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Abstract
Myelodysplastic syndrome, characterized by ineffective hematopoiesis and cytopenias, remains a
lethal disease. Until recently, patients with myelodysplastic syndrome have been managed
supportively with blood product transfusions and growth factors, until they succumb to infections,
bleeding complications or transformation to acute leukemia. The discovery that epigenetic factors
play an important role in cancer, and specifically in myelodysplastic syndrome, has led to the
recent approval of several new therapies that will make a significant impact on this disease.
Epigenetics refers to a number of biochemical modifications to chromatin that do not alter the
primary DNA sequence, but play an important role in genomic regulation at the level of gene
transcription. Epigenetic factors can be passed on from a cell to its progeny and can mimic
traditional genetic lesions that are implicated in cancer. Unlike genetic abnormalities, however,
epigenetic changes, such as DNA methylation or histone deacetylation, can be manipulated
pharmacologically. Recently developed hypomethylating agents and histone deacetylase inhibitors
have shown significant biological and clinical activity in myelodysplastic syndrome. These drugs
have been well-tolerated by patients and have been shown to alter the course of this disease. In
order to use these drugs optimally, however, we need to better understand the role of these
epigenetic changes: how they contribute to the disease process, how we can use them to better
select patients and how we can use combinations to target them more effectively.
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Myelodysplastic syndromes (MDS) are a heterogeneous group of malignant clonal disorders
characterized by bone marrow dysplasia, ineffective hematopoiesis, resultant cytopenias and
the potential to transform into acute myelogenous leukemia (AML). MDS is a disease of
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older patients, with a median age at diagnosis of approximately 70 years [1–4]. This
association of incidence with increasing age may suggest lifelong accumulation of genetic
damage from prolonged toxic exposure or genetic predisposition. Genetic instability with
detectable cytogenetic abnormalities, clonal evolution and transformation to AML is an
important characteristic of the disease. In addition to age, risk factors for MDS include
exposure to chemotherapy, ionizing radiation, benzene, other organic solvents, diesel fuel,
smoking and immunosuppression [5]. Indeed, treatment-related (chemotherapy,
radiotherapy) or ‘secondary’ MDS is a well-recognized entity. The French–American–
British (FAB) Cooperative Group first classified this heterogeneous disorder into five
subgroups based on morphologic findings in the peripheral blood and bone marrow [6].
Evolution of our understanding of the biological characteristics and prognosis of different
forms of MDS has led to the more recent adoption of the WHO classification system [7].
Although the WHO system attempts to incorporate all known, relevant genetic,
immunophenotypic, biological and clinical information to define specific disease entities,
perhaps our best available tool for determining overall prognosis and guiding treatment in
MDS is the International Prognostic Scoring System (IPSS) [8]. Utilizing a scoring system
that takes into account the patient’s cytogenetics, percentage blasts and number of
cytopenias, the IPSS divides untreated patients with MDS into four categories (low risk,
intermediate-1, intermediate-2 and high risk). Although not perfect, the IPSS does a good
job at estimating the survival and risk of AML transformation for untreated patients with
MDS. One limitation of the IPSS is that it was designed to provide prognostic information
for untreated patients at diagnosis and not throughout the course of their disease. The
recently proposed WHO classification-based prognostic scoring system (WPSS) offers a
‘time-dependent’ scoring system that allows patients to be continuously re-evaluated as they
progress in their disease and through treatment [9]. Using the variables of WHO subgroup,
cytogenetics and transfusion requirement, the WPSS offers a scoring system similar to IPSS
that divides patients into five prognostic subgroups, ranging from ‘very low’ to ‘very high’
risk. In both a learning and validation cohort, the WPSS was able to separate a
heterogeneous group of MDS patients and offer meaningful prognostic information
regarding survival and risk of AML transformation. However, even this scoring system has
some important limitations: it excludes patients who have secondary MDS and chronic
myelomonocytic leukemia (CMML) with leukocytosis; the cytogenetic categories used are
similar to the IPSS and are not optimally segregated; the study groups consisted of
previously untreated patients; and, finally, the score does not take into account the effect of
age, performance status, severity of thrombocytopenia or duration of MDS.

In an effort to broaden the applicability of the IPSS, investigators at the MD Anderson
Cancer Center (MDACC; TX, USA) applied the existing IPSS to MDS subtypes not
included in the original study, specifically to patients with secondary MDS, patients with
prior therapy and patients with CMML and leukocytosis. In addition to showing that the
IPSS could be successfully applied to these subsets, they expanded the analysis to develop a
new prognostic scoring system. In addition to refining the cytogenetic subsets, they included
important features, such as age, performance status, degree of cytopenias and transfusion
requirements, in the new scoring system. Using a study set and a validation test set, the
investigators showed the new system to be broadly applicable, with improved prognostic
separation over the existing IPSS. When the IPSS was tested on the new system, it did not
offer any further prognostic power. The new scoring system is much more widely applicable
and includes important clinical features that affect the prognosis of MDS. As it becomes
more widely used and validated, it will become an important tool in the treatment of MDS.

Myelodysplastic syndrome remains a lethal disease, with allogeneic bone marrow transplant
being the only potentially curative therapy – a therapy that is difficult in an elderly
population with age-related comorbidities. Until recently, there has been no effective, MDS-
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specific therapy other than supportive care and growth factor supplementation. The past few
years have brought the approval of three important drugs that have proven efficacy in the
treatment of MDS and may change its natural history. The first, lenalidomide, is a potent
thalidomide analog shown to decrease transfusion requirements and lead to complete
cytogenetic remissions in a significant proportion of patients with the 5q- chromosomal
abnormality [10]. Patients with MDS and an isolated 5q deletion present with a distinct ‘5q-
syndrome’ characterized by a hypoproliferative anemia and dysplastic megakaryocytes.
Based on a single-arm, multi-institutional study in transfusion-dependent patients with the
5q- abnormality showing significant transfusion independence and cytogenetic responses
[11], lenalidomide was approved for low- and intermediate-1-risk patients with MDS who
are transfusion-dependent and have the 5q- chromosomal abnormality. The next two agents,
5-azacytidine (5-aza) and 5-aza-2′-deoxycytidine (decitabine) are both hypomethylating
agents that fall into the category of epigenetic therapy. The approval of 5-aza in May 2004
marked not only the first US FDA-approved treatment for MDS in the USA, but also the
first epigenetic-based therapy for human disease [12]. In this review, we will discuss the
concept of epigenetics, its role in MDS and the therapeutic agents currently available and in
development that can modulate the epigenome.

