 

Charache et al. treated a 32-year-old patient with sickle cell anemia and severe
transfusion requirements with 5-azacytidine infusions [98]. Also in this patient, a
rise in HbF, reticulocytes and Hb levels was obtained and, upon decrease to baseline
values, could be reinduced. Since these pioneering studies, further reports have
described similar effects in hemoglobinopathy patients (Table 14.5). In 1993, Lowrey
and Nienhuis reviewed the long-term responses and outcome of three thalassemia
patients. All three became transfusion-independent (two of them for more than a
year) with repeated courses of intravenous 5-azacytidine. One patient had a remark-
able improvement in cardiac function, with effective iron depletion only after the
addition of 5-azacytidine. None of the three patients developed a malignancy [99].

The group of DeSimone explored the effects of decitabine in patients with sickle
cell anemia unresponsive to hydroxyurea (HU) [100]. In a preliminary report, they
noted a threefold increase in HbF in all nine patients treated with very low doses
of intravenous decitabine (starting dose: 0.15 mg/kg/day) for 5 days, repeated once
during the course of 2 weeks. Maximum levels of HbF were reached within 4 weeks
and were sustained for at least 2 more weeks. The only side effect noted was mild,
reversible neutropenia. They concluded that, with the efficacy of this low-dose, short-
term schedule in a patient group not responding to HU, further increases in HbF
might be attained upon dose escalation. Very recently, this group reported remarkable
improvement of hemolysis and hemoglobin levels in eight decitabine treated patients
with sickle cell disease who had received prior hydroxyurea [101]. Decitabine was
given subcutaneously 1 to 3 times per week in two cycles of 6 weeks duration (0.2
mg/kg/day). The biological correlate of the hematologic improvement was induction
of hemoglobin F in all cases. Further biological effects of this treatment, which was
 CRC Press LLC
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TABLE 14.5
Clinical Effects 

   

nemia

 

Drug Hemoglob
 in Hb 
) Demethylation Reference

 

azaC

 

β

 

+

 

 thalassem Gµ, Aµ, 

 

ε

 

[97]
azaC Sickle cell a Global, Gµ, Aµ, Y rpt [98]
azaC

 

β

 

+ thalassem
sickle cell 

Gµ, Aµ, [102]

azaC Sickle cell a ND [103]
azaC Sickle cell a Gµ, Aµ, [104]

azaC βo thalassem ND [105]
azaC β+ thalassem

βo thalassem
ND [99]

DAC Sickle cell a ND [100]
DAC Sickle cell a ND [106]
DAC Sickle cell a

α-thalassem
ND [107]

DAC Sickle cell a G [101]

Note: i.v. = intraveno ha globin.
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of 5-Azacytidine and Decitabine in Severe ββββ-Thalassemia and Sickle Cell A

inopathy
Patients, 

n
Total Dose 

(mg/kg)
Schedule 
(mg/kg)

Maximal HbF 
(%)

Maximal Increase
(g/dl, range

ia 1 14 2, 7d, c.i. 20.8 2.8
nemia 1 90 30, 3d, c.i. & s.c. 8.9 3.0
ia (2), 

anemia
4 14 2, 7d, c.i. 21.4 1.9 (1.2–2.9)

nemia 4 30–70 2, 15–35d, s.c. 13.6 3.0 (1.2–3.5)
nemia 7 14

7.5
2, 7d, c.i.
1.5, 5d, c.i.

ND 1.4 (0.2–2.5)

ia 1 10 2, 5d, c.i. ND 3.0
ia (2)
ia

3 4–8 1–-2, 4d, c.i. 76 3.1 (2.9–4.4)

nemia 9 1.5 0.15, 10d, i.v. 9.1 NA
nemia 8 1.5–3.0 0.15–0.3, 10d, i.v. 13.5 1.0
nemia (6), 

ia
7 3 0.3, 10d, i.v. 18.4 2.5

nemia 8 1.6–4.8 8–24d, s.c. 20.4 2 (7.6–9.6)

usly; c.i. = continuous infusion; s.c. = subcutaneously; ND = not done; G = gamma globin; A = alp

C
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very well tolerated, included gamma-globin promoter demethylation, peripheral
blood platelet increases, and an increase of megakaryocytes and erythroid precursor
cells in the bone marrow in the absence of hypoplasia. These results warrant pro-
longed drug exposure, since sustained HbF and total Hb increases may be possible
to achieve.

