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A B S T R A C T

Purpose
The current classification systems of myelodysplastic syndromes (MDS), including the Interna-
tional Prognostic Scoring System (IPSS), do not fully reflect the molecular heterogeneity of the
disease. Molecular characterization may predict clinical outcome and help stratify patients for
targeted therapies. Epigenetic therapy using decitabine, a DNA hypomethylating agent, is clinically
effective for the treatment of MDS. Therefore, we investigated the association between DNA
methylation and clinical outcome in MDS.

Patients and Methods
We screened 24 patients with MDS for promoter CpG island methylation of 24 genes and
identified aberrant hypermethylation at 10 genes. We then performed quantitative methylation
analyses by bisulfite pyrosequencing of the identified genes in 317 patient samples from three
independent studies and assessed relations between methylation and clinical outcome.

Results
In an initial training cohort of 89 patients with MDS, methylation frequencies of individual genes
ranged from 7% to 70% and were highly concordant. Therefore, we defined a methylation z score
based on all genes for each patient. We found that patients with higher levels of methylation,
compared with patients with lower levels, had a shorter median overall survival (12.3 v 17.5
months, respectively; P � .04) and shorter median progression-free survival (6.4 v 14.9 months,
respectively; P � .009). This methylation prognostic model was independent of age, sex, and IPSS
group. Applied to two validation cohorts (228 patients), this model was confirmed as an
independent prognostic predictor for survival. Although methylation at baseline did not correlate
with clinical response to decitabine, we observed a significant correlation between reduced
methylation over time and clinical responses.

Conclusion
DNA methylation predicts overall and progression-free survival in MDS.

J Clin Oncol 28:605-613. © 2009 by American Society of Clinical Oncology

INTRODUCTION

Myelodysplastic syndromes (MDS) are heteroge-
neous hematopoietic disorders characterized by
bone marrow failure, dysplasia of one or more of the
myeloid blood cell lineages, and an increased risk
of developing acute myeloid leukemia.1 Various
models have been proposed to predict patient
outcomes, including the International Prognos-
tic Scoring System (IPSS).2 On the basis of the
percentage of blasts, karyotype, and number of
cytopenias, patients are classified into four IPSS
groups (Low, Intermediate-1, Intermediate-2, and
High). The median survival declines from almost 6
years in patients with IPSS low risk to less than 1 year
in patients with IPSS high risk.2 Despite the useful-

ness of IPSS in clinical practice, however, outcome
varies considerably among MDS patients with
identical IPSS scores.3 Although cytogenetic ab-
normalities in MDS are among the most valuable
independent prognostic determinants, their prog-
nostic value is limited by the inherent cytogenetic
diversity of these diseases.4 Because of the marked
heterogeneity of MDS and the increasing number
of emerging therapeutic targets approved for its
treatment, molecular characterization of MDS is
needed to further improve prognostic prediction
and for the selection of patients for targeted ther-
apeutic approaches.

Recently, epigenetic therapy using hypom-
ethylating agents (azacitidine and decitabine) has
demonstrated clinical effectiveness; azacitidine
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and decitabine are now approved by the US Food and Drug Ad-
ministration for the treatment of patients with MDS.5,6 DNA
methylation is a well-established epigenetic mechanism that regu-
lates gene transcription through modification at cytosines in the
context of CpG dinucleotides.7 Aberrant DNA methylation at the
promoter CpG islands is increasingly recognized as a common
event in human cancers and has been associated with silencing of
important tumor suppressor genes.8 The relation between progno-
sis and DNA methylation has been investigated in MDS at single
genes9-13 or combinations of multiple genes.14,15 For instance,
hypermethylation of p15INK4B was found to be negatively corre-
lated with prognosis, but this association was not statistically sig-
nificant in multivariate analysis.11,12 Another study of 37 patients
with MDS found that the combination of promoter methylation of
p15INK4B, HIC1, CDH1 and ER� genes predicts poor prognosis in
early-stage MDS but not advanced-stage MDS.14 These studies had
a small sample size, and whether DNA methylation could predict
responsiveness to hypomethylation agents has not been estab-
lished. Therefore, in the current study of a large number of adult
patients with MDS, we set out to investigate the prognostic signif-
icance of DNA methylation measured before treatment, to test the
significance of methylation at baseline in predicting clinical re-
sponses, and to explore the correlation between modulation of
DNA methylation and response to decitabine.

