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a b s t r a c t

Therapy-related Myelodysplastic Syndromes/Acute Myeloid Leukemias (t-MDS/AML) are one of the most
compelling long term adverse events occurring in cancer survivors treated with chemo-radiotherapy
regimes. Beside several well-described genetic lesions, a growing amount of data suggests that abnor-
malities in DNA methylation profile contribute to multistep secondary leukemogenesis.

Two distinct alterations of normal DNA methylation patterns may occur in cancer: a global hypomethy-
lation resulting in chromosomal instability and loss of genetic integrity, and promoter specific DNA
hypermethylation which leads to silencing of tumor suppressor genes. Cytotoxic drugs and radiation
have been shown to affect tissue DNA methylation profile. Radiation is able to induce a stable DNA
hypomethylation in both target and bystander tissues. Gene promoter methylation is a common finding
in t-MDS/AML and has been associated to a shorter latency period from the treatment of the primary
tumor. Among the studied genes, p15 methylation correlated to monosomy/deletion of chromosome
7q, suggesting that it could be a relevant event in alkylating agent-induced leukemogenesis. We found
frequent methylation of DAPK in the t-MDS/AML group, especially in patients with a previous lympho-

proliferative disease. In patients studied for concurrent methylation of several promoters, t-MDS/AML
were significantly more frequently hypermethylated in 2 or more promoter regions than de novo MDS
or AML suggesting that promoter hypermethylation of genes involved in cell cycle control, apoptosis
and DNA repair pathways is a frequent finding in t-MDS/AML and may contribute to secondary leuke-
mogenesis. However, how the epigenetic machinery is disrupted after chemo/radiotherapy and during

is st
secondary carcinogenesis

. Introduction

In addition to well-known genetic changes, therapy-related
DS/AML are characterized by changes in the methylation pro-

le which may play a pivotal role in leukemogenesis and are more
ommon in therapy-related than de novo MDS/AML.

Epigenetic mechanisms such as DNA methylation, post-
ranslational modifications of histone proteins and remodeling of
ucleosomes affect chromatin structure and contribute to define
eritable changes in gene expression. DNA methylation consists

n the addiction of a methyl group on the number 5 carbon of
he pyrimidine ring of cytosines within the context of the CpG
inucleotide. In general, CpGs are under-represented within the
Please cite this article in press as: M.T. Voso, et al., Epigenetic cha
doi:10.1016/j.cbi.2009.10.013

enome as a result of the increased frequency of spontaneous
eamination of methyl-cytosines, but their density is particu-

arly high in specific DNA regions referred to as CpG islands, that
nclude promoter regions and repetitive DNA sequences, such as
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009-2797/$ – see front matter © 2009 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.cbi.2009.10.013
ill unknown, warranting further studies.
© 2009 Elsevier Ireland Ltd. All rights reserved.

Alu repeats and endoparasitic elements [1]. Multiple mathematical
algorithms have subsequently been proposed for the classification
of CpG islands and one of the most commonly used set of criteria
requires a minimum observed-expected CpG ratio of 0.65 and GC
content greater than 55% over a distance of 500 bp. By this defi-
nition, the human genome contains nearly 38,000 CpG islands. A
large fraction of these islands (37%) localize to the 5′ regulatory
regions of genes with approximately 70% of known genes hav-
ing a CpG island within −2 kb to +1 kb of their transcription start
site [2].

