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Background and Objectives. Methylation of DNA is a
common epigenetic modification that plays an important
role in the control of gene expression in mammalian cells.
This process involves CpG dinucleotide sequences and is
catalyzed by DNA-methyltransferase enzymes. Under
physiological conditions, methylated CpG sites are only
present in DNA sequences typical of bulk chromatin,
where the DNA is inaccessible to transcription factors. In
contrast, CpG islands of promoter regions are usually
unmethylated (with few exceptions such as the genes on
the inactive X-chromosome). DNA methylation abnor-
malities have recently emerged as the most frequent mol-
ecular changes in hematopoietic neoplasms.

Information Sources. The authors of the present review
are currently working in the field of myelodysplastic syn-
dromes and secondary leukemias and have contributed
original papers to peer-reviewed journals. The material
analyzed in the present review includes articles and
reviews published in journals covered by the Science Cita-
tion Index, and abstracts presented at recent interna-
tional oncology and hematology meetings.

State of the Art. Methylation and transcriptional status
are inversely correlated, the hypermethylation of genes
involved in cell-cycle control and apoptosis could have a
pathogenetic role in the development of cancer. In par-
ticular, high-risk myelodysplastic syndromes (MDS) and
secondary leukemias (SL) show a high prevalence of
tumor-suppressor gene hypermethylation. The use of irre-
versible DNA methyltransferase inhibitors, such as 5-aza-
cytidine and decitabine, appears to be a promising ther-
apeutic option for the treatment of MDS and SL. Large
clinical trials are still ongoing, but preliminary data
recently published indicate for the first time that the nat-
ural history of MDS may be changed by a non-intensive
treatment.

Conclusions and Perspectives. Treatment with demethy-
lating agents, 5-azacytidine and decitabine, at present
results in significantly higher response rates, improved
quality of life, reduced risk of leukemic transformation,
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and improved survival, when compared to supportive
care. Azacytidine and decitabine provide a new treatment
option, and should be the treatment choice for elderly
patients with high risk MDS. It is whorty in fact that aza-
cytidine and decitabine are especially active in patients
with poor prognosis MDS. The combination with histone
deacetylase inhibitors may increase the efficacy of
hypomethylating agents in vivo.
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appears to be a process triggered by genet-

ic changes (e.g. DNA mutations) as well as
epigenetic changes. Epigenetic changes include
heritable traits that are mediated by changes in
DNA other than nucleotide sequences.

Among epigenetic modulations, DNA methyla-
tion plays an important role in tissue- and stage-
specific gene regulation,*2 genomic imprinting,34
and X-chromosome inactivation® and has been
shown to be essential for normal mammalian
development.® This process has been shown to
increase with age,” and during invitro cell culture.®

Recent studies have demonstrated that both
global DNA hypomethylation and regional hyper-
methylation occur during tumorigenesis.®* Such
aberrant DNA methylation occurs in a non-ran-
dom, tumor-type specific manner. The eukaryotic
genome is not uniformly methylated, but contains
methylated regions interspersed with unmethylat-
ed domains.?2 During the process of evolution, the
dinucleotide CpG has been progressively eliminat-
ed from the genome of higher eukaryotes and is
present at only 5-10% of its predicted frequen-
cy.1314 Cytosine methylation appears to have played
a major role in this process, because most of the
disappeared CpG sites represent the conversion
through spontaneous deamination of methylcyto-
sine (also termed an intrinsic mutagen) to uracil
and thus thymine. 5-methylcytosine differs from
cytosine by the presence of a methyl group at posi-

Q s long suspected by many biologists, cancer
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tion 5 of the pyrimidine ring (Figure 1). The DNA
methyltransferases methylate the cytosine residues
in newly synthesized DNA, thus maintaining the
parental pattern. Approximately 70% to 80% of the
remaining CpG sites contain methylated cytosines
in the genome of most vertebrates, including
humans.’314 These methylated regions are typical
of the bulk chromatin that represents the late repli-
cating DNA, characterized by attendant histone
composition and nucleosomal configuration, which
makes it relatively inaccessible to transcription fac-
tors.’s In contrast to the rest of the genome, small-
er regions of DNA, called CpG islands, ranging from
0.5 to 5 kb, and occurring on average every 100 kb,
have distinctive properties. These regions are
unmethylated, GC rich (60% to 70%), with a CpG
to GpC ratio of at least 0.6, and a normal dinu-
cleotide CpG frequency.16-18 Chromatin containing
CpG islands is generally heavily acetylated, lacks
histone H1, and includes a nucleosome-free
region.’> CpG islands localized in the promoter
regions are usually unmethylated in normal tissues,
regardless of the transcriptional activity of the
gene. The main exceptions include untranscribed
genes on the inactive X-chromosome and imprint-
ed autosomal genes where one of the parental alle-
les may be methylated.r® Tissue-specific genes
without CpG islands are variably methylated, often
in a tissue-specific pattern.202

DNA methylation is believed to contribute to can-
cer initiation and progression by gene expression
inactivation.2223 This can have important conse-
guences if the inactivated genes are essential for
the control of normal cell growth, differentiation, or
apoptosis. The mechanisms that regulate normal
and aberrant methylation are not fully understood,
nor are the mechanisms by which methylation
interferes with transcription. These processes
involve complex interactions between methyltrans-
ferases (DNMTs), methyl-CpG binding proteins
(MBDs) and probably demethylase enzyme, as well
as histone acetylases and deacetylases (HDAC),
transcription factors, and chromatin structure.2+-2
The association of the methylation machinery,
DNMTs and MBDs, with HDACs, provides a co-oper-
ative linkage in transcriptional silencing between
DNA methylation and histone deacetylation.

Numerous examples of promoter hypermethyla-
tion of tumor suppressor genes, resulting in gene
silencing and presumably conferring a growth
advantage to involved cells, have been described
and are summarized in Table 1.27-2% A strong corre-
lation between DNA hypermethylation, transcrip-
tional silencing and tightly compacted chromatin
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Figure 1. 5-methylcytosine differs from cytosine by the pres-
ence of a methyl group at position 5 of the pyrimidine ring.
The DNA methyltransferase methylates the cytosine
residues in newly synthesized DNA, thus maintaining the
parental pattern. Unlike cytosine, 5-methyl cytosine is rel-
atively unstable and its spontaneous deamination leads to
uracil, making it an intrinsic mutagen.

Table 1. Selected genes hypermethylated in cancer.

Gene Function Tumor types
VHL Promotes angiogenesis Renal clear cell
pl6/INK4A  Cyclin-dependent kinase inhibitor Most solid, lymphoma
E-cadherin Homotypic epithelial Ductal breast, thyroid,
cell-cell adhesion gastric, others
hMLH1 DNA-mismatch repair Colon, gastric, and endometrial
(MIN+)
BRCAL DNA-damage repair Breast (especially mucinous,
medullary), ovarian
LKB1 Serine, threonine kinase Hamartomatous colon,
papillary, breast (Peutz-Jegher)
pl5/ne Cyclin-dependent kinase inhibitor Acute myeloid, lymphoid
leukemias
ER Receptor for estrogen-induced Breast, colon,
transcriptional activation leukemias, others
06-MGMT Repair of DNA guanosine Brain, colon,
methyl adducts ung, lymphoma
GSTPI Prevention of oxidative DNA damage Breast, prostate, renal
TIMP3 Inhibitor of tissue metallo-proteases Colon, renal, brain
DAPK1 Kinase mediator of B-cell lymphomas, lung
interferon-induced apoptosis
p73 p53-like gene Lymphomas

Based on data from Refs. #27-30.

has been established in many different systems.?
Work over the past 5 years has led to a remark-

able increase in the knowledge of the mechanisms

of chromatin structure modulation and has
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revealed that chromatin is a dynamic structure
which plays an important role in transcriptional
regulation.®® At least a major portion of chromatin
remodeling appears to be accomplished through
acetylation and deacetylation of the histone
octamer tails. Many of the acetylation and
deacetylation enzymes turn out to be known tran-
scriptional enhancer and repressor proteins,
respectively.®® Heavily methylated, inactive regions
of DNA (bulk chromatin) were also found to be
enriched in hypoacetylated histones.3 The process
of DNA methylation, mediated by Dnmtl, may
depend on or generate an altered chromatin state
via histone deacetylase activity.32 A major advance
in understanding the link between DNA methyla-
tion, histone hypoacetylation, and gene silencing
came from the recent studies of two laboratories.
Both groups demonstrated that the methyl-bind-
ing protein MeCP2, known to be involved in tran-
scriptional repression of methylated DNA, recruit-
ed a histone deacetylase, HDAC1, via the bridging
protein Sin3a.33-% Recently, in vitro studies have
also shown that DNMT1 physically interacts with
either HDAC1 or HDAC2.3637

The connection between DNA methylation and
histone deacetylation could have therapeutic
implications. DNA methylation and histone de-
acetylation appear to act as synergistic layers,
although dense CpG island methylation is domi-
nant for the maintenance of a silent state of genes
during oncogenesis.®® Inhibitors of histone deacety-
lases, alone or in combination with DNA hypo-
methylating agents, may be useful in reactivating
tumor suppressor genes in cancer cells. A study
using 5-azacytidine followed by trichostatin A
(TSA), a potent and reversible HDAC inhibitor of
human colon cancer and leukemia cells, robustly
reactivated multiple hypermethylated genes such
as MLH1, TIMP3, p15™Nk4Band p16'NKkaA 38

Methylation in hematologic malignancies

In hematologic malignancies, aberrant DNA
hypermethylation is thought to be relevant for
leukemogenesis.® For instance, during the progres-
sion of chronic myelogenous leukemia (CML), the
ABL1 promoter of the BCR-ABL fusion gene
becomes significantly hypermethylated,* although
this is not confirmed when using highly sensitive
methylation assays.*2

Hypermethylation of the calcitonin gene has been
found in 65% of myelodysplastic syndromes
(MDS),* in 95% of acute leukemias,* and is asso-
ciated with an unfavorable clinical outcome in
acute lymphoblastic leukemia (ALL).*> Furthermore,

haematologica vol. 87(12):december 2002

aberrant hypermethylation and the consequent
inactivation of the p15Nk48 tumor suppressor gene,
is found in at least half of patients with CML,*2 ALL
and acute myelogenous leukemia (AML),*546 and is
associated with disease progression in MDS.4748
Moreover, hypermethylation of p21CiriWaft promot-
er, another cyclin-dependent kinase inhibitor
belonging to the CIP/KIP family, has been found in
about 40% of patients with ALL, and predicts a poor
prognosis.+

In addition to these tumor-related genes, a num-
ber of other genes are concurrently hypermethy-
lated in AML,% suggesting that there might be a
more general dysregulation in the normal DNA
methylation mechanisms, predisposing multiple
genes to hypermethylation. Estrogen receptor
methylation (ERM) is frequent in adult AML:* 61%
of 261 patients had ERM values over 15% and were
considered ERM*. ERM decreases with increasing
age (p=0.0001) and its levels are significantly low-
er in patients with French-American-British sub-
types M4 or M5 AML (p=0.0019). Whereas ERM is
not associated with a reduced complete remission
rate after induction therapy, ERM* patients had sig-
nificantly better overall and relapse-free survival.

