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Abstract Hypermethylation of CpG islands near gene
promoter regions is associated with transcriptional inacti-
vation and represents an important mechanism of gene
silencing in carcinogenesis. Such epigenetic phenomena
can act alongside DNA mutations and deletions to disrupt
tumor-suppressor gene function. The methylation status
of the promoter-associated CpG islands from 11 well-
characterized cancer-related genes was analyzed by meth-
ylation-specific polymerase chain reaction in 60 adult
patients with acute myelogenous leukemia (AML) at di-
agnosis. The frequency of aberrant methylation among
the patient samples was 45.0% (27/60) for suppressor
of cytokine signaling-1, 31.7% (19/60) for pl5, 20.0%
(12/60) for retinoic acid receptor (32, 13.3% (8/60) for
p73 and E-cadherin, 5.0% (3/60) for O°-methylguanine
DNA methyltransferase, 3.3% (2/60) for death-associated
protein kinase 1 and hMLH1, 1.7% (1/60) for p16, and 0%
(0/60) for the tissue inhibitor of matrix metalloproteinases-
3 and Ras association domain family 1A. Aberrant DNA
methylation was found in AML of all French—American—
British subtypes and throughout all cytogenetic risk
groups. There appeared to be a trend towards a higher
methylation frequency in AML patients with an unfavor-
able karyotype, but this difference was not statistically
significant. Our data indicate that hypermethylation of
multiple genes involving fundamental cellular pathways
is a common event in AML, which varies greatly in
frequency among the genes examined. The accumulation
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of epigenetic events affecting genes which are involved in
regulating cell cycle inhibition, cell adhesion, growth
factor signaling, and apoptosis may contribute to the ma-
lignant AML phenotype. The growing knowledge of the
role of epigenetics in the aberrant silencing of cancer-
related genes provides a rationale and molecular basis for
targeted therapeutic approaches with demethylating agents
in AML.
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Introduction

Acute myelogenous leukemia (AML) is a heterogeneous
disease characterized by many different genetic defects.
These aberrations include chromosomal translocations
involving oncogenes and transcription factors, activation
of signal transduction pathways, and alterations of growth
factor receptors [4, 38]. Cytogenetic abnormalities are
present in leukemic cells in the majority of AML patients
and have been used to identify subgroups of AML with
specific clinical behavior. The karyotype of the leukemic
blasts has emerged as an important prognostic factor in
AML [22].

In addition to genetic changes, epigenetic processes play
a major role in carcinogenesis [30]. Aberrant methylation
of CpG islands near gene promoter regions together with
deacetylation and other modifications of histones are the
most widely studied epigenetic abnormalities in human
malignancies and are now established as important
mechanisms for gene inactivation [14, 26, 31]. Protein
complexes of methyl-CpG-binding proteins, transcrip-
tional corepressors, chromatin-remodeling proteins, and
histone deacetylases (HDACSs) bind to hypermethylated
DNA regions, resulting in a transcriptionally repressive
chromatin state [11, 46]. As proposed in the two-hit
hypothesis of Knudson [34], the disruption of the function
of a tumor-suppressor gene generally requires a complete
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loss of function of both gene copies. In this context,
abnormal methylation of CpG islands may exert the same
effects as a mutation or deletion in the coding region in
one copy of the gene and thus represents an alternative
mechanism to contribute to the loss of function of one or
both alleles [11, 26]. Genes involving fundamental cellular
pathways have been shown to be affected by aberrant CpG
island methylation in human cancer [13, 26].

There is now increasing evidence for the relevance of
hypermethylation-associated gene silencing in the patho-
genesis of myelodysplastic syndromes (MDS), AML, and
other hematopoietic malignancies [7, 15, 16, 27, 43-45]. A
growing number of genes that may become inactivated due
to aberrant hypermethylation in cancer have been identi-
fied. This provides new insight into the biology of AML
and may offer novel therapeutic opportunities [18, 28, 36].
Numerous in vitro experiments have shown that, in
contrast to genetic aberrations, the hypermethylation-
associated silencing of tumor-suppressor genes is a re-
versible phenomenon [1, 5, 42]. The therapeutic efficacy
of the demethylating agents 5-aza-2'-deoxycytidine (dec-
itabine) and 5-azacytidine (azacitidine, Vidaza) has been
demonstrated in clinical trials in patients with MDS, AML,
and chronic myelogenous leukemia [29, 32, 47, 50, 51].

