








proportion of patients with aberrant methylation detected on the
specific chromosomes was much higher than the proportion of
patients with an identified chromosome lesion (Figure 4C). There-
fore, aberrant methylation was seen in all patients and also
appeared to be more widely distributed over the genome than
chromosome aberrations.

The average number of aberrantly methylated CpG sites was
higher in patients with complex cytogenetic abnormalities, but not
to a statistically significant extent (Figure 3A). Similarly, the
presence or absence of cytogenetic abnormalities did not correlate
with the average DNA methylation score as measured by logistic
regression.

Methylation at the FZD9 locus is an independent predictor of
prognosis for patients with MDS/AML

The significant increase in aberrant CpG hypermethylation with
progression of disease from low-risk MDS to RAEB/AML sug-
gests that hypermethylation of specific genes could be predictive of
clinical outcomes. We reasoned that the genes most frequently
methylated in patients with advanced disease (RAEB/AML) may
be most useful in this regard. Therefore, methylation of ALOX12,
FZD9, GSTM1, HS3ST2, and HIC1 (genes that were concordantly
methylated in more than 70% of patients with RAEB/AML) were
correlated with overall survival.

FZD9 is a receptor for Wnt in the Wnt pathway that is important
in carcinogenesis.25 In these analyses, aberrant methylation of a
CpG site �458 bp from the transcription start-site of FZD9 was
significantly predictive of decreased survival at 12 months from
diagnosis (Figure 5A; P � .005). The �-value of methylation at
this site was also significantly predictive of survival in proportional
hazards regression analysis (P � .002; data not shown). This CpG
site was aberrantly methylated in 72% of patients with RAEB/
AML, 48% of patients with low-risk MDS, and 2% of controls
(Figure 5B). The hypermethylation of this CpG site inversely
correlated with FZD9 transcript expression measured by semiquan-
titative RT-PCR (Figure 5C).

Of 3 CpG sites at the FZD9 promoter locus, only 1 was
concordantly methylated. Furthermore, 50 CpG sites from 23 genes
surrounding the methylated FZD9 site on chromosome 7 were not
extensively hypermethylated (Figure 5D). Therefore, hypermethyl-
ation of the FZD9 CpG site does not appear to be a component of a
more widespread or propagated hypermethylation.

Aberrant methylation and chromosomal abnormalities may
cooperate to completely silence a TSG (functional knockout).
Similarly, duplication of a methylated allele through UPD could
potentially lead to complete TSG silencing. Therefore, we
assessed the frequency of FZD9 methylation in patients with
deletion or duplication of one allele through chromosomal
abnormalities detected on standard metaphase karyotyping or
SNP-A. A total of 17 patients had chromosome 7 lesions that
affected the FZD9 locus (11 with monosomy 7, 3 with del7/7q
lesions, and 3 with UPD7q; Figure 5E illustrates lesions
detected by SNP-A). Aberrant methylation was noted in 12
(71%) of 17 of patients with chromosome abnormalities at the
FZD9 locus compared with 99 (63%) of 157 of patients without
chromosome abnormalities at the FZD9 locus; this difference
was not statistically significant (P � .54, chi-test; Figure 5D;
Table 2). Clinical outcome was poorest in patients with the
combination of chromosome deletion of one FZD9 locus and
aberrant methylation of the remaining FZD9 locus (Figure 5F).
In multivariate analysis, chromosome 7 abnormalities and blasts
of 5% or greater were independent predictors of prognosis, and