When the methylation pattern of the CpG islands
of the calcitonin, estrogen receptor, E-cadherin,
p15, p16, Rb, GST-Pi, and HIC1 genes was investi-
gated in the bone marrow from 9 controls and 20
AML patients, all the control samples were essen-
tially unmethylated for all the eight tumor-related
genes studied. In contrast, 19 of 20 (95%) AML
samples had an abnormal methylation pattern in
at least one gene, and 15 of 20 (75%) had abnor-
mal methylation patterns in two or more of the
target genes.5® Concurrent hypermethylation was
further confirmed by some studies providing
assessment of overall methylation changes by
means of restriction landmark genomic scanning
(RLGS). In contrast to techniques that allow assess-
ment of the methylation status of individual genes,
RLGS is a tool for the identification of genome-
wide methylation changes in CpG islands, regard-
less of whether the genomic sequence is known.
Using this technique, a preferential methylation of
chromosome 11 was found.52

Methylation profiling® including estrogen recep-
tor (ER), p16, MDR1,CACNALG, MINT1, MINT2,
MDR1, THBS1, and PTCIMYOD1, PITX2,GPR37, SDC4,
performed in 36 cases of AML, demonstrated fre-
quent hypermethylation of ER (47%), MYOD1, PITX2,
GPR37,and SDC4 in AML (47% to 64% of patients).
In that study, p15, p16, CACNALG, MINT1, MINT2,
MDR1, THBS1 and PTC1 (2 promoters) methylation
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Table 2. Hypermethylation at selected gene loci in MDS and
acute leukemia.

Gene  Chromosome Function MDS  AML AL
G ) ()

ER-a 6025  Estrogen receptor NK. 7090 90

E-Cadherin 16g22  Ca? dependent NK. 3278 53

intracellular adhesion

CALCl  11p15 Ca?bone resorhtion 2560 50-90 45-90

HIC-1 17p13  Putative tumor suppressor gene 10 50-100

GPR37  7q31  G-protein-coupled receptor 47

MDR 7921 Drug efflux 31

MINTL 5q13  CpG island hypermethylated in cancer 16

MINT2 2p22  CpG island hypermethylated in cancer 8

MyoD 11p15  Muscle-specific transcription factor 61

p15 9p21  Cyclin-dependent kinase inhibitor 0-59 3090 80

pl6 9p21  Cyclin-dependent kinase inhibitor 0 0 040

PITX2 4925  Homeatic gene 64

PTC-A 9922  WNT signaling 17

PTC-B 9922 WNT signaling 11

SDC4 20q12  Surface heparan sulfate proteoglycan 56

THBS1 1515  Angiogenesis inhibitor 25

Based on data from Refs. #39-51, and 102.

was relatively infrequent (6% to 31% of patients).
For each of these CpG islands, the methylation den-
sity positively correlated to ERM density (rank order
correlation coefficients, 0.32-0.59; 2-tailed p <
0.058 for each gene). MLH1 was unmethylated in all
cases. In addition, p15, MDR1, and SDC4 hyperme-
thylation correlated to reduced levels of mRNA
expression. There was an inverse correlation
between age and the number of methylated genes.
Thus, in a subset of AML cases, a methylator phe-
notype could be hypothesized (Table 2).50-53
Methylation depends on several functional DNA
methyltransferases, including DNMT1, DNMT3A,
and DNMT3B.54 Mizuno et al. described a 5.3-, 4.4,
and 11.7-fold increase in DNMT1, 3A, and 3B,
respectively, in AML when compared to in normal
bone marrow.5> Although CML cells in chronic
phase did not show significant changes, cells in
blastic transformation showed 3.2-, 4.5-, and 3.4-
fold increases in the levels of DNMT1, 3A, and 3B,
respectively. Using methylation-specific PCR, it was
observed that the p15™N48 gene was methylated in
24 of 33 (72%) AML cases. Furthermore, AML cells
with methylated p15™48 tended to express higher
levels of DNMT1 and 3B. Thus, DNMTs were sub-
stantially overexpressed in leukemia cells in a
leukemia type- and stage-specific manner and may

contribute to the pathogenesis of leukemia by
inducing aberrant regional hypermethylation.ss An
elegant study by Di Croce et al. recently estab-
lished, for the first time, a mechanistic link between
genetic and epigenetic changes in leukomogene-
sis.5 The authors demonstrated that in acute
promyelocytic leukemia (APL) the leukemia-pro-
moting PML-RARA fusion protein induces gene
hypermethylation and silencing by recruiting
DNMT1 and DNMT3A to the promoter of its target
gene RARB2. A previous study showed that an
additional oncogenic transcription factor induces
aberrant hypermethylation of target gene promot-
ers. The mechanism of transcription repression
exerted by PML-RARA was the recruitment of
HDAC complex.5” Consistent with this finding, Di
Croce et al. showed that PML-RARA-induced
repression of RARSB2 was only partially relieved by
either 5-aza-2'-deoxycytidine or TSA treatment of
APL cells.’8 Notably, only simultaneous treatment
with 5-aza-2'-deoxycytidine and TSA completely
restored RARS2 gene expression. Thus, all these
observations, taken together, suggest the intrigu-
ing scenario in which the newly methylated CpGs
become docking sites for methyl-binding proteins,
which in turn interact with both HDAC complexes
and DNMTs, finally leading to the spreading of
hypermethylation to the neighboring DNA regions.

Clinical and laboratory features of
myelodysplastic syndromes and role of
hypermethylation in their progression to
secondary leukemia

Myelodysplastic syndromes (MDS) include a het-
erogeneous group of clonal myeloid stem cell disor-
ders characterized by peripheral cytopenias and dys-
plasia of bone marrow progenitor cells.® A normo-
to hypercellular bone marrow contrasts with periph-
eral cytopenia, anemia, thrombocytopenia, and/or
neutropenia, as signs of ineffective hematopoiesis.
Approximately 10% of the patients present with
hypocellular marrow.>® The natural history of these
diseases ranges from a chronic course that may span
years to a rapid course towards leukemic progres-
sion. Unfortunately, the nomenclature and classifi-
cation systems used to describe these conditions are
cumbersome and contentious. In 1982, the French-
American-British (FAB) group proposed a classifi-
cation based on morphologic features of blood and
bone marrow, namely bone marrow and peripheral
blood blast cell count, ringed sideroblasts, number
of monocytes in peripheral blood, and Auer rods.
Five subgroups with significantly different prog-
noses were established: refractory anemia (RA), RA
with ringed sideroblasts (RARS), RA with excess of
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blasts (RAEB), RAEB in transformation (RAEB-T), and
chronic myelomonocytic leukemia (CMML) (Table
3). This classification served as the standard for the
evaluation of MDS for nearly 2 decades, though fur-
ther characteristics of MDS subtypes—for example,
hypoplastic MDS%® and MDS with bone marrow
fibrosis—were not considered by the FAB classifica-
tion.s0

In addition, some studies provided evidence that
patients with CMML and white blood cell (WBC)
counts above 13000/uL had hematologic and clin-
ical characteristics of myeloproliferative disorder.6-
8 Other studies showed that the entities defined by
the FAB group were heterogeneous, not only in
terms of prognosis but also of morphologic fea-
tures.5064-67 |n 1999, the World Health Organiza-
tion (WHO) published a revised classification of
MDSe8 (Table 3). The definitions of RA and RARS
became more precise and included the presence of
dysplastic features in the erythroid lineage only. At
present, the definition of RAEB remains unchanged,
though some investigators suggest further dis-
crimination between RAEB | with 5% to 10% blasts
and RAEB Il with 11% to 20% blasts in the bone
marrow. Three new subgroups were incorporated:
(1) refractory cytopenia with multilineage dyspla-
sia (RCMD), which is equivalent to RA or RARS in
the FAB classification in the presence of dysplastic
features of 2 or 3 cell lineages; (2) del (5q) syn-
drome, characterized by dysplastic changes in the
erythroid lineage only, thrombocytosis, and
hypolobulated micromegakaryocytic hyperplasia
(an isolated interstitial deletion of the long arm of
chromosome 5 is now a distinct entity); and (3)
MDS unclassifiable (MDS unclass). Two other FAB
subgroups have been excluded from the new MDS
classification: RAEB-T, because of some similari-
ties in biologic features and treatment strategies
with acute myeloid leukemia (AML), and CMML,
because of its close relation to myeloproliferative
diseases. CMML, together with atypical chronic
myeloid leukemia (aCML) and the juvenile form of
CMML, JMML, is now part of a new disease group
called myelodysplastic/myeloproliferative diseases,
and RAEB-T ceases to exist because of the new
threshold of 20% blasts in the bone marrow set
for AML. The advantages and disadvantages of the
WHO classification are still a subject of lively, con-
troversial discussion.®®

Myelodysplastic syndromes can arise de novo or
be related to exposure to ionizing radiation or
myelotoxic drugs.”®7* The crude incidence of de
novo MDS is about 3-4 new cases per 100.000 per-
sons per year, although some authors have report-
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Table 3. FAB and WHO Classification of MDS.

FAB subtype ~ WHO subtype BM blasts PB blasts Monocytes  Ringed

(%) (%)  >1x10%L sideroblasts

inPB >15%
RA RAa <5 <1 - -
RARS RARS? <5 <1 - +
Refractory cytopenia
with multilineage <5 <1 - +/-
dysplasia®
5¢- syndrome <5 <l - +/-
RAEB RAEB 520 <5 - +/-
MDS unclassifiable  <1-20 <5 - +/-
CMML  CMML<131x10°WBC/L <1-20  <1-20 + +/-
RAEB-T AML 21-30 +/- +/-

AML, acute myeloid leukemia; CMML, chronic myelomonocytic leukemia;

RA, refractory anemia; RAEB, refractory anemia with excess of blasts;
RAEB-T, refractory anemia with excess of blasts, in transformation;

RARS, refractory anemia with ringed sideroblasts. 20nly erythroid lineage; At
least two lineages involved.

ed a higher incidence.”27274 The incidence rate
increases steeply and constantly with age.”? This
increase is markedly higher in females than in
males, and is likely to be due to the higher propor-
tion of females in the elderly population.™ The inci-
dence of therapy-related MDS (t-MDS) is yet to be
defined in larger series of patients. In the M.D.
Anderson series before 1991, t-MDS represented
27% of all MDS (73), and were probably more com-
mon than overt therapy-related AML (t-AML), con-
sidering that macrocytosis and cytopenias, the
hallmarks of MDS, can be overlooked in patients
having been treated for a previous neoplasm.

MDS is a well recognized acquired genetic disor-
der with characteristic cytogenetic abnormalities
found in 50-60% of the patients.”>77 Cytogenetic
abnormalities are similar in both de novo and t-
MDS, but are more frequent in t-MDS. Deletion or
loss of chromosomes 5 and 7 is commonly associ-
ated with exposure to alkylating agents.

A clonal evolution associated with progressive
bone marrow failure and transformation into AML
occurs in 10-60% of cases depending on the MDS
subtype and the cytogenetic pattern.”-7¢ According
to the data of the co-operative study reported by
Mufti,”progression into overt leukemia is very fre-
quent in RAEB-t (60%) and in RAEB (44%) and rare
in RA (12%) and RARS (8%).

