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Myelodysplastic Syndromes
Alan F. List, James Vardiman, Jean-Pierre J. Issa, and Theo M. DeWitte

The development of new therapeutic strategies
for myelodysplastic syndromes (MDS) has
gained new momentum fueled by improved
characterization of the disease’s natural history
and biology and by the recent US Food and Drug
Administration (FDA) approval of the first agent
with an indication for MDS. By integrating
morphologic and cytogenetic features with
greater discriminatory power, the World Health
Organization (WHO) has refined the classification
of these stem cell malignancies and enhanced its
prognostic utility. Recognition that the malignant
phenotype, which characterizes MDS, may arise
from mechanistically diverse biological processes has raised new awareness that treatment
strategies must be tailored to the pathobiology of
the disease. Therapeutics targeting chromatin
structure, angiogenesis and the microenvironment that nurtures the MDS phenotype have
demonstrated remarkable activity and offer an
opportunity to alter the natural history of the

disease. This chapter provides an overview of
recent developments in the characterization of
MDS from the microscope to the laboratory and
the translation of these findings into promising
therapeutics.
In Section I, Dr. James Vardiman reviews the
cytogenetic abnormalities that characterize MDS,
their clinical and pathologic significance, and the
application of the WHO classification. In Section
II, Dr. Alan List reviews treatment goals driven by
prognostic variables and biological features of
the disease that have led to promising small
molecule, selective therapeutics. In Section III,
Dr. Jean-Pierre Issa provides an overview of
epigenetic events regulating gene expression,
which may be exploited therapeutically by
chromatin remodeling agents. In Section IV, Dr.
Theo DeWitte discusses new developments in
hematopoietic stem cell transplantation, including reduced-intensity and myeloablative approaches.

I. CHARACTERIZATION AND CLASSIFICATION OF
MYELODYSPLASTIC SYNDROMES—
FROM MORPHOLOGY TO CYTOGENETICS

acute leukemia. In 1982 the French-American-British
(FAB) cooperative group proposed morphologic guidelines for the diagnosis and classification of MDS that
provided a framework against which clinical, biologic
and genetic studies could be universally compared.1 Since
then nearly 20,000 publications have characterized various features of MDS. Despite such active investigation,
a biologic marker that reliably identifies MDS remains
elusive. Therefore, morphology remains the cornerstone
of diagnosis and an important tool that complements
cytogenetic findings for prognostic discrimination.2
Nevertheless, particularly in “low grade” disease, the
morphologic recognition of MDS can be difficult, creating diagnostic indecision. For such cases, appreciation of the basic guidelines for the interpretation of
morphology and its correlation with clinical and cytogenetic findings is essential for patient management.
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Although the myelodysplastic syndromes (MDS) were
initially considered by many to be synonymous with
“preleukemia,” this notion has given way to the realization that MDS is a heterogeneous spectrum of stem cell
malignancies, with the majority of patients succumbing to complications of bone marrow failure rather than
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DNA normally exists in a complex configuration with
proteins such as histones. These protein-DNA interactions mediate packaging of DNA from ultra compact
(the visible chromosomes during mitosis) to most relaxed (the fine chromatin observed under the microscope in immature cells). The level of packaging helps
determine the expression status of DNA.
Epigenetics refers to stable changes in gene expression that are mitotically stable and reversed only under
special situations such as embryogenesis.1 Epigenetic
silencing, then, refers to nearly irreversible loss of gene
expression. This drastic mechanism of gene regulation
is normally reserved for exceptional situations such as
the inactive X-chromosome in women and a few genes
whereby only one of the two copies of the gene is expressed depending on the parent of origin, a process
termed imprinting. Epigenetic silencing, though used
for a limited number of genes, is essential for the normal development of mammalian cells.2
The mechanisms of chromatin remodeling for epigenetic purposes have been the subject of intense investigation. In mammals, two molecular mechanisms are
key to the process—DNA methylation and histone modifications.1,3 Methylation is mediated by the biochemical addition of a CH3 group to various molecules. Methylation can affect DNA, and the cytosine base is a specific physiological target in mammalian cells. DNA
methylation plays important roles in development and
differentiation and, over evolution, is thought to have
been essential in suppressing the harmful effects of the
myriad of retrotransposons (“jumping genes”) that litter the human genome. Studies of the inactive X-chromosome established DNA methylation in promoter regions as key to maintaining epigenetic silencing. This
is now thought to be achieved through tight interactions between DNA methylation and histone modifications.2 This silencing cascade4 involves binding of methylated-DNA binding proteins (e.g., MeCP2) to the
modified promoters, followed by recruitment of histone deacetylases, histone methylases, and eventually, a
silencing complex of proteins including heterochromatin protein 1 (HP1). By this mechanism, chromatin is
remodeled such that it becomes “invisible” to transcription factors, achieving a stable silenced state.
DNA Methylation in MDS
Epigenetic processes, while required for development,
are so drastic that they are not used for the dynamic
regulation of gene expression. However, over the past
15 years, it has become apparent that cancer cells usurp
the process of DNA methylation and use it to their advantage by silencing the expression and function of genes
that counteract the malignant phenotype, such as tu306

mor-suppressor genes.5 Data from a variety of tumor
types has clearly established that gene silencing associated with promoter DNA methylation is as powerful as
gene mutations in functionally inactivating genes. It is
used in cancer cells to affect most pathways required
for transformation such as proliferation, apoptosis, angiogenesis, invasion, and immune evasion. Recent experiments have shown that epigenetic reprogramming
by nuclear transplantation erases the malignant phenotype in some cell lines despite the persistence of genetic
changes,6 demonstrating that epigenetic abnormalities
are full participants in malignant conversion.
Hematologic malignancies also demonstrate a link
between methylation and the neoplastic phenotype. Leukemias and MDS are characterized by the hypermethylation and silencing of multiple genes.7 This process can occur early and has been detected in cases of
low-risk MDS but, in general, it is associated with disease progression. In MDS, for example, the cyclin-dependent kinase inhibitor P15 is a frequent target of aberrant methylation, and its inactivation is associated with
an increased risk of progression to AML.8 A number of
other genes are similarly affected, included CDH1,
CDH13, RIL, and others. There are data suggesting
that aberrant methylation is associated with resistance
to chemotherapy in AML9 and acute lymphocytic leukemia (ALL),10 and it is likely to play a similar role in
MDS.
DNA Methylation Inhibitors
The discovery that hypermethylation contributes to the
malignant process has rekindled interest in DNA methylation inhibition as a therapeutic strategy (“epigenetic therapy”) in cancer.11 Two cytosine analogs, 5azacytidine (AZA) and 5-aza-2′ -deoxycytidine (DAC)
were found 25 years ago to specifically inhibit DNA
methylation by trapping DNA-methyltransferases
(MTases).12 AZA can incorporate into RNA and also is
a pro-drug of DAC. DAC is phosphorylated by deoxycytidine kinase and incorporates efficiently into DNA.
MTases, upon encountering DAC, form irreversible
covalent bonds with the incorporated base and are then
targeted for degradation in the proteosome. Cells then
divide in the absence of MTases, which results in progressive DNA hypomethylation and reactivation of previously silenced genes. The covalent binding of MTases
to DNA can also result in cytotoxicity at high doses of
DAC and/or high levels of MTases.13 Both AZA and
DAC were found to be active in vitro against a variety
of transformed cell lines, with particular efficacy in
hematologic malignancies.
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AZA
Clinical trials with azacytidine were initiated two decades ago and revealed efficacy at high doses in acute
myelogenous leukemia and at lower doses in MDS.11 A
Phase III randomized study comparing AZA to supportive care in treatment-naïve MDS at various stages
demonstrated response rates of 60% in the AZA arm
(CR 7%, partial remission [PR] 16%, hematologic improvement [HI] 37%) compared to 5% in the supportive care arm (P < .001).14 These relatively durable responses (median 15 months) translated into an improved
quality of life and a prolongation of median time to
leukemic transformation or death from 13 months in
the supportive care arm to 21 months in the AZA arm.
Side effects were relatively modest, consisting primarily of myelosuppression. These results led to the recent FDA approval of AZA for the treatment of MDS.
DAC
DAC is more active than AZA in vitro at equimolar
doses and may have a different spectrum of activity
and side effects compared to AZA because it does not
incorporate into RNA.11 Clinical trials with DAC were
also initiated two decades ago and revealed promising
efficacy in hematologic malignancies. Phase II studies
of DAC in MDS revealed promising response rates of
around 50% (CR rate around 20%), including cytogenetic responses, and minimal nonhematologic toxicity.15
These results led to a multi-institution Phase III study
of DAC compared to supportive care in MDS, the results of which will be announced at the 2004 ASH meeting. Data recently made public (but not subjected to
peer review) suggested an improved time to AML or
death in the DAC arm compared to the supportive care
arm, particularly in treatment-naïve patients (354 days
vs 189 days, P = .03) and high-risk MDS (260 days vs
79 days, P = .001).
Other DNA Methylation Inhibitors
Favorable results with AZA and DAC led to intense recent interest in identifying additional MTase inhibitors,
particularly orally available ones, or molecules that do
not require DNA incorporation. A number of interesting
approaches have been described, including antisense and
RNA interference approaches,16 the identification of
Procainamide as a weak MTase inhibitor,17 the suggestion
that a green tea component might inhibit DNA methylation indirectly,18 and the recent discovery that Zebularine,
an inhibitor of cytidine deaminase, also inhibits MTases.19
Clinical trials with these agents have either not shown
promising results or not been initiated yet.