Figure 2. Hypermethylated genes in leukemic cell lines belong to many functional
groups. (A) Myeloid leukemia cell lines have increased CpG site methylation levels
(�-values), and a high frequency of aberrantly methylated CpG sites, compared with
normal CD34� hematopoietic cells. The vertical boxes delineate the interquartile range in
�-values; T bars, 95% range of values. The horizontal line in the boxes indicates the
median values and the plus sign indicates the mean. The asterisk indicates significant
�-value difference with CD34� cells in a Tukey Studentized Range t test. The numbers
below the graph are the number of aberrantly methylated loci (compared with normal
CD34� control). The text explains why the frequency of aberrant methylation may be
underestimated if only �-values are analyzed. (B) Heat-map analysis showing the
methylation �-values of 58 CpG loci that were concordantly hypermethylated in all
6 leukemia cell lines. Red, black, and green correspond to high, medium, and low
methylation levels, respectively. Genes were grouped according to their functions: group I,
apoptosis and cell cycle; group II, cell development; group III, cell proliferation and
adhesion; group IV, cell differentiation; group V, chromosome architecture; group VI, signal
transduction; and group VII, other.
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aberrant FZD9 methylation approached statistical significance
(Table 2). Complex cytogenetic abnormalities were associ-
ated with prognosis in univariate analysis, but this significance
was lost in multivariate analyses that included FZD9 methyl-
ation, blasts of 5% or greater, and chromosome 7 abnormalities
(Table 2).

The mechanisms that drive aberrant DNA methylation are not
known. One possibility is that aberrant DNA methylation could in
some way be triggered by chromosome instability. Although
aberrant methylation of FZD9 was more prevalent in patients with
blasts of 5% or greater, it was not associated with complex
cytogenetic abnormalities (Table 2).

Figure 3. Aberrant promoter methylation correlates with disease evolution. (A) Patients with RAEB/AML show a higher average and median methylation (�-value;
P � .001) and a higher number of aberrantly methylated sites (P � .001) than those with low-risk MDS (aberrant methylation was defined as a methylation �-value for a CpG
site that was significantly greater (P � .001) than the methylation �-value for the corresponding site in the group of normal bone marrow controls). The number of aberrantly
methylated CpG sites in patients with complex cytogenetic abnormalities (defined as 3 or more abnormalities by standard metaphase karyotyping) is significantly higher
(P � .05) than in patients without complex cytogenetic abnormalities; however, the average methylation level (�-value) was not significantly different (P � .23). Each dot
represents the average array methylation level in a patient; the horizontal dashed line indicates the mean value for the patient group. Numbers below the graph represent the
average number of aberrantly methylated CpG sites (of 1505 sites analyzed) in each patient group. Normal indicates normal whole bone marrow; CD34� are normal CD34�

selected hematopoietic cells. (B) The number of concordantly hypermethylated sites by patient group, defined as CpG loci that were aberrantly methylated in more than 50% of
patients with RAEB/AML, low-risk MDS, and CMML, respectively. Each circle represents a patient group, and the overlapping areas represent common aberrantly methylated
genes. (C) CpG sites that became hypermethylated during evolution of RA to RCMD. Each dot represents a CpG site. The hypermethylated CpG sites are listed.
(D,E) Concordantly hypermethylated loci in patients with low-risk MDS and RAEB/AML, respectively. Each dot represents a CpG site. Genes shown more than once represent
those with more than one hypermethylated loci. The percentage refers to the proportion of patients with aberrant methylation at the specified locus.
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Discussion

Although aberrant methylation of specific genes has been noted
in MDS and AML,26-28 identifying p15, E-cadherin, ER, MYOD1,
and HIC111,26,29-32 as examples of TSG silenced by hypermethyl-
ation, most earlier studies were limited to analysis of a few
specific loci.11,33,34 Therefore, the true extent of promoter
methylation in hematologic malignancy remains largely un-
known.26,27,35,36 The data presented here represent the first
systematic study of bone marrow from a large cohort of patients
with MDS and AML with a methylation array. Furthermore, the
concurrent application of high-density SNP-A allowed a compari-
son of aberrant methylation with chromosome abnormalities in
the same individual cases.