PATIENTS AND METHODS

Patients and Samples

We analyzed tumor samples from 317 patients with MDS. Patients were
divided into one training cohort and two validation cohorts. Each of the three
cohorts is unique. The training cohort consisted of 89 patients enrolled be-
tween July 2001 and February 2003 as part of a multicenter randomized phase
III trial comparing decitabine with supportive care; the study design has been
described in detail.5 Of the patients studied, 40 received decitabine, and 49
received supportive care alone. For each treatment cycle, decitabine was ad-
ministered intravenously at a dose of 15 mg/m2/d for 3 days, and each course
was repeated every 6 weeks. The first validation cohort comprised 75 patients
from a phase II trial comparing three schedules of low-dose decitabine treat-
ment at The University of Texas M. D. Anderson Cancer Center between
November 2003 and August 2005.6 All patients received decitabine in one of
the following three schedules: 20 mg/m2/d intravenously for 5 days (46 pa-
tients); 20 mg/m2/d subcutaneously for 5 days (13 patients); or 10 mg/m2/d
intravenously for 10 days (16 patients). Courses of decitabine were adminis-
tered every 4 weeks. The second validation cohort was an independent study of
153 patients with a diagnosis of MDS referred to The University of Texas M. D.
Anderson Cancer Center between December 2001 and April 2007. Of these
153 patients, 40 received either decitabine or azacitidine, and 113 received
either other chemotherapy or supportive care. Seventeen patients received
decitabine alone, 18 received azacitidine alone, and five received both decitab-
ine and azacitidine. Decitabine 20 mg/m2/d was administered intravenously
for 5 days, and azacitidine 75 mg/m2/d was administered subcutaneously for
7 days.

We obtained bone marrow or (if bone marrow was not available) periph-
eral blood before treatment (at baseline) for all patients. In addition, we
obtained bone marrow at 1, 2, and 4 months after treatment from 34 patients
in the training cohort. Among them, 20 patients received supportive care, and
14 received decitabine. All patients were enrolled onto protocols approved by
the institutional review boards of the involved institutions and provided writ-
ten informed consent.

Table 1. Baseline Patient Demographics Clinical and
Hematologic Characteristics

Demographic or
Characteristic

Training
Cohort

(n � 89)

First
Validation

Cohort
(n � 75)

Second
Validation
(n � 153)

No. of
Patients %

No. of
Patients %

No. of
Patients %

Age, years
Median 69 66 66
Range 30-85 44-89 23-91
� 45 3 3 1 1 8 5
45-65 31 35 34 45 66 43
� 65 55 62 40 53 79 52

Female sex 28 31 18 24 51 33
Hemoglobin level, g/dL

Median 9 9.5 9.8
Range 5.9-14.1 4.5-13.7 6.8-14.8
� 10 60 67 52 69 82 56
Missing data 4 5 0 0 0 0

Absolute neutrophil count,
� 109/L

Median 1.1 1 1.7
Range 0.1-18.7 0.1-61.6 0.1-31.4
� 1.8 57 64 51 68 80 52
Missing data 7 8 1 1 0 0

Platelet count, � 109/L
Median 38 48 79
Range 7-480 3-416 3-1,040

Platelet count
� 100 65 73 53 71 91 59
Missing data 5 6 0 0 0 0

Marrow blast cells, No.
Median 8 8 4
Range 0-28 0-26 0-29
� 5 28 31 17 23 78 50
5-10 23 26 30 40 29 19
11-20 23 26 25 33 28 19
21-30 12 14 3 4 18 12
Missing data 3 3 0 0 0 0

IPSS risk category
Low 0 0 2 3 34 22
Intermediate-1 30 34 30 40 56 37
Intermediate-2 41 46 31 41 38 25
High 18 20 11 15 22 14
Unclassified 0 0 1 1 3 2