Various prognostic scores have been developed to
predict patients’ prognosis more accurately. The
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most widely accepted system, the International
Prognostic Scoring System (IPSS) (Table 4), was
introduced in 1997 by a group headed by Green-
berg.” The IPSS defines four prognostic groups on
the basis of three criteria: number of cytopenias,
blast counts, and cytogenetics (Table 5). A great
proportion of patients with t-MDS have a high
International Prognostic Score and are character-
ized by poor prognosis: independently of a 50%
progression rate to AML, patients with t-MDS have
a poorer prognosis than patients with de novo
MDS.7374 p15 methylation appears an important
step in MDS evolution.*37 The p15™N«& gene, and its
functional homolog p16'%* gene, encode proteins
which negatively regulate the cell cycle by inhibit-
ing the cyclin-dependent kinases 4 and 6, which
control the progression of cells from G1 to S
phase.® The expression of the cyclin-dependent
kinase inhibitor (CDKI) p15n8 (p15) is upregulat-
ed during in vitro granulocytic and megakaryocyt-
ic differentiation of normal CD34+ hematopoietic
progenitors.8! Inactivation of the pl5M«48 and
pleMk4A genes by homozygous deletion has been
detected in many cancers, suggesting that they are
candidate tumour suppressor genes.82& Among the
hematologic malignancies, homozygous deletion
of the p16™Nk44/p15INk48 gene is a frequent event in
ALL and non-Hodgkin's lymphoma,?4-¢ but rarely
occurs in myeloid malignancies.8”# Hypermethyla-
tion is an alternative mode of p15 inactivation.
Aberrant methylation of CpG islands in the p15
promoter region commonly occurs in MDS, such as
RAEB or RAEB-T, and is associated with loss of p15
expression.“88 p15 hypermethylation was found in
AML and MDS concomitantly with disease pro-
gression. 48799 Patients with p15%N\48 methylation
at diagnosis had a significantly shorter survival
than those with a normal methylation pattern.®
The incidence of p15™48gene methylation in low-
risk (RA and RARS) or high-risk MDS (RAEB, RAEB-
T and CMML), respectively, is constant during the
course of the disease.®® With the assay used in that
work (methylation-sensitive polymerase chain
reaction), pl5 methylation was not detectable
throughout the course of low-risk MDS and ranged
from 23% at diagnosis to 30% at advanced stages
in high-risk MDS. Acquisition of p15™«4 methyla-
tion during follow-up accompanied disease pro-
gression.48.79.90 p15Nk48 methylation ranged from
60% to 75% in AML evolved from previous MDS.
Patients with p15™«48 gene methylation at diagno-
sis or at subsequent follow-up had a significantly
higher chance of disease progression to AML than
those without gene methylation.®® This suggests

Table 4. MDS International Prognostic Scoring System
(IPSS).

Score

0 05 1 15 2
BM blasts (%) <5 5-10 - 1120 21-30
Karyotype Good” Intermediate* Pooré
Cytopenia* 0/1 2/3

(number of lineages involved)

Cytopenia: hemoglobin < 10 g/dL, neutrophils < 1.5x10%/L,
platelets < 100x10°/L; BM: bone marrow. *(normal, -Y, 5¢-, 20q-);
#(other abnormalities); ¢(complex,chromosome 7abnormalities).

Table 5. Prognostic groups of MDS according to the IPSS.

Total score value Risk group Median survival
(vears)

0 Low 5.7

051 Intermediate 1 35

152 Intermediate 2 12

>25 High 0.4

that pl15™k48 gene methylation might play an
important role not only in disease progression, but
also in the early development of some high-risk
MDS. Most patients with p15N«48 methylation,
detected either at initial diagnosis or during the
disease course, progress to AML, indicating p15
methylation as a marker of leukemic transforma-
tion in MDS.79% Methylation could also play a role
in therapy-related leukemias. In patients with ther-
apy-related leukemia, the frequent microsatellite
instability could be related to a deficiency of genes
involved in DNA mismatch repair (MSH2 and
MLHZ1)92-% or to their silencing by methylation. We
found MLH1 hypermethylation in patients with
therapy-related leukemia, but not in patients with
de novo leukemia (unpublished observation).

Rationale for the use of demethylating
agents in MDS and secondary leukemia
Cytosine methylation is an epigenetic process
that may be modulated by biochemical and bio-
logical manipulations. The inhibition of methyl-
transferase results in reactivation of genes
silenced.®¢ DNA hypomethylating agents are effec-
tive in vitro and in vivo in reducing hypermethyla-
tion present in patients affected by cancer,
leukemia and myelodysplasia.®” The demethylat-
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ing agents (5-azacytidine and 5-aza-2'-deoxycyti-
dine/decitabine) can restore the normal demethy-
lated state of several types of tumor suppressor
genes, including p16, E-cadherin, h MLH1, VHL,
p15, increasing their expression in vitro%-101 and in
vivo.202 Still, MDS CD34+ cells only poorly differen-
tiate to the megakaryocytic lineage following
demethylation with azacytidine.’®3 Thus, it is pos-
sible that the profound proliferation, survival, and
differentiation defect of the neoplastic clone can-
not be completely overcome by this demethylating
drug alone. In vivo, however, treatment of MDS
patients with another demethylating drug, deci-
tabine often results in an early and sometimes
massive increase in platelet counts.2*4 Considering
that DNA methylation and histone deacetylation
act as synergistic layers for the silencing of genes
in cancer, the combination of demethylating agents
with inhibitors of acetylation could be a logical
approach to reactivate silenced genes.®

Chemical structure and mechanisms of
action of demethylating agents

The cytidine analogs modified in position 5 of the
pyrimidine ring, such as 5-azacytidine (azacytidine),
5-aza-2'deoxycytidine (decitabine), pseudoiso-
cytidine, and 5'-fluoro-2'-deoxycytidine, are potent
inhibitors of DNA methylation (Figure 2). Decitabine
has the highest efficacy.1% The hypomethylating
effect of cytidine analogs appears to depend pri-
marily on the presence of an altered C5 position;
other cytidine analogs, such as ara-C, 6-azacyti-
dine, and gemcitabine, do not possess this proper-
ty. Arabinofuranosyl-5-azacytidine (fazarabine)
showed a broad antitumor activity in experimental
models, but not in clinical trials.’® Azacytidine and
decitabine, both synthesized by Sorm et al. in
1964107108 gre characterized by a strong in vitro and
in vivo antileukemic effect at high concentrations,
while showing a differentiation-inducing activity
at lower concentrations in cell line modelst®-1 and
primary myeloid leukemic blasts.12 Thus, the effi-
cacy of azacytidine and decitabine as antineoplas-
tic agents appears to result from two distinct mech-
anisms: cytotoxicity (high dose), and induction of
hypomethylation leading to cellular effects that are
distinct from immediate cytotoxicity (low dose).
Both compounds are activated to triphosphate
(azacytidine by uridine-cytidine kinase, decitabine
by deoxycytidine kinase) and are degraded by cyti-
dine deaminase. Azacytidine, being a ribonucleo-
side, incorporates into RNA and, to a much lesser
extent, into DNA. Decitabine only incorporates into
DNA. Incorporation into RNA produces disassembly
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Figure 3. 5-aza-2’-deoxycitidine (Aza CdR, Az) inhibits DNA
methyltransferase and induces hypomethylation and tran-
scription of previously quiescent genes (modified from Sil-
verman et al., 2002).123

of polyribosomes, defective methylation and accep-
tor function of transfer RNA, and marked inhibi-
tion of protein production. Insertion into DNA
results in covalent linking with DNA methyltrans-
ferases and blocking of DNA synthesist3 that ulti-
mately result in cytotoxicity.

Azacytidine is highly cytotoxic to cells in S phase
and mainly exerts its action on rapidly dividing
cells. Unlike ara-C and azacytidine, decitabine does
not block cell-progression to S-phase, suggesting
that its cytotoxic activity is not self limiting. This
indicates that decitabine has a higher in vivo cyto-
toxicicity than ara-C or azacytidine. 114

Both azacytidine and decitabine may also exert
antitumor activity through induction of DNA hypo-
methylation, by forming a covalent complex with
the major DNA methyltransferase (now termed
DNMT1). DNA methyltransferases catalyze the
transfer of a methyl-group from the methyl-donor
S-adenosyl-methionine into the 5' position in the
cytosine ring (Figure 1).: DNMT1 is responsible for
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duplicating the DNA methylation pattern during
DNA replication. ™

Azacytidine and decitabine effectively deplete the
cell of functional DNA methylating activity, which
results in profound hypomethylation after several
rounds of DNA replication (Figure 3). DNMT1 is con-
sidered a bona fide anticancer target at different
levels. 16 It induces DNA methylation, but in addi-
tion contains two domains that can recruit HDAC12%
and HDAC2.36 Drugs inhibiting histone deacetyla-
tion could further reduce DNMT1 activity.® Through
inhibition of DNA methylation, azacitidine and
decitabine, also at low doses, induce re-expression
of silenced gene.% Decitabine, at concentrations
inhibiting DNA methylation, is 30-fold more active
than azacytidine.’” The combination of HDAC
inhibitors with azacytidine/decitabine is synergistic
in reactivation of silenced genes (Figure 4).

Clinical studies with azacytidine and
decitabine in myelodysplastic syndromes
and secondary leukemias

Preliminary studies, initiated many years ago
(most of them designed before the discovery of the
demethylating activity and using azacytidine most-
ly in the USA, decitabine in Canada and Europe)
showed promising results in high-risk MDS and
resistant or relapsed leukemias.2® In other studies
published after 1984 by the Cancer And Leukemia
Group B (CALGB), low-dose azacytidine showed
efficacy in about 50% of MDS patients.2? In a sin-
gle-arm phase I/1I trial, enrolling patients with
mostly RAEB and RAEB-T, using monthly azacyti-

dine, 75 mg/mz2/day continuous infusion for 7 days,
49% of patients responded, with 37% having tri-
lineage responses, either complete or partial. Com-
plete remission was achieved by 5 of 43 patients
and partial remission by 11 patients. Patients who
did not respond after 4 months were taken out of
the study. The median survival for all patients was
13.3 months, while the median duration of remis-
sion was 14.7 months (Table 6). Interestingly, the
best response was observed after a mean of 3.8
treatment courses (range 2-11 courses), indicating
that repeated applications of azacytidine probably
are necessary to achieve maximum efficacy. The
most frequent side effects were nausea and/or
vomiting (63%), followed by diarrhea (30%).1°

A subsequent study (CALGB 8921 trial), using sub-
cutaneous bolus injection of azacytidine with the
identical total dose of 525 mg/m2 per course, also
produced a response in about 50% of patients, with
27% having trilineage responses (Table 6).120 A mild
activity, without significant myelosuppression, was
demonstrated in MDS patients using an even low-
er dose of azacytidine (15 mg/m?/day for 14 days i.e.
210 mg/m? total dose).*?