The Golden Gate chip hybridization technology used by
Illumina methylation arrays constitutes a robust analytic methyl-
ation platform and produces reliable and highly reproducible
data.20 Technical replicates in 2 individual assay plates generated
comparable results. Fidelity of the array was also confirmed using
methylation-specific PCR for randomly selected genes. Finally,

methylation status of FZD9, a gene selected for more in-depth
analysis, showed that FZD9-associated CpG site methylation
correlated with decreased FZD9 transcript levels. The high-density
SNP-A has been validated in our previous work, in which we
confirmed the clinical significance and acquired somatic nature of
chromosome abnormalities detected by SNP-A in patients with
normal cytogenetics by standard karyotyping.24

Using methylation arrays, we show abnormal promoter methyl-
ation in more than one-sixth of the genes analyzed in CD34� and
CD34� AML cell lines as well as primary RAEB or AML cells as
compared with control CD34� cells. The methylated genes have
designated roles in multiple cellular functions, including DNA
repair, cell-cycle control, regulation of development, differentia-
tion, and apoptosis. This observation agrees with other reports that
many fundamental pathways related to tumor pathogenesis are
inactivated by methylation.5,6,28,37,38 Our systematic analysis of a
large cohort of patients with MDS and AML supports that aberrant
methylation is a progressive process, noted in low-risk MDS and
significantly increasing in extent with more advanced disease.
Aberrant DNA methylation was seen in every sample and was more
common and more extensive than chromosome abnormalities

Figure 4. Aberrant DNA hypermethylation was de-
tected much more frequently than chromosome
aberrations. (A) Proportion of patients with chromo-
some aberrations detected by standard metaphase
karyotyping or SNP-A by patient group. (B) Idiogram
representing the chromosomal localization of concor-
dantly hypermethylated loci (loci hypermethylated in
more than 50% of patients with low-risk MDS and
RAEB/AML). Chromosomes are numbered at the top.
Gene names are indicated beside each hypermethyl-
ated locus. Genes marked with a box are hypermethyl-
ated in both low-risk MDS and AML/RAEB. Genes
shown more than once represent those with more than
one hypermethylated locus. (C) On a chromosome by
chromosome basis, the proportion of patients with
aberrant methylation detected on that chromosome
was higher than the proportion of patients with a
chromosome aberration involving that chromosome.
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Figure 5. Aberrant methylation at the FZD9 locus is a predictor of prognosis in MDS/AML. (A) FZD9 hypermethylation is associated with decreased 12-month survival.
(B) FZD9 methylation levels in individual patients classified by disease group. Each dot represents the methylation �-value of the FZD9 CpG site in an individual patient. The
average methylation �-value of this CpG site for each patient group is indicated by the horizontal line. (C) FZD9 methylation is inversely correlated to FZD9 transcript
expression. represents the degree of FZD9 methylation in the sample; f, the FZD9 expression levels determined by semiquantitative RT-PCR, defined as fold change
compared with the control marked with an asterisk. (D) FZD9 CpG methylation is not part of a wider hypermethylation at its chromosome 7 locus. The height of the vertical bars
represents the frequency of aberrant hypermethylation of the CpG sites designated along the horizontal line. The space between bars marked with 0 indicates analyzed CpG
sites that were not hypermethylated in any patient. (E) Regions of chromosome deletion and UPD, detected by SNP-A, that involves the FZD9 locus. FZD9 is designated by the
vertical red bar. Red lines depict single SNP signal intensity, whereas green lines present an average value of SNP signal intensity. The horizontal purple bar represents areas
of chromosome deletion, whereas the horizontal blue bar represents areas of loss of heterozygosity through UPD. (F) Chromosomal deletion or duplication of an FZD9 allele,
combined with aberrant methylation of the remaining allele, is associated with a worse prognosis than either abnormality alone.
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detected by a high-density SNP-A. The detected extent of chromo-
some aberrations is in keeping with studies using other techniques
such as fluorescence in situ hybridization (FISH) for recurrent
chromosome abnormalities.39 Genome-wide DNA sequencing of
primary tissue to assess the contribution of mutation to TSG
silencing is not generally practical. When the coding sequences of
more than 13 000 genes were analyzed in breast and colon cancer
cell lines and xenografts, the estimate was for approximately
80 amino acid–altering mutant genes accumulated in each indi-
vidual tumor.40,41 Mutation rates may be higher in individual cancer
cases (“mutator phenotype” cases), but overall, genomic instability
at the chromosome level has been shown to be more prevalent than
genomic instability at the nucleotide level.14