FAB type
Refractory anemia 13 15 5 7 53 34
Refractory anemia with

ringed sideroblasts 5 6 3 4 17 11
Refractory anemia with

excess blasts 58 65 51 68 70 46
Chronic

myelomonocytic
leukemia 13 15 13 17 13 9

Unclassified 0 0 3 4 0 0
Karyotype

Good 32 36 40 53 87 57
Intermediate 18 20 20 27 34 22
Poor 22 25 15 20 30 20
Unclassified 17 19 0 0 2 1

MDS type
De novo 77 86 51 68 108 71
Secondary 12 14 24 32 45 29

Abbreviations: IPSS, International Prognostic Scoring System; FAB, French-
American-British; MDS, myelodysplastic syndrome.

Shen et al

606 © 2009 by American Society of Clinical Oncology JOURNAL OF CLINICAL ONCOLOGY



Quantitative DNA Methylation Analyses by

Bisulfite Pyrosequencing

We used bisulfite pyrosequencing to quantitatively assess DNA methyl-
ation.16 Details of the method, including primer sequences and conditions
used for methylation determination, are described in the Data Supplement.

Statistical Analysis

Details of statistical analysis used in this study are described in the Data
Supplement. All methylation data were generated without knowledge of the
clinical status of the samples and analyzed as continuous values. To evaluate
the effect of the overall genes, methylation for each gene among the patients
was standardized by the z score method.17

Standard statistical methods for survival analysis were used. These in-
cluded log-rank tests to determine univariate differences between groups,
Kaplan-Meier tests to calculate and generate survival curves, and multivariate
Cox proportional hazards models to assess whether methylation z score or any
known risk factor, such as age, sex, treatment, MDS type, prior treatment,
cytogenetic category, and IPSS group, was independently associated with sur-

vival. All P values are based on two-tailed tests, and P � .05 was considered
statistically significant.

RESULTS

Baseline Patient Characteristics and Follow-Up

Of the 170 patients enrolled onto the phase III trial, we excluded
81 patients from the training cohort because no specimen was avail-
able. We compared patient clinicopathologic characteristics between
the patients with tissue available and those without and found similar
distributions for patient age; sex; hemoglobin, WBC, platelet, and
marrow blast counts; cytogenetic categories; prior malignancy; prior
treatment for MDS; and IPSS status. However, compared with pa-
tients who were excluded, there were slightly more patients with
chronic myelomonocytic leukemia among the patients with tissue

Table 2. Correlation Between Average Methylation of 10 Genes (by z score) and Clinical Features

Characteristic

Training Cohort First Validation Cohort Second Validation

Mean z Score SD P Mean z Score SD P Mean z Score SD P

Age, years
� 45 �0.16 0.12 .11 �0.38 0 .09 0.49 0.63 .11
45-65 0.08 0.83 0.12 0.37 0.32 0.61
� 65 �0.04 0.49 0.23 0.39 0.14 0.63

Sex
Male �0.07 0.48 .17 0.18 0.41 .52 0.24 0.64 .87
Female 0.16 0.84 0.13 0.30 0.22 0.60

Hemoglobin level, g/dL
� 10 0.05 0.65 .41 0.20 0.37 .39 0.25 0.67 .73
� 10 �0.07 0.56 0.11 0.42 0.21 0.58

Absolute neutrophil count, � 109/L
� 1.8 �0.05 0.48 .19 0.21 0.36 .27 0.33 0.66 .03
� 1.8 0.21 0.88 0.10 0.45 0.12 0.57

Platelet count, � 109/L
� 100 0.03 0.64 .69 0.15 0.41 .66 0.30 0.63 .10
� 100 �0.03 0.61 0.25 0.33 0.13 0.61

Marrow blast percentage
� 5 �0.08 0.38 .80 0.13 0.42 .66 0.10 0.59 .01
5-10 0.00 0.56 0.13 0.40 0.29 0.58
11-20 0.11 0.92 0.24 0.38 0.31 0.66
21-30 0.08 0.54 0.18 0.11 0.60 0.67

IPSS risk category
Low NA .18 0.83 0.89 .30 �0.02 0.53 .01
Intermediate-1 �0.29 0.41 0.03 0.43 0.19 0.61
Intermediate-2 �0.02 0.77 0.24 0.32 0.29 0.59
High 0.02 0.46 0.34 0.50 0.53 0.72