Epigenetics
Although classically considered a disease of genetic alterations, such as mutations and
deletions, it is becoming more apparent that the initiation and progression of cancer is driven
by both genetic and epigenetic aberrations [13,14]. The epigenome is defined as that
heritable cellular information, other than the DNA sequence itself, that is passed on from a
cell to its progeny. Although not coded as part of DNA base pairs, epigenetic information
has its own code that is precisely inherited and able to exert its own biological effects. The
best-known epigenetic mechanisms include DNA methylation and histone protein
modification, such as acetylation, methylation and phosphorylation. In general,
hypermethylation of CpG islands in the promoter regions of critical tumor suppressor genes
or hypoacetylation of histones in a cancer cell lead to changes in the local chromatin
structure that signal repression of gene transcription. In this manner, methylation of a gene
promoter or deacetylation of regional histones can functionally mimic a catastrophic genetic
event such as a deletion, a loss-of-function mutation or chromosomal loss. Acting in concert
with existing genetic abnormalities, aberrant epigenetic events can fulfill the requirements of
Knudson’s two-hit hypothesis and contribute to the transformation of a normal cell into a
malignant one.

DNA methylation
DNA methylation (the addition of a methyl group to a DNA base) in mammals occurs
exclusively at the 5-carbon of a cytosine that sequentially precedes a guanine – a so-called
CpG dinucleotide. This reaction is catalyzed by enzymes known as DNA methyltransferases
(DNMTs). There are three known human DNMTs. DNMT1 is responsible for ‘maintenance’
methylation. That is, it conserves appropriate DNA methylation during mitosis. The exact
functions of DNMT 3a and 3b are still being further characterized [15]. Relative to what
would be mathematically expected, CpG dinucleotides are relatively under-represented in
the human genome and exist either sparsely throughout the genome in noncoding regions or
in clusters known as CpG islands [16,17]. These CpG islands are found most often in close
association with genes, either in their promoter regions, or within the first exon. Methylation
of the CpG islands leads to changes in the local chromatin structure that leads to repression
of gene transcription (Figure 1). In effect, methylation of a gene promoter leads to loss of
expression of the downstream gene. Acting independently or in concert with existing genetic
abnormalities, aberrant gene promoter methylation can potentially lead to tumor suppressor
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gene inactivation and contribute to the transformation of a normal cell into a malignant one
[16]. This has been described in several known human cancers. For example, in various
familial cancer syndromes, the first ‘hit’ is the germ-line inherited genetic defect. The
second hit has been shown in some instances to be gene promoter methylation of the normal
allele – effectively leading to loss of heterozygosity and progression to cancer [18,19].

Although DNA methylation has been recognized for many years as an important mechanism
contributing to X chromosome inactivation and imprinting [20,21], more recently its
importance in cancer has been recognized. The first reports of methylation and its
importance in cancer reported a global decrease in methylation within the genomes of cancer
cells compared with normal cells – implying that this was a feature of carcinogenesis [22–
25]. However, further investigation uncovered another side to the story; in parallel with
global DNA hypomethylation in neoplastic cells relative to normal cells, there was
significant hypermethylation at the promoter regions of various genes [24,26]. This
hypermethlyation was linked to gene silencing and loss of protein expression. Silencing of
important tumor suppressor genes in this manner could contribute the tumorigenesis.

Unlike genetic defects in cancer, which cannot be modified pharmacologically, epigenetic
defects are potentially reversible. The development of active compounds that inhibit DNMT
and reverse DNA methylation have made it feasible to target the epigenome to therapeutic
ends. Although these DNMT inhibitors (DNMTi) are often referred to as ‘hypomethylating
agents’, it is important to realize that these agents do not catalyze the active removal of
methyl groups from cytosines, but inhibit the addition of methyl groups on a subsequent
round of DNA replication. This requires a cycle of cell division after exposure to a DNMTi
to lead to hypomethylation. We use these terms interchangeably in this review. In theory,
reactivation of aberrantly suppressed tumor suppressor genes using these drugs could restore
the cells’ normal signaling pathways and lead to apoptosis or differentiation of abnormal
cells. Both preclinical and clinical studies of these agents have demonstrated activity and
generated a great deal of excitement regarding the potential of these drugs.

Histone modification
Nuclear histones make up the protein core of a nucleosome, the basic unit of human
chromatin packaging. A nucleosome is made up of segment of 146 bp of DNA that is
wrapped around a histone octamer containing two copies each of the proteins histone H2A,
H2B, H3 and H4. This segment is followed by a small stretch of DNA called the linker,
followed by an adjacent nucleosome. Biochemical modifications to these component
histones, including acetylation, methylation or phosphorylation, alter the conformation as
well as the electrostatic charges that affect protein–protein and protein–DNA interaction
[27]. These modifications, therefore, can alter chromatin topology and have structural as
well as functional consequences – including regulation of gene transcription (Figure 1).
These biochemical modifications of histones are regulated by cellular enzymes that respond
to complex cellular physiology, and represent an epigenetic control of gene expression. The
countless potential combinations of histone modifications and their effect on chromatin
topology is often referred to as the ‘histone code’.