In this study, we examined the methylation status of 11
well-characterized cancer-related genes in samples of 60
adult patients with AML at diagnosis and explored possible
correlations between methylation patterns and clinical
parameters. Methylation was analyzed using the methyl-
ation-specific polymerase chain reaction (MSP) technique
[24]. This assay entails the initial modification of genomic
DNA by sodium bisulfite, converting all unmethylated
cytosines to uracils but leaving the methylated cytosines
unchanged. Subsequently, the DNA region of interest
is amplified in two separate polymerase chain reactions
(PCRs) with primer pairs specific to either the methylated
or the unmethylated sequence. The list of candidate genes
comprises the cell cycle regulators pl5, pl16, and p73, the
tissue inhibitor of matrix metalloproteinases-3 (TIMP-3),
E-cadherin, the DNA repair genes O®-methylguanine DNA
methyltransferase (MGMT) and hMLHI, retinoic acid
receptor 32 (RARP2), death-associated protein kinase 1
(DAPK), Ras association domain family 1A (RASSF1A),
and the cytokine regulator suppressor of cytokine signal-
ing-1 (SOCS-1). It has been shown previously that the
expression of each of these genes may be affected by
aberrant CpG island methylation in association with
transcriptional silencing in various human malignancies
[1, 3,6, 8, 12, 20, 25, 33, 41, 49, 52].

Materials and methods
Human tissue samples

After informed consent was obtained, bone marrow (BM)
and peripheral blood (PB) specimens (32 BM and 28 PB)
were collected at diagnosis during routine clinical assess-
ment of 60 adult patients with AML that presented at the

University Hospital Aachen, Germany, between 1995 and
2004. AML diagnosis was made in accordance with
revised French—American—British (FAB) classification cri-
teria [2]. Cytogenetic data were also available in 53/60
patients. The main clinical and laboratory features of the
patient cohort are summarized in Table 1. PB samples from
healthy volunteers were used as controls. Mononuclear
cells from BM and PB were separated by density gradient
centrifugation prior to analysis.

Methylation-specific polymerase chain reaction

The methylation status of the 11 candidate genes was
analyzed by MSP [24]. Genomic DNA was isolated using a
commercially available kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. Approxi-
mately 1 pug of DNA was sodium-bisulfite-modified and
subjected to MSP as described previously [24]. A detailed
list of MSP primers that specifically recognize either
unmethylated (U) or methylated (M) gene sequences is
given in Table 2. Reactions were hot-started at 95°C for
5 min and held at 80°C before addition of 0.625 U of Taq
polymerase (Sigma, Munich, Germany). PCR conditions
for all genes except TIMP-3 were as follows: 35 cycles of
95°C for 30 s, 60°C for 30 s, and 72°C for 30 s, followed by
1 cycle of 72°C for 5 min. For TIMP-3 analysis, conditions

Table 1 Patient characteristics

Number of patients 60
Age, median and range (years) 60 (21-89)
Gender (n)

Male

Female
FAB subtype (n)
MO

Ml

M2

M3

M3v

M4

M4eo

M5

M6

M7

Karyotype (n)
Favorable
Intermediate
Adverse

No data
Precedent MDS or other antecedent 17
hematologic disorder (n)

Laboratory parameters, median (range)
WBC (10°/1)

Hemoglobin (g/dl)

Platelet (10°/1)

LDH (U/)
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9.4 (4.1-12.9)
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Gene Forward primer (5’ — 3') Reverse primer (5’ — 3’)

pl5 U: TGTGATGTGTTTGTATTTTGTGGTT CCATACAATAACCAAACAACCAA
M: GCGTTCGTATTTTGCGGTT CGTACAATAACCGAACGACCGA

pl6 U: TTATTAGAGGGTGGGGTGGATTGT CAACCCCAAACCACAACCATAA
M: TTATTAGAGGGTGGGGCGGATCGC GACCCCGAACCGCGACCGTAA

TIMP-3 U: TTTTGTTTTGTTATTTTTTGTTTTTGGTTTT CCCCCAAAAACCCCACCTCA
M: CGTTTCGTTATTTTTTGTTTTCGGTTTC CCGAAAACCCCGCCTCG

E-cadherin U: TGGTTGTAGTTATGTATTTATTTTTAGTGGTGTT ACACCAAATACAATCAAATCAAACCAAA
M: TGTAGTTACGTATTTATTTTTAGTGGCGTC CGAATACGATCGAATCGAACCG