Hematology 2004

Moving Forward
The emerging field of hypomethylation therapy has
raised many interesting and occasionally crucial issues
in the treatment of malignancies.
Dose
Given that DAC has dual activity (hypomethylating at
low doses, cytotoxic at high doses), the issue of optimal dosing of this agent (or its congener AZA) needs
to be reevaluated. Here, the classical maximally tolerated dose (MTD) route to drug development is not indicated, and may have hindered the full evaluation of
these drugs. Indeed, a recent study of low-dose DAC
reported favorable responses at doses 10–30 times lower
than the MTD, with a suggestion of loss of response at
higher doses.20 Also, the best reported responses with
AZA and DAC are at relatively low doses, developed
specifically for the treatment of MDS, where most patients are older and tolerate cytotoxic therapy poorly.
Correlative studies suggest that the in vitro observation
of rapid saturation of the hypomethylation effect (and
loss of the differentiation effect) with increasing doses21
is also true in vivo. Current studies are exploring optimal dosing schedules for both AZA and DAC.
Mechanism of response
It is not entirely clear whether responses to DAC and
AZA are related to hypomethylation or cytotoxicity.
The observation of decreasing responses with increasing dose favor hypomethylation,20 but this issue is far
from completely settled. Moreover, even if hypomethylation is the mechanism mediating responses,
events downstream of hypomethylation remain to be
defined. Loss of methylation of the p15 tumor-suppressor gene was observed in patients with MDS treated
with DAC,22 but p15 hypomethylation did not correlate
with response in a separate study.20 Possibilities include
direct cell death signaling by hypomethylation (perhaps through reactivation of retrotransposons), induction of differentiation, induction of senescence, induction of apoptosis through reactivation of proapoptotic
molecules,23 or immune responses through modulation
of tumor antigens24 or even the host’s immune system.
Pharmacodynamic studies of DAC in chronic myeloid
leukemia (CML) suggest little effect in the first 5 days
of treatment and hypomethylation-related cell death in
the second week of therapy, but the mediators of this
effect remain to be clarified.
Combinations
Perhaps the most exciting prospects of this field are the
opportunities to improve clinical response by using combinations of active drugs. These could be thought of in
307
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Abstract
Optimal reexpression of most genes silenced through promoter methylation requires the sequential application of DNA
methyltransferase inhibitors followed by histone deacetylase
inhibitors in tumor cell cultures. Patients with myelodysplastic syndrome or acute myeloid leukemia (AML) were
treated with the methyltransferase inhibitor 5-azacitidine
(aza-CR) followed by the histone deacetylase inhibitor sodium
phenylbutyrate. Major responses associated with cytogenetic
complete response developed in patients receiving prolonged
dosing schedules of aza-CR. Bisulfite sequencing of the p15
promoter in marrow DNA during the first cycle of treatment
showed heterogeneous allelic demethylation in three responding patients, suggesting ongoing demethylation within the
tumor clone, but no demethylation in two nonresponders. Six
of six responding patients with pretreatment methylation of
p15 or CDH-1 promoters reversed methylation during the first
cycle of therapy (methylation-specific PCR), whereas none of
six nonresponders showed any demethylation. Gene demethylation correlated with the area under the aza-CR plasma
concentration-time curve. Administration of both drugs was
associated with induction of acetylation of histones H3 and
H4. This study provides the first demonstration that molecular mechanisms responsible for responses to DNA methyltransferase/histone deacetylase inhibitor combinations may
include reversal of aberrant epigenetic gene silencing. The
promising percentage of major hematologic responses justifies the testing of such combinations in prospective randomized trials. (Cancer Res 2006; 66(12): 6361-9)

Introduction
The malignant phenotype results from a combination of genetic
abnormalities and epigenetic modifications, leading to dysregulation of critical genes controlling cell proliferation, differentiation,
and death. Considerable data highlight the important role that
methylation of cytosine residues in promoter regions plays in the
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meetings of the American Society of Hematology. S.D. Gore is a paid consultant to
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Center at Johns Hopkins, 1650 Orleans Street, Baltimore, MD 21287. Phone: 410-9558781; Fax: 410-614-1005; E-mail: gorest@jhmi.edu.
I2006 American Association for Cancer Research.
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transcriptional silencing of genes (1, 2). Methylated CpG dinucleotides bind specific proteins, such as MeCP2, which recruit
transcriptional corepressors (3). These transcriptional inhibitory
complexes include histone deacetylases (HDAC). DNA methyltransferases (DNMT), which catalyze DNA methylation, also bind
to HDACs and have the potential to target these enzymes to
regions of gene silencing (1, 4–7). Removal of acetyl groups from
histone lysine tails is but one of several modifications made to
these proteins now known to associate with transcriptional
silencing (8, 9). In fact, aberrantly hypermethylated and silenced
genes in cancer are now known to have key histone modifications
associated with their promoter regions (10–13). However, in the
context of all of these layered silencing chromatin modifications
that affect such genes, DNA methylation seems to be dominant in
specifying tight heritable transcriptional repression. Thus, in
cultures of cancer cells, the administration of HDAC inhibitors
will not result in reexpression of densely hypermethylated genes
until a DNMT inhibitor is first given—the two inhibitors are then
synergistic for reexpression of the genes (14, 15).
Given the above dynamics underlying the silencing of genes with
hypermethylated promoters, the sequential application of HDAC
inhibitors following DNMT inhibitors could potentially increase the
response rate, response duration, or percentage of complete
responses (CR) in myeloid leukemias through the reexpression of
silenced important cell regulatory genes. Multiple such genes are
known to exist in hematopoietic neoplasms, including the key cell
cycle regulating gene p15INK4B (16–19).
The marked clinical activity of the DNMT inhibitors 5azacitidine (aza-CR) and 2¶-deoxy-5-azacytidine (DAC) in patients
with myelodysplastic syndromes (MDS) suggest that epigenetic
silencing of cell regulatory genes may play important roles in the
pathophysiology of this group of disorders. In addition to hematologic response rates ranging from 30% to 60% (20–23), both drugs
have been shown to retard the progression of MDS to acute
myeloid leukemia (AML; refs. 23, 24).
The presently described clinical trial was designed to determine
whether the sequential administration of a DNMT inhibitor followed by an HDAC inhibitor could be tolerated by patients with
myeloid malignancies and to explore the possibility that such
combinations would increase the response rate or the quality of
responses following aza-CR administration. We combined this drug
with the first HDAC inhibitor available for clinical use previously
studied by our group (25, 26), sodium phenylbutyrate. This shortchain fatty acid has been successfully used to induce the production of fetal hemoglobin in patients with sickle cell anemia and
h-thalassemia (27, 28). In phase I studies in patients with AML
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Abstract
Optimal reexpression of most genes silenced through promoter methylation requires the sequential application of DNA
methyltransferase inhibitors followed by histone deacetylase
inhibitors in tumor cell cultures. Patients with myelodysplastic syndrome or acute myeloid leukemia (AML) were
treated with the methyltransferase inhibitor 5-azacitidine
(aza-CR) followed by the histone deacetylase inhibitor sodium
phenylbutyrate. Major responses associated with cytogenetic
complete response developed in patients receiving prolonged
dosing schedules of aza-CR. Bisulfite sequencing of the p15
promoter in marrow DNA during the first cycle of treatment
showed heterogeneous allelic demethylation in three responding patients, suggesting ongoing demethylation within the
tumor clone, but no demethylation in two nonresponders. Six
of six responding patients with pretreatment methylation of
p15 or CDH-1 promoters reversed methylation during the first
cycle of therapy (methylation-specific PCR), whereas none of
six nonresponders showed any demethylation. Gene demethylation correlated with the area under the aza-CR plasma
concentration-time curve. Administration of both drugs was
associated with induction of acetylation of histones H3 and
H4. This study provides the first demonstration that molecular mechanisms responsible for responses to DNA methyltransferase/histone deacetylase inhibitor combinations may
include reversal of aberrant epigenetic gene silencing. The
promising percentage of major hematologic responses justifies the testing of such combinations in prospective randomized trials. (Cancer Res 2006; 66(12): 6361-9)