Although advances are being made in identifying the role of histone methylation in cancer
[28], the best studied of these modifications thus far in the clinical setting is histone
acetylation. Histone acetyltransferases and histone deacetylases (HDACs) work in an
opposing manner by acetylating and deacetylating nuclear histones, respectively.
Acetylation of lysine residues on histones H3 and H4 leads to an open or permissive
chromatin configuration that favors gene transcription. Removal of these acetyl residues by
HDACs leads to a closed, compact or repressive configuration that can functionally lead to
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silencing of gene expression [27]. Phylogenetic analysis reveals HDACs to be highly
conserved enzymes that have homologs in animals, plants, fungi and bacteria [29]. Four
classes (i–iv) of HDACs have been identified in humans and are grouped according to
structural homology (detailed review in [30]). The availability of HDAC inhibitors (HDACi)
provides another opportunity to potentially manipulate chromatin configuration and
epigenetically affect gene transcription. A number of structurally distinct HDACi are
currently being developed for potential applications in cancer. All currently available
HDACi mainly inhibit class I and class II HDACs. Although histones represent the bulk of
the target for HDACs, it is important to note that there are several other intracellular
substrates for HDACs that are regulated by reversible acetylation. Among those important in
cancer include transcription factors (SMAD7 and RUNX), p53, HSP90 chaperone protein,
STAT3 and Ku70 (involved in sequestering BAX) [30]. The antineoplastic effects of
HDACi, therefore, may be broad and not yet completely defined. Demonstration of their
safety in humans and clinical activity in hematologic malignancies has led to further
investigation into and development of these compounds.

Importance of epigenetics in MDS
The current working hypothesis of the mechanism of activity of epigenetic therapy in
leukemia and MDS is that reactivation of aberrantly suppressed genes restores their tumor
suppressive ability and mediates clinical responses. Box 1 includes a nonexhaustive list of
the most commonly methylated genes in MDS and AML. Although several groups have
shown the presence of epigenetically suppressed genes in a wide range of hematologic
malignancies [31–34] (reviewed in [35]), treatment responses to hypomethylating agents,
HDACi, or their combination have not directly correlated with reactivation of these genes.
In fact, most of the knowledge generated about the efficacy of epigenetic therapy in MDS
has been empiric in nature. That is to say, initial Phase I trials of hypomethylating agents
and HDACi in a broad group of tumor types showed a signal of activity in hematologic
malignancies. This has led to larger, disease-specific trials in AML and MDS, which
uncovered significant clinical benefit. Correlative studies associated with these clinical trials
have indeed shown induction of global hypomethylation or reactivation of selected genes.
However, one of the major limitations of this therapy is its relative nonspecificity. Since
epigenetic therapy has broad-reaching effects within a cell, it is not clear whether global
hypomethylation is important, or whether reactivation of a specific set of genes is important.
For that matter, it is not clear which set of genes is important. With our current agents, we
cannot ensure that the desired ‘tumor suppressor’ genes are the only ones to be reactivated.
No single gene or set of genes has yet been shown to definitively correlate with response.
Several groups have investigated the use of methylated genes as biomarkers to predict
relapse or prognosis in leukemia [36–39]. More recently, another group has shown an
increase in methylation of a set of genes from diagnosis to relapse in patients with AML,
alluding to the role of DNA methylation in disease progression and/or chemotherapy
resistance [40]. However, the importance of these genes in the pathophysiology of the
disease needs to be scrutinized further. Ultimately, the application of gene-expression arrays
and other high-throughput techniques may allow us to better define a gene-expression
signature that is specific for response in a particular disease, but this work is ongoing.

Box 1

Most commonly methylated genes in myelodysplastic syndrome and acute
myelogenous leukemia

• p15

• E-cadherin
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• SOCS-1

• p73

• DAPK-1

• HIC-1

• RARβ2

• CRBP1

• Calcitonin

• ER (estrogen receptor)

• MGMT

For example, at the 2007 meeting of the American Society of Hematology (ASH), several
groups investigated the methylation patterns of normal, AML and MDS cells. Jiang et al.
sought to assess the ‘methylome’ of normal CD34+ cells and compare it with that of primary
AML blasts and selected CD34+ AML cell lines using chromatin immunoprecipitation
coupled with a human gene promoter array [41]. Using this technology, they were able to
separate distinct ‘methylation signatures’ that defined primary AML cells, AML cell lines
and CD34+ cells from normal volunteers. Overall, they found a relative increase in promoter
hypermethylation in AML primary samples and cell lines compared with the normal
controls, helping support the hypothesis of using hypomethylating agents in this disease.
However, they also found considerable interpatient variability, as well as marked differences
between primary AML samples and cell lines. This again highlights the relative
heterogeneity of this disease and perhaps some of the shortfalls of our in vitro models. When
the investigators examined the methylated promoters in the AML samples, they found a
number of important tumor suppressor genes, apoptotic genes and other loci that were
previously demonstrated to play a role in AML [41]. This again lends support to the role of
aberrant hypermethylation in the pathogenesis of AML/MDS. In another study, Figueroa et
al. similarly sought to define the ‘methylome’ of neoplastic cells from patients with MDS
and AML and compare them with CD34+ cells from normal controls using a high-
throughput method for detecting whole genome promoter methylation [42]. They examined
samples from 13 patients with MDS, 16 patients with de novo AML (diploid karyotype) and
eight healthy donors. They found a strikingly larger number of hypermethylated genes in
patients with MDS when compared with either AML or healthy donors. Analyzing the data
from their array, they were able to describe an aberrant methylation signature of 736 genes
that differentiated MDS cells from normal CD34+ cells, reflecting extensive epigenetic
dysregulation in this disease. When compared with de novo AML, there were also a
significantly greater number of methylated genes in the MDS patients, suggesting that these
are indeed different diseases. This could explain why the activity of the hypomethylating
agents is more prominent in MDS as compared with AML. It also implies that the activity of
drugs such as 5-aza and decitabine in MDS owes more to their DNA methyltransferase
inhibitory activity and less to their cytotoxic activity. When these investigators further
examined the differentially methylated promoters between MDS and AML samples they
also found pathophysiologically significant genes, such as RUNX2, DAPK2, CEBPZ,
MDM2 and others.