MGMT U: TTTGTGTTTTGATGTTTGTAGGTTTTTGT AACTCCACACTCTTCCAAAAACAAAACA
M: TTTCGACGTTCGTAGGTTTTCGC GCACTCTTCCGAAAACGAAACG

p73 U: AGGGGATGTAGTGAAATTGGGGTTT ATCACAACCCCAAACATCAACATCCA
M: GGACGTAGCGAAATCGGGGTTC ACCCCGAACATCGACGTCCG

DAPK U: GGAGGATAGTTGGATTGAGTTAATGTT CAAATCCCTCCCAAACACCAA
M: GGATAGTCGGATCGAGTTAACGTC CCCTCCCAAACGCCGA

RASSF1A U: GGGGTTTGTTTTGTGGTTTTGTTT AACATAACCCAATTAAACCCATACTTCA
M: GGGTTCGTTTTGTGGTTTCGTTC TAACCCGATTAAACCCGTACTTCG

RARP2 U: TTGGGATGTTGAGAATGTGAGTGATTT CTTACTCAACCAATCCAACCAAAACAA
M: TGTCGAGAACGCGAGCGATTC CGACCAATCCAACCGAAACGA

hMLH1 U: TTTTGATGTAGATGTTTTATTAGGGTTGT ACCACCTCATCATAACTACCCACA
M: ACGTAGACGTTTTATTAGGGTCGC CCTCATCGTAACTACCCGCG

SOCS-1 U: TTATGAGTATTTGTGTGTATTTTTAGGTTGGTT CACTAACAACACAACTCCTACAACAACCA
M: TTCGCGTGTATTTTTAGGTCGGTC CGACACAACTCCTACAACGACCG

were 35 cycles of 95°C for 30 s, 59°C for 30 s, and 72°C
for 30 s, followed by 1 cycle of 72°C for 5 min. PCR
products were separated on 2.5% agarose gels and vi-
sualized by ethidium bromide staining.

Statistical methods

Correlations between variables were analyzed using the
Fisher’s exact two-sided test and the two-tailed Mann—
Whitney test. Overall Kaplan—Meier survival curves were
compared using the log-rank test. Survival was calculated
from the date of diagnosis until the patients’ death or last
visit. All calculations were performed using the SAS
statistical software (Version 9.1, SAS Institute, Cary, NC,
USA).

Results
Methylation patterns in acute myelogenous leukemia

Representative MSP results are shown in Fig. 1. The
frequency of hypermethylated genes among the AML
patient samples was 45.0% (27/60) for SOCS-1, 31.7%
(19/60) for p15, 20.0% (12/60) for RARB2, 13.3% (8/60)
for p73 and E-cadherin, 5.0% (3/60) for MGMT, 3.3%
(2/60) for DAPK and hMLH1, 1.7% (1/60) for p16, and
0% (0/60) for TIMP-3 and RASSF1A (Fig. 2a). We have
previously demonstrated that none of these 11 cancer-

related genes showed aberrant CpG island hypermethyla-
tion in 20 nonmalignant BM samples [17]. An overview of
the methylation status of the 60 AML samples is given in
Table 3. The majority of the AML patients exhibited
aberrant CpG island methylation. At least one hypermeth-
ylated gene promoter region was found in 70.0% (42/60) of
the primary patient samples, while 41.7% (25/60) harbored
two or more hypermethylated genes (Fig. 2b).

Correlation of methylation data with clinical
parameters

Possible correlations between methylation patterns and
clinical and laboratory parameters were investigated in all
60 AML patients. Aberrant methylation occurred in all
AML FAB subtypes (Table 3). No correlation could be
found between methylation status and overall survival
for any of the 11 CpG islands analyzed and no associa-
tion with white blood cell counts (WBC) or serum lactate
dehydrogenase (LDH) levels. Furthermore, there was no
correlation between patient age and the number of hyper-
methylated genes (Fig. 3a). There was no association of the
number of hypermethylated genes with overall survival.