Introduction
The malignant phenotype results from a combination of genetic
abnormalities and epigenetic modifications, leading to dysregulation of critical genes controlling cell proliferation, differentiation,
and death. Considerable data highlight the important role that
methylation of cytosine residues in promoter regions plays in the
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transcriptional silencing of genes (1, 2). Methylated CpG dinucleotides bind specific proteins, such as MeCP2, which recruit
transcriptional corepressors (3). These transcriptional inhibitory
complexes include histone deacetylases (HDAC). DNA methyltransferases (DNMT), which catalyze DNA methylation, also bind
to HDACs and have the potential to target these enzymes to
regions of gene silencing (1, 4–7). Removal of acetyl groups from
histone lysine tails is but one of several modifications made to
these proteins now known to associate with transcriptional
silencing (8, 9). In fact, aberrantly hypermethylated and silenced
genes in cancer are now known to have key histone modifications
associated with their promoter regions (10–13). However, in the
context of all of these layered silencing chromatin modifications
that affect such genes, DNA methylation seems to be dominant in
specifying tight heritable transcriptional repression. Thus, in
cultures of cancer cells, the administration of HDAC inhibitors
will not result in reexpression of densely hypermethylated genes
until a DNMT inhibitor is first given—the two inhibitors are then
synergistic for reexpression of the genes (14, 15).
Given the above dynamics underlying the silencing of genes with
hypermethylated promoters, the sequential application of HDAC
inhibitors following DNMT inhibitors could potentially increase the
response rate, response duration, or percentage of complete
responses (CR) in myeloid leukemias through the reexpression of
silenced important cell regulatory genes. Multiple such genes are
known to exist in hematopoietic neoplasms, including the key cell
cycle regulating gene p15INK4B (16–19).
The marked clinical activity of the DNMT inhibitors 5azacitidine (aza-CR) and 2¶-deoxy-5-azacytidine (DAC) in patients
with myelodysplastic syndromes (MDS) suggest that epigenetic
silencing of cell regulatory genes may play important roles in the
pathophysiology of this group of disorders. In addition to hematologic response rates ranging from 30% to 60% (20–23), both drugs
have been shown to retard the progression of MDS to acute
myeloid leukemia (AML; refs. 23, 24).
The presently described clinical trial was designed to determine
whether the sequential administration of a DNMT inhibitor followed by an HDAC inhibitor could be tolerated by patients with
myeloid malignancies and to explore the possibility that such
combinations would increase the response rate or the quality of
responses following aza-CR administration. We combined this drug
with the first HDAC inhibitor available for clinical use previously
studied by our group (25, 26), sodium phenylbutyrate. This shortchain fatty acid has been successfully used to induce the production of fetal hemoglobin in patients with sickle cell anemia and
h-thalassemia (27, 28). In phase I studies in patients with AML
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Myelodysplastic Syndrome
Ghulam Mufti, Alan F. List, Steven D. Gore, and Aloysius Y.L. Ho

The last decade has witnessed a multistep evolution in the understanding of the natural history,
clinical manifestations, and some of the molecular
mechanisms that underlie the ineffective hematopoiesis and leukemic transformation in the
myelodysplastic syndrome (MDS). The international prognostic scoring system, FAB, and WHO
classifications have helped define specific subgroups with their characteristic cytogenetic,
molecular and immunological abnormalities. Until
recently the mainstay of the treatment has been
entirely supportive with blood and platelet transfusions. What is increasingly manifest now is the
considerable excitement generated by the emergence of novel therapeutic strategies based on
painstaking research findings from the laboratories.
In Section I, Dr. Alan List reviews the therapeutic strategies with the specific emphasis on the
relevance of molecular mechanism of apoptosis
and targeted therapies using small molecules. Of
particular interest is the excitement surrounding
the clinical benefit obtained from potent
immunomodulatory derivative (IMiD) of thalidomide CC5013. The review provides an update of

the role of small molecule inhibitors of VEGF
receptor tyrosine kinase, arsenic trioxide, oral
matrix metalloprotease inhibitors, farnesyl transferase inhibitors, and imatinib mesylate in the
treatment of MDS subgroups.
In Section II, Dr. Steven Gore describes the
results of clinical trials of inhibitors of DNA
methylation such as 5 azacytidine (5 AC) and 5-aza
2-deoxycytidine (Decitabine). The review also
provides an update on the rationale and results
obtained from the combination therapy using
histone deacetylases (HDAC) and DNA methyltransferase inhibitors in the treatment of MDS.
In Section III, Professor Ghulam Mufti and Dr.
Aloysius Ho describe the role of bone marrow
transplantation with particular emphasis on recent
results from reduced-intensity conditioned transplants, exploiting the graft versus leukemia effect
without significant early treatment-related mortality. The section provides an update on the results
obtained from the manipulation of the host’s
immune system with immunosuppressive agents
such as ALG and/or cyclosporine A.

I. CRIPPLING THE CLONE

CSF) and granulocyte/macrophage-CSF (GM-CSF) to
extend survival of erythroid and myeloid progenitors,
supplemented by blood product transfusion and iron
chelation therapy as necessary. Although improvement
in neutrophil production is common, expectation for
sustained erythroid response and to a greater extent,
amelioration of thrombocytopenia, is limited. Availability of treatments to the practicing physician which offer the prospect to meaningfully alter quality of life or
the natural history of disease for affected individuals is
severely lacking. Preliminary experience with the most
promising new therapeutics suggests that some may
indeed for the first time offer sustained benefit and raise
hopes that the relentless progression of disease and its
complication may be curtailed. These agents can be
segregated into two broad categories based upon their
intended target of interaction, i.e., (1) survival signals,
and (2) genetic integrity (Table 1).