Between 1991 and 1998, Rugo et al. treated 92
patients, mostly with high-risk MDS or secondary
AML, with the outpatient schedule pioneered by
Silverman et al. of 75mg/m2/day subcutaneously
for 7 days (repeated every 28 days for six cycles)
and reported 61% overall responses (13% and 19%
CR and PR, respectively) in a retrospective analysis
of this compassionate-use program.’2 Two patients
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Table 6. CALBG 8421, 8921 trials:
dine in MDS.119.120

G. Leone et al.

response to 5-azacyti-

Table 7. CALGB 9221 trials: azacytidine versus supportive
care.1?3

Trial 8421 Trial 8921 Supportive care Azacytidine
Intravenous Subcutaneous
n (%) n (%)
Patients evaluated, n 92 99
Complete response, n (%) 0(0) 7(1*
Patients enrolled 49 70 Partial response, n (%) 0(0) 16 (16)°
Patients with evaluable data 43 68 Improved, n (%) 5(5) 37(37)°
Complete response 5(12) 8(12) Total, n (%) 5(5) 60 (60)°
Partial response 11(25) 10(15)
Improvement 5(12) 18 (27)
Total response 21 (49) 36/(53) *p =0.01; °p < 0.0001.

with complete hematologic response also had a
cytogenetic remission. The major toxicity in this
study was mild to moderate nausea and vomiting.
These promising results led to a phase 11l CALGB tri-
al including 191 patients in three arms: subcuta-
neous azacytidine (n=99), versus standard sup-
portive care (n=92), with cross-over to azacytidine
treatment after 4 months (and in some instance, 2
months) in case of disease progression (n=46). The
trial design (CALBG 9221) is illustrated in Figure 5.
Significant differences were reported in complete
remission, partial remission rate, and improved cat-
egories between the azacytidine-treated group and
the group receiving supportive care only (Table
7).123 The treatment-related mortality was low
(death of only one patient on the treatment arm
was attributable to the drug treatment) and the
median duration of response was 15 months. High-

ly significant differences were noted in the
patients’ times on-study before exiting the trial
due to lack of response, transformation to
leukemia, low platelet counts (<20,000/uL), or
death. A statistical analysis of competing variables
demonstrated a significant difference in time on
supportive care of 22 months versus 12 months
(p=0.0034). By intention to treat, transformation to
AML was 2.8-fold more frequent in the supportive-
care group than in the azacytidine group (p=0.003),
suggesting that azacytidine can prevent transfor-
mation to acute leukemia. The overall survival in
the cross-over arm was similar in patients crossing
from the supportive care arm to azacytidine, when
compared to patients receiving induction with aza-
cytidine (18 months versus 14 months). A quality-
of-life analysis showed that patients treated ini-
tially with azacytidine had a significant improve-
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Figure 5. Trial design of the Cancer and Leukemia Group B (CALGB) 9221 study (adapted from Silverman 2002).123
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ment over time in fatigue, dyspnea, physical func-
tioning, and physiological distress, compared to
those receiving supportive care only.12* These
results are summarized in Tables 6 and 7. In sum-
mary, this study showed, for the first time, that the
natural history of MDS may be changed by a non-
intensive drug treatment, with improved quality of
life for patients treated with azacytidine C.123-124

Low-dose decitabine was first employed in the
treatment of MDS and leukemia by the Aviano
group in Italy.!% Ten patients affected by advanced
MDS, 2 with RAEB and 8 with RAEB-T were treated
with decitabine at a daily dose of 45 mg/m?, divid-
ed into three 4-hour infusions for 3 days (6 patients,
total dose 135 mg/m2) or of 50 mg/m2 given as con-
tinuous infusion for 3 days (4 patients, 150 mg/m2).
Treatment with decitabine resulted in a significant
increase in circulating neutrophils, platelets, and
hemoglobin, when compared to pretreatment val-
ues, in over 50% of patients. These changes were
accompanied by an improvement in the bone mar-
row myeloid relative differentiation index (median
5-fold increase in the whole group of patients) and
of the myeloid-to-erythroid cell ratio (median 2-
fold increase) in most of the patients. In 4 of 10
patients, a complete normalization of peripheral
blood and bone marrow picture (complete hemato-
logic response) was obtained. A slow but progressive
reduction of early leukemic progenitors was
observed in most of the patients. A transient slight
bone marrow hypoplasia occurred in less than 50%
of patients, while severe marrow aplasia was never
observed. Extra-hematologic toxicity was mild in all
patients.1%5

A considerable activity of high-dose decitabine
was also demonstrated in leukemic patients.12 A
total of 12 patients with poor prognosis leukemia,
mostly secondary to MDS, were treated with
decitabine at a dose of 90-120 mg/m? as a four-
hour intravenous infusion, three times daily for
three consecutive days every four to six weeks (810
and 1080 mg/m? total dose, respectively).1?6 A min-
imum of two courses were required for response
evaluation and to consider a patient as not having
had a therapeutic response. Ten patients were ful-
ly evaluable for response: 3 patients achieved com-
plete remission (CR) and 1 patient a partial remis-
sion (PR). Extra-hematologic toxicity was general-
ly mild. As for the mechanism of action, both a dif-
ferentiation induction effect and, not unexpected-
ly, a cytotoxic mechanism have been observed. In
particular, CRs and PRs were possibly also due to a
differentiation effect of leukemia cells, as sug-
gested by the slow kinetics of remission and by

immunophenotyping studies.126127

These data were confirmed with a low-dose
schedule by Wijermans et al.*28 5-aza-2'-deoxycy-
tidine (decitabine) at low doses (120-225 mg/m?
total dose), as a 72-h continuous infusion, was
tested in a group of 29 elderly patients with high-
risk MDS. In 15 patients (54%) a response was
observed, with 8 CR, including patients with bad
prognostic cytogenetics. The actuarial median sur-
vival from the start of therapy was 46 weeks. The
only (and major) toxicity was myelosuppression,
leading to a prolonged cytopenia and 5 toxic
deaths (17%) in this high-risk patient group. It was
concluded that decitabine is an effective drug in
the treatment of MDS. Myelotoxicity is the major
adverse effect. The same group confirmed these
preliminary data in a multicenter study.'?® Between
June 1996 and September 1997, 66 patients (medi-
an age, 68 years) from seven centers in the Nether-
lands, Belgium and Germany received decitabine 45
mg/m2/day (administered as three 15 mg/m? infu-
sions given over 4 h) for 3 days every 6 weeks (total
dose 135 mg/mz, as in the Aviano trial of MDS). For
patients who achieved complete remission after two
courses, two further cycles were administered as
consolidation therapy. In the case of stable disease,
improvement, or partial response, a maximum of six
cycles was administered. The primary end-points
were response rate and toxicity. The secondary end-
points were response duration, survival from the
start of therapy and overall survival.

The overall response rate was 49%, with a 64%
response rate in patients with a high-risk Interna-
tional Prognostic Score (IPSS),”® and a response
duration of 39 and 36 weeks for patients who
reached PR or CR, respectively (Table 8). The actu-
arial median survival time from diagnosis was 22
months and from the start of therapy was 15
months. For the IPSS high-risk group, the median
survival was 14 months. The median progression-
free survival was 25 weeks.

Myelosuppression was rather common, the treat-
ment-related mortality rate was 7% and was pri-
marily associated with pancytopenia and infec-
tions. Significant responses were observed with
regard to megakaryopoiesis, with increases in
platelet counts occurring after one cycle of
decitabine therapy in the majority of responding
patients. In summary, decitabine therapy was
effective in half of the patients with high-risk MDS
and was especially active in those with the worst
prognoses. Myelosuppression was the only major
adverse effect observed.

In a recent update, data were analyzed of 162
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Table 8. Responses to decitabine among different IPSS risk
groups of MDS.129

IPSS Risk Group
Intermediate Intermediate Highrisk  Total %
| Il n

Toxic death 2 1 2 5 8
Disease progression 2 10 5 17 26
Stable disease 8 2 2 12 18
Improvement 2 5 9 16 24
Partial response 1 1 1 3 4
Complete response 1 6 6 13 20
Total 16 25 25 66 100

uniformly decitabine-treated MDS patients®3® with
a median age of 70 years, IPSS score Int-1, n=45,
Int-2, n=47 and high-risk, n=70. The response rate
to decitabine was 49%. Thirty-one patients expe-
rienced progressive disease, most often already
during the first two cycles. Thirty patients had sta-
ble disease. The response rate of the different IPSS
subgroups was as follows: Int-1, 44%; Int-2, 51%;
and high-risk, 51%. Patients above the age of 75
years had the same response rate as patients
between 65 and 75 or below 65 years of age. A
remarkable response in the platelet count was seen,
with a significant increase in platelets in 42% of
the patients already after one cycle of therapy. Of
patients who received at least two cycles, 63%
showed a significant platelet increment. The medi-
an response duration was 36 weeks (95% confi-
dence interval, CI 31.9-40.1 weeks), with response
durations for the different IPSS groups being; Int-
1, 46 weeks; Int-2, 38 weeks; and high-risk, 36
weeks. The median survival was 15 months (95%
Cl 12.1-17.9 months) with a two-year survival of
34%. For the different IPSS subgroups these values
were: Int-1, 23 months and 48%; Int-2, 15 months
and 24 %; and high-risk 12 months and 27%. Age
was not a significant prognostic factor for survival.
Patients with a blast cell count >20 % and those
with high-risk cytogenetic abnormalities had
somewhat inferior survival data (median 11
months, 2-year survival 23%; and 15 months and
27%, respectively).130

The incidence and kinetics of cytogenetic
responses in MDS patients following decitabine
was also examined.r3t Of 115 successfully kary-
otyped patients, 61 (53%) had clonal chromosomal
abnormalities prior to treatment. Major cytoge-
netic responses were observed in 19 patients (31%
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of those with abnormal cytogenetics, 17% of all
patients by intention-to-treat) after a median of
three courses (range, 2-6) until best cytogenetic
response, i.e. approximately 18 weeks. The median
duration of cytogenetic response was 7.5 months
(range, 3-15). Grouping patients by IPSS (78), 3/5
cytogenetic responses (60%) were obtained in the
IPSS low-risk group, 6/30 in the intermediate risk
(20%) and 10/26 in the high-risk group (38%).
Median survival in these cytogenetic subgroups
was 30, 8 and 13 months, respectively. The relative
risk of death in patients achieving a major cytoge-
netic response was 0.38 (95% CI 0.17-0.88), com-
pared to that of patients in whom the cytogenet-
ics were persistently abnormal (p=0.0213). In con-
clusion, repeated courses of low-dose decitabine
induce cytogenetic remission in a substantial num-
ber of elderly MDS patients with pre-existing chro-
mosomal abnormalities, with a significant survival
improvement compared to that in patients in
whom the cytogenetically abnormal clone persists.

Based on these results, low-dose decitabine
appeared promising also in AML of the elderly. Four
patients screened for 3 phase Il studies of
decitabine in high-risk MDS (PCH91-01, PCH95-
11, PCH97-19) had already progressed to AML at
the time of planned treatment start.*32 Due to their
age and/or comorbidity (median age 77 years,
range, 62-79) they were not eligible for intensive
chemotherapy. The median performance status was
2 (range, 1-3). Comorbidity included coronary heart
disease (2 patients), carotid artery stenosis, and
heart failure. Two of the four patients had received
previous treatment (one with low-dose DAC, the
other with 6-mercaptopurine). The median WBC
was 9.7/mL (range, 1.8-72), median bone marrow
blasts 49% (range, 37-70). Anemia with hemoglo-
bin <10.5 g/dL, and thrombocytopenia <50,000
platelets/uL was present in 4/4 and 2/4 patients,
respectively. Three of the patients had cytogenet-
ic abnormalities (sole 5g-, sole 7g-, complex kary-
otype). They received a median of 4 treatment
courses (range, 2-8), resulting in an antileukemic
effect (complete clearance of peripheral blood
blasts and >50 % reduction of bone marrow blasts)
in 2/4 patients. Two others achieved both a hema-
tologic CR and karyotypic normalization lasting 5
and 11 months, respectively. Median survival from
the start of DAC to death or last follow-up was 9
months (range, 5 to 20%). During that time, they
spent a median of 66 nights in hospital (range, 57-
101), which included all scheduled and unsched-
uled hospital admissions for any indication. Thus
the median survival time spent at home was 76%.
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We concluded that repeated courses of low-dose
DAC treatment with this schedule in selected AML
patients aged >60 years can result in hematolog-
ic CR and cytogenetic normalization. After brief
hospitalization for DAC infusions, discharge and
outpatient management was feasible, resulting in
a substantial portion of the remaining lifetime not
being spent in hospital. Reversal of p15™«48 hyper-
methylation with generation of partly demethylat-
ed p15 alleles, and induction of p15 protein were
observed by same group in bone marrow cells from
MDS patients after the first course of decitabine
treatment.102 At this early treatment timepoint,
persistence of an abnormal karyotype was noted in
most cases, suggesting that demethylation
occurred in clonal cells. Emergence of fully
demethylated p15 alleles and reversion to normal
karyotype with continued treatment are indicative
of subsequent suppression of clonal growth.102 131
Decitabine has recently been used at a compa-
rable total dose (150 mg/m? total dose compared
to 135 mg/m2 in the European schedule) in the
USA:133 the recommended (minimal effective) dose
of decitabine was 15 mg/m? in a 1-hour intra-
venous infusion daily for 10 days, thus resulting in
a lower daily dose compared to that in the Euro-
pean schedule.t33 A total of 39 patients (mostly
with pretreated AML) were enrolled in this study:
36 patients were evaluable, while 3 patients were
excluded from the study (1 patient due to sepsis
and death on treatment day 2 and 2 due to rapid-
ly rising blood counts). Overall, the drug was well
tolerated, with 1 death due to neutropenic sepsis,
and 5 asymptomatic elevations in SGPT and/or
bilirubin (4 grade 2, 1 grade 3). There were 7 com-
plete remissions (19.4%) and 7 partial remissions
(19.4%), with a response rate of 39% (95% Cl 28%
to 61%). Seven additional patients had significant
reductions in peripheral and/or bone marrow blasts
but never had normal hematopoiesis. Responses
were observed in refractory/relapsed AML (10/30),
MDS (3/4), and CML (2/2). In most patients who
responded there was a gradual reduction of blasts
over 2-4 weeks, and eventual recovery of normal
hematopoiesis at 4-5 weeks, suggesting a not
immediate cytotoxic mode of action also for this
regimen. Response duration ranged from 2 to 10*
months. DNA methylation studies were also per-
formed, showing p15 demethylation already 5 days
after treatment in 2 patients who subsequently
achieved remission, which also indicates that low-
dose decitabine induces remissions in part through
demethylation rather than cytotoxicity.