CpG methylation is catalysed by a family of enzymes known
as DNA methyltransferases (DNMTs) that (DNMT1, DNMT3A, and
DNMT3B), which transfer a methyl group from S-adenosyl-l-
methionine to cytosines in CpG dinucleotides. DNMT-1 is mainly
a maintenance methylase that recognizes and methylates hemi-
methylated CpG dinucleotides during DNA replication allowing
nges in therapy-related MDS/AML, Chem. Biol. Interact. (2009),

the propagation and conservation of DNA methylation patterns
through the future generations. DNMT3A and -3B are mainly de
novo methylase and methylate unmethylated CpG dinucleotides
[1]. The methyl-cytosines established by the DNMTs serve as bind-
ing sites for the methyl-CpG binding domain (MBD) proteins, such

dx.doi.org/10.1016/j.cbi.2009.10.013
http://www.sciencedirect.com/science/journal/00092797
http://www.elsevier.com/locate/chembioint
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s MeCP2, MBD1, MBD2, MBD3, MBD4 and Kaiso. Through inter-
ctions with histone deacetylases, histone methyltransferases, and
TPdependent chromatin remodeling enzymes, the MBDs translate
ethylated DNA into a compacted chromatin environment that is

epressive for transcription [1].
Indeed DNA methylation is only part of a broader epige-

etic code that dictates the transcriptional potential of genomic
omains. DNA is wrapped around an octamer of histone pro-
eins to form the nucleosome, the smallest unit of chromatin.
he amino terminal tails of the histones protrude from the nucle-
some body and are subject to considerable post-translational
odifications including acetylation, methylation, phosphoryla-

ion, ubiquitination, and sumoylation. The constellation of specific
odifications, referred to as the histone code, influences inter-

ctions with the DNA backbone, neighboring nucleosomes, and
onhistone chromatin proteins to mediate the assembly of a
hromatin environment that is either permissive or repressive
or transcription. In general, permissive regions exhibit an open
hromatin structure marked by hyperacetylation of histones H3
nd H4 and di- and tri-methylation of histone H3 at lysine 4
H3K4me2/3). In contrast, repressed regions exhibit a compact
hromatin structure that lacks H3/H4 acetylation and H3K4 methy-
ation, and instead is enriched in the repressive modifications,
i- and tri-methylation of H3K9 (H3K9me2/3), tri-methylation of
3K27 (H3K27me3), and tri-methylation of H4K20 (H4K20me3).
lthough the code is not yet fully deciphered, it is apparent that
NA methylation can both influence and be influenced by histone
odifications [3].

. Deregulation of epigenetic control in cancer

Two distinct alterations of normal DNA methylation patterns
ccur in cancer: global hypomethylation and gene-specific pro-
oter hypermethylation. DNA hypomethylation may result in

otentially harmful expression of inserted viral DNA and trans-
osable elements, weak transcriptional repression of normally
ilent regions of the genome, chromosomal instability and loss
f genetic integrity. On the other hand, DNA hypermethylation
eads to silencing of tumor suppressor genes, including cell-cycle
nhibitors, inducers of apoptosis, DNA repair genes, transcrip-
ion factors, cell adhesion mediators, hormonal receptors and
etoxifiers [1]. Thus, through the effects of both hypo- and hyper-
ethylation, DNA methylation significantly affects the genomic

andscape of cancer cells, potentially similar to coding region
utations. In the future, the use of whole genome sequencing
ay address the question of the frequency of mutations in cod-

ng regions and their relations to epigenetic changes with greater
recision.

Like DNA methylation, the histone portion of the epigenome
ndergoes both widespread and gene-specific changes in can-
er. Overall, cancer cells exhibit a global decrease in the levels of
4K20me2/3, H3K9me2, and H4 acetylation, particularly from the

epetitive fraction of the genome, contributing to a global dysreg-
lation of transcription in cancer cells [4].

There is an interdependent relationship between DNA methy-
ation and histone modification. The unmethylated CpG islands of
ctive genes are enriched in acetylated H3 and H4 and H3K4me2.
n contrast, the CpG islands of genes that are aberrantly methy-
ated in cancer cells are remodeled such that there is a shift
Please cite this article in press as: M.T. Voso, et al., Epigenetic cha
doi:10.1016/j.cbi.2009.10.013

rom H3/H4 acetylation and H3K4 methylation, to H3K9me2/3 and
r H3K27me3 [5]. This is achieved through the recruitment of
BDs, histone deacetylases (HDACs), histone methyltransferases,

nd H3K9me2/3 binding proteins (e.g., HP1), which lock the domain
nto a heterochromatin-like state that is mitotically heritable
3].
 PRESS
nteractions xxx (2009) xxx–xxx

3. Epigenetic changes and DNA damage

It is still matter of discussion what causes DNA methylation
changes during carcinogenesis. Several hypothesis and experimen-
tal models are under investigation. However some reports have so
far suggested a possible link between DNA methylation and DNA
damage.