Alan F. List, MD*
Enthusiasm for participation in clinical trials and expectations for benefit have never been greater for patients with myelodysplastic syndrome (MDS). Advancements in the development of novel therapeutics have
been accelerated by elucidation of molecular targets
integral either to propagation of the malignant clone,
disease progression or disease-specific survival signals.
Established management strategies for MDS emphasize the use of recombinant growth factors such as erythropoietin, granulocyte-colony stimulating factor (G-
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patients with MDS. Absence of useful in vitro or in
vivo models of MDS has required that most preclinical
development of new agents targeting MDS utilize AML
cell lines. In fact, an increasing number of early phase
clinical trials do not distinguish between high-grade
MDS and poor-risk AML. The similar response rate in
these 2 patient subsets (see farnesyl transferase inhibitors below) emphasizes the biologic continuum of these
disease states, and lends support to the World Health
Organization (WHO) reclassification of high-grade
MDS and acute leukemias which moves away from
arbitrary cutoffs of blast percentages to subset these
patients.1 The recognition that MDS most commonly
progresses gradually, with increasing percentages of
blasts over time, rather than acutely “transforming”
from an indolent state to a fundamentally more acute
state, justifies drug development in combined cohorts
of high-grade MDS and high-risk AML (in particular,
AML progressed from MDS).
Therapies Targeting Epigenetic Changes
Recent interest in the treatment of neoplastic cells by targeting epigenomic changes to restore normal gene transcription has been intense. Unlike genetic changes (mutations, deletions), which are irreversible outside of the
introduction of new genetic information, epigenetic
changes represent potentially reversible modifications to
DNA and chromatin that are transmitted from parent cell
to daughter cell and lead to altered gene expression. The
potential reversibility of the epigenetic changes makes
them attractive targets for cancer therapeutics.2

Figure 4. Impact of chromatin remodeling on gene
transcription.
Methylated cytosine residues in CpG dinucleotides in promoter
regions of genes recruit transcriptional repression complexes
including histone deacetylases. The deacetylated lysine tails of the
histones interact tightly with DNA, rendering the chromatin
transcriptionally inactive.
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DNA methyltransferase inhibitors
Abnormalities of cytosine methylation constitute some
of the best characterized and most common epigenetic
changes in cancer. The DNA of neoplastic cells may
be characterized by global hypomethylation, dysregulation of DNA methyltransferase I, a key protein for
the accurate maintenance of DNA methylation patterns
in daughter cells, and regional hypermethylation of CpG
dinucleotides in gene promoter regions. These CpG
clusters, known as CpG islands, are normally protected
from methylation in normal cells, with important exceptions including regions of X chromosome inactivation and imprinted genes. In contrast, CpG islands are
often highly methylated in cancer cells.2 The methylated promoters are bound by specific proteins, such as
MeCP2, which recruit transcriptional corepressors (Figure 4).3 The corepressor complexes lead to transcriptional silencing, at least in part through remodeling of
chromatin into conformations that are prohibitive for
transcription. This chromatin remodeling is due in part
to histone deacetylases (HDAC, see below); however,
the transcriptional state of chromatin is regulated by a
complex histone code (see below).4
Extensive studies have demonstrated promoter
methylation of a wide variety of cell regulatory genes
in many cancers associated with silencing of those
genes. These epigenomic changes are associated with
phenotypic abnormalities in the malignant cells. Because promoter methylation is relatively “cancer-specific,” DNA methylation is an attractive therapeutic target. In malignant myeloid cells, the most widely reported methylated gene is the cyclin-dependent kinase
inhibitor p15INK4B.5-9 Methylation of the p15 promoter
has been demonstrated in 68% of primary AML
samples,10 and 35% of MDS11; the frequency of methylation increases with MDS disease progression. Methylation of p15 does not have independent prognostic
significance in MDS when blast percentage is included
as a variable.8 A variety of other genes are methylated
in myeloid neoplasms. These include E-cadherin,12 p73,
and RARβ.13
Interest in the DNA methyltransferase inhibitors
5-azacytidine (5AC) and 5-aza-2´-deoxycytidine
(decitabine, DAC) for the treatment of AML and MDS
significantly antedates the current focus on epigenetics.
Clinical interest in 5-azacytidine and DAC date back to
early studies of Jones and Taylor who demonstrated
that these analogs induced cellular differentiation in
association with demethylation of DNA.14 Early clinical studies of 5AC in leukemia approached it as a classical cytotoxic nucleoside.15 Subsequent studies, led by
Silverman et al at Mt. Sinai and the Cancer and Leukemia Group B (CALGB), used lower doses of 5AC, iniAmerican Society of Hematology

Current published data suggest that the 2 drugs as currently studied are equivalently effective in the treatment
of MDS.
The relationship of DNA methyltransferase inhibition to the clinical activity of 5AC and DAC in the
treatment of MDS remains a critical question. Lübbert
and colleagues reported reversal of p15 methylation,
associated with reexpression of p15 protein, in a subset
of patients treated with DAC.24 The frequency of this
reversal of methylation and gene expression cannot be
estimated based on current data; nor can the association of changes in methylation with clinical response
be ascertained; reversal of p15 methylation did not appear to be required for hematologic response in
Lübbert’s study.24 Such studies will be important in the
further development of this class of compounds, alone
and in combination with other drugs.
Histone deacetylase inhibitors
The transcriptional state of chromatin depends on the
translation of a complex set of posttranslational modifications to histone lysine tails including acetylation,
methylation, and phosphorylation, referred to as the
histone code.4,25 Modifications of specific residues on
histones are recognized by specific binding proteins that
impact chromatin conformation and transcription. These
specific modifications are local; that is, histones are
modified in the regions of specific gene promoters, inducing local remodeling of chromatin which impacts
the expression of the specific genes. In general, acetylation of lysine residues on histone tails is associated
with transcriptionally active chromatin (euchromatin),
whereas deacetylated histones are associated with transcriptionally inactive chromatin (heterochromatin).
Methylation of lysine 9 on histone H3 is associated with
heterochromatin, whereas methylation of lysine 4 on
that histone is associated with euchromatin. It is highly
likely that as these epigenetic changes are better characterized, many of the enzymes which mediate these
changes, such as histone methyltransferases, will be
targeted in cancer therapeutics.
The earliest described histone modification known
to be associated with transcriptional regulation was
acetylation of specific lysine residues in the tails of histones H2, H3, and H4. Histones are acetylated by enzymes which contain histone acetyltransferase activity; in contrast, deacetylation is mediated by histone
deacetylases (HDAC). Eleven human HDACs have been
identified to date (reviewed by de Ruijter et al26). These
include 2 major classes of HDACs (Class I and Class
II); class I HDACs are almost exclusively nuclear, while
class II HDACs shuttle in and out of the nucleus in response to specific cellular signals. In addition, a third
184