CLINICAL EFFICACY AND TRANSLATIONAL 
STUDIES OF DEMETHYLATING AGENTS: 

BIOLOGICAL EFFECT IN VIVO 

TARGETING OF HYPERMETHYLATION OF CELL CYCLE REGULATORS IN HUMAN 
MALIGNANCY BY DNA DEMETHYLATING AGENTS

Progression through the cell division cycle is regulated by an intricate interplay of
cyclin-dependent kinases (CDKs) and cyclins (Figure 14.1). CDK inhibitors
(CDKIs) regulate the activity of CDK/cyclin complexes and are able to suppress
proliferation. CDK inhibitors are classified into two families: the INK4-family and
the CIP/KIP-family. The CIP/KIP family members, p21WAF1/CIP1, p27KIP1, and p57KIP2,
can bind to and block the activity of all CDK/cyclin complexes [108–112], whereas
the INK4-inhibitors p15INK4B, p16INK4A, p18INK4C, and p19INK4D inhibit only the activ-
ities of cyclin/CDK4 and cyclin/CKD6 [113–117]. Expression of many cell cycle
regulatory genes is frequently suppressed in human malignancies by methylation of
their promoter regions [reviewed by 16,118–120]. This promoter hypermethylation
results in silencing of gene expression [121]. Promoter silencing of all CKIs except
p19INK4D and p21WAF1/CIP1 has been detected in a plethora of human cancers and
leukemias [122–128]. p15INK4B is frequently hypermethylated in leukemias and myel-
odysplastic syndromes (MDS), whereas p16INK4A hypermethylation is frequently
found in solid tumors, multiple myeloma, and lymphomas [129,130]. p18INK4C is
hypermethylated in a subset of Hodgkin’s lymphoma [122]. Methylation of these
genes may have prognostic relevance, which needs to be assessed in prospective
clinical studies.

BIOLOGICAL EFFECTS OF DECITABINE ON PROMOTER METHYLATION AND 
PROTEIN EXPRESSION

The demethylating agents 5-azacytidine and 5-aza-2′-deoxycytidine (decitabine) can
reverse epigenetic silencing by inhibiting DNA-methyltransferases, and reconstitute
gene expression through hypomethylation of CpG islands within promoter regions
[131,132]. Decitabine was first reported as a differentiation-inducing drug [133], but
in addition it can exert cytotoxic effects [17] and may induce apoptosis [134,135].
Data obtained from in vitro experiments raised high hopes for a less toxic treatment
option of leukemias (vide supra). Indeed, several clinical trials with decitabine for
treatment of several myeloid neoplasias at doses with minimal nonhematologic
toxicity (plasma levels 0.1 to 0.5 µM), particularly in elderly patients, show prom-
ising results (Table 14.3) [120,131]. 
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Hypermethylation of the p14ARF locus has been detected in various cancer cell
lines and primary human cancers, and can be reversed by decitabine treatment [136],
but clinical significance of these findings awaits further confirmation. The impor-
tance of p15INK4B-repression during leukemogenesis has been well documented in
gene targeting studies, in which the complete or partial p15Ink4b knockoutcorrelates
with increased susceptibility to transformation [137,138]. Using retrovirus-induced
myeloid leukemia in mice, Wolff et al. frequently detected hypermethylation of the
5′ CpG island of the Ink4b gene, that could be reversed following treatment with
decitabine. In this experimental setup, targeted deletion of one allele of the p15Ink4b

gene increased the susceptibility to retrovirus-induced myeloid leukemia [138]. This
work confirms our report on MDS patients, wherein the clinical efficacy of decitabine
correlates with hypomethylation of the p15INK4B promoter [139]. Daskalakis et al.
studied p15INK4B methylation and expression in bone marrow cells from patients with
myelodysplastic syndrome before, during, and after treatment with low-dose deci-
tabine, using the highly sensitive and specific Ms-SNuPE assay, as well as bisulfite
sequencing [139]. Sixty-five percent of the patients showed p15INK4B promoter
methylation prior to treatment, and methylation was reduced during the initial
courses of treatment, correlating with increased p15INK4B expression. A recent report,