Using an engineered experimental model, O’Hagan et al. demon-
strated as normal repair of a DNA break can occasionally cause
heritable silencing of a CpG island-containing promoter by recruit-
ment of proteins involved in silencing [6]. In particular they induced
a defined double strand break in an exogenous promoter con-
struct of the E-cadherin CpG island, which is frequently aberrantly
DNA hypermethylated in epithelial cancers. Following induction
of a doublestrand DNA break, the SIRT1 histone deacetylase was
recruited to the site along with components of PRC2, DNMT1, and
DNMT3B. Although in most cells selected after the break, DNA
repair occurs faithfully with preservation of activity of the pro-
moter, a small percentage of the plated cells demonstrate induction
of heritable silencing. The chromatin around the break site in such
a silent clone was enriched for most of the above silent chromatin
proteins and histone marks, and the region harbors the appearance
of increasing DNA methylation in the CpG island of the promoter.
The region was subsequently deacetylated at H4K16, methylated at
H3K27, transcriptionally silenced, and in some cases DNA hyper-
methylated [6].

Consistent with these findings, several reports have shown as
the exposure to DNA-damaging agents is able to affect the DNA
methylation pattern. Levels of cytosine-DNA methyltransferase
1 (DNMT1) protein were shown to increase significantly during
tobacco-derived carcinogen exposure of immortalized bronchial
epithelial cell lines and were associated with the detection of pro-
moter hypermethylation of 5–10 genes in each transformed cell
line. Stable knockdown of DNMT1 reversed transformation and
gene silencing. Moreover, stable knockdown of DNMT1 protein
before carcinogen treatment prevented transformation and methy-
lation of cadherin genes [7]. The importance of detecting DNA
hypermethylation in individuals at risk of cancer development have
been suggested by several studies in smokers. Promoter methy-
lation in sputum specimens increases as the time to lung cancer
diagnosis decreases. Moreover, the concomitant methylation of
three or more among six selected genes in sputum samples is asso-
ciated with a 6.5-fold increased risk for lung cancer and a sensitivity
and specificity for predicting lung cancer of 64% in high risk smokers
cohort [8,9].

The reactive oxygen species (ROS) associated with chronic
inflammation is another source of DNA damage with the potential
to affect DNA methylation as halogenated pyrimidines, one form
of ROS-induced damage, mimic 5-methyl-cytosine and stimulate
DNMT1-mediated CpG methylation in vitro and in vivo [10].

Cytotoxic drugs and radiation are well-known DNA-damaging
agents commonly used for cancer therapy and associated to the
development of therapy-related myeloid neoplasms. However,
their effects on tissue DNA methylation are only partially known.
So far, several studies have shown as radiation is able to induce a
stable DNA hypomethylation in both target and bystander tissues,
even though DNA damage resulting from initial genotoxic radiation
insult was repaired, suggesting the importance of epigenetic mech-
anisms in the development of radiation-related pathologies [11,12].
On the other end, only few data have been so far reported about
epigenetic consequences of exposure to chemotherapy agents. The
nges in therapy-related MDS/AML, Chem. Biol. Interact. (2009),

environmental alkylating agent benzene, a widespread pollutant
associated with AML risk, was shown to induce a reduction of LINE-
1 and AluI methylation and an increase of p15 methylation on blood
DNA samples from 78 gas station attendants and 77 traffic police
officers, compared to 58 unexposed referents in Milan. This study

dx.doi.org/10.1016/j.cbi.2009.10.013
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rovides a link between altered DNA methylation, reproducing the
berrant epigenetic patterns found in malignant cells, to low-level
arcinogen [13].