Studies combining demethylating agents
with other drugs

Decitabine has also been employed in combina-
tion with other anticancer agents, such as anthra-
cyclines or, more recently, histone deacetylation
inhibitors, e.g. phenylbutyrate. The initial phase Il
studies were performed in patients with relapsed
and resistant leukemia, in combination with either
amsacrine (120mg/twice daily for 3-6 days) or
idarubicin (12 mg/m2 for 3 days).18

The most important study was conducted by the
European Organization for Research and Treatment
of Cancer (EORTC). 5-aza-2'-deoxycytidine, com-
bined with either amsacrine or idarubicin,’3* was
administered to patients with acute myeloid or
lymphocytic leukemia in relapse. Sixty-three
patients received 5-aza-2'-deoxycytidine 125
mg/m2 (decitabine) as a 6 h infusion every 12 h for
6 days (total dose 1500 mg/m?), in combination
with either amsacrine 120 mg/m?2 as a 1-h infusion
on days 6 and 7 (n=30) or idarubicin 12 mg/m? as
a 15-min infusion on days 5, 6 and 7 (n=33). Twen-
ty-three patients (36.5%) achieved complete
remission (8 of 30 patients treated with amsacrine
and 15 of 33 treated with idarubicin). Complete
remission was achieved by 51% of patients with
more than a 1-year interval between initial diag-
nosis and start of therapy and in only 15.4% of
patients with an interval shorter than 1 year.
Patients with normal cytogenetics had a higher CR
rate (61%) than those with abnormal cytogenetics
(15.8%). With this high-dose decitabine schedule,
digestive tract and hematologic toxicity was pro-
longed compared to that produced by standard
induction schedules. The median disease-free sur-
vival was approximately 8 months, with only 20%
of patients in remission for longer than 1 year. At
this dose decitabine may be considered a good
antileukemic agent, similar to cytarabine, but with
considerable toxicity.

Preliminary results of a small phase Il trial also
combining an intensive schedule of decitabine with
daunorubicin, 3 given as first-line induction thera-
py to patients with acute myeloid leukemia (except
FAB M3), have been reported. Decitabine was given
as a 4-h intravenous infusion at the dose of 90
mg/m? daily, days 1-5, while daunorubicin was
administered at the dose of 50 mg/m? on days 1-3.
A maximum of two courses were given with an
interval of 4-6 weeks. Eight patients were enrolled
and six of them were evaluable for toxicity and
response. The main toxic effects were bone marrow
suppression, mucositis, nausea and vomiting, and
alopecia. All six patients achieved complete remis-
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sion after one (5 cases) or two (1 case) courses.
Decitabine has recently been employed in patients
with advanced MDS in combination with phenyl-
butyrate. Sodium phenylbutyrate (PB) is an aromat-
ic fatty acid with cytostatic and differentiating
activity against malignant myeloid cells (IDso, 1-2
mM).136137 A number of mechanisms have been pro-
posed for the antitumor effect of PB, including glu-
tamine depletion®® and inhibition of cholesterol
synthesis.®3 The clinical activity of PB at low con-
centrations (0.25-0.5 mM) may be explained by its
effect on histone acetylation. At these doses, like
butyric acid, PB has an inhibitory activity on his-
tone deacetylase, inducing histone H3 and H4
acetylation.* Like other histone deacetylase (HDAC)
inhibitors,*41142 PB synergizes in vitro with retinoids
in the induction of differentiation and cell cycle
arrest of myeloid leukemia cells. Furthermore PB,
again like other HDAC inhibitors, synergizes with
demethylating agents.38143-145 Patients with myelo-
dysplasia (n=11) and AML (n=16) were treated with
PB as a 7-day continuous infusion, repeated every
28 days, in a phase | dose-escalation study.1*6 The
maximum tolerated dose was 375 mg/kg/day; high-
er doses led to dose-limiting reversible neurocorti-
cal toxicity. At the maximum tolerated dose, PB was
extremely well tolerated, with no significant toxic-
ities. The median steady-state plasma concentra-
tion at this dose was 0.29-0.16 mM. Although no
patients achieved complete or partial remission, four
patients achieved hematologic improvement (of
neutrophils in 3 patients, platelet transfusion-inde-
pendence in 1 patient). Other patients developed
transient increases in neutrophils or platelets and
decrements in circulating blasts. Monitoring the
percentage of clonal cells over the course of PB
administration, using centromere fluorescence in
situ hybridization, showed that hematopoiesis
remained clonal. Hematologic response was often
associated with increases in both colony-forming
units-granulocyte-macrophage and leukemic
colony-forming units. Administration of PB at high-
er doses was not feasible because of dose-limiting
central nervous system toxicity, apparently due to
accumulation of the metabolite PA (phase | studies
of PA documented central nervous system toxicity
as dose-limiting). Indications of hematologic activ-
ity were seen in all patients with MDS and AML
receiving PB at all doses administered. Thus, at the
plasma concentrations achieved, PB influences the
expression of at least one surrogate gene involved
in hematopoiesis. Recent demonstrations of the
important role of histone acetylation in the regula-
tion of gene expression'*” and the recruitment of
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histone deacetylase enzymes by several fusion genes
involved in acute leukemias have led to the specu-
lation that agents that inhibit histone deacetylase
may be useful in the treatment of neoplasms. Inhi-
bition of histone deacetylase may explain the
changes in bone marrow CFU, hemograms, and F-
cells seen in patients treated with PB, despite sub-
millimolar plasma concentrations.

The outstanding toxicity profile of PB and the
synergistic effect of histone deacetylation and
demethylating agents in reactivating silenced
genes® encouraged clinical studies on the combi-
nation of PB and demethylating agents in hemato-
logic diseases characterized by p15 silencing. Two
clinical studies, NCI-sponsored, on 5-azacytidine
(azacytidine) combined with PB, were presented at
the ASH 2001 meeting. In the study of the Memo-
rial Sloan Kettering Cancer Center,#4 the treatment
scheme entailed subcutaneous injections of azacy-
tidine for 7 consecutive days (75 mg/mz2/day), sim-
ilar to the CALGB schedule, followed by 5 days of
intravenous PB (200 mg/kg/day), repeated on a 21
to 28 day schedule, contingent on tolerability and
response. At that time, 6 patients with myelodys-
plasia/secondary AML had received at least one
cycle of therapy (range, 1-3). Reduction in bone
marrow blast counts as well as increased myeloid
maturation was observed in 4 patients; 1 patient
with leukemia relapsed following bone marrow
transplantation (BMT) had a complete elimination
of bone marrow blasts after one cycle of therapy,
and subsequently underwent a second allogeneic
BMT. Peripheral blood and bone marrow samples
were collected before azacytidine, on day 8 (at
completion of azacytidine, and before beginning
PB), and at the completion of PB. An increase in
histone acetylation was consistently detected in
peripheral blood and bone marrow samples col-
lected after PB administration. Selected genes com-
monly silenced (eg. pl5™k4 in myelogenous
leukemia) were analyzed for methylation and
expression. Changes in methylation of the p15N«4b
(CDKN2b) promoter were assessed using real-time
polymerase chain reaction.

Treatment was relatively well tolerated, with mild
adverse reactions including fatigue, nausea, vomit-
ing, and local tenderness at injection sites associat-
ed with 5-azacytidine and transient somnolence and
drowsiness associated with PB. This ongoing study
will evaluate the safety and potential antitumor effi-
cacy of this combination, and its effects on gene
methylation and histone deacetylation.

A second study combining azacytidine and PB was
reported by the Johns Hopkins’ Baltimore Group.14
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Sequential administration of azacytidine and PB to
re-express transcriptionally silenced genes was ini-
tated in patients with MDS and AML. The initial aza-
cytidine dose was also 75 mg/m2/day subcuta-
neously, in this study given for 5 days, followed by
PB at 375 mg/kg/day, i.v., continuous infusion, days
5-12 repeated every 28 days. Dose de-escalation to
determine the minimal azacytidine dose associated
with significant demethylation continues (current
dose level 50 mg/m2/day). Eleven patients have been
treated in a total of 39 courses. The combination
was well tolerated, with 1/6 patients at the highest
dose level developing dose limiting toxicity (fatigue).
No unexpected clinical toxicities have been
observed to date. Two patients had significant
hematopoietic improvement. The primary laborato-
ry end-point is inhibition of methylation. Baseline
methylation activity was highly variable. Of two
patients with high baseline activity, one had signif-
icant inhibition (85% of baseline levels) following
treatment with 5-azacytidine (50 mg/m?/day). Two
of 5 patients with lower baseline levels of activity
also showed inhibition (20 and 30%) following
treatment with 75 mg/m2/day. Histone acetylation
was increased over baseline in 4/11 patients inves-
tigated. In addition, 2 patients had significant
detectable acetylation which persisted during the
PB infusion. Increases in acetylation were detected
within 4 hours of initiation of PB infusion and per-
sisted throughout the infusion. In 9 patients,
sequential measurements of pl5Nk48 promoter
methylation by a newly developed PCR-based assay
were performed. All had measurable methylation of
the p15 promoter exceeding 10% of available CpG
sites (normal < 2%). p15 methylation density was
higher in patients with AML or RAEB-t compared to
in patients with lower-grade MDS. In 3 patients dur-
ing 5- azacytidine/PB treatment, p15 methylation
levels decreased to 19%, 45%, and 56%. pl5
methylation increased in 1 patient (in association
with disease progression) and was stable in 5
patients. Baseline methylation density did not pre-
dict the extent of demethylation in response to 5
azacytidine/PB.

Both studies demonstrate that the sequential
administration of a first generation demethylating
agent and HDAC inhibitors is feasible, and give pre-
liminary evidence of an effect on the methylated
targeted gene promoter, as also described with
decitabine.12

Conclusions
Although supportive care remains the standard
therapy for low-risk MDS, a number of treatment

approaches aiming at improving cytopenias in
transfusion-dependent patients are currently under
investigation. Among others, immunosuppressive,
anticytokine, and antiangiogenic therapy have
been proposed. Transcriptional silencing of tumor
suppressor genes occurs in cancer cells by DNA
methylation and by histone deacetylation (HDAC).
Recently, novel agents that target these mecha-
nisms have been developed. At present, the
demethylating agents azacytidine and decitabine
are the most promising drugs for the treatment of
elderly patients with high-risk MDS or for young
patients without a compatible donor. Combinations
with histone deacetylation inhibitors, such as sodi-
um phenyl-butyrate, could further increase the
efficacy of these drugs.