Seventeen of the 60 patients (28.3%) had a history of
MDS or other antecedent hematologic disorders at diag-
nosis of AML. The average number of hypermethylated
genes in these 17 samples did not differ significantly from
the other (i.e., de novo) AML patients (1.41 vs. 1.34
genes).
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Fig. 1 Representative MSP
analysis of AML patient sam-
ples. Lanes U: amplified prod-
ucts with primers recognizing
the unmethylated gene se-
quence. Lanes M: amplified
products with primers recogniz-
ing the methylated gene se-
quence. Peripheral blood (PB) hMLH1
from healthy volunteers, in vitro

methylated DNA (/VD), and

water served as controls for each

MSP reaction

TIMP-3

MGMT

DAP kinase

S0CS-1

p15

E-cadherin

Associations between aberrant methylation
and cytogenetic data

Cytogenetic data were available from 53/60 (88.3%) AML
patients. Risk stratification was performed according
to cytogenetically defined prognostic groups [22]. The
favorable cytogenetic risk group (n=13) included two cases
with chromosomal translocation t(8;21), three patients with
t(15;17), and eight patients with inversion inv(16). The
intermediate risk group included 32 patients, and the
adverse risk group was comprised of five patients with
monosomy 7, two patients with deletion del(5q), and one
patient with a complex karyotype. Aberrant CpG island
methylation in AML was a common event throughout all
cytogenetic risk groups. There appeared to be a trend
towards a higher methylation frequency in AML patients
with an adverse karyotype (Fig. 3b). However, this dif-
ference was not statistically significant and thus may
possibly be related to the limited number of patients.

Discussion

In the present study, the methylation status of 11 candidate
genes in a cohort of 60 adult AML patients was examined
at diagnosis. Our data confirm that a variety of genes
regulating fundamental cellular pathways may be simulta-
neously affected by hypermethylation in AML. Aberrant

#584 #581 #585 #531 PB IVD H,0
umMm umMmMm UM UMUMU MU M

#544 #568 #583 #587 PB VD H,O
umMm u M UM UM UMUMUM

#538 #575 #490 #520 PB IVD H,O
umM U M UM UMUMUMUM

#514 #516 #568 #583 PB IVD H,0
u M UM UM UM UMUM U M

#596 #590 #560 #526 PB VD H,O
u ™M UM UM UM UM UM U M

#587  #594 #544  #536 PB IVD H,O
uym™m UM UM UMUMUMUM

#601 #519 #573 #589 PB IVD H,O0
umM UM UM UM UMUMUM

CpG island methylation of multiple cancer-related genes
appears to be a common event in adult AML occurring in
all FAB subtypes and throughout all cytogenetic risk
groups.

There have been several previous reports describing
DNA hypermethylation in AML. Melki et al. [40] de-
termined the methylation status of eight CpG-rich can-
didate genes in 20 AML patients by bisulfite sequencing.
Aberrant methylation was detected in 19/20 samples, while
15/20 samples carried two or more hypermethylated genes.
However, in this small patient cohort, association with
clinical parameters was not analyzed. Another study
investigated the methylation status of 14 promoter-as-
sociated CpG islands in 36 AML patients using bisulfite
PCR [48]. In that study, an inverse correlation was seen
between patient age and frequency of CpG island meth-
ylation in AML. However, this was based on a group of
patients with a comparatively young age (median 39 years),
which may not be representative of the general AML
population.

In our larger patient cohort, with a median age of 60
years, 70% had at least one methylated gene at diagnosis.
Our results thus provide further evidence of the important
role of epigenetic changes in leukemogenesis. The dis-
tribution of genes affected by aberrant methylation in
AML differs from solid tumors and other hematopoietic
malignancies [13, 17, 45], with SOCS-1, p15, RAR32,
p73, and E-cadherin most frequently methylated in AML.
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Table 3 Methylation pattern of 11 cancer-related genes in 60 AML
patients
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Fig. 2 a Methylation frequency for each gene among the AML
patient samples. b Distribution of the number of hypermethylated
genes among the analyzed AML patients

Hypermethylation of MGMT, DAPK, hMLHI, and pl6
were rare events, and there was no methylation of TIMP-3
and RASSF1A. While these genes are not frequently
methylated in AML, they have been found to be commonly
methylated in other forms of malignancy [13].