. Epigenetic changes in therapy-related MDS/AML

As reported above, an increasing amount of data suggests that
NA damage response is likely to induce changes in DNA methy-

ation pattern in at least a subset of the affected cells and this may
epresent an early event in the development of therapy-related
yeloid neoplasms.
However, although several studies have so far focused on epi-

enetic changes in MDS and AML, only few reports have described
pigenetic abnormalities in therapy-related MDS-AML. Moreover,
ost of these studies used a single gene approach or described the
ethylation of a small panel of genes. Among the most common

ypermethylated genes, the p15 promoter was found methylated
n 58–68% of t-MDS/AML patients, in particular in relation to mono-
omy/deletion of chromosome 7q [14,15]. Furthermore studying 17
-MDS/AML patients, Au et al. reported that p15 methylation was
resent in 3 of 6 patients who had marrow samples obtained up
o 2 years prior to the diagnosis of t-MDS/AML [16]. Two of these
atients had a previous B-cell lymphoma where p15 has also been
eported to be frequently methylated.

Studying the methylation status of thirteen genes in a cohort
f t-AML patients, Uehara et al. [17] identified methylation of at
east one gene in 55% of patients and the average time to the devel-
pment of t-AML after the treatment of the primary tumor was
ignificantly shorter in methylated than unmethylated patients
49.3 months vs. 133.2 months, p = 0.044).

Our research group studied the methylation pattern of 74 t-
DS/AML when compared to 106 de novo MDS and 208 de novo

ML. Using a methylation-specific PCR, we studied the promoter
ethylation status of E-cadherin (CDH1), TBSP-1, COX-2, DAP-

inase 1 (DAPK1) and GSTP1, which have been shown to be involved
n the malignant transformation of progenitor cells, interfering

ith angiogenesis, interaction with micro-environment, apoptosis
nd xenobiotic detoxification. Death associated protein (DAP)-
inase 1 is a 16 kDa calmodulin-dependent serine/threonine kinase
hat carries a death domain at its C-terminus, functioning as a pos-
tive mediator of apoptosis induced by interferon-gamma, tumour
ecrosis factor �, and activated Fas [18]. Furthermore it plays a
ole in metastatic processes, by inhibiting cell motility [19]. DAPK1
nactivation by promoter hypermethylation in solid tumors leads
o apoptosis inhibition and to increased metastatic potential. In this
ine, it has been shown to be predictive of shorter disease-free and
verall survival in lung and gastric cancer. As a biomarker, it is a
art of high sensitivity markers for early breast cancer diagnosis
3]. In chronic lymphocytic leukemia, DAPK1 promoter hyperme-
hylation is very frequent and may play a pathogenetic role, since
enetic and epigenetic alteration have been shown to cooperate
n familiar cases, where a mutation/polymorphism causing persis-
ent downregulation of DAPK1 expression was also identified in the
romoter region [20].

Confirming our previous data [21], DAPK1 was more frequently
ethylated in t-MDS/AML when compared to de novo MDS and
ML, while methylation of CDH1 was similar in t-MDS/AML and
ML. GSTP1, COX-2 and TBSP-1 hypermethylation were rare and
ere not characteristic of t-MDS/AML. In patients studied for

oncurrent methylation of several promoters, t-MDS/AML were
ignificantly more frequently hypermethylated in 2 or more pro-
Please cite this article in press as: M.T. Voso, et al., Epigenetic cha
doi:10.1016/j.cbi.2009.10.013

oter regions than de novo MDS or AML [22].
These data are still incomplete and may not reflect the

pigenome of therapy-related neoplasms. The application of
ecently developed genome-scale methylation screening technolo-
ies will contribute to clarify the impact of epigenetic changes in

[

[
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the pathogenesis of therapy-related myeloid leukemias and will
possibly provide a tool to monitor cancer survivors for the risk of
developing such an unfavourable long term complication of cancer
treatment.
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