class of HDACs known as the SIR2 family includes
enzymes with NAD-dependent HDAC activity; unlike
the other 2 classes, these are not inhibited by trichostatin
A. HDACs are associated with specific chromatin loci
in pairs and triplets.
A variety of HDAC inhibitors (HDACi) are under
clinical investigation. Interest in the use of HDACi for
the treatment of myeloid malignancies dates back to
the recognition of the activity of butyrate derivatives
and polar planar compounds to induce differentiation.
Certain AML fusion genes, such as AML1-ETO, PMLRARα, and PLZF-RARα specifically recruit nuclear
corepression complexes which include HDAC, thereby
silencing expression of genes downstream from the
promoters bound by the fusion proteins (reviewed by
Gore and Carducci27). In such leukemias, HDACi may
be utilized to specifically reverse the transcriptional
repression induced by the fusion proteins. No such fusion proteins have been identified for most cases of
MDS; hence, in this group of diseases, the impact of
HDACi is more likely related to changes in gene expression altered through other epigenetic mechanisms.
Small-chain fatty acids: A variety of small-chain
fatty acids inhibit HDAC activity at submillimolar concentrations. These include sodium and arginine butyrate,
sodium phenylbutyrate, and valproic acid. Although butyrate was successfully used to induce terminal differentiation in a child with AML28 and has been successfully used to induce expression of fetal hemoglobin in
patients with sickle cell anemia29 and thalassemia,30 a
subsequent Phase II study of butyrate in AML was without clinical activity.30 Formal pharmacokinetic/pharmacodynamic studies of butyrate have not been performed.
Sodium phenylbutyrate (PB) was selected for development in part because of the potential for development
of an oral formulation. PB induces histone acetylation,
expression of p21WAF1/CIP1, induction of G1 cell cycle
arrest, and induction of CD11b expression in myeloid
leukemia cells.32 Concentrations that are not clinically
achievable induce apoptosis. Phase I studies of continuous infusion PB demonstrated that the drug was
well-tolerated; dose-limiting toxicity was a reversible
encephalopathy due to accumulation of phenylacetate.33,34 PB was administered for 7/28 days, 7/14
days, and 21/28 days. Lineage responses were achieved
in several patients with MDS and AML. At the maximum tolerated dose (375 mg/kg/day), sustained plasma
concentrations ranged from 0.3 to 0.5 mM; in vitro,
induction of acetylation of histones in hematopoietic
cells requires approximately 0.25 mM.35 Higher peak
plasma concentrations of PB have been achieved in solid
tumor patients receiving short-term infusions of PB
(M.A. Carducci, personal communication). An oral forAmerican Society of Hematology
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mulation has been studied which can supply similar
plasma concentrations; however, the daily dosing requires as many as 75 pills per day.36 Despite the difficulty with delivery of concentrations of PB with HDAC
inhibitory activity, PB remains extremely well-tolerated.
Recent data demonstrating that valproic acid has
similar HDAC inhibitory activity has raised hopes that
oral formulations of this drug, which is commonly used
for neuropsychiatric disorders, could be used to modulate gene expression.37 Valproate is used clinically at
submillimolar concentrations; in vitro acetylation
changes have been demonstrated at 0.5 mM. The
pharmacodynamic impact of valproate on leukemic
cells is similar to PB. Valproate is currently being investigated in monotherapy and in combination with
other drugs in MDS and in AML.
SAHA and FK228: The prototype HDAC inhibitor
used for in vitro study, trichostatin, is an hydroxamic
acid. To date, the only hydroxamic acid under clinical
investigation is suberoylanilide hydroxamic acid
(SAHA). SAHA has been developed in both intravenous and oral formulations.38 Clinical administration
has been associated with induction of histone acetylation. No data are yet available detailing the impact of
SAHA on myeloid malignancies.
FK228 (depsipeptide) is a cyclic peptide whose
HDAC inhibitory activity appears to be due in great
part to a reduced metabolite. FK228 appears to be specific for Class I HDAC. FK228 has been studied in
Phase I clinical trials including 1 in AML.39 Tumor lysis syndrome has been induced by FK228, indicating
significant cytotoxicity to myeloid cells; however, no
sustained responses were seen in the Phase I trial. Asthenia appears to be dose limiting.
MS-275: MS-275 is a benzamide HDAC inhibitor
undergoing Phase I investigation in MDS and AML.
Similar to FK228, fatigue seems to be a major toxicity
of MS275. MS275 has a half-life of greater than 24
hours; changes in histone acetylation have persisted for
several weeks following the administration of MS-275.
No sustained responses have been reported to date (JE
Karp, personal communication).
Integration of HDAC inhibitors into
the treatment of MDS
The recognition that HDAC recruitment accounted at
least in part for the silencing of genes with methylated
promoters led to the demonstration that optimal
reexpression of such genes required sequential exposure to a methyltransferase inhibitor followed by an
HDACi. While definitive demonstration of a correlation between methyltransferase inhibition and clinical
activity of methyltransferase inhibitors in MDS has yet
Hematology 2003

to be provided, a great deal of interest remains in augmenting the clinical activity of 5AC and DAC through
the addition of an HDACi. To date, data are only available from a dose-finding study of 5AC followed by PB.
In this study, a variety of doses and schedules of 5AC
have been administered, followed by a 7-day continuous infusion of PB.40 The combination has been welltolerated, and significant sustained clinical responses
have been achieved. Changes in methylation, histone
acetylation, and gene reexpression are being monitored.
Similar studies are planned combining DAC plus
valproic acid.
HDACi synergize with retinoids in a variety of systems.35,41 This has led to the concept of potentially combining these classes of agents to build on the modest
single activity of retinoids in MDS as single agents or
in combination with growth factors.42 Studies combining all trans-retinoic acid with PB and with valproate
are ongoing. Since RARβ is methylated and silenced
in a variety of cancers, including myeloid malignancies, some rationale exists to study the combination of
a methyltransferase inhibitor, HDACi, and retinoid.
Farnesyl Transferase Inhibition
Interest in inhibition of farnesyl transferase in myeloid
malignancies derived from the observation that ras
mutations were common in these leukemias. Tipifarnib
has undergone Phase I testing in AML, and a Phase II
trial is ongoing. In the Phase I trial, significant clinical
responses were seen at all dose levels tested, including
2 complete remissions. Interestingly, no patients in that
initial trial were found to have mutations of ras. Inhibition of farnesyl transferase was demonstrated, beginning at the dose level of 300 mg BID; farnesylation of
target proteins was inhibited at 600 mg BID. In the Phase
II trial, patients with high-risk AML (age > 60, known
adverse cytogenetics, therapy- or MDS-related AML)
and high-grade MDS, have been treated with tipifarnib
600 mg BID for 21/28 days. An overall response rate
of 37% has been observed to date (J.E. Karp, personal
communication). In a separate Phase I trial of tipifarnib
in MDS, Kurzrock and colleagues demonstrated inhibition of farnesyl transferase; clinical responses were
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Purpose
Within the last two decades, a new understanding of the biology of myelodysplastic syndrome (MDS)
has developed. With this understanding, new classification systems, such as the WHO diagnostic
criteria, and the International Prognostic Scoring System and response criteria guidelines reported by
the International Working Group (IWG) have been developed. We report the combined results of three
previously reported clinical trials (n ⫽ 309) with azacitidine using the WHO classification system for
MDS and acute myeloid leukemia (AML) and IWG criteria for response.
Patients and Methods
Data from three sequential Cancer and Leukemia Group B trials with azacitidine were recollected
and reanalyzed as part of the New Drug Application process. The trials were conducted with either
intravenous or subcutaneous azacitidine (75 mg/m2/d for 7 days every 28 days).
Results
Complete remissions were seen in 10% to 17% of azacitidine-treated patients; partial remissions
were rare; 23% to 36% of patients had hematologic improvement (HI). The median number of
cycles to first response was three, and 90% of responses were seen by cycle 6. Using current
WHO criteria, 103 patients had AML at baseline; 35% to 48% had HI or better responses. The
median survival time for the 27 AML patients randomly assigned to azacitidine was 19.3 months
compared with 12.9 months for the 25 patients assigned to observation. Furthermore, azacitidine
did not increase the rate of infection or bleeding above the rate caused by underlying disease.
Conclusion
Azacitidine provides important clinical benefits for patients with high-risk MDS.
J Clin Oncol 24:3895-3903. © 2006 by American Society of Clinical Oncology