FIGURE 14.1 (See color insert following page 114) Schematic diagram of the cell division
cycle in human cells. During G1 phase, cells increase cell size and synthesize new proteins
necessary for further progression through the cell cycle. Cells can either progress through G1
and enter S phase, or withdraw from the cell cycle (G0). During S phase, the complete genome
is duplicated once. In G2, DNA replication is completed and cells prepare to enter mitosis
(M phase). During M phase, a bipolar mitotic spindle is formed, ensuring equal chromosome
segregation. CDK2, CDK4, and CDK6 in combination with cyclin D and E, drive the cell
cycle progression. The CDK inhibitors (INK4 and CIP/KIP) regulate and can also block their
cell cycle promoting activities.
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using a different drug schedule and methylation detection assay, showed that low
dose decitabine was effective for treatment of myeloid malignancies but did not
correlate with p15INK4A demethylation [58].

Treatment with decitabine can also restore p16INK4A expression in various in vitro
models of solid and hematological malignancies, but so far does not necessarily
correlate with tumor response to treatment [125,140,141] (reviewed by 120]). In an
analysis of human lung cancer cell lines, promoters of the genes coding for p16INK4A,
but not p19INK4D showed CpG island methylation. Interestingly, treatment of cells
with decitabine induced a dose- and duration-dependent increase in p16INK4A and
p19INK4D expression. In this study, elevated p19INK4D was not attributed to changes
is methylation but to inhibition of histone deacetylation [142]. 

EFFECT OF DECITABINE ON CIP/KIP EXPRESSION

Induction of p21WAF1/CIP1 expression has been frequently observed upon treatment
with demethylating agents [141,143]. Data about p21WAF1/CIP1 promoter methylation
is incongruent, and so is the question whether the observed p21WAF1/CIP1-induction
is due to hypomethylation after decitabine treatment or a more indirect effect. In
one study on myeloma cell lines, the increased protein expression precedes upreg-
ulation of p16INK4A and could be observed at lower doses (2 to 4 × 10–8 vs. 10–6 to
10–7 M) [141]. In a study using gastric carcinoma cell lines, only p57KIP1 was shown
to be hypermethylated, whereas p21WAF1/CIP1 and p27KIP1 were not [144]. In a model
using rat and mouse pituitary tumor cell lines, p27KIP1 was hypermethylated, and
treatment with decitabine resulted in promoter hypomethylation, leading to restora-
tion of p27KIP1 mRNA and protein expression [145]. 

METHYLATION AND ACETYLATION

Chromatin folding is regulated by distinct modifications of histone proteins. This
mechanism is tightly controlled by histone deacetylase (HDAC)-mediated histone
deacetylation and results in transcriptional repression. Transcriptional activation by
histone hyperacetylation and subsequent chromatin remodeling, thus allowing access
of the transcriptional machinery to gene promoters, is mediated by histone acetyl-
transferases (HAT). The balance between HAT and HDAC activity is frequently
deregulated in malignancies. Treatment of leukemia cell lines with HDAC inhibitors
results in gene reactivation and subsequent differentiation or apoptosis [146]. A
number of compounds with HDAC inhibitory activity have come to clinical attention,
and several of these are being developed for the treatment of hematopoietic neopla-
sias [147]. 

Decitabine does not only inhibit DNA methyltransferases, but also can induce
histone acetylation in bladder cancer cells [148]. Treatment of AML patients with
5-azacytidine alone resulted in acetylation of genes in five of six patients. This effect
could be recapitulated in leukemia cell lines upon treatment with decitabine, an
effect that is increased by addition of specific HDAC inhibitors [143]. Combination
therapy of HDAC inhibitors with decitabine increased the proapoptotic effects of
HDAC inhibitors in human lung cancer cells [149]. As therapeutic targets, both gene
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hypermethylation and hypoacetylation of histones are models for which therapeutic
interventions are being developed [70]. Combination treatment of demethylating
agents and HDAC inhibitors may help reversing epigenetic gene silencing, thus
sensitizing cells for growth and differentiation inducing signals.