These studies are important for beginning to understand the role of epigenetics in MDS. As
these and other data continue to mature, we may be better able to define subsets of patients
who can benefit from these therapies and perhaps how we can augment the activity of these
therapies. Despite the ambiguity associated with the mechanism of action of epigenetic
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therapy, one thing cannot be debated; well-conducted clinical trials have shown the safety
and striking clinical efficacy of these agents in the treatment of MDS.

Clinical experience with epigenetic therapy
Hypomethylating agents

There are currently two hypomethylating agents that are available and FDA-approved for
the treatment of MDS: 5-aza and decitabine. At low doses, both drugs are inhibitors of
DNMT and therefore lead to hypomethylation. At higher doses, however, both drugs are
cytotoxic.

5-azacytidine—5-aza is an analog of the naturally occurring pyrimidine nucleoside
cytidine in which the 5-carbon atom of the pyrimidine ring is replaced with a nitrogen atom.
Since it is composed of a ribose sugar, 5-aza is mono-, di- and tri-phosphorylated prior to
becoming incorporated into RNA. Here it disrupts RNA metabolism and protein synthesis,
presumably leading to cytotoxicity. 5-azacytidine diphosphate is also a substrate of
ribonucleotide reductase, which converts the nucleoside to 5-aza-deoxycytidine diphosphate.
This is then phosphorylated by nucleoside diphosphate kinases to 5-aza-deoxycytidine,
which is incorporated into DNA. Here, at varying doses, it can lead to inhibition of DNA
synthesis – resulting in cytotoxicity, or inhibition of DNMT1 – leading to DNA
hypomethylation [12].

Initial studies in MDS were conducted by the Cancer and Leukemia Group B (CALGB) and
demonstrated the safety and significant clinical activity of intravenous or subcutaneous
administration of 5-aza (Table 1). After showing efficacy in two single-arm trials (CALGB
8421, 8921) a randomized, controlled Phase III, multicenter clinical trial was conducted
comparing 5-aza treatment to the best supportive care [43,44]. The trial enrolled 191 patients
from all five FAB subtypes of MDS who had cytopenias or required transfusions. The
patients were randomized to either 5-aza received at a dose of 75mg/m2/day subcutaneously
daily for 7 days every 28 days versus the best supportive care, with the primary efficacy end
point of overall response (OR). The trial was designed to allow for patients to crossover
from the observation arm to treatment with 5-aza if they met prespecified criteria of disease
progression. The study demonstrated an OR rate (ORR) of 60% in the treatment arm
(including 7% complete response [CR], 16% partial response [PR] and 37% hematological
improvement) compared with an ORR of 5% (no CR or PR) in the supportive arm. There
was also an improved time to leukemic transformation or death in the treatment arm, as well
as a suggestion of possible survival benefit. Given the cross-over design of the trial and lack
of power, a statistically significant survival benefit was not shown. This study (CALBG
9221) led to the FDA approval of 5-aza for the treatment of MDS in the USA [43].

Since this trial failed to show a survival benefit, a second randomized trial was performed to
study the effect of 5-aza on overall survival. The much anticipated results from this trial
were recently reported at the 2007 ASH meeting [45]. This was a Phase III international,
multicenter, randomized prospective trial designed to demonstrate the superiority of 5-aza
plus best supportive care in prolonging overall survival compared with so-called
conventional care regimens (CCRs) plus best supportive care. CCRs were defined as:

• Best supportive care

• Low-dose ara-C (20 mg/m2/day × 14 days, every 28 days)

• Standard chemotherapy including induction/consolidation

Prior to being randomized to either arm, investigators preselected patients with high or int-2
risk into one of the three CCRs. The trial did not allow use of erythropoietin and analysis
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was by intent-to-treat principle. A total of 358 patients with higher risk MDS were
randomized between the two arms. The 5-aza was well-tolerated among the treated patients
and its safety profile was consistent with previous reports. Most notably, the study
demonstrated a significant survival benefit for patients in the 5-aza arm compared with those
in the CCR arm (hazard ratio: 0.58; 95% confidence interval: 0.43, 0.77). The Kaplan–Meier
estimated overall survival was 24.4 months for 5-aza compared with 15 months with CCR (p
= 0.0001). This trial, which still has not been published in manuscript form, confirms
previous observations of 5-aza in MDS and establishes its role as the standard of care in this
population.

5-aza-2′-deoxycytidine—Decitabine is an analog of 2′-deoxycytidine. Similar to 5-aza,
the 5-carbon of the pyrimidine ring has been replaced by nitrogen. The difference is that
decitabine is built on a deoxyribose backbone, allowing it to become incorporated directly
into DNA after being acted on by cellular kinases. After rapidly entering into the cell by a
nucleotide-specific transport system, decitabine is activated by sequential phosphorylation
from 5-aza-dCMP to 5-aza-dCDP, and 5-aza-dCTP by deoxycytidine kinase, dCMP kinase
and diphosphokinase, respectively [46]. DNA polymerase catalyzes the incorporation of
decitabine’s active metabolite 5-aza-dCTP into DNA, thereby producing DNA lesions. Once
incorporated into DNA, decitabine covalently binds to DNA-methyltransferase and traps it,
leading to its irreversible inhibition. At high doses, decitabine is cytotoxic owing to DNA
cross-linking and DNA synthesis arrest. At lower decitabine doses, the cell survives with
depleted levels of DNA-methyltransferase, leading to DNA hypomethylation with
subsequent DNA replication [47].