The extent and ubiquity of aberrant DNA methylation suggests
that it could be the dominant force for TSG silencing and clonal
variation that is then subject to positive selection in neoplastic
evolution. While the widespread nature of aberrant hypermethyl-
ation suggests that some “passenger” or epi-phenomenom effect is
plausible, the CpG sites represented in this array are believed to
play a role in regulating gene expression,19 suggesting their
methylation may well produce gene-expression changes that pro-
vide incremental competitive advantage. The association of methyl-
ation of specific genes with clinical outcome lends further support
to the hypothesis that aberrant methylation plays a pathogenic role
in MDS and its evolution to AML. In an effort to identify the
biologically and clinically most relevant sites of promoter hyper-
methylation, we reasoned that concordantly (frequently) hyperm-
ethylated CpG sites/genes might be more likely to represent events
that provide clonal advantage. In RAEB/AML, 51 CpG sites were
hypermethylated in more than 50% of patients, and 5 genes
(ALOX12, GSTM1, HIC1, FZD9, and HS3ST2) were hypermethyl-
ated in more than 70% of patients (methylation of HIC1 in MDS
and AML has also been reported by others).26,42 We then examined
if the methylation status of these sites predicted clinical outcomes.
Analysis focused on FZD9 (frizzled 9), a receptor for Wnt in the
Wnt pathway that is important in carcinogenesis.25 FZD9 methyl-
ation was an independent predictor of decreased survival. As an
illustration of cooperation between chromosome aberrations and
aberrant DNA methylation to completely silence TSGs, clinical
outcome was poorest in patients with chromosome deletion of one
allele of FZD9 and aberrant methylation of the remaining allele.
This finding also suggests that in cases of chromosomal deletion,

DNA methylation analysis of the remaining chromosome might
identify a recessive TSG. Although studies to explain the mecha-
nisms by which FZD9 repression impacts MDS and AML out-
comes were beyond the scope of this study, the strong clinical
correlations of FZD9 methylation suggests that it is at least one of
the important TSGs on chromosome 7.

Loss of part of chromosome 7 (rather than the whole chromo-
some) is also frequently seen in MDS and AML and associated with
a poor prognosis. We demonstrate that sometimes, small chromo-
some aberrations are confined to the 7q11 region that incorporates
FZD9. However, there are more frequent deletions in the region of
7q22 and 7q33.17,43

The mechanisms responsible for producing aberrant DNA
methylation are unknown. Only one of 3 CpG sites at the FZD9
locus was a frequent target of aberrant methylation, and only the
methylated CpG site contained an E2F binding site. The E2F
family has an important role in hematopoiesis, and E2F binding is
prevented by DNA methylation44; however, we do not know if the
E2F binding site is relevant to the aberrant methylation of this site.
An analysis of the chromosome region around FZD9 demonstrated
that methylation of this particular CpG site did not appear to be a
part of propagated methylation of a wider chromosome region.
Another possibility is that aberrant DNA methylation could in
some way be triggered by chromosome instability. However,
aberrant DNA methylation and complex cytogenetic abnormalities
did not correlate to a statistically significant extent. Therefore,
aberrant DNA methylation and cytogenetic abnormalities can
cooperate to determine clinical outcome, but they appear to be
mechanistically independent processes.

Other genes that were highly concordantly hypermethylated in
RAEB/AML, including HIC1, ALOX12, and TNK1, were also
noted to be frequently deleted or subject to UPD on SNP array
analysis. TSP50 and NTRK1 were concordantly hypermethylated in
all 3 disease groups analyzed (low-risk MDS, RAEB/AML, and
CMML). Thus, it is possible that these 2 genes may be involved in
pathogenetic steps that are common across the spectrum of myeloid
malignancy. However, TSP50, which encodes a testis-specific
protease, has been noted to be frequently hypomethylated in breast
cancer.45 Therefore, aberrant DNA methylation may have differ-
ences between cancer histologies46 as well as pancancer similari-
ties.47 NTRK1 is one of 3 known neurotrophic tyrosine kinase