FAB type
Refractory anemia �0.12 0.41 .44 0.29 0.71 .67 0.09 0.51 .002
Refractory anemia with ringed sideroblasts �0.25 0.43 �0.07 0.27 �0.10 0.54
Refractory anemia with excess blasts 0.07 0.70 0.17 0.31 0.43 0.68
Chronic myelomonocytic leukemia �0.08 0.44 0.17 0.52 0.18 0.52

Karyotype
Good �0.08 0.53 .07 0.14 0.42 .14 0.17 0.62 .42
Intermediate 0.18 0.50 0.14 0.42 0.32 0.72
Poor �0.07 0.37 0.28 0.24 0.28 0.55

MDS type
De novo �0.02 0.65 .12 0.16 0.44 .80 0.25 0.63 .51
Secondary 0.11 0.38 0.19 0.24 0.18 0.62

Abbreviations: SD, standard deviation; ANC, absolute neutrophil count; IPSS, International Prognostic Scoring System; FAB, French-American-British; MDS,
myelodysplastic syndrome.
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Fig 1. Kaplan-Meier survival estimates of overall and progression-free survival in patients with myelodysplastic syndromes. Overall survival in (A) training cohort, (B)
first validation cohort, (C) second validation cohort, and (D) all patients. Progression-free survival in (E) training cohort, (F) first validation cohort, (G) second validation
cohort, and (H) all patients. In each panel, patients are grouped into methylation low (gold) or methylation high (blue) groups according to their combined methylation
z scores. Median survival (95% CI) of each group in each panel is shown. P values are based on the log-rank test.
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available (13 of 89 studied patients v one of the other 81 patients;
P � .001). In the first validation cohort, we excluded 20 patients as a
result of sample unavailability. The data for patients included and for
those excluded had similar distributions with regard to demographic
and clinicopathologic characteristics. Table 1 lists the clinical and
demographic characteristics of the patients in the three cohorts. Pa-
tients in the training cohort and those in the validation cohorts had
similar characteristics, except that compared with the other two co-
horts, the second validation cohort included a broad spectrum of
patients with more low-risk MDS (Table 1).

The median follow-up time was 13.7 months in the training
cohort, 14.4 months in the first validation cohort, and 7.1 months in
the second validation cohort. In the training cohort, we found no
significant association between specimen sources and either overall
survival (P � .80) or progression-free survival (P � .56).

Selection of a Panel of Genes for

Methylation Analysis

We screened promoter CpG island methylation of 24 genes in a
group of 24 patients with MDS; these genes were selected based on
previous reports18-20 and our ongoing effort to identify hypermethyl-
ated genes in cancer by a genome-wide methylated CpG island ampli-
fication/representational difference analysis technique21,22 (details are
summarized in the Data Supplement). After the initial screening, low
levels of methylation were detected in 14 genes, and we excluded them
from further study. Aberrant promoter CpG island methylation of 10
genes, including E-cadherin (CDH1), N-cadherin (CDH13), estrogen
receptor-� (ER�), oxidored-nitro domain-containing protein iso-
form 1 (NOR1), nucleoplasmin 2 (NPM2), oligodendrocyte lineage
transcription factor 2 (OLIG2), cyclin-dependent kinase 2B inhibitor
(p15INK4B), progesterone receptor A (PGRA), progesterone receptor B
(PGRB), and PDZ and LIM domain 4 (RIL), was found in more than
10% of the patients, and these genes were selected for further analysis
(Data Supplement).

To confirm that the observed methylation differences were not
merely measurement variation or cellular heterogeneity (such as anal-
yses performed on unfractionated cells), we repeated bisulfite treat-
ment, polymerase chain reaction, and pyrosequencing for six genes in
20 MDS patient samples, compared methylation for all genes between
bone marrow and blood samples obtained at the same time from 25
patients, and compared methylation level between sorted CD34� and
CD3–/19– cells from the same patients (Data Supplement). The results
from two replicate experiments were almost identical, with the Spear-
man correlation coefficient (r value) of 0.92 (n � 93). A significant

correlation was found between methylation levels measured in bone
marrow and blood (n � 117, r � 0.93), as well as between methylation
levels measured in CD34� and CD3–/19– cells (n � 13, r � 0.91).