Decitabine was first studied in patients with MDS in a Phase I study of low-dose decitabine
by Zagonel et al. [48]. Although previous Phase I studies had shown the maximum tolerated
dose (MTD) of decitabine to be higher, this study aimed to examine a lower dose that
perhaps took advantage of its hypomethylating, differentiating effects. In total, ten patients
with advanced MDS were treated with either:

• 45 mg/m2/day intravenously divided into three 4-h infusions for 3 days

• 50 mg/m2 intravenously continuous infusion for 3 days

Half the patients responded, with four out of the ten patients achieving a complete
hematologic response. This evidence of a well-tolerated dosing schedule and significant
improvement in trilineage hematopoiesis led to further development of this drug in MDS.

Wijermans etal. performed a Phase II study of lower dose decitabine in elderly patients with
high-risk MDS [49]. They initially started with a dose of 50mg/m 2/day administered as a
continuous infusion for 3 days and repeated every 6 weeks. After the first 21 patients
displayed greater than expected myelotoxicity, the dose was reduced to 40 mg/m2/day in the
last eight patients. A total of 29 patients were enrolled in the trial. Out of 28 evaluable
patients, 15 (54%) had an objective response, including eight CRs (29%), five PRs (18%)
and two with hematologic improvement (HI; 7%). The median duration of response was
longer than 31 weeks. Including those patients who did not meet criteria for response, but
had stable disease, the overall progression-free interval was 33 weeks (range: 6–83 weeks).
This encouraging data prompted the same group from The Netherlands to lead a multicenter,
Phase II study to confirm their findings [50]. In this trial, decitabine was administered at a
dose of 15 mg/m2 intravenously over 4 h every 8 h (total daily dose 45 mg/m2) for 3
consecutive days, every 6 weeks. A total of 66 patients with intermediate-1 to high-risk
MDS (by IPSS) from seven centers were enrolled on the trial. The investigators reported an
ORR of 49% (32/66) with 20% (13/66) CR, 4.5% (3/66) PR and 24% (16/66) HI. Further
analysis of patients enrolled on these two studies as well as a third, compassionate-use trial
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revealed that decitabine was also able to induce significant cytogenetic responses [51]. Out
of 115 successfully karyotyped patients in this cohort, 61 had chromosomal abnormalities
prior to treatment. Of those 61 patients, 19 (31%) had a major cytogenetic response after a
median of three cycles.

Following this promising data from the European experience, a multicenter randomized
Phase III trial of decitabine versus best supportive care was conducted in the USA [52]. In
this trial, decitabine was administered at a dose of 15 mg/m2 intravenously over 3 h, every 8
h daily for 3 consecutive days once every 6 weeks. Supportive care, including transfusions,
antibiotics and hematopoietic growth factors, was provided according to generally accepted
guidelines to patients on both arms. A total of 170 patients representing all FAB subtypes of
MDS were enrolled on the trial – 89 randomized to decitabine and 81 to supportive care
alone. The ORR of patients on the decitabine arm was 17% (15/89) including eight CRs
(9%) and 7 PRs (8%). The supportive care arm had no responses. The time to first response
was 3.3 months (2–9.7 months) with a median duration of response of 10.3 months (4.1–
13.9 months). The rate of HI on the decitabine arm was 13 versus 7% on the supportive care
arm. This translated into an overall improvement rate (CR + PR + HI) of 30 versus 7% in
favor of the treatment arm (p < 0.001). There was a trend towards longer time to progression
to AML or death for the decitabine arm (12.1 vs 7.8 months; p = 0.16) but it was not
statistically significant. Of the patients who were evaluable for cytogenetic response, 35
versus 10% achieved complete cytogenetic remission in favor of the decitabine cohort.
Decitabine was relatively well-tolerated in this population, with the expected
myelosuppression being the most common side effect. Results from this and previous
studies led to the FDA approval of decitabine for patients with MDS.

The next advances in the use of decitabine for MDS involved optimizing the dose and
schedule of decitabine. Drawing from clinical and preclinical observations, investigators
from the MDACC sought to refine the dosing of decitabine to further exploit its
hypomethylating effects, specifically by lowering the dose and prolonging the exposure. In a
Phase I study, Issa et al. evaluated low-dose, prolonged exposure schedules of decitabine in
patients with relapsed/refractory acute leukemias [53]. Patients were treated in cohorts that
received decitabine at doses of 5, 10, 15 or 20 mg/m2 intravenously over 1 h daily for 10
days (5 on, 2 off, 5 on). Two additional cohorts also received doses of 15mg/m 2 daily for 15
or 20 days to better delineate this dose level. A total of 50 patients were treated in this study,
44 with AML/MDS, five with CML and one with ALL. The drug was well-tolerated at all
dose levels and schedules, with responses observed at all dose levels. However, a dose of 15
mg/m2 for 10 days appeared to induce the most responses (11/17 or 65%). Responses (CR +
PR) were observed in patients with AML (22%), MDS (58%) and CML (80%) [53,54].
Prolonged, lower doses of decitabine appeared to have significant activity in this refractory
population.