Table 2. FZD9 methylation is an independent predictor of prognosis in MDS/AML

FZD9 methylation is associated with > 5%
blasts; P � .005

FZD9 methylation is not associated with
chromosome 7 abnormalities; P � .54

FZD9 methylation is not associated with
complex chr abnormalities; P � .84

Blasts < 5%,
n � 58

Blasts > 5%,
n � 126

Normal chr7,
n � 157

Abnormal chr7,
n � 17

< 3 chr abnorm.,
n � 131

> 3 chr abnorm.,
n � 43

FZD9 unmethylated 50% (29/58) 29% (36/126) 37% (58/157) 29% (5/17) 37% (48/131) 35% (15/43)

FZD9 methylated 50% (29/58) 71% (90/126) 63% (99/157) 71% (12/17) 63% (83/131) 65% (28/43)

Chr 7 abnormalities and > 5% blast are independent predictors of 12-mo survival by

multivariate analysis. FZD9 methylation approaches significance.

Cox proportional hazards

regression analysis P

Blasts �5% .019

Chromosome 7

abnormality �.001

Complex chr abnormality .17

FZD9 methylation .064

The variables used in multivariate analysis were FZD9 methylation status, presence of chromosome 7 abnormalities, presence of complex chr abnormalities (� 3
abnormalities on cytogenetic analysis), and blasts � 5%.

Chr indicates chromosome; and blasts %, bone marrow myeloblast percent.
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receptors and plays roles in cell differentiation, nervous system
development, and tyrosine kinase signaling.48

Previous studies of specific methylated loci in MDS and AML
have focused on genes such as p15, ER, and E-cadherin.11,26,29-32 In
our analysis, frequent aberrant methylation was noted at CpG sites
at each one of these gene loci, with the highest aberrant methylation
rate being 48% for a CpG site in the p15 promoter. However, as
discussed earlier, our broader analysis demonstrates that a number
of other CpG sites at other gene loci were even more frequently
aberrantly methylated. Even our study, limited to 1505 CpG sites,
is only a reconnaissance into the extent and significance of aberrant
methylation in leukemogenesis.

In conclusion, in this first comparison of high-throughput
microarray promoter CpG methylation and SNP karyotyping
analysis in MDS and AML; the ubiquity, extent, and progression of
aberrant hypermethylation with disease stage suggests that it is the
dominant source of TSG silencing and clonal variation in the
neoplastic evolution of myeloid disease. This observation provides
further incentive to the development and refinement of drug
strategies to reverse aberrant DNA methylation.8-11 Methylation
array analysis may identify candidate TSGs (eg, FZD9 on chromo-
some 7) that may account in part for the poor prognosis associated
with deletions of certain chromosomes in myeloid malignancies.
Accurate clinical insight into malignant disease stage and progno-
sis may benefit from routine measurement of aberrant methylation
at specific loci.49,50

Acknowledgments

This work was supported by National Institutes of Health (NIH)
grants R01 HL082983 (J.P.M.), U54 RR019391 (J.P.M.), and K24
HL077522 (J.P.M.); a grant from AA and MDS International
Foundation; and a charitable donation from the Robert Duggan
Cancer Research Fund.

Authorship

Contribution: Y.J. performed experiments, analyzed data, and
prepared the manuscript; J.P.M. conceived the idea for this work,
which was further developed by Y.S., obtained the funding, and
together with Y.S. designed the experiments and supervised the
work; Y.S. analyzed and interpreted the data and designed and
wrote major portions of the manuscript; M.S. provided patient care
and samples; and A.D., L.G., S.M., M.R., and C.O.K. performed
some of the experiments and compiled the databases.

Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.

Correspondence: Yogen Saunthararajah or Jaroslaw P. Maciejew-
ski, Taussig Cancer Institute/R40, 9500 Euclid Avenue, Cleveland,
OH 44195; e-mail: saunthy@ccf.org or maciejj@ccf.org.

References

1. Woods WG, Nesbit ME, Buckley J, et al. Correla-
tion of chromosome abnormalities with patient
characteristics, histologic subtype, and induction
success in children with acute nonlymphocytic
leukemia. J Clin Oncol. 1985;3:3-11.