Model of DNA Methylation Profiling for Predicting

Survival in the MDS Training Cohort

Among the 89 patients in the training cohort, promoter meth-
ylation (� 15%) was found in 7% at ER�, 15% at CDH1, 15% at
NOR1, 20% at NPM2, 21% at CDH13, 23% at p15INK4B, 41% at
OLIG2,45%atPGRB,45%atPGRA,and70%atRIL.Using methylation
level as a continuous variable and analyzing the correlation between
each gene by Spearman correlation analysis, we found significant
positive associations among methylation of different genes within the
same patients (Data Supplement). These results indicate concordant
methylation in a subset of patients (Data Supplement) and hence that
combining multiple gene methylation profiles could provide greater
accuracy than individual markers in predicting clinical outcomes.
Therefore, we used average z scores based on methylation of all genes
to compare clinical characteristics and build predictive models of
survival for individual patients. There were no significant associations
between average methylation z score and age, sex, hemoglobin level,
absolute neutrophil count, platelet count, bone marrow blast per-
centage, IPSS status, French-American-British type, or cytogenet-
ics (Table 2).

To evaluate the prognostic significance of the methylation
profile, we performed both univariate and multivariate analyses. In
the univariate analysis, only methylation was significantly associ-
ated with shorter overall survival (hazard ratio [HR] � 1.68; 95%
CI, 1.01 to 2.80; P � .05). Methylation was most significantly
associated with progression-free survival (HR � 1.03; 95% CI, 1.00
to 1.06; P � .06 for age; HR � 1.78; 95% CI, 1.01 to 3.13; P � .05 for
IPSS status; and HR � 1.88; 95% CI, 1.15 to 3.07; P � .01 for
methylation). Figure 1 shows Kaplan-Meier curves of overall sur-
vival and progression-free survival according to the baseline levels
of methylation. The median overall survival time was 12.3 months
in patients with high methylation compared with 17.5 months in
patients with low methylation (P � .04; Fig 1A), and the median
progression-free survival time was 6.4 months in patients with high
methylation compared with 14.9 months in patients with low
methylation (P � .01; Fig 1E). In multivariate analysis, methyl-
ation remained the only independent predictor of overall survival
(HR � 1.68; 95% CI, 1.0 to 2.81; P � .05) and progression-free
survival (HR � 1.95; 95% CI, 1.18 to 3.21; P � .009; Table 3). The
effects of methylation on overall and progression-free survival

Table 3. Multivariate Cox Proportional Hazards Analysis of Overall and Progression-Free Survival

Variable

Training Cohort (n � 89) All Patients (N � 317)
Patients Without Treatment of Hypomethylating Agents

(n � 162)

Overall Survival Progression-Free Survival Overall Survival Progression-Free Survival Overall Survival Progression-Free Survival

Hazard
Ratio 95% CI P

Hazard
Ratio 95% CI P

Hazard
Ratio 95% CI P

Hazard
Ratio 95% CI P

Hazard
Ratio 95% CI P

Hazard
Ratio 95% CI P

Age 1.02 0.99 to 1.05 .27 1.02 0.99 to 1.05 .11 1.05 1.03 to 1.07 � .0001 1.03 1.01 to 1.04 .0023 1.05 1.03 to 1.08 .0001 1.02 1.00 to 1.04 .0395
Sex 1.08 0.63 to 1.85 .78 0.96 0.57 to 1.62 .87 0.88 0.59 to 1.32 .54 1.09 0.77 to 1.56 .62 0.68 0.38 to 1.22 .19 0.89 0.54 to 1.47 .64
IPSS status 1.31 0.71 to 2.42 .38 1.67 0.93 to 2.97 .08 1.40 0.91 to 2.14 .12 2.60 1.78 to 3.78 � .0001 1.56 0.82 to 2.97 .18 4.73 2.78 to 8.05 � .0001
Methylation 1.68 1.00 to 2.81 .05 1.95 1.18 to 3.21 .009 1.83 1.23 to 2.71 .0027 1.87 1.31 to 2.67 .0006 2.07 1.18 to 3.65 .011 2.31 1.38 to 3.86 .0015

Abbreviation: IPSS, International Prognostic Scoring System.
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were similar in patients who received decitabine and those who
were on supportive care (Data Supplement).