INTRODUCTION

In 1984, the Cancer and Leukemia Group B
(CALGB) began a series of clinical trials with azacitidine (Vidaza; Pharmion Corporation, Overland Park, KS) in patients with myelodysplastic
syndrome (MDS).1-4 These studies and other supportive data culminated in the 2004 US Food and
Drug Administration approval of azacitidine for
treatment of symptomatic patients with MDS.
During the intervening two decades, a greater understanding of the biology of myelodysplasia has
evolved, along with a new classification system
developed by WHO that more clearly distinguishes MDS from acute myeloid leukemia
(AML) and from chronic myeloproliferative disorders.5,6 In addition, an International Working
Group (IWG) sponsored by the National Cancer
Institute (NCI) has published new response crite-

ria for evaluation of new treatments for MDS.7,8
As part of the New Drug Application process,
Pharmion recollected and reanalyzed the CALGB
data, including expert pathology review of blood
and bone marrow slides. Some of the CALGB data
from these three trials was previously published
using the protocol-specified diagnostic and response criteria. Here, we report the combined
results of a reanalysis using the WHO classification for MDS and AML and the IWG criteria for
response in MDS.
PATIENTS AND METHODS
Data Collection
For the reanalysis, data were recollected from patients enrolled onto CALGB Protocols 8421, 8921, and
9221.1-3 A comprehensive retrospective collection and reverification of all clinical data in the original protocols
3895
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Table 9. NCI CTC Grades 1 to 4 Bleeding Rates (patient-years of exposure) in Protocol 9221
Azacitidine Patientsⴱ
(n ⫽ 150)
Adverse Event†

Observation Patients
(n ⫽ 92)

Patients With Events Per
Patient-Year of Exposure‡

No. of
Patients

Patients With Events Per
Patient-Year of Exposure‡

No. of
Patients

0.56
0.26
0.03
0.13
0.04
0.03
0.04
0.05
0.01
0.01
0
0.05

77
36
4
18
6
4
5
7
2
2
0
7

0.60
0.25
0
0.09
0
0.05
0.02
0.05
0.02
0
0.02
0.07

26
11
0
4
0
2
1
2
1
0
1
3

0.22

30

0.23

10

0.18
0.05

25
7

0.21
0.02

9
1

Total bleeding§
GI disorders§
GI hemorrhage
Gingival bleeding
Hemorrhoidal hemorrhage
Melena
Oral hemorrhage
Rectal hemorrhage
Total nervous system disorders§
Intracranial hemorrhage
Subdural hematoma
Total renal and urinary
disorders,§ hematuria
Total respiratory, thoracic and
mediastinal disorders§
Epistaxis
Hemoptysis

Abbreviations: NCI CTC, National Cancer Institute Common Toxicity Criteria; NOS, not otherwise specified.
ⴱ
Includes all patients exposed to azacitidine, including patients who crossed over to azacitidine from observation.
†Multiple reports of the same adverse event term for a patient are only counted once within each treatment group.
‡Total exposure for azacitidine is the cumulative time from the first dose to the end of study (30 days after last dose), and for observation, total exposure is the
cumulative time from random assignment to withdrawal from study or day before cross over.
§System organ class using MedDRA, version 5.0 (Northrop Grumman, Los Angeles, CA).

relative to standard AML remission induction chemotherapy, the
prolongation in survival time to 19.3 months exceeds that typically
seen with standard induction chemotherapy, suggesting that azacitidine may alter the natural history of the disease independent of
CR response criteria.10 Furthermore, treatment with azacitidine is
associated with significant reduction in risk of transformation to
AML and a significant prolongation of survival in patients with
high-risk MDS, including RAEB patients, RAEB-T patients ⱖ 65
years of age, and patients with equivalent intermediate-2 and highrisk disease.11,12 This finding and the data presented in this article
suggest a paradigm shift, with azacitidine altering the natural history of MDS by modulating the behavior of the MDS clone without
necessarily eradicating it. In addition, treatment with azacitidine
significantly delays the onset of RBC and platelet transfusions in
patients who are transfusion independent at study entry. These
findings warrant further studies of azacitidine in patients with
smoldering AML with multilineage dysplasia (ie, patients who
were previously diagnosed as having RAEB-T).
The time to response data indicate that azacitidine can have an
effect at the bone marrow level as early as the first treatment cycle.
However, for this effect to translate into an improvement in bone
REFERENCES
1. Silverman LR, Holland JF, Weinberg RS, et al:
Effects of treatment with 5-azacytidine on the in vivo
and in vitro hematopoiesis in patients with myelodysplastic syndromes. Leukemia 7:21-29, 1993
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Azacitidine (Aza C) in myelodysplastic syndromes
(MDS), CALGB studies 8421 and 8921. Ann Hematol 68:A12, 1994 (abstr 46)
3902

marrow function leading to clinically significant increases in peripheral cell counts, the majority of responders can require up to six cycles
of azacitidine. To ensure adequate exposure for patients to demonstrate a clinical response, azacitidine should be administered for a
minimum of four cycles. Furthermore, patients will most likely continue to require transfusion support during the first several cycles of
treatment with azacitidine. In patients who were transfusion dependent at baseline with a response, azacitidine was associated with a
median of 9 months of transfusion independence.
Given the underlying disease process and the myelotoxicity of
compounds such as azacitidine and decitabine, an increase in rates of
infection and bleeding would be expected during treatment. Despite
the potential to exacerbate pre-existing cytopenias early in therapy,
azacitidine did not increase the rate of infection or bleeding above the
rate caused by underlying disease.
This reanalysis demonstrates that azacitidine is effective therapy
that directly impacts the disease of MDS rather than just managing the
symptoms. It reconfirms the findings discussed in Silverman et al3 and
adds additional data pertaining to safety and more current classification and response criteria. Furthermore, azacitidine warrants additional studies in patients with AML with dysplasia.
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BACKGROUND. Aberrant DNA methylation, which results in leukemogenesis, is
frequent in patients with myelodysplastic syndromes (MDS) and is a potential
target for pharmacologic therapy. Decitabine indirectly depletes methylcytosine
and causes hypomethylation of target gene promoters.