2. Yunis JJ, Rydell RE, Oken MM, et al. Refined
chromosome analysis as an independent prog-
nostic indicator in de novo myelodysplastic syn-
dromes. Blood. 1986;67:1721-1730.

3. Billstrom R, Thiede T, Hansen S, et al. Bone mar-
row karyotype and prognosis in primary myelo-
dysplastic syndromes. Eur J Haematol. 1988;41:
341-346.

4. Knudson AG Jr. Mutation and cancer: statistical
study of retinoblastoma. Proc Natl Acad Sci
U S A. 1971;68:820-823.

5. Baylin SB. DNA methylation and gene silencing in
cancer. Nat Clin Pract Oncol. 2005;2:S4-S11.

6. Lettini AA, Guidoboni M, Fonsatti E, et al. Epige-
netic remodelling of DNA in cancer. Histol His-
topathol. 2007;22:1413-1424.

7. Rice KL, Hormaeche I, Licht JD. Epigenetic regu-
lation of normal and malignant hematopoiesis.
Oncogene. 2007;26:6697-6714.

8. Silverman LR, Demakos EP, Peterson BL, et al.
Randomized controlled trial of azacitidine in pa-
tients with the myelodysplastic syndrome: a study
of the cancer and leukemia group B. J Clin Oncol.
2002;20:2429-2440.

9. Daskalakis M, Nguyen TT, Nguyen C, et al. De-
methylation of a hypermethylated P15/INK4B
gene in patients with myelodysplastic syndrome
by 5-Aza-2�-deoxycytidine (decitabine) treatment.
Blood. 2002;100:2957-2964.

10. Chim CS, Liang R, Kwong YL. Hypermethylation
of gene promoters in hematological neoplasia.
Hematol Oncol. 2002;20:167-176.

11. Galm O, Herman JG, Baylin SB. The fundamental
role of epigenetics in hematopoietic malignan-
cies. Blood Rev. 2006;20:1-13.

12. Payne SR, Kemp CJ. Tumor suppressor genet-
ics. Carcinogenesis. 2005;26:2031-2045.

13. Breivik J, Gaudernack G. Genomic instability,

DNA methylation, and natural selection in colo-
rectal carcinogenesis. Semin Cancer Biol. 1999;
9:245-254.

14. Lengauer C, Kinzler KW, Vogelstein B. Genetic
instabilities in human cancers. Nature. 1998;396:
643-649.

15. Harris NL, Jaffe ES, Diebold J, et al. World Health
Organization classification of neoplastic diseases
of the hematopoietic and lymphoid tissues: report
of the Clinical Advisory Committee meeting–Airlie
House, Virginia, November 1997. J Clin Oncol.
1999;17:3835-3849.

16. Greenberg PL, Sanz GF, Sanz MA. Prognostic
scoring systems for risk assessment in myelodys-
plastic syndromes. Forum (Genova). 1999;9:17-
31.

17. The International HapMap Consortium. The Inter-
national HapMap Project. Nature. 2003;426:789-
796.

18. ISCN. An International System for Human Cyto-
genetic Nomenclature. Basel, Switzerland: S.
Karger; 1995.

19. Bibikova M, Lin Z, Zhou L, et al. High-throughput
DNA methylation profiling using universal bead
arrays. Genome Res. 2006;16:383-393.

20. Bibikova M, Chudin E, Wu B, et al. Human em-
bryonic stem cells have a unique epigenetic sig-
nature. Genome Res. 2006;16:1075-1083.

21. Yamamoto G, Nannya Y, Kato M, et al. Highly
sensitive method for genomewide detection of
allelic composition in nonpaired, primary tumor
specimens by use of affymetrix single-nucleotide-
polymorphism genotyping microarrays. Am J
Hum Genet. 2007;81:114-126.

22. Nannya Y, Sanada M, Nakazaki K, et al. A robust
algorithm for copy number detection using high-
density oligonucleotide single nucleotide poly-
morphism genotyping arrays. Cancer Res. 2005;
65:6071-6079.

23. National Cancer Institute. Cancer Genome Anat-
omy Project database. Available: http://cgap.
nci.nih.gov. Accessed March 2008.