Validation of the DNA Methylation Prognostic Model

in Two Independent Cohorts

As shown in the Data Supplement, concordant methylation of
the 10 genes was also observed in the two validation cohorts. No
significant association was found between average methylation z score
at baseline and clinical variables in the first validation cohort (Table 2).
In the second validation cohort (consecutive series that included pa-
tients with low-risk MDS), significantly lower levels of methylation
were found in patients with lower bone marrow blast percentage,
lower risk IPSS status, and refractory anemia with ringed sideroblasts.

Figure 1 shows overall survival and progression-free survival
according to baseline levels of methylation in the validation cohorts.
Methylation was significantly associated with progression-free sur-
vival in both cohorts (P � .03 and P � .03; Figs 1F and 1G). We found
significant association between methylation and overall survival in the
first validation cohort (P � .05; Fig 1B); however, the difference in
overall survival was not statistically significant in the second validation
cohort (P � .097; Fig 1C). Because the second validation cohort
comprised more patients with low-risk MDS, one possible explana-
tion is that the relatively short follow-up in these patients may not be
sufficient to detect significant differences. We then performed sepa-
rate analyses in patients with or without low-risk MDS and found
that methylation was not significantly associated with overall or
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progression-free survival in patients with low-risk MDS during the
follow-up period (Data Supplement). For patients with other than
low-risk MDS, methylation was confirmed to predict shorter overall
and progression-free survival (P � .035 and P � .012, respectively;
Data Supplement). In the original and validation cohorts combined,
patients with high methylation had a worse survival than patients with
less methylation (14.3 v 22.8 months, respectively; P � .014 for overall
survival and 10.2 v 18.3 months, respectively; P � .0017 for
progression-free survival; Figs 1D and 1H).

Multivariate analyses were performed using data from the two
validation cohorts or from all patients (Table 3). As in the training
cohort, after adjusting for age, sex, and IPSS status, methylation was
independently associated with overall survival (HR � 1.83; 95% CI,
1.23 to 2.71; P � .0027) and progression-free survival (HR � 1.87;
95% CI, 1.31 to 2.67; P � .0006).

Because hypomethylating agents may alter the natural history of
disease, we then analyzed the correlation between baseline methyl-
ation score, clinical characteristics, and standard prognosis separately
according to whether or not the patients received treatment with
either decitabine or azacitidine. Including only patients who did not
receive hypomethylating agents yielded the same results as including
all patients (Data Supplement lists clinical characteristics and shows
Kaplan-Meier analysis; Table 3 lists results of multivariate sur-
vival analysis).

Methylation-Based Prediction Within the Same

Cytogenetic Risk Groups

Taking advantage of the large data set, we were able to determine
the impact of the DNA methylation prognostic model in patients
within similar cytogenetic subgroups. Cytogenetic risk groups were
defined by the IPSS as good, intermediate, and poor. Among patients
who were in cytogenetic intermediate- and poor-risk groups, the
methylation model was a significant predictor of survival (Figs 2B and
2C show overall survival, and Figs 2E and 2F show progression-free
survival). Interestingly, survival curves showed no significant differ-
ences between high methylation and low methylation groups in pa-
tients with good cytogenetic risk (Figs 2A and 2D).

Correlation Between DNA Methylation

and Treatment Responses

To determine whether DNA methylation could predict re-
sponses to decitabine treatment, we compared DNA methylation
at baseline with clinical responses in 163 patients enrolled onto the
phase III and phase II trials. Nine percent of the 89 patients from
the phase III trial achieved complete remission (CR) or partial
remission (PR), and 47% of the 75 patients from the phase II trial
achieved CR or PR. Although the patient groups are comparable
between these two trials (Table 1), the difference in clinical re-
sponses may be related to the different dose-intensity of decitabine
given and to the median number of decitabine courses, which was
six in the phase II trial and three in the phase III trial.5,6 Treatment
response was not correlated with either methylation of single genes
or a combination of all genes (Data Supplement).