Contributions and Acknowledgments

GL. responsible for all Tables and Figures 1 and 2;
MTV: adaptation of Figures 3 and 5; Figure 4: cour-
tesy of Dr. Clara Nervi.

Funding

This work was supported by grants from M.U.R.S.T
(Ministero dell'Universita e della Ricerca Scientifi-
cae Tecnologica), A.L.R.C. (Associazione Italiana per
la Ricerca sul Cancro), Wilhelm-Sander-Stiftung
(grant 99.032.1) and the Deutsche Forschungsge-
meinschaft (Lu429/5-1).

References

1. Singal R, Ginder GD. DNA methylation. Blood 1999; 93:
4059-70.

2. Kass SU, Pruss D, Wolffe AP. How does DNA methylation
repress transcription? Trends Genet 1997; 13:444-9.

3. Bartolomei MS, Tilghman SM. Genomic imprinting in
mammals. Annu Rev Genet 1997; 31:493-525.

4. Nakao M, Sasaki H. Genomic imprinting: significance in
development and diseases and the molecular mechanisms.
J Biochem (Tokyo) 1996; 120:467-73.

5. Panning B, Jaenisch R. RNA and the epigenetic regulation
of X chromosome inactivation. Cell 1998; 93:305-8.

6. LiE, Bestor TH, Jaenisch R. Targeted mutation of the DNA
methyltransferase gene results in embryonic lethality. Cell
1992; 69:915-26.

7. Ahuja N, Li Q, Mohan AL, Baylin SB, Issa JP. Aging and
DNA methylation in colorectal mucosa and cancer. Can-
cer Res 1998; 58:5489-94.

8. AntequeraF, Boyes J, Bird A. High levels of de novo methy-
lation and altered chromatin structure at CpG islands in
cell lines. Cell 1990; 62:503-14.

9. Laird PW, Jaenisch R. DNA methylation and cancer. Hum
Mol Genet 1994; 3:1487-95.

10. Jones PA, Laird PW. Cancer epigenetics comes of age. Nat
Genet 1999; 21:163-7.

11. Baylin SB, Herman JG. DNA hypermethylation in tumori-
genesis: epigenetics joins genetics. Trends Genet 2000;
16:168-74.

12. Bird AP. CpG-rich islands and the function of DNA methy-
lation. Nature 1986; 321:209-13.

13. Antequera F, Bird A. Number of CpG islands and genes in
human and mouse. Proc Natl Acad Sci 1993; 90:11995-9.

haematologica vol. 87(12):december 2002



1338

14.
15.
16.

17.
18.
19.
20.
21
22.

23.
24,

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

Bird AP. Gene number, noise reduction and biological com-
plexity. Trends Genet 1995; 11:94-100.

Tazi J, Bird A. Alternative chromatin structure at CpG
islands. Cell 1990; 60:909-20.

Costello JF, Fruhwald MC, Smiraglia DJ, Rush LJ, Robert-
son GP, Gao X, et al. Aberrant CpG-island methylation has
non-random and tumour-type-specific patterns. Nat
Genet 2000; 24:132-8.

Gardiner-Garden M, Frommer M. CpG islands in veterbrate
genomes. J Mol Biol 1987; 196:261-82.

Cross SH, Bird AP. CpG islands and genes. Curr Opin Genet
Dev 1995; 5:309-14.

Baylin SB. Tying it all together: epigenetics, genetics, cell
cycle,and cancer. Science 1997; 277:1948-9.

Bird A. The essentials of DNA methylation. Cell 1992; 70:
5-8.

Cedar H. DNA methylation and gene activity. Cell 1988;
53:3-4.

Baylin SB, Herman JG, Graff JR, Vertino PM, Issa JP. Alter-
ations in DNA methylation: a fundamental aspect of neo-
plasia. Adv Cancer Res 1998; 72:141-96.

Herman JG Hypermethylation of tumor suppressor genes
in cancer. Semin Cancer Biol 1999; 9: 359-67.

Jones PL, Wolffe AP. Relationships between chromatin
organization and DNA methylation in determining gene
expression. Semin Cancer Biol 1999; 9:339-47.

Baylin SB, Herman JG. DNA hypermethylation in tumori-
genesis: epigenetics joins genetics. Trends Genet 2000;
16:168-74.

Cress WD, Seto E. Histone deacetylases, transcriptional
control, and cancer. J Cell Physiol 2000; 184:1-16.
Herman JG, Latif F, Weng Y, Lerman M, Zbar B, Liu S, et
al. Silencing of the VHL tumor suppressor gene by DNA
methylation in renal carcinoma. Proc Natl Acad Sci 1994;
91:9700-4.

Herman JG, Merlo A, Mao L, Lapidus RG, Issa, JP, Davidson
NE, et al. Inactivation of the CDKN2/p16/MTS1 gene is
frequently associated with aberrant DNA methylation in all
common human cancers. Cancer Res 1995; 55:4525-30.
Esteller M, Corn PG, Baylin SB, Herman JG. A gene hyper-
methylation profile of human cancer. Cancer Res 2001; 61:
3225-9.

Wolffe AP, Pruss D. Targeting chromatin disruption: tran-
scriptional regulators that acetylate histones. Cell 1996;
84:817-9.

Jeppesen P, Turner BM. The inactive X chromosome in
female mammals is distinguished by a lack of histone H4
acetylation, a cytogenetic marker for gene expression. Cell
1993; 74:281-9.

Fuks F, Burgers WA, Brehm A, Hughes-Davies L, Kouzarides
T. DNA methyltransferase Dnmt1 associates with histone
deacetylase activity. Nat Genet 2000; 24:88-91.

Nan X, Campoy FJ, Bird A. MeCP2 is a transcriptional
repressor with abundant binding sites in genomic chro-
matin. Cell 1997; 88:471-81.

Jones PL, Veenstra GJ, Wade PA, Vermaak D, Kass SU,
Landsberger N, et al. Methylated DNA and MeCP2 recruit
histone deacetylase to repress transcription. Nat Genet
1998; 19:187-91.

Nan X, Ng HH, Johnson CA, Laherty CD, Turner BM, Eisen-
man RN, et al. Transcriptional repression by the methyl-
CpG-binding protein MeCP2 involves a histone deacety-
lase complex. Nature 1998; 393:386-9.

Rountree MR, Bachman KE, Baylin SB. DNMT1 binds
HDAC2 and a new co-repressor, DMAP1, to form a com-
plex at replication foci. Nat Genet 2000; 25:269-77.
Robertson KD, Ait-Si-Ali S, Yokochi T, Wade P, Jones PL,
Wolffe AP. DNMT1 forms a complex with Rb, E2F1 and
HDAC1 and repress transcription from E2F-responsive pro-
moters. Nat Genet 2000; 25:338-42.

Cameron EE, Bachman KE, Mydhanen S, Herman JG, Baylin
SB. Synergy of demethylation and histone deacetylase

haematologica vol. 87(12):december 2002

G. Leone et al.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

56.

inhibition in the re-expression of genes silenced in cancer.
Nat Genet 1999; 21:103-7.

Issa JP, Baylin SB, Herman JG. DNA methylation changes
in hematologic malignancies: biologic and clinical impli-
cations. Leukemia 1997; 11 Suppl 1:7-11.

Zion M, Ben-Yehuda D, Avrahamm A, Cohenm O, Wetzler
M, Melloul D, et al. Progressive de novo DNA methylation
at the bcr-abl locus in the course of chronic myelogenous
leukemia. Proc Natl Acad Sci USA 1994; 91:10722-6.
Asimakopoulos FA, Shteper PJ, Krichevsky S, Fibach E, Pol-
liack A, Rachmilewitz E, et al. ABL1 methylation is a dis-
tinct molecular event associated with clonal evolution of
chronic myeloid leukemia. Blood 1999; 94:2452-60.
Nguyen TT, Mohrbacher AF, Tsai YC, Groffen J, Heisterkamp
N, Nichols PW, et al. Quantitative measure of c-abl and
p15 methylation in chronic myelogenous leukemia: bio-
logical implications. Blood 2000; 95:2990-2.

Dhodapkar M, Grill J, Lust JA. Abnormal regional hyper-
methylation of the calcitonin gene in myelodysplastic syn-
dromes. Leuk Res 1995; 10:719-26.

Baylin SB, Fearon ER, Vogelstein B, de Bustros A, Sharkis
SJ, Burke P, et al. Hypermethylation of the 5' region of the
calcitonin gene is a property of human lymphoid and acute
myeloid malignancies. Blood 1987; 70:412-7.

Roman J, Castillejo JA, Jimenez A, Bornstein R, Gonzalez
MG, del Carmen Rodriguez M, et al. Hypermethylation of
the calcitonin gene in acute lymphoblastic leukaemia is
associated with unfavourable outcome. Br J Haematol
2001; 113:329-38.

Herman JG, Jen J, Merlo A, Baylin SB. Hypermethylation-
associated inactivation indicates a tumor suppressor role
for p15™N«4e, Cancer Res 1996; 56:722-7.

Herman JG, Civin Cl, Issa JP, Collector MI, Sharkis SJ, Baylin
SB. Distinct patterns of inactivation of p15INK4B and
pl6'Nk4A characterize the major types of hematological
malignancies. Cancer Res 1997; 7:837-41.

Quesnel B, Guillerm G, Vereecque R, Wattel E, Preud-
homme C, Bauters F, et al. Methylation of the p15(N4)
gene in myelodysplastic syndromes is frequent and
acquired during disease progression. Blood 1998; 91:
2985-90.

Roman-Gomez J, Castillejo JA, Jimenez A, Gonzales MG,
Moreno F, Rodriguez MC, et al. 5' CpG Island hyperme-
thylation is associated with transcription silencing of the
p21 CIPI/WAFI/SDI1 gene and confers poor prognosis in
acute lymphoblastic leukemia. Blood 2002; 99:2291-6.
Melki JR, Vincent PC, Clark SJ. Concurrent DNA hyperme-
thylation of multiple genes in acute myeloid leukemia.
Cancer Res 1999; 59:3730-40.

Li Q, Kopecky KJ, Mohan A, Willman CV, Appelbaum FR,
Weick JK, et al. Estrogen receptor methylation is associ-
ated with improved survival in adult acute myeloid
leukemia. Clin Cancer Res 1999; 5:1077-84.

Rush LJ, Dai Z, Smiraglia DJ, Gao X, Wright FA, Fruhwald
F, et al. Novel methylation targets in de novo acute
myeloid leukemia with prevalence of chromosome 11 loci
Blood 2001; 97:3226-33.

Toyota M, Kopecky KJ, Toyota MO, Jair KW, Willman CL,
Issa JPJ. Methylation profiling in acute myeloid leukemia.
Blood 2001; 97:2823-9.

Okano M, Xie S, Li E. Cloning and characterization of a
family of novel mammalian DNA (cytosine-5) methyl-
transferases. Nat Genet 1998; 19:219-20.

Mizuno SI, Chijiwam T, Okamura T, Akashi K, Fukumaki Y,
Niho Y, et al. Expression of DNAmethyltransferases
DNMTZ, 3A, and 3B in normal hematopoiesis and in acute
and chronic myelogenous leukemia. Blood 2001; 97:
1172-9.

Di Croce L, Raker VA, Corsaro M, Fazi F, Fanelli M, Faretta
M, et al. Methyltransferase recruitment and DNA hyper-
methylation of target promoters by an oncogenic tran-
scription factor. Science 2002; 295:1079-82.