In an effort to further define the optimal delivery schedule of decitabine based on its
mechanism, a Phase II adaptively randomized trial of low-dose decitabine in advanced
leukemia was conducted at MDACC. The study by Kantarjian et al. aimed to lower the total
dose of decitabine to 100 mg/m2 per cycle compared with the standard 145 mg/m2 as well as
increase the dose intensity by administering the drug over a prolonged period (5 or 10 days
instead of 3), every 4 weeks (instead of the standard 6 weeks) [55]. Three dosing regimens
of decitabine were tested:

• 10 mg/m2 intravenously over 1 h daily for 10 days

• 20 mg/m2 intravenously over 1 h daily for 5 days

• 20 mg/m2 subcutaneously daily for 5 days
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The Bayesian trial design initially allowed randomization of patients equally to all three
arms until 45 patients were enrolled. The characteristics of the randomization then changed,
where the randomization was favored to the arm with the best activity. In this way, more
patients would be receiving the more effective regimen, and a lower total number of patients
would be required to achieve the study objectives. A total of 95 patients (77 with MDS and
18 with CMML) were enrolled on the trial. A total of 32 patients (34%) achieved a complete
remission, with 69 patients (73%) achieving some clinical response. The 5-day intravenous
schedule was chosen as the most optimal, demonstrating a CR rate of 32%, compared with
21% in the subcutaneous arm and 24% in the 10-day intravenous arm. Correlative studies on
the trial also showed a more pronounced degree of hypomethylation achieved with the 5-day
intravenous schedule. The authors concluded that the 5-day intravenous schedule of
decitabine was tolerable and significantly active, achieving a higher CR than previous
standard schedules. A randomized trial comparing the two is needed to confirm this. Table 2
summarizes the published clinical data with single-agent decitabine.

Histone deacetylase inhibitors
Histone deacetylase inhibitors have emerged as multifunctional cancer agents with some
signal of activity in a broad range of malignancies [30,56,57]. Several compounds, from
both natural and artificial sources, are currently under development. The compounds differ
in chemical structure, specificity and potency with respect to HDAC inhibition. Their safety
and efficacy has been shown in multiple clinical studies and has led to FDA approval of the
first HDACi, suberoylanilide hydroxamic acid (SAHA, vorinostat), in cutaneous T-cell
lymphoma [58]. Unlike the hypomethylating agents, HDACi have had more modest success
as single agents in the treatment of patients with MDS/AML. As we will discuss later,
although HDACi demonstrate some single-agent activity in these diseases, their optimal use
may be in combination with other agents.

A number of different HDACi have been tested in patients with MDS and acute leukemia
(Table 3). Agents include phenylbuyrate [59], valproic acid [60,61], depsipeptide [62,63],
MGCD0103 [64], LBH589 [65], ms-275 [66] and vorinostat [67]. Each has been shown to
have some single-agent clinical benefit, albeit small. The first HDACi to be tested in
patients with MDS and demonstrate clinical benefit was sodium phenylbutyrate. In two
studies by Gore et al., responses were observed in four out of 27 (15%) and two out of 23
patients (9%), respectively [59,68]. Perhaps the most extensively studied HDACi in MDS is
valproic acid (VPA). VPA is a fatty acid chain derivative used clinically as an
anticonvulsant and mood stabilizer, which has weak HDACi activity at millimolar serum
levels [69]. In an intial study, 18 patients with MDS were treated with single-agent VPA
[61]. Eight patients (44%) responded to treatment, including seven patients with
hematologic improvement, one with PR and no CRs. Five additional patients on the same
study treated with a combination of VPA plus all-trans retinoic acid (ATRA) had no
response. In a follow-up report of 75 (43 with MDS), 30% of MDS patients achieved a
response, including 13 with HI, one CR and one with PR [70]. When divided by IPSS risk,
the response rates by group were: 70% in low-risk, 24% in intermediate-1, 11% in
intermediate-2 and 18% in high-risk. These encouraging studies with a relatively weak
HDACi prompted investigation of more potent agents. Unfortunately, the increase in
potency did not translate into dramatically increased activity in MDS. For example, a Phase
I trial of the potent, ‘pan-HDAC’ inhibitor, vorinostat was conducted in patients with
advanced leukemia or MDS [67]. The majority of the patients had the diagnosis of AML
(76%) or MDS (7%). Out of 41 patients enrolled, there were a total of seven responses
(17%), including two CRs, two CRs with incomplete blood count recovery and three HI.
Other Phase I trials with HDACis, carried out mainly in patients with AML or high-risk
MDS have shown marginal responses and reasonable tolerability.
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The side-effect profile of HDACi seems to be fairly uniform across the class of agents. Most
of the Phase I trials report reasonable tolerability at their respective MTDs. The most
common dose-limiting toxicities (DLTs) were fatigue, nausea, vomiting and diarrhea.
Overall, the most common reported drug-related adverse events and laboratory
abnormalities were diarrhea, nausea, fatigue, anorexia, vomiting, thrombocytopenia and
hypokalemia. Among the grade 3/4 toxicities reported were nausea, vomiting, fatigue and
thrombocytopenia.

Combination epigenetic therapy
DNA methylation and histone acetylation are dynamic processes that are intimately
interrelated and cooperate in the epigenetic regulation of gene expression [71]. Methylated
sequences can recruit correpressor complexes that often contain HDAC activity. In this
manner, promoter methylation and regional histone de-acetylation by these correpressor
complexes trigger a compacted chromatin configuration that is inaccessible by the
transcriptional machinery. Targeting both DNA methylation and histone deacetylases,
therefore, could theoretically lead to greater reversal of aberrant gene silencing and
potentially increased anti-tumor activity. This concept has been tested in vitro and has
shown significant synergy [72,73]. The in vitro data prompted several Phase I and II studies
to assess the clinical activity of the combination of a hypomethylating agent and an HDACi.

The first HDACi to be studied in this manner was phenyl-butyrate (PB), combined with 5-
aza, in patients with MDS or AML [74]. The patients were administered a fixed dose of PB
(375 mg/kg/day by continuous infusion for 7 days) that was started after the completion of
5-aza (administered at a dose of 75 mg/m2/day subcutaneously for 5, 10 or 14 days). A total
of 32 patients were enrolled on the trial (13 MDS, one CMML, 15 MDS-AML and three
relapsed AML), with 29 evaluable for response. Eleven out of 29 (38%) patients responded,
including five CRs, one PR and five HIs. Three of the major responders with pretreatment
cytogenetic abnormalities also had a complete cytogenetic response. Histone deacetylation
and DNA hypomethylation was detected in patients after treatment. The authors concluded
that this was a reasonably well-tolerated combination with a suggestion of higher response
rates than 5-aza alone. A second smaller study using the combination of 5-aza and PB
enrolled a total of 12 patients (10 AML, 2 MDS) [75]. These patients were also treated
sequentially with 5-aza (75 mg/m2/day subcutaneously × 7days) followed by PB (200 mg/
kg/day intravenously over 1–2 h × 5 days). Out of ten evaluable patients, there were three
PRs, no CRs and two patients with stable disease. Again, histone acetylation was observed
in patients treated on the trial, but it did not correlate with response.