24. Gondek LP, Tiu R, O’Keefe CL, et al. Chromo-

somal lesions and uniparental disomy detected
by SNP arrays in MDS, MDS/MPD, and MDS-
derived AML. Blood. 2008;111:1534-1542.

25. Karasawa T, Yokokura H, Kitajewski J, Lombroso
PJ. Frizzled-9 is activated by Wnt-2 and functions
in Wnt/beta-catenin signaling. J Biol Chem. 2002;
277:37479-37486.

26. Toyota M, Kopecky KJ, Toyota MO, et al. Methyl-
ation profiling in acute myeloid leukemia. Blood.
2001;97:2823-2829.

27. Grovdal M, Khan R, Aggerholm A, et al. Negative
effect of DNA hypermethylation on the outcome of
intensive chemotherapy in older patients with
high-risk myelodysplastic syndromes and acute
myeloid leukemia following myelodysplastic syn-
drome. Clin Cancer Res. 2007;13:7107-7112.

28. Boultwood J, Wainscoat JS. Gene silencing by
DNA methylation in haematological malignancies.
Br J Haematol. 2007;138:3-11.

29. Uchida T, Ohashi H, Kinoshita T, et al. Hyper-
methylation of p15(INK4B) gene in a patient with
acute myelogenous leukemia evolved from par-
oxysmal nocturnal hemoglobinuria. Blood. 1998;
92:2981-2983.

30. Quesnel B, Guillerm G, Vereecque R, et al. Meth-
ylation of the p15(INK4b) gene in myelodysplastic
syndromes is frequent and acquired during dis-
ease progression. Blood. 1998;91:2985-2990.

31. Aggerholm A, Holm MS, Guldberg P, Olesen LH,
Hokland P. Promoter hypermethylation of
p15INK4B, HIC1, CDH1, and ER is frequent in
myelodysplastic syndrome and predicts poor
prognosis in early-stage patients. Eur J Haema-
tol. 2006;76:23-32.

32. Melki JR, Vincent PC, Clark SJ. Concurrent DNA
hypermethylation of multiple genes in acute my-
eloid leukemia. Cancer Res. 1999;59:3730-3740.

33. Leone G, Teofili L, Voso MT, Lubbert M. DNA
methylation and demethylating drugs in myelo-
dysplastic syndromes and secondary leukemias.
Haematologica. 2002;87:1324-1341.

1324 JIANG et al BLOOD, 5 FEBRUARY 2009 � VOLUME 113, NUMBER 6

For personal use only.on October 21, 2017. by guest  www.bloodjournal.orgFrom 

http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml


34. Ruter B, Wijermans PW, Lubbert M. DNA methyl-
ation as a therapeutic target in hematologic disor-
ders: recent results in older patients with myelo-
dysplasia and acute myeloid leukemia. Int
J Hematol. 2004;80:128-135.

35. Issa JP, Zehnbauer BA, Civin CI, et al. The estro-
gen receptor CpG island is methylated in most
hematopoietic neoplasms. Cancer Res. 1996;56:
973-977.

36. Issa JP, Zehnbauer BA, Kaufmann SH, Biel MA,
Baylin SB. HIC1 hypermethylation is a late event
in hematopoietic neoplasms. Cancer Res. 1997;
57:1678-1681.

37. Esteller M. Epigenetics provides a new genera-
tion of oncogenes and tumour-suppressor genes.
Br J Cancer. 2007;96:R26-R30.

38. Gebhard C, Schwarzfischer L, Pham TH, et al.
Genome-wide profiling of CpG methylation identi-
fies novel targets of aberrant hypermethylation in
myeloid leukemia. Cancer Res. 2006;66:6118-
6128.

39. Trost D, Hildebrandt B, Muller N, Germing U,
Royer-Pokora B. Hidden chromosomal aberra-
tions are rare in primary myelodysplastic syn-

dromes with evolution to acute myeloid leukae-
mia and normal cytogenetics. Leuk Res. 2004;28:
171-177.