DIFFERENTIATION VS. APOPTOSIS

Blast clearance in patients is frequently observed upon treatment with demethylating
agents (reviewed by [120]). Whether this is due to a direct, cytotoxic effect, a
proapoptotic effect, or differentiation of the transformed clone is still a matter of
debate. There are conflicting data about the cytotoxicity of decitabine and the
involvement of the tumor suppressor protein p53. DNA damage and activation of
subsequent cellular pathways has been observed after incorporation of deoxy-azanu-
cleoside into the DNA strand [17]. Induction of p21WAF1/CIP1 and cell cycle arrest,
but no increase in apoptosis, were reported upon treatment of human myeloma and
lymphoblastic cell lines with decitabine [141]. In colon cancer cell lines, decitabine
treatment resulted in DNA-damage-induced p53 activation with subsequent
p21WAF1/CIP1 activation and induction of apoptosis [135]. Contrasting data have been
reported recently in a model system using primary mouse embryonic fibroblasts
(MEF) [134]. In this system, only MEFs deficient for p53 undergo apoptosis after
treatment with decitabine, whereas p53 wild type MEFs did not. One possible
mechanism for p53-dependent induction of apoptosis without direct DNA damage
could be that p14ARF hypomethylation leads to increased p14ARF expression and to
derepression of p53 through increased degradation of mdm2 [150]. Thus, functional
p53 can accumulate, and cells undergo apoptosis.

Work from our laboratory and others suggests that leukemic blasts treated with
decitabine do not solely undergo apoptosis, but also differentiate. Upregulation of
MHC I on leukemic blasts from patients with AML treated with decitabine was the
first report linking decitabine to induction of differentiation [133]. Upregulation of
CD11c, CD14, CD16, and CD34 downregulation may reflect differentiation or
maturation in myeloid blasts [151]. Yet another hypothesis is that decitabine can
exert immune modulatory effects. Upregulation of immunogenic molecules and
cancer antigens with improved immune defense has been observed in a recent study
[152]. This study examined the expression of cancer testis antigens (CTAs) on
myeloid blasts during treatment with decitabine. The authors noted a lack of expres-
sion of three CTAs (MAGE1, SSX, NY-ESO-1) in 9 of 11 patients. Following
decitabine treatment, these genes were expressed in 8 of 9 cases. In all studies,
peripheral blood leukemic blasts were amenable to analysis, making gene expression
changes caused by emergence of normal hematopoietic cells unlikely. 

Taken together, the promising results from in vitro studies and the molecular
biology behind them translate nicely into results obtained from various clinical trials
with 5-azacytidine and decitabine. Future studies and clinical trials using genomic
screens and high throughput analyses of tumors will help to address the question of
what the contribution of hypermethylation and histone acetylation to carcinogenesis
and tumor progression is, and to further identify molecular targets of decitabine
[153,154].
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SUMMARY AND OUTLOOK 

The clinical development of azanucleosides in cancer treatment can be divided into
two periods and principal approaches. One is the use of decitabine and 5-azacytidine
in a cytarabine-like fashion, with doses requiring often prolonged hospitalization
due to significant hematologic and nonhematologic toxicity. The other uses either
drug at low doses in order to achieve biological effects, such as DNA demethylation,
rather than maximally tolerated cytotoxicity. This approach is also designed to allow
the patient a maximum of remaining lifetime outside the hospital by virtue of a
favorable toxicity profile. However, since complete responses to these low-dose
schedules in myeloid neoplasias and hemoglobinopathies do not occur in every
patient thus treated, continued investigation of the possible target genes of their DNA
demethylating activity appears warranted in order to further improve drug schedul-
ing. In addition, identification and validation of ubiquitous marker genes, such as
imprinted genes and globin genes which may serve as molecular markers of a
minimal demethylating activity of these drugs, would be an important step. Presently,
investigation of an additional activity of azanucleosides in inhibiting also histone
deacetylases, and modifying histone methylase action is ongoing.

Better knowledge of potential target genes of demethylating agents (and drugs
acting on histone modification) will be very useful also in designing rational drug
combinations, e.g., with differentiation-inducing signals (retinoids, vitamin D3 ana-
logues, etc.), growth signals (colony-stimulating factors), and growth inhibitory
signals (TGFβ, interferons). Furthermore, an important line of research investigating
sensitization of tumors to cytostatic drugs such as cisplatinum and derivatives may
result in rational drug combinations of demethylating agents with classic cytotoxic
chemotherapy regimens [155].