Valproic acid has also been tested extensively in combination with hypomethylating agents.
In a Phase I/II study, Garcia-Manero et al. studied the concomitant administration of
decitabine and VPA in patients with AML and MDS [76]. A total of 54 patients were treated
(48 AML, six MDS), of which 11 were previously untreated. Patients were treated with a
fixed dose of decitabine (15 mg/m2/day intravenously × 10 days) along with escalating
doses of VPA (20–50 mg/kg daily × 10 days). The 50-mg/kg dose was found to be safe and
was chosen as the Phase II dose. A total of 12 patients (22%) had some objective response,
including ten CRs (19%), and two with complete remission in the absence of total platelet
recovery (CRp; 3%). Among the ten untreated elderly patients with AML/MDS, five (50%)
had a response (four CR, one CRp). Neurotoxicity in the form of transient confusion and
somnolence was observed in elderly patients at the 50-mg/kg dose and was potentiated by
other neurotropic agents. The authors noted that responders had higher free VPA levels at
day 10 when compared with the nonresponders. Both DNA hypomethylation and histone
deacetylation were observed, but neither correlated with response. A closely related Phase I/
II study combined 5-aza with VPA and ATRA in a population of patients with AML and
MDS [77]. A total of 53 patients (49 AML, four MDS) were treated, of which 33 were
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previously untreated. Patients were given fixed doses of 5-aza (75 mg/m2/day
subcutaneously × 7 days) and ATRA (45 mg/m2/day orally × 5 days starting on day 3) along
with escalating doses of VPA. The MTD of VPA in this combination was 50 mg/kg/day × 7
days and was used as the Phase II dose. The ORR was 22 out of 53 (42%) including 12 CR,
three CRp, and seven HI. In the previously untreated subset, the ORR was 17 out of 33
(52%) with 11 CR, three CRp and three HI. These results were especially encouraging in the
treatment of elderly AML, as all the patients in this group were aged over 60 years and there
was no induction-related mortality. Reversible neurotoxicity in the form of confusion and
somnolence was once again associated with the high doses of VPA in this population.
However, once again responders had significantly higher levels of VPA than nonresponders.
It was also important to note that, unlike single-agent 5-aza, the time to response was shorter
with the combination.

To better define the optimal dose of decitabine and the contribution of VPA in the
combination, a Phase I trial was conducted of decitabine with or without VPA in patients
with AML [78]. A total of 25 patients were treated, 12 of whom were previously untreated.
The treatment plan consisted of a two-step process. Part A treated patients with escalating
doses of decitabine alone for 10 days (starting at 15 mg/m2/day intravenously) to determine
the optimal biologic dose (OBD) – defined as the dose that led to upregulation of estrogen
receptor or p15 mRNA by 100% or greater relative to pretreatment levels. Once the OBD of
20 mg/m2/day was determined, part B of the trial treated patients with that dose of
decitabine along with escalating doses of VPA. The MTD for VPA in the combination was
found to be 20 mg/kg/day, with the DLT being neurotoxcity, including grade III
encephalopathy. Out of 21 evaluable patients, the authors reported a 52% response rate,
including four CR (19%), four incomplete CR (19%) and three PR (14%). In the subset of
untreated patients, four out of nine (44%) evaluable patients achieved a CR. In this small
study, the authors concluded that the impact of adding VPA to decitabine on clinical
responses was not clear, but the time to response with the combination was shorter than with
decitabine alone.

Building upon these early combination epigenetic trials and following the observation that
higher VPA levels were associated with responders, newer, more potent HDACis have been
combined with 5-aza or decitabine. Several studies are ongoing, exploring the combinations
of MS-275 and 5-aza [79], MGCD0103 and 5-aza [80], as well as vorinostat and decitabine
[81,82]. These Phase I/II clinical trials have been presented in their preliminary form and
report safety and tolerability of the combinations. Clinical activity is noted with response
rates ranging from 20 to 44%. Continued follow-up and mature data from these trials should
give us a better idea of the potential of these combinations. To summarize, the role of
combination epigenetic therapy in the treatment of MDS is not clear. Our current knowledge
from these studies suggests that the combinations are safe and have clinical activity.
However, the impact of the addition of the HDACi on clinical efficacy is not exactly clear.
Ongoing randomized trials comparing hypomethylating agent alone vesus hypomethylating
agent plus HDACi are currently ongoing and should help answer this question. What we
have learned from these early studies is that the prolonged time-to-response observed with
hypomethylating agents alone is reduced with the addition of an HDACi. Whether this
earlier response translates into clinical benefit remains to be seen. Another potentially
important role for combination epigenetic therapy is in the treatment of elderly patients with
AML. The majority of patients on these trials had the diagnosis of AML rather than MDS
with a median age of greater than 60 years. The relatively good response rates to ‘induction’
with these combinations, coupled with low induction-related mortality, make these
encouraging regimens to study in this population.
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Expert commentary
Until recently, the MDS were considered a group of premalignant bone marrow disorders.
Younger patients, a minority, were treated with allogeneic stem cell transplantation, and
older ones with palliative and supportive care measures such as transfusion support and
hematopoietic growth factor administration. Over the last few years, we have experienced a
number of very significant improvements in the understanding, classification and treatment
of this heterogeneous group of disorders. One of these has been the introduction of DNA
methyltransferase inhibitors, or hypomethylating agents, in MDS. Current available agents,
5-aza and 5-aza-2′-deoxycitidine, have significant activity in MDS and have been shown to
alter the natural course of the disease with acceptable toxicities. That said, these therapies
have several significant limitations that we need to overcome. First, response rates probably
occur in 50% of patients treated and therefore more potent epigenetic interventions are
needed. Second, it is expected that at some point most patients will lose response to the
therapy, requiring prolonged courses of therapy administration and the need of subsequent
interventions for patients that lose a response. Third, there is very little understanding in
terms of the molecular mechanisms that mediate response to epigenetic therapy in MDS. At
the present time, there are no known epigenetic biomarkers that predict for response or
survival, or lack of, in patients treated with these agents. Ongoing extensive genome-wide
epigenetic studies may shed light on this problem. New combinations, perhaps with the
histone deacetylase inhibitors, may result in increased response rates or longer duration of
response. This will need to be tested in randomized studies. Finally, it is possible that other
molecular mechanisms involving DNA damage/repair and mitochondria dysfunction could
modulate in part the clinical activity of these drugs, a phenomenon that may help in the
development of other rationale combinations. Further understanding of resistance
mechanisms, dose and schedule optimizations (for lower risk vs higher risk patients) may
also contribute towards improving current results with these agents.