57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

75.
76.

Methylation and demethylating drugs in MDS

Grignani F, De Matteis S, Nervi C, Tomassoni L, Gelmetti
V, Cioce M, et al. Fusion proteins of the retinoic acid recep-
tor-o. recruit histone deacetylase in promyelocytic
leukaemia. Nature 1998; 391:815-8.

Bennett JM, Catovsky D, Daniel MT, Flandrin G, Galton
DAG, Gralnick HR, et al. Proposals for the classification of
the myelodysplastic syndromes. Br J Haematol 1982; 51:
189-99.

Tuzuner N, Coxm C, Rowe JM, Watrous D, Bennett JM.
Hypocellular myelodysplastic syndromes (MDS), new pro-
posals. Br J Haematol 1995; 91:612-7.

Verhoef GE, Pittaluga S, De Wolf-Peeter C, Boogaerts MA.
FAB classification of myelodysplastic syndromes, merits
and controversies. Ann Hematol 1995; 71:3-11.

Michaux JL, Martiat P. Chronic myelomonocytic leukemia
(CMML), a myelodysplastic or myeloproliferative syn-
drome? Leuk Lymphoma 1993; 9:35-41.

Bennett JM, Catovsky D, Daniel MT, Flandrin G, Galton DA,
Gralnick H, et al. The chronic myeloid leukemias, guidelines
for distinguishing chronic granulocytic, atypical chronic
myeloid, and chronic myelomonocytic leukemia. Propos-
als by the French-American-British Cooperative leukaemia
group. Br J Haematol 1994; 87:746-54.

Germing U, Gattermann N, Minning H, Heyll A, Aul C. Prob-
lems in the classification of CMML dysplastic versus pro-
liferative type. Leuk Res 1998; 22:871-8.

Seymour JF, Estey EH. The contribution of Auer rods to the
classification and prognosis of myelodysplastic syndromes.
Leuk Lymphoma 1995; 17:79-85.

Gattermann N, Aul C, Schneider W. Two types of acquired
idiopathic sideroblastic anaemia (AISA). Br J Haematol
1990; 74:42-52.

Rosati S, Mick R, Xu F, Stonys E, Le Beau MM, Larson R, et
al. Refractory cytopenia with multilineage dysplasia, fur-
ther characterization of an ‘unclassifiable’ myelodysplas-
tic syndrome. Leukemia 1996; 10:20-6.

Matsuda A, Jinnai |, Yagasaki F, Kusumoto S, Minami-
hisamatsu M, Honda S, et al. Refractory anemia with
severe dysplasia, clinical significance of morphological
features in refractory anemia. Leukemia 1998; 12:482-5.
Harris NL, Jaffe ES, Diebold J, Flandrin G, Muller-Hermelink
HK, Vardiman J, et al. World Health Organization of neo-
plastic diseases of the hematopoietic and lymphoid tis-
sues: report of the clinical advisory committee meeting—
Airlie House, Virginia, November 1997. J Clin Oncol 1999;
17:3835-49.

Nosslinger T, Reisner R, Koller E, Gruner H, Tuchler H,
Nowotny H, et al. Myelodysplastic syndromes, from
French-American-British to World Health Organization:
comparison of classifications on 431 unselected patients
from a single institution. Blood 2001; 98:2935-41.

Mufti GJ. Myelodysplastic syndromes. In: Lawson DH. Cur-
rent medicine 11. Edinburgh: Churchill Livingstone; 1990.
p.19.

Aul C, Gattermann N, Schneider W. Age-related incidence
and other epidemiological aspects of myelodysplastic syn-
dromes. Br J Haematol 1992; 82:358-67.

Phillips MJ, Cull GM, Ewings M. Establishing the incidence
of myelodysplasia syndrome. Br J Haematol 1994; 88:896-
7

Estey EH. Prognosis and therapy of secondary myelodys-
plastic syndromes. Haematologica 1998; 83:543-9.
Leone G, Mele L, Pulsoni A, Equitani F, Pagano L. The inci-
dence of secondary leukemias. Haematologica 1999; 84:
937-45.

Heim S. Cytogenetic findings in primary and secondary
myelodysplasia. Leuk Res 1992; 16:43-6.

Morel P, Hebbar M, Lai JL, Duhamel A, Preudhomme C,
Wattel E, et al. Cytogenetic analysis has strong indepen-
dent prognostic value in de novo myelodysplastic syn-
dromes and can be incorporated in a new scoring system:
a report on 408 cases. Leukemia 1993; 7:1315-23.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94,

95.

1339

Haase D, Fonatsch C, Freund M, Wérmann B, Bodenstein
H, Bartels H, et al. Cytogenetic findings in 179 patients
with myelodysplastic syndromes. Ann Hematol 1995; 70:
171-87.

Greenberg P, Cox C, Le Beau MM, Fenaux P, Morel P, Sanz
G, et al. International Scoring System for evaluating prog-
nosis in myelodysplastic syndromes. Blood 1997; 89:
2079-88.

Uchida T, Kinoshita T, Nagai H, Nakahara Y, Saito H, Hot-
ta T, et al. Hypermethylation of the p15/INK4B gene in
myelodysplastic syndromes. Blood 1997; 4:1403-9.
Serrano M, Hannon GJ, Beach D. A new regulatory motif
in cell-cycle control causing specific inhibition of cyclin
D/DK4. Nature 1993; 366:704-7.

Teofili L, Morosetti R, Martini M, Urbano R, Putzulu R,
Rutella S, et al. Expression of cyclin-dependent kinase
inhibitor p15(INK4B) during normal and leukemic myeloid
differentiation. Exp Hematol 2000; 28:519-26.

Kamb A, Gruis NA, Weaver-Feldhaus J, Liu Q, Harshman K,
Tavtigian SV, et al. A cell cycle regulator potentially
involved in genesis of many tumor types. Science 1994;
264:436-40.

Nobori T, Miura K, Wu DJ, Lois A, Takabayashi K, Carson DA.
Deletions of the cyclin-dependent kinase-4 inhibitor gene
in multiple human cancers. Nature 1994; 368:753-6.
Hebert J, Cayuela JM, Berkeley J, Sigaux F. Candidate
tumor-suppressor genes MTS1 (p16™44) and MTS2
(p15™x48) display frequent homozygous deletions in pri-
mary cells from T but not from B-cell lineage acute lym-
phoblastic leukemias. Blood 1994; 84:4038-44.

Ogawa S, Hangaishi A, Miyawaki S, Hirosawa S, Miura Y,
Takeyama K, et al. Loss of cyclin-dependent kinase 4-
inhibitor (p16; MTS 1) gene is frequent in and highly spe-
cific to lymphoid tumors in primary human hematopoiet-
ic malignancies. Blood 1995; 86:1548-56.

Tien HF, Tang JL, Lee CF, Jou ST. Homozygous deletion of
the p16INK4A gene occurs more frequently in CD21than
in CD22 T-cell acute lymphoblastic leukemia. Blood 1998;
91:1829-30.

Hirama T, Koeffler HP. Role of the cyclin-dependent kinase
inhibitors in the development of cancer. Blood 1995; 86:
841-54.

Uchida T, Kinoshita T, Saito H, Hotta T. CDKN2
(MTS1/pteiNker) gene alternations in hematological malig-
nancies. Leuk Lymphoma 1997; 24:449-61.

Uchida T, Kinoshita T, Nagai H, Nakahara Y, Saito H, Hot-
ta T, et al. Hypermethylation of the p15INK4B gene in
myelodysplastic syndrome. Blood 1997; 90:1403-9.

Tien HF, Tang Tsay W, Liu MC, Lee FY, Wang CH, Chen YC,
et al. Methylation of the p15™k48 gene in myelodysplastic
syndrome, it can be detected early at diagnosis or during
disease progression and is highly associated with
leukaemic transformation. Br J Haematol 2001; 112:148-
54,

Ben-Yehuda D, Krichevsky S, Caspi O, Rund D, Polliack A,
Abeliovich D, et al. Microsatellite instability and p53 muta-
tions in therapy-related leukemia suggest mutator phe-
notype. Blood 1996; 88:4296-303.

Das-Gupta EP, Seedhouse CH, Russell NH. Microsatellite
instability occurs in defined subsets of patients with acute
myeloblastic leukaemia. Br J Haematol 2001; 14:307-12.
Zhu YM, Das-Gupta EP, Russel NH. Microsatellite insta-
bility and p53 mutations are associated with abnormal
expression of the MSH2 gene in adult acute leukemia.
Blood 1999; 94:733-40.

Pedersen-Bjergaard J, Andersen MK, Christiansen DH,
Nerlov C. Genetic pathways in therapy-related myelodys-
plasia and acute myeloid leukemia. Blood 2002; 99:1909-
12.

Alessandrino EP, Amadori S, Cazzola M, Locatelli F, Mecuc-
ci C, Morra E, et al. Myelodysplastic syndromes: recent
advances. Haematologica 2001; 86:1124-57.

haematologica vol. 87(12):december 2002



1340

96.
97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.
109.

110.

111

112.

113.

114,

115.

Bender CM, Zingg JM, Jones PA. DNA methylation as a
target for drug design. Pharm Res 1998, 15:175-87.
Momparler L, Cote S, Eliopoulos N. Pharmacologica
approach for optimization of the dose schedule of 5-Aza-
2'-deoxycytidine (Decitabine) for therapy of leukemia.
Leukemia 1997; 11 Suppl 1:1-6.

Santini V, Kantarajian HM, Issa JP. Changes in DNA methy-
lation in neoplasia, pathophysiology and therapeutic
implications. Ann Intern Med 2001; 134:573-86.
Gonzalez-Zulueta M, Bender CM, Yang AS, Nguyen T, Beart
RW, Van Tornout JM, et al. Methylation of the 59 CpG
island of the p16/CDKN2 tumor suppressor gene in normal
and transformed human tissues correlates with gene
silencing. Cancer Res 1995; 55:4531-5.

Yoshiura K, Kanai Y, Ochiai A, Shimoyama Y, Sugimura T,
Hirohashi S. Silencing of the E-cadherin invasion-sup-
pressor gene by CpG methylation in human carcinomas.
Proc Natl Acad Sci USA 1995; 92:7416-9.

Herman JG, Umar A, Polyak K, Graff JR, Ahuja N, Issa JP,
et al. Incidence and functional consequences of hMLH1
promoter hypermethylation in colorectal carcinoma. Proc
Natl Acad Sci USA 1998; 95:6870-5.

Daskalakis M, Nguyen TT, Nguyen C, Guldberg P, Kéhler G,
Wijermans P, et al. Demethylation of a hypermethylated
p15/INK4B gene in patients with myelodysplastic syn-
drome by 5-aza-2’-deoxycytidine treatment. Blood 2002;
100:2957-64.

Teofili L, Martini M, Di Mario A, Rutella S, Urbano R, Luon-
go M, et al. Expression of p15i gene during megakary-
ocytic differentiation of normal and myelodysplastic
hematopoietic progenitors. Blood 2001; 98:495-7.
Wijermans P, Liibbert M, Verhoef G. DNA demethylating
therapy in MDS: The effect of decitabine on the platelet
count. Blood 1999; 94 Suppl 1:306[abstract].

Creusot F, Acs G, Christman JK. Inhibition of DNA methyl-
transferase and induction of Friend erythroleukemia cell
differentiation by 5-azacytidine and 5-aza-2'-deoxycyti-
dine. J Biol Chem 1982; 57:2041-8.

Wilhelm M, O'Brien S, Rios MB, Estey E, Keating MJ, Plun-
kett W, et al. Phase | study of arabinosyl-5-azacytidine
(fazarabine) in adult acute leukemia and chronic myel-
ogenous leukemia in blastic phase. Leuk Lymphoma 1999;
34:511-8.