The broad and growing knowledge of “methylator” phenotypes in different
tumors, and of the effects of low doses of azanucleosides in cell line models of
epithelial and mesenchymal malignancies, promises to yield a rationale for expansion
of clinical trials of azanucleosides in a variety of solid tumors. Of particular interest
are malignancies in which a T-cell-mediated immune response may confer clinical
benefit. The results demonstrating upregulation of cancer testis antigens and other
molecules recognized by T cells point to a role of demethylating agents also in
modification of an immune response. Cancers such as renal cell carcinoma, possibly
malignant melanoma, and colorectal cancer in addition to myeloid leukemia, may
be promising targets. In a corollary to this concept, modification of the efficacy of
allogeneic donor lymphocyte infusions after relapse from allogeneic stem cell trans-
plantation may hypothetically be achieved by upregulation of such molecules on
residual blasts in these patients [156]. 

De-escalating drug schedules of azanucleosides to doses that target cancer-
associated hypermethylation in malignant cells or silenced hemoglobin genes in
patients with hemoglobinopathies are presently being developed. Concerns that
reactivation of genes whose expression is undesirable need to take into consideration
that this pattern of silencing is not likely in a malignant cell, because inactivation
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of an oncogene during evolution of the tumor cell does not appear as an epigenetic
event that would reasonably yield a growth advantage. CpG island methylation is
infrequent in normal cells, making tumor hypermethylation a target for pharmaco-
logical therapy, which is both specific and distinct from conventional cytotoxic
activity. This is supported by the limited degree of expression changes when normal
cells are treated with low doses of demethylating agents. In theory, major targets of
reactivation would be X-chromosome-linked genes in females and genes that are
imprinted. However, the expression pattern of both classes of genes may be most
prevalent during embryogenesis [16]. Of note, in several mouse models targeted
demethylation has resulted in a decrease of malignancy or prolongation of tumor
development [71,157,158].

In vivo evidence for mutagenic or carcinogenic effects of continued hypometh-
ylation or other mechanisms relieving gene silencing could hypothetically be derived
from congenital, lifelong DNA methylation disturbances resulting in a measurable
degree of hypomethylation. A paradigm for this situation is provided by the so-called
ICF syndrome. In this rare syndrome of immunodeficiency, facial anomalies and
centromeric instability, in which marked, global demethylation due to mutation of
Dnmt3b [159,160] has been demonstrated, no increase in malignancies has been
reported [161].  The long-term exposure to low doses of 5-azacytidine in three
patients with hemoglobinopathies, as reported by Lowrey et al. [99] did not include
development of neoplasia in these patients (vide supra). A shorter median follow-
up of patients treated with demethylating agents, albeit with almost 200 patients,
has very recently been provided by the MD Anderson group [162]. None of the
patients observed after continued treatment with decitabine had developed secondary
malignancy. Finally, chromosomal instability, which was noted in a mouse model
engineered for severe hypomethylation (10% of normal methylation levels) was not
observed in a retrospective analysis of the degree of chromosomal evolution in
myelodysplasia patients followed with sequential cytogenetic studies [163]. The lack
of tumorigenicity of long-term treatment with the HDAC inhibitor sodium phenol-
butyrate in children with hereditary urea metabolic disorders also argues against
gene reactivation in normal cells as a carcinogenic event.

In spite of the lack of evidence for mutagenic or carcinogenic effects of azanu-
cleoside schedules at the present time, and in the patient populations studied long-
term thus far, the development of DNA demethylating agents that are not incorpo-
rated in DNA is a very promising approach to more selectively target DNA methy-
lation in cancer and hemoglobinopathies. The range of small molecules being devel-
oped for this approach includes nucleoside analogues such as zebularine [11],
antisense oligonucleosides inhibiting DNA methylating activity, and, as recently
reported [164], small interfering  RNAs against Dnmt3b and Dnmt1. The preclinical
efficacy of these different approaches is being determined in animal models of
different cancers, and hopefully will allow more targeted therapy of hypermethyla-
tion in tumors in the future.
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