METHODS. A total of 170 patients with MDS were randomized to receive either
decitabine at a dose of 15 mg/m2 given intravenously over 3 hours every 8 hours for
3 days (at a dose of 135 mg/m2 per course) and repeated every 6 weeks, or best
supportive care. Response was assessed using the International Working Group
criteria and required that response criteria be met for at least 8 weeks.
RESULTS. Patients who were treated with decitabine achieved a signiﬁcantly higher
overall response rate (17%), including 9% complete responses, compared with
supportive care (0%) (P ⬍ .001). An additional 12 patients who were treated with
decitabine (13%) achieved hematologic improvement. Responses were durable
(median, 10.3 mos) and were associated with transfusion independence. Patients
treated with decitabine had a trend toward a longer median time to acute myelogenous leukemia (AML) progression or death compared with patients who received
supportive care alone (all patients, 12.1 mos vs. 7.8 mos [P ⫽ 0.16]; those with
International Prognostic Scoring System intermediate-2/high-risk disease, 12.0
mos vs. 6.8 mos [P ⫽ 0.03]; those with de novo disease, 12.6 mos vs. 9.4 mos
[P ⫽ 0.04]; and treatment-naive patients, 12.3 mos vs. 7.3 mos [P ⫽ 0.08]).
CONCLUSIONS. Decitabine was found to be clinically effective in the treatment of
patients with MDS, provided durable responses, and improved time to AML
transformation or death. The duration of decitabine therapy may improve these
results further. Cancer 2006;106:1794 – 80. © 2006 American Cancer Society.
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Chromosome 5q deletion and epigenetic suppression
of the gene encoding a-catenin (CTNNA1) in myeloid
cell transformation
Ting Xi Liu1,2,8, Michael W Becker3,8, Jaroslav Jelinek4, Wen-Shu Wu2, Min Deng1,2, Natallia Mikhalkevich3,
Karl Hsu2, Clara D Bloomfield5, Richard M Stone6, Daniel J DeAngelo6, Ilene A Galinsky6, Jean-Pierre Issa4,
Michael F Clarke7 & A Thomas Look2
Interstitial loss of all or part of the long arm of chromosome 5,
or del(5q), is a frequent clonal chromosomal abnormality
in human myelodysplastic syndrome (MDS, a preleukemic
disorder) and acute myeloid leukemia (AML)1, and is thought to
contribute to the pathogenesis of these diseases by deleting one
or more tumor-suppressor genes2. Although a major commonly
deleted region (CDR) has been delineated on chromosome band
5q31.1 (refs. 3–7), attempts to identify tumor suppressors
within this band have been unsuccessful. We focused our
analysis of gene expression on RNA from primitive leukemiainitiating cells, which harbor 5q deletions8,9, and analyzed
12 genes within the CDR that are expressed by normal
hematopoietic stem cells. Here we show that the gene encoding
a-catenin (CTNNA1) is expressed at a much lower level in
leukemia-initiating stem cells from individuals with AML or
MDS with a 5q deletion than in individuals with MDS or AML
lacking a 5q deletion or in normal hematopoietic stem cells.
Analysis of HL-60 cells, a myeloid leukemia line with deletion
of the 5q31 region10,11, showed that the CTNNA1 promoter
of the retained allele is suppressed by both methylation and
histone deacetylation. Restoration of CTNNA1 expression in
HL-60 cells resulted in reduced proliferation and apoptotic
cell death. Thus, loss of expression of the a-catenin tumor
suppressor in hematopoietic stem cells may provide a growth
advantage that contributes to human MDS or AML with del(5q).
Leukemia-initiating cells (L-ICs), with a phenotype of
CD34+CD38–CD123+Lin–, are a minor population within both
MDS and AML but can generate leukemia after transplantation into
nonobese diabetic/severe combined immunodeficient (NOD/SCID)
mice12, a property not shared by the larger subset of more mature
CD34+CD38+ or CD34–leukemic blast cells8,13,14. This distinction,

together with detection of the del(5q) abnormality in CD34+CD38–
cells from both MDS and AML individuals9, provided a compelling
rationale to search for tumor-suppressor genes within the 5q31.1 CDR
(refs. 3–7) of L-ICs isolated from MDS and AML cases with the
del(5q). First, we collected cell samples from normal healthy donors,
12 MDS/AML individuals with either del(5q) (n ¼ 10) or loss of a
single copy of chromosome 5 (–5; n ¼ 2), and 10 MDS/AML
individuals without abnormalities of chromosome 5 (Supplementary
Table 1 online). The percentage of morphologically identifiable
leukemic blast cells in the bone marrow or peripheral blood of these
individuals ranged from 3% to 91%, with variable blast cell cytogenetic findings (Supplementary Table 1). Normal hematopoietic
stem cells (HSCs) (CD34+CD38–CD90+Lin–, Fig. 1a) from normal
donors and L-ICs (CD34+CD38–CD123+Lin–) from individuals with
MDS/AML with or without chromosome 5 abnormalities (Fig. 1a)
were enriched by flow-activated cell sorting (FACS) to a purity
determined to be greater than 90%.
Previous studies9 have demonstrated the involvement of
CD34+CD38– cells by the del(5q) clone in individuals with AML/
MDS; however, as this population of cells is highly heterogenous and
contains many non–L-ICs, we used dual-probe in situ hybridization to
determine the frequency of involvement of the L-IC by the malignant
del (5q) clone in highly enriched cell populations from five MDS/AML
individuals. As a control, we performed similar analyses in HL-60 and
KG-1 human leukemic cell lines, both of which harbor a deletion of
5q11-q31 (refs. 10,11,15). As the probe for del(5q), we used a bacterial
artificial chromosome that contains the EGR1, ETF1 and HSPA9B
genomic loci, ending within 164 kb of the CTNNA1 locus, and that
has previously been used to demonstrate the 5q deletion in subsets of
FACS-sorted primary bone marrow cells9. The results show that 90%
of HL-60 cells and 99% of KG1 cells carried the 5q deletion (Fig. 1b
and Supplementary Table 2 online). In contrast, a probe specific for
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SUMMARY
Epigenetic changes such as DNA methylation act to regulate gene expression in normal
mammalian development. However, promoter hypermethylation also plays a major role
in cancer through transcriptional silencing of critical growth regulators such as tumor
suppressor genes. Other chromatin modifications, such as histone deacetylation and
chromatin-binding proteins, affect local chromatin structure and, in concert with DNA
methylation, regulate gene transcription. The DNA methylation inhibitors azacitidine and
decitabine can induce functional re-expression of aberrantly silenced genes in cancer,
causing growth arrest and apoptosis in tumor cells. These agents, along with inhibitors of
histone deacetylation, have shown clinical activity in the treatment of certain hematologic
malignancies where gene hypermethylation occurs. This review examines alteration in
DNA methylation in cancer, effects on gene expression, and implications for the use of
hypomethylating agents in the treatment of cancer.
Keywords:
chromatin, DNA methylation, gene silencing, histone modifications
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INTRODUCTION
Epigenetic events play a significant role in the development and progression of cancer.
Mutations occurring in oncogenes frequently result in a gain of function, while mutations
or deletions associated with tumor suppressor genes cause a loss or inactivation of
negative regulators. Loss of function, however, can also occur through epigenetic
changes such as DNA methylation. 'Epigenetics' refers to heritable changes in gene
expression that do not result from alterations in the gene nucleotide sequence. When
DNA is methylated in the promoter region of genes, where transcription is initiated,
genes are inactivated and silenced.1, 2This process is often dysregulated in tumor cells. In
cancer, EPIGENETIC SILENCING through methylation occurs at least as frequently as
mutations or deletions and leads to aberrant silencing of normal tumor-suppressor
function.2, 3There are a number of tumor types, particularly hematopoietic malignancies
such as myelodysplastic syndromes (MDSs), in which hypermethylation occurs and
results in leukemic transformation.4, 5, 6, 7, 8
Current research is aimed at providing a better understanding of the molecular
mechanisms underlying methylation-related gene silencing in normal and tumor cells and
its effects on chromatin structure and function. Since epigenetic changes are reversible,
inhibitors of DNA methylation such as azacitidine (5-azacytidine; Vidaza®, Pharmion
Corp., Boulder, CO, USA) and decitabine (Dacogen™, SuperGen Inc., Dublin, CA, USA,

and MGI Pharma Inc., Minneapolis, MN, USA) can derepress silenced tumor suppressor
genes and restore their normal function. The therapeutic application of these methylation
inhibitors is providing new and effective options for patients with leukemias and related
diseases. This article summarizes the molecular biology underlying DNA methylation, its
effects on gene transcription and chromatin structure, alterations in DNA methylation in
cancer, and the rationale for treatment with inhibitors of DNA methylation to reactivate
inappropriately silenced genes in cancer.
Top of page