Five-year view
In addition to achieving durable responses, complete responses and major cytogenetic
responses in our patients with MDS, we need more therapies that are proven to show
significant survival benefit and are able to significantly alter the course of the disease. We
now have evidence of improved survival with 5-aza, with anticipated results from a
decitabine study also in progress. Next, combination epigenetic therapy needs to be
scrutinized, to determine whether using hypomethylating agents and HDACi offer similar
benefits of improved response rate, decreased rate of transformation to AML and,
ultimately, improved survival over the current standard-of-care. The use of low-dose
hypomethylating agents as maintenance therapy after induction therapy for AML/MDS [83]
or after stem cell transplantation [84] to improve progression-free and overall survival is
currently being investigated and is an important area of research.

We also need to investigate the importance of other epigenetic modifications including
histone methylation and phosphorylation and whether these are valid biological targets for
treatment in MDS. Recent work on histone methylation has shown several different facets of
transcriptional regulation that can collaborate or act independently of DNA methylation and
histone acetylation. For example, methylation of lysine residues 9 and 27 of histone H3 (H3-
K9, H3-K27) are associated with gene silencing, while methylation of lysine 4 (H3-K4) is
associated with open chromatin and active transcription [85]. More recently, EZH2-
mediated tri-methylation of H3-K27 has been shown to cause tumor suppressor gene
silencing independent of DNA methylation [28]. Micro-RNAs are another important area of
research that has been shown to be important in the biology of chronic lymphocytic
leukemia. miRNAs are noncoding RNAs with important regulatory functions that are
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encoded by miRNA genes. The noncoding miRNAs are specific for various protein coding
mRNAs within a cell. By establishing complementarity to these coding mRNAs, the
miRNAs lead to translational repression or outright degradation – thus controlling protein
expression at the translational level. Importantly, the regulation of miRNA expression has
been shown to be controlled by epigenetic processes and modified by epigenetic therapy
[86–89]. Alternatively, miRNAs can also control members of the epigenetic machinery.
miRNAs that directly inhibit DNMT or HDAC have also been described [90–93]. This
complex interplay between epigenetics and miRNAs and their role in MDS should unlock an
exciting area of clinical and translation research. Finally, we still have much to learn about
the biology of MDS and why epigenetic therapy is effective in a subset of our patients.
Teams of researchers and clinicians need to work towards developing both clinical and
molecular biomarkers of response and resistance to help us better select patients who will
benefit from epigenetic therapy.
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Key issues

• Myelodysplastic syndrome (MDS) is a lethal disease marked by progressive
cytopenias, infections, transfusion requirements and progression to acute
leukemia. Prognosis of patients with MDS can be estimated by evolving scoring
systems that take into account age, performance status, cytogenetics, cytopenias,
blast percentage in bone marrow and transfusion dependence.

• Epigenetic changes to the chromatin such as DNA methylation and histone
acetylation can interact with genetic changes to contribute to the pathogenesis
and progression of cancer.

• Although there is evidence of aberrant DNA methylation in the neoplastic cells
of patients with MDS and acute myelogenous leukemia (AML), investigation is
still ongoing to define their exact roles in the pathogenesis and progression of
these diseases.

• As a result of multiple clinical trials confirming their efficacy and, more
recently, suggesting a survival benefit, epigenetic therapy with DNA
methyltransferase (DNMT) inhibitors has become part of the standard-of-care
for the treatment of patients with MDS.

• The two available DNMT inhibitors, 5-azacytidine and decitabine, are well
tolerated in most patients, with some myelosuppression. Time to response with
these agents can be up to 3–4 months.

• Histone deacetylase inhibitors (HDACi) as single agents have limited efficacy in
the treatment of MDS and AML and are associated with gastrointestinal toxicity
and fatigue.

• Combinations of HDACi and DNMT inhibitors are shown to be synergistic in
vitro. Preliminary results of early phase clinical trials show these combinations
to be safe and active. The time to response with the combinations are noted to be
somewhat quicker than single-agent DNMTs.

• Further investigation into the combination of HDACi and DNMT inhibitors
needs to continue to confirm their efficacy and find a survival benefit.

• Studies uncovering the pathogenetic role of epigenetics in MDS and AML are
ongoing, and should allow us to better select patients and improve outcome.
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Figure 1. Epigenetic control of transcription
Histone acetyl transferase (HAT) and histone deacetylase (HDAC) work in an opposing
manner and lead to open or closed (silenced) chromatin states. DNA methylation of CpG
islands is catalyzed by DNA methyltransferase (DNMT) and leads to transcriptional
silencing.
Ac: Acetylated; H3: Histone.
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