Sorm F, Vesely J. The activity of a new antimetabolite, 5-
azacytidine, against lymphoid leukaemia in AK mice. Neo-
plasma 1964; 11:123.

Pliml J, Sorm F. Synthesis of 2'deoxy-D-ribofuranosyl-5-
azacytosine. Coll Czeck Chem Commun 1964; 29:2060.
Taylor SM, Jones PA. Changes in phenotypic expression in
embryonic and adult cells treated with 5-azacytidine. J
Cell Physiol 1982; 111:187-94.

Christman JK, Mendelsohn N, Herzog D, Scneiderman N.
Effect of 5-azacytidine on differentiation and DNA methy-
lation in human promyelocytic leukemia cell (HL-60). Can-
cer Res 1983; 43:763-9.

Momparler RL. Molecular, cellular and animal pharmacol-
ogy of 5-aza-2'-deoxycytidine. Pharmacol Ther 1985; 30:
287-99.

Pinto A, Attadia V, Fusco A, Ferrara F, Spada OA, Di Fiore
PP. 5-Aza-deoxycytidine induces terminal differentiation
of leukemic blasts from patients with acute myeloid
leukemias. Blood 1984; 64:922-9.

Jutterman R, Li E, Jaenisch R. Toxicity of 5-aza-2'-deoxy-
cytidine to mammalian cells is mediated primarily by cova-
lent trapping of DNA methyltransferase rather than DNA
demethylation. Proc Natl Acad Sci USA 1994; 91:11797-
801.

Covey JM, Zahardo DS. Effects of dose and duration of
exposure on 5-aza-2'deoxycytidine cytotoxycity for L1210
leukemia in vitro. Cancer Treat Rep 1984; 68:1475-81.
Bestor TH, Verdine GL. DNA methyltransferase. Curr Opin
Cell Biol 1994; 6:380-9.

haematologica vol. 87(12):december 2002

G. Leone et al.

116.
117.

118.

119.

120.

121.

122.

123.

124,

125.

126.

127.

128.

129.

130.

131

132.

Szyf M. Towards a pharmacology of DNA methylation.
Trends Pharmacol Sci 2001; 22:350-4.

Attadia V. Effects of 5-aza-2'-doxycytidine on differenti-
ation and oncogene expression in the human monoblas-
tic leukemia cell line U-937. Leukemia 1993; 7 Suppl 1:9-
16.

Lubbert M. DNA methylation inhibitors in the treatment of
leukemias, myelodysplastic syndromes and hemoglo-
binopathies, clinical results and possible mechanisms of
action. Curr Top Microbiol Immunol 2000; 249:135-64.
Silverman LR, Holland JF, Weinberg RS, Alter BP, Davis RB,
Ellison RR, et al. Effects of treatment with 5-azacytidine
on the in vivo and in vitro hematopoiesis in patients with
myelodysplastic syndromes. Leukemia 1993; 7 Suppl 1:21-
9

Silverman LR, Holland JF, Demakos EP. Azacytidine (azaC)
in myelodysplastic syndromes (MDS), CALGB studies 8421
and 8921. Ann Hematol 1994; 68 Suppl 12:12[abstract].
Chitambar CR, Libnoch JA, Matthaeus WG, Ash RC, Ritch
PS, Anderson T. Evaluation of continuous infusion low-
dose 5-azacytidine in the treatment of myelodysplastic
syndromes. Am J Hematol 1991; 37:100-4.

Rugo H, Damon L, Ries C, Linker C. Compassionate use of
subcutaneous 5-azacytidine (Aza C) in the treatment of
myelodysplastic syndromes (MDS). Leuk Res 1999; 23 Sup-
pl 1:S72-5.

Silverman LR, Demakos EP, Peterson BL, Kornblith AB, Hol-
land JC, Odchimar-Reissig R, et al. Randomized controlled
trial of azacytidine in patients with the myelodysplastic
syndrome: a study of the Cancer and Leukemia Group B. J
Clin Oncol 2002; 20:2429-40.

Kornblith AB, Herndon JE 2", Silverman LR, Demakos EP,
Odchimar-Reissig R, Holland JF, et al. Impact of azacyti-
dine on the quality of life of patients with myelodysplas-
tic syndrome treated in a randomized phase 1l trial: a Can-
cer and Leukemia Group B study. J Clin Oncol 2002;
20:2441-52.

Zagonel V, Lo Re G, Marotta G, Babare R, Sardeo G, Gat-
tei V, et al. 5-Aza-2'-deoxycytidine (Decitabine) induces
trilineage response in unfavourable myelodysplastic syn-
dromes. Leukemia, 1993; 7 Suppl 1:30-5.

Petti MC, Mandelli F, Zagonel V, De Gregoris C, Merola
MC, Latagliata R, et al. Pilot study of 5-aza-2'-deoxycyti-
dine (Decitabine) in the treatment of poor prognosis acute
myelogenous leukemia patients, preliminary results.
Leukemia 1993; 7 Suppl 1:36-41.

Pinto A, Zagonel V, Attadia V, Bullian, Gattei V, Carbone,
et al. 5-Aza-2'-deoxycytidine as differentiation inducer in
acute myeloid leukemias and myelodysplastic syndromes
of the elderly. Bone Marrow Transplant 1989; 4 Suppl 3:
28-32.

Wijermans PW, Krulder JW, Huijgens PC, Neve P. Contin-
uous infusion of low-dose 5-aza-2'-deoxycytidine in
elderly patients with high-risk myelodysplastic syndrome.
Leukemia 1997; 11:1-5.

Wijermans P, Lubbert M, Verhoef G, Bosly A, Ravoet C,
Andre M, et al. Low-Dose 5-aza-2'-deoxycytidine, a DNA
hypomethylating agent, for the treatment of high-risk
myelodysplastic syndrome, a multicenter Phase Il study in
elderly patients. J Clin Oncol 2000; 18:956-62.
Wijermans P, Verhoef G, Liibbert M. Decitabine in elderly
patients with high risk MDS; an update. Blood 2002; 100
Suppl 1:355[abstract].

LUbbert M, Wijermans P, Kunzmann R, Verhoef G, Bosly A,
Ravoet C, et al. Cytogenetic responses in high-risk
myelodysplastic syndrome following low-dose treatment
with the DNA methylation inhibitor 5-aza-2'-deoxycyti-
dine. Br J Haematol 2001; 114:349-57.

Lubbert M, Wijermans PW, Engelhardt M, Otto F. Acute
myeloid leukemia of the elderly and frail: hematologic and
cytogenetic remission attained following repeated cours-
es of low-dose decitabine and outpatient management.



133.

134.

135.

136.

137.

138.

139.

140.

141

142.

Methylation and demethylating drugs in MDS 1341

Blood 2002; 100 Suppl 1:460[abstract].

Issa JP, Garcia-Manero G, Mannari R, Thomas D, Giles F,
Cortes J, et al. Minimal effective dose of the hypomethy-
lating agent decitabine in hematopoietic malignancies.
Blood 2001; 98 Suppl 1:2491[abstract].

Willemze R, Suciu S, Archimbaud E, Muus P, Stryckmans
P, Louwagie EA, et al. A randomized phase Il study on the
effects of 5-aza-2'-deoxycytidine combined with either
amsacrine or idarubicin in patients with relapsed acute
leukemia, an EORTC Leukemia Cooperative Group phase Il
study (06893). Leukemia 1997; 11 Suppl 1:524-7.
Fernandes MS, Schaan MD, Moschen M, Gerhardt LM, Di
Leone L, et al. Decitabine (5-aza-2'-deoxycytidine, DAC)
plus daunorubicin as a first line treatment in patients with
acute myeloid leukemia, preliminary observations.
Leukemia 1997; 11 Suppl 1:28-31.

Di Giuseppe JA, Weng LJ, Yu KH, Fu S, Kastan MB, Samid
D, et al. Phenylbutyrate-induced G1 arrest and apoptosis
in myeloid leukemia cells, structure-function analysis.
Leukemia 1999; 13:1243-53.

Gore SD, Samid D, Weng LJ. Impact of the putative differ-
entiating agents sodium phenylbutyrate and sodium
phenylacetate on proliferation, differentiation, and apop-
tosis of primary neoplastic myeloid cells. Clin Cancer Res
1997; 3:1755-62.

Rosenfeld H, Roberts J. Enhancement of antitumor activ-
ity of glutamine antagonists 6-diazo-5-oxo-L-norleucine
and acivicin in the cell culture by glutaminase-asparagi-
nase. Cancer Res 1981; 41:1324-8.

Hudgins WR, Shack S, Myers CE, Samid D. Cytostatic activ-
ity of phenylacetate and derivatives against tumor cells.
Correlation with lipophilicity and inhibition of protein
prenylation. Biochem Pharmacol 1995; 50:1273-9.

Yu KH, Weng LJ, Fu S, Piantadosi S, Gore SD. Augmenta-
tion of phenylbutyrate-induced differentiation of myeloid
leukemia cells using all-trans retinoic acid. Leukemia
1999; 13:1258-65.

Guidez F, lvins S, Zhu J, Soderstrom M, Waxman S, Zelent
A. Reduced retinoic acid-sensitivities of nuclear receptor
corepressor binding to PML- and PLZF-RARa. underlie mol-
ecular pathogenesis and treatment of acute promyelocyt-
ic leukemia. Blood 1998; 91:2634-42.

Breitman TR, He R. Combinations of retinoic acid with
either sodium butyrate, dimethyl sulfoxide, or hexameth-

143.

146.

ylene bisacetamide synergistically induce differentiation of
the human myeloid leukemia cell line HL60. Cancer Res
1990; 60:6268-73.

Zhu WG, Lakshmanan RR, Beal MD, Otterson GA. DNA
methyltransferase inhibition enhances apoptosis induced
by histone deacetylase inhibitors. Cancer Res 2001; 61:
1327-33.

144, Camacho L, Ryan HJ, Chanel S, Maslak P, Salomoni P,

Jakubowski A, et al. Transcription modulation, a pilot study
of sodium phenylbutyrate plus 5-azacytidine. Blood 2001;
98 Suppl 1:460[abstract].

145, Hassan HT, Veit A, Maurer HR. Synergistic interactions

between differentiation-inducing agents in inhibiting the
proliferation of HL-60 human myeloid leukaemia cells in
clonogenic micro assays. J Cancer Res Clin Oncol 1991;
117:227-31.

Gore SD, Weng LJ, Zhai S, Figg WD, Donehower RC, Dover
GJ, et al. Impact of the putative differentiating agent sodi-
um phenylbutyrate on myelodysplastic syndromes and
acute myeloid leukemia. Clin Cancer Res 2001; 7:2330-9.

147. Redner RL, Wang J, Liu JM. Chromatin remodeling and

leukemia, new therapeutic paradigms. Blood 1999; 94:
417-28.

148. Miller CB, Herman JG, Baylin SB, Galm O, Yerian JA, Gore

SD. A Phase | dose-descalation trial of combined DNA
methyltransferase (MeT)/histone deacetylase (HDAC) inhi-
bition in myeloid malignancies. Blood 2001; 98 Suppl
1:622[abstract].

Peer Review QUTCOMES
Manuscript processing

This manuscript was peer-reviewed by two inhouse ref-
erees and by Professor Mario Cazzola, Editor-in-Chief.
The final decision to accept this paper for publication
was taken by Professor Cazzola. Manuscript received
October 11, 2002; accepted October 15, 2002.

Mario Cazzola, Editor-in-Chief (Pavia, Italy)

haematologica vol. 87(12):december 2002