Epigenetic aberrations affecting these genes regulating
cell cycle inhibition, cell adhesion, growth factor signaling,
and regulation of apoptosis may, in addition to genetic
alterations [19, 38], contribute to the multistep process of
cellular transformation in leukemogenesis.

Understanding the impact of gene hypermethylation on
the pathogenesis of AML may not only lead to the
development of novel biomarkers [35] but also help to
determine candidate patients for epigenetically targeted
therapies [18, 28, 36]. The demethylating agents decitabine
and azacitidine act primarily through inhibition of DNA
methyltransferases (DNMTs), enzymes that are responsible
for establishing and maintaining DNA methylation patterns
[39]. Clinical trials using DNA methylation inhibitors
have recently yielded promising results in MDS patients
[47, 50].

The first study to show that the clinical history of MDS
may be altered using a nonintensive drug treatment
resulting in improved quality of life was reported by
Silverman et al. [47]. A randomized controlled phase III
trial compared the subcutaneous application of azacitidine
vs best supportive care, resulting in significant prolonga-
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Open grid squares indicate unmethylated genes; gray grid squares
indicate methylated genes

tion of median survival and a delay of time to leukemic
transformation in the azacitidine arm.

A pivotal phase II trial [50] of low-dose intravenous
decitabine resulted in an overall response rate of 49% in
MDS patients and a response rate of 64% in the high-risk
subgroup stratified according to the International Prognos-
tic Scoring System [21]. Hypermethylation of the cell cycle
inhibitor p15 was shown to be reversed in MDS patients
who responded to treatment with decitabine, implicating
pharmacologically induced demethylation as mechanism
which may contribute to treatment response [9].

In the normal clinical course, MDS may eventually
progress to AML [23]. It has been shown previously that
methylation of the p15 gene in MDS is associated with a
higher percentage of BM blasts. Furthermore, the frequen-
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Fig. 3 a Correlation between age and aberrant CpG island
methylation. For each individual patient, the age at diagnosis is
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of hypermethylated genes in AML patients according to cytogenetic
risk group (error bars indicate standard error of the mean)

cy of aberrant pl5 methylation increased with disease
evolution towards AML [43]. In our patient cohort,
methylation patterns in AML patients with evidence of
preceding MDS or other antecedent hematologic disorders
were similar to those of de novo AML patients, supporting
the close biological relationship between advanced MDS
and AML.

A trend towards a higher methylation frequency and
therefore potentially higher degree of gene silencing was
observed in AML patients with an adverse karyotype,
indicating possible links between genetic and epigenetic
aberrations in AML. Experimental evidence suggests that
in AML subtypes carrying the translocations t(15;17) and
t(8;21), the corresponding fusion proteins (PML/RARx
and AMLI1/ETO) associate with HDACs and also recruit
DNMTs, resulting in the transcriptional repression of target
genes [10, 37]. Thus, there may be a mechanistic role of
AML-associated fusion proteins in establishing specific
DNA methylation patterns in AML. Furthermore, there is in
vitro evidence for synergistic effects of pharmacologic
demethylation and HDAC inhibition on reexpression of
epigenetically silenced genes [5]. Based on these findings,
therapeutic strategies that incorporate the combination of
demethylating agents and HDAC inhibitors in the treatment
of AML are being developed [18].

In summary, we have demonstrated that aberrant CpG
island methylation affecting genes involved in fundamental
cellular pathways is a common phenomenon in adult AML.
There is now a growing list of candidate genes that may be
used for monitoring the in vivo effects of DNA methylation
inhibitors. This present study has focused on 11 well-
characterized cancer-related genes, but there may be other
genes that may undergo inactivation due to CpG island
hypermethylation. Our results provide insight into the
changes to the complex epigenetic status that occur during
leukemogenesis and help to provide a molecular ratio-
nale for developing epigenetically targeted therapeutic ap-
proaches. To further explore possible links between genetic
and epigenetic events in the evolution of AML, future stud-
ies are needed to examine a broad spectrum of methylation
changes as well as genetic alterations in MDS and AML at
diagnosis and during follow-up. Prospective analysis of a
larger patient series is necessary to determine whether
methylation patterns may be predictive of response to
treatment with epigenetically targeted therapies. The dis-
covery of novel molecular targets for demethylating agents
is important for the development of future therapeutic
strategies and tools to monitor the in vivo effects of those
drugs.
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