DNA METHYLATION
DNA methylation occurs by covalent addition of a methyl group at the 5' carbon of the
cytosine ring, resulting in 5-methylcytosine.1These methyl groups project into the major
groove of DNA and effectively inhibit transcription. In mammalian DNA, 5-methylcytosine
is found in approximately 4% of genomic DNA, primarily at cytosine–guanosine
dinucleotides (CpGs). Such CpG sites occur at lower than expected frequencies
throughout the human genome but are found more frequently at small stretches of DNA
called CpG islands. These islands are typically found in or near promoter regions of
genes, where transcription is initiated.3In contrast to the bulk of genomic DNA, in which
most CpG sites are heavily methylated, CpG islands in germ-line tissue and promoters of
normal somatic cells remain unmethylated, allowing gene expression to occur.1
DNA methylation helps to maintain transcriptional silence in nonexpressed or noncoding
regions of the genome. For example, pericentromeric HETEROCHROMATIN, which is
condensed and transcriptionally inactive, is heavily methylated. Hypermethylation thus
ensures this DNA is late-replicating and transcriptionally quiescent, and suppresses the
expression of any potentially harmful viral sequences or transposons that may have
integrated into such sites containing highly repetitive sequences.1, 2, 9By contrast, these
sites are generally unmethylated in promoter regions of EUCHROMATIN, regardless of the
transcriptional state of the gene. Exceptions to this rule, however, can be found in
mammalian cells where these regions are methylated to maintain transcriptional
inactivation. Thus, CpG islands in promoters of genes located on the inactivated X
chromosome of females are methylated, as are certain imprinted genes in which only the
maternal or paternal allele is expressed.1, 3
Epigenetic effects such as hypermethylation can also induce inevitable alterations in gene
expression. Methylation of the DNA repair genes MLH1 and MGMTcan lead to their
inactivation, resulting in microsatellite instability and increased frequency of mutations,
respectively.10, 11Methylation can also promote spontaneous deamination, enhance DNA
binding of carcinogens, and increase ultraviolet absorption by DNA, all of which serve to
increase the rate of mutations and DNA adduct formation and subsequent gene
inactivation.
Top of page

REGULATION OF DNA METHYLATION
DNA methylation is controlled at several different levels in normal and tumor cells. The
addition of methyl groups is carried out by a family of enzymes, DNA methyltransferases
(DNMTs). Chromatin structure in the vicinity of gene promoters also affects DNA
methylation and transcriptional activity. These are in turn regulated by various factors
such as nucleosome spacing and histone acetylases, which affect access to transcriptional
factors.
DNA METHYLTRANSFERASES
DNMTs are enzymes that catalyze the addition of methyl groups to cytosine residues in
DNA. DNMTs found in mammalian cells include DNMT1, DNMT3a, and DNMT3b.9, 12, 13In
mouse development, DNMT1 appears to be responsible for maintenance of established
patterns of DNA methylation, while DNMTs 3a and 3b seem to mediate establishment of
new, or de novo, DNA methylation patterns.9, 12, 13In this regard, and potentially
important for translational purposes, cancer cells may be different in that DNMT1 alone is
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Regulation of gene expression
Levels of regulation
The purpose of the regulation of gene expression is to assure temporally and spatially
accurate expression of proteins which enables cells, on one hand, to accommodate to the
changing requirements of the environment and, on the other hand, to undergo normal cell
growth and differentiation. Differences between organisms are mainly based on the evolution
of the regulatory networks that control gene expression, not on genes themselves, which are
often conserved between species (Hood and Galas 2003). To accomplish these goals, the
regulation of gene expression takes place at several levels (Orphanides and Reinberg 2002)
(Figure 5).

Chromatin is a complex of DNA and proteins that in dividing cells is packaged into
chromosomes. In non-dividing cells, chromatin is distributed diffusely throughout the nucleus
and appears as condensed heterochromatin or more open euchromatin. Chromatin structure is
related to gene expression and it is critically regulated by histones, the principal proteins of
chromatin, which can either promote or repress gene activation (Weintraub and Groudine
1976). Modifications of histones and their higher-order structures, nucleosomes, by chromatin
remodelling complexes determine whether a specific area of chromatin is active or inactive at
certain time point (Dillon and Festenstein 2002; Robertson 2002; Felsenfeld and Groudine
2003). Distinctive chromatin remodelling complexes either activate or suppress gene
transcription and may associate with coregulator proteins, which interact with proteins
binding directly to the regulatory elements of genes. Histone modifications include
acetylation, methylation, phosphorylation, and ubiquitination of amino acids. Reflecting the
complexity of the regulation of chromatin structure, several histone acetylases and
deacetylases have been identified (Neely and Workman 2002; de Ruijter et al. 2003).

Transcriptional regulation of gene expression depends on cis-acting DNA elements
interacting with trans-acting regulatory proteins, i.e. transcription factors. Enhancers,
silencers, and regulatory elements located in introns may further modulate transcription.
Ultimately, the transcriptional activation of a gene is determined by cross-talk between
chromatin remodeling enzymes and transcription factors.
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ABSTRACT
Eukaryotic DNA is organized into nucleosomes by
coiling around core particles of histones, forming
a nucleosomal filament. The significance for the
conformation of the filament of the DNA entry/exit
angle (a) at the nucleosome, the angle of rotation (b)
of nucleosomes around their interconnecting DNA
(linker DNA) and the length of the linker DNA, has
been studied by means of wire models with straight
linkers. It is shown that variations in a and b endow
the filament with an outstanding conformational
freedom when a is increased beyond 60–90u, owing
to the ability of the filament to change between
forward right-handed and backward left-handed
coiling. A wealth of different helical and looped
conformations are formed in response to repeated b
sequences, and helical conformations are shown
to be able to contract to a high density and to
associate pairwise into different types of double
fibers. Filaments with random b sequences are
characterized by relatively stable loop clusters
connected by segments of higher flexibility.
Displacement of core particles along the DNA in
such fibers, combined with limited twisting of the
linkers, can generate the b sequence necessary for
compaction into a regular helix, thus providing a
model for heterochromatinization.

INTRODUCTION
DNA in the cell nucleus is organized in nucleosomes by
repetitive coiling 1.8 times around core particles consisting of two copies of each of four diﬀerent core histones
(H2A, H2B, H3 and H4). In higher eukaryotes a ﬁfth
histone, H1, is bound to the majority of the nucleosomes,
bridging the DNA at the entry and exit of its coiling
around the core particle. On average, one nucleosome

is present for every 160–240 bp of DNA [the nucleosomal
repeat length (NRL)]. The structure of the nucleosome is
known in detail (1), and several models have been
proposed for folding of the nucleosomal ﬁlaments into
ﬁbers with a diameter of 30 nm (2), which have been
observed by electron microscopy. These models are based
on experimental evidence obtained by a number of
diﬀerent techniques, using nuclear preparations, isolated
chromatin and reconstituted oligonucleosomes. One of the
main diﬀerences between the models is whether the DNA,
which connects the nucleosomes (linker DNA), is straight
or bent. Studies of chromatin in isolated nuclei have
provided evidence for an organization of the ﬁlament into
globular assemblies of nucleosomes (supranucleosomes
or superbeads) (3) as well as for interdigitation of 30 nm
ﬁbers (4,5). Supranucleosomes have been proposed to be
caused by dislocations in a cross-linker helical structure
(6), but no models have been developed to explain the
geometry of double ﬁbers.
The conformational freedom of the nucleosomal
ﬁlament, i.e. the number of diﬀerent conformations it
can attain, is limited by collisions between the nucleosomes, and is in ﬁrst instance determined by the basic
geometry of the ﬁlament, which is therefore of importance
for the structure and function of the chromatin in the cell.
One function concerns its role in transcription and transcriptional regulation, in which its dynamic nature (7) and
structural plasticity (8) must play an important role.
Another function concerns the putative architectural role
of the chromatin in the nucleus, of which not so much
is known. A long-standing question is to which extent
the chromatin is a self-organizing polymer and to which
extent it is being organized by other structures in the
nucleus (9,10). It is not known whether the basic geometry
of the ﬁlament by itself makes possible the formation
of stable ﬁber associations.
Provided that the linker DNA is straight—and there
is evidence to suggest that this is so in the cell (11)—
conformational variations of the ﬁlament are mainly
determined by two angles: the change in direction of the
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