We then analyzed methylation changes at multiple time points
for correlation with response in 34 patients from the phase III trial.
These patients were selected solely based on tissue availability, and all
available tissues were evaluated. Of 14 patients who received decitab-
ine, two patients achieved CR, three achieved PR, four achieved hema-

tologic improvement (HI), four had stable disease (SD), and one had
progressive disease (PD). Of 20 patients on supportive care, two pa-
tients achieved HI, six had SD, and 12 had PD. Methylation levels at
each time point were averaged across the 10 genes. At the latest avail-
able time point (� 4 months on therapy), we found that methylation
decreased by 11.2% in patients on decitabine but increased by 20.1%
in patients on supportive care (P � .04; Fig 3). A greater decrease was
observed in patients with CR or PR (40.6% � 15.7%) compared with
HI (9.8% � 13.2%). In contrast, methylation increased by 15.4% in
patients with SD and by 27.2% in patients with PD (P � .02; Fig 3).

DISCUSSION

In the present study, we conducted DNA methylation profiling of
10 genes in 317 patients with MDS and assessed associations be-
tween DNA methylation and clinical outcomes. Our data identify a
subset of patients with concordant methylation at multiple genes,
suggesting the presence of CpG island methylator phenotype
(CIMP) in MDS, as described in colon cancer23 and other human
neoplasms including acute myeloid leukemia.18,24-27 The presence
of CIMP was significantly associated with poor prognosis and risk
of leukemia transformation.

The mechanistic bases of CIMP in MDS remain unknown. One
proposed mechanism involves aberrant recruitment of DNA methyl-
transferases to CpG islands28 and/or loss of methylation protection.29

Another possible explanation is that hypermethylation may not be
directly linked to the methylation machinery, but rather reflects envi-
ronmental exposures. Indeed, previous studies have suggested differ-
ent methylation profiles in experimental lung tumors induced by
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Fig 3. Methylation changes at multiple time points after treatment. Average
methylation changes (before and after 4 months on therapy) were compared
between patients treated with decitabine (DAC) and supportive care (SUP).
Methylation decreased by 11.2% in patients on DAC but increased by 20.1% in
patients on SUP (P � .04 by Mann-Whitney U test). These methylation changes
were then analyzed for correlation with response in 34 patients (DAC arm: two
patients with complete remission [CR], three patients with partial remission [PR],
four patients with hematologic improvement [HI], four patients with stable
disease [SD], and one patient with progressive disease [PD]; supportive care arm:
two patients with HI, six patients with SD, and 12 patients with PD). A greater
decrease was observed in patients with CR or PR (40.6% � 15.7%) compared
with HI (9.8% � 13.2%). Methylation increased by 15.4% in patients with SD and
by 27.2% in patients with PD (P � .02 by Kruskal-Wallis test).
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various carcinogens,30 and studies have indicated correlations be-
tween CpG island methylation and specific carcinogenic exposures in
hepatocellular carcinomas.31 Finally, a plausible hypothesis by which
CIMP confers poor prognosis is that tumors with high degrees of
methylation are more likely to inactivate genes critical for tumor
progression and for response to chemotherapy.

Although we did not find any significant association between
methylation at baseline and clinical response to decitabine treatment,
reduced methylation over time was correlated with better clinical
response. Further studies of methylation dynamics both before and
after treatment will be useful to determine the ability of these markers
to direct treatment. It is possible that future studies including unbiased
methods for genome-scale DNA methylation may identify biomark-
ers that may predict for the success of epigenetic treatment.

In conclusion, we developed gene methylation signatures
based on a combination of 10 genes that predict both overall and
progression-free survival in patients with MDS. This methylation
prognostic model was validated in independent samples of patients
from two consecutive studies. Methylation at baseline does not
predict response to decitabine, but decreased methylation after
therapy is associated with clinical response. These findings may be
useful to clinicians for predicting individual survival probabilities
and for directing therapy and to researchers for designing and
interpreting clinical trials.
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