40. Sjoblom T, Jones S, Wood LD, et al. The consen-
sus coding sequences of human breast and colo-
rectal cancers. Science. 2006;314:268-274.

41. Wood LD, Parsons DW, Jones S, et al. The
genomic landscapes of human breast and colo-
rectal cancers. Science. 2007;318:1108-1113.

42. Galm O, Wilop S, Luders C, et al. Clinical implica-
tions of aberrant DNA methylation patterns in
acute myelogenous leukemia. Ann Hematol.
2005;84:39-46.

43. Tosi S, Scherer SW, Giudici G, et al. Delineation
of multiple deleted regions in 7q in myeloid disor-
ders. Genes Chromosomes Cancer. 1999;25:
384-392.

44. Campanero MR, Armstrong MI, Flemington EK.
CpG methylation as a mechanism for the regula-
tion of E2F activity. Proc Natl Acad Sci U S A.
2000;97:6481-6486.

45. Yuan L, Shan J, De Risi D, et al. Isolation of a
novel gene, TSP50, by a hypomethylated DNA

fragment in human breast cancer. Cancer Res.
1999;59:3215-3221.

46. Costello JF, Fruhwald MC, Smiraglia DJ, et al.
Aberrant CpG-island methylation has non-ran-
dom and tumour-type-specific patterns. Nat
Genet. 2000;24:132-138.

47. Shames DS, Girard L, Gao B, et al. A genome-
wide screen for promoter methylation in lung can-
cer identifies novel methylation markers for mul-
tiple malignancies. PLoS Med. 2006;3:e486.

48. Pierotti MA, Greco A. Oncogenic rearrangements
of the NTRK1/NGF receptor. Cancer Lett. 2006;
232:90-98.

49. Agrawal S, Unterberg M, Koschmieder S, et al.
DNA methylation of tumor suppressor genes in
clinical remission predicts the relapse risk in
acute myeloid leukemia. Cancer Res. 2007;67:
1370-1377.

50. Maurillo L, Buccisano F, Spagnoli A, et al. Moni-
toring of minimal residual disease in adult acute
myeloid leukemia using peripheral blood as an
alternative source to bone marrow. Haemato-
logica. 2007;92:605-611.

METHYLATION ARRAYS IN AML AND MDS 1325BLOOD, 5 FEBRUARY 2009 � VOLUME 113, NUMBER 6

For personal use only.on October 21, 2017. by guest  www.bloodjournal.orgFrom 

http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml


online October 2, 2008
 originally publisheddoi:10.1182/blood-2008-06-163246

2009 113: 1315-1325
 
 

Mikkael Sekeres, Yogen Saunthararajah and Jaroslaw P. Maciejewski
Ying Jiang, Andrew Dunbar, Lukasz P. Gondek, Sanjay Mohan, Manjot Rataul, Christine O'Keefe,
 
progression to AML
Aberrant DNA methylation is a dominant mechanism in MDS
 

http://www.bloodjournal.org/content/113/6/1315.full.html
Updated information and services can be found at:

Articles on similar topics can be found in the following Blood collections

http://www.bloodjournal.org/site/misc/rights.xhtml#repub_requests
Information about reproducing this article in parts or in its entirety may be found online at:

http://www.bloodjournal.org/site/misc/rights.xhtml#reprints
Information about ordering reprints may be found online at:

http://www.bloodjournal.org/site/subscriptions/index.xhtml
Information about subscriptions and ASH membership may be found online at:

  
Copyright 2011 by The American Society of Hematology; all rights reserved.
of Hematology, 2021 L St, NW, Suite 900, Washington DC 20036.
Blood (print ISSN 0006-4971, online ISSN 1528-0020), is published weekly by the American Society

For personal use only.on October 21, 2017. by guest  www.bloodjournal.orgFrom 

http://www.bloodjournal.org/content/113/6/1315.full.html
http://www.bloodjournal.org/site/misc/rights.xhtml#repub_requests
http://www.bloodjournal.org/site/misc/rights.xhtml#reprints
http://www.bloodjournal.org/site/subscriptions/index.xhtml
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml
http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml

