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Aberrant DNA methylation is known to occur in cancer, including hematological malignancies such as acute myeloid
leukemia (AML). However, less is known about whether specific methylation profiles characterize specific subcategories
of AML. We examined this issue by using comprehensive high-throughput array-based relative methylation analysis
(CHARM) to compare methylation profiles among patients in different AML cytogenetic risk groups. We found distinct
profiles in each group, with the high-risk group showing overall increased methylation compared with low- and mid-
risk groups. The differentially methylated regions (DMRs) distinguishing cytogenetic risk groups of AML were enriched
in the CpG island shores. Specific risk-group associated DMRs were located near genes previously known to play a role
in AML or other malignancies, such as MN1, UHRF1, HOXB3, and HOXB4, as well as TRIM71, the function of which in
cancer is not well characterized. These findings were verified by quantitative bisulfite pyrosequencing and by
comparison with results available at the TCGA cancer genome browser. To explore the potential biological significance
of the observed methylation changes, we correlated our findings with gene expression data available through the
TCGA database. The results showed that decreased methylation at HOXB3 and HOXB4 was associated with increased
gene expression of both HOXB genes specific to the mid-risk AML, while increased DNA methylation at DCC distinctive
to the high-risk AML was associated with increased gene expression. Our results suggest that the differential impact of
cytogenetic changes on AML prognosis may, in part, be mediated by changes in methylation.

Introduction

Abnormal DNA methylation has been observed in acute mye-
loid leukemia (AML) and, therefore, proposed as a contributing
factor to the pathogenesis of the disease.1 AML patients have
benefited from treatment with hypomethylating agents such as
azacitidine and decitabine, although not all respond equally.2

Previous studies showed associations of certain methylation pat-
terns with specific chromosome abnormalities and gene muta-
tions and suggested a prognostic significance to these patterns.3–
12 However, it remains unclear if DNA methylation profiles dif-
fer according to AML cytogenetic risk group, the principal pre-
dictor of outcome in AML.

This study used comprehensive high-throughput array-based
relative methylation analysis (CHARM) to identify differentially
methylated regions (DMRs) in AML patients with different cyto-
genetic risk profiles. Previous studies have demonstrated that
CHARM, unbiasedly evaluating methylation changes in

4.6 million CpG sites across the genome, provides almost 100%
sensitivity and 90% specificity.13,14 We have found that unique
sets of DMR can distinguish cytogenetic risk groups in AML.
Those results were further validated using quantitative pyrose-
quencing and by analysis of additional independent patient
cohorts.

Results

CHARM presented methylation profiles that are distinct to
AML compared with normal samples and to each cytogenetic
risk group of AML

Demographic information for the samples used in this study is
presented in Table 1. By evaluating CpG sites throughout the
entire genome, CHARM methylation profiling effectively distin-
guished 4 groups: (1) normal controls; (2) patients with low-risk
cytogenetics; (3) patients with intermediate-risk cytogenetics;
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and (4) patients with high-risk cytogenetics (Fig. 1). Specifically,
pairwise comparison indicated that the AML genome was charac-
terized by increased methylation compared with age-matched
controls (Fig. 2A top). CHARM analysis identified 668 DMRs
associated with AML compared with normal controls, most of
which showed hypermethylation in AML [641 (96%); Fig. 2A
bottom]. Among the AML patients, DMRs differentiating
between cytogenetic risk groups were identified. The majority of

the DMRs distinguishing high-risk from low- or mid-risk AML
showed increased methylation in the high-risk group: 251 out of
the 262 (96%; Fig. 2C bottom) and 323 out of the 325 (99%;
Fig. 2D bottom). DMRs showed increased methylation in high-
risk compared with low-risk and mid-risk, respectively. Among
the 95 DMRs that differentiate between low- and mid-risk
groups, 50 DMRs showed higher methylation in mid-risk, while
45 had higher methylation in the low-risk group (Fig. 2B
bottom).

Age effect on DNA methylation
Besides cytogenetic risk, we investigated the effect of age on

DNA methylation by comparing 6 younger AML patients (age
18 to 26) with 6 older ones (age 53 to 60). Both groups included
2 each of the low-, mid-, and high-risk patients. Although older
patients showed slightly reduced global methylation, DNA meth-
ylation profiles were largely similar between the 2 groups. Only
13 DMRs were statistically significant (P < 0.01; Fig. 2E), 10 of
which showed lower methylation in the older patients (Fig. 2E
bottom). To investigate if similar findings would be obtained in
healthy individuals, we compared CD34C enriched cells
obtained from granulocyte colony-stimulating factor (G-CSF)
mobilized peripheral blood apheresis collection from 5 younger
(age 23 to 29) and 5 older (age 53 to 64) healthy individuals.
Again, more DMRs showed decreased methylation with age
(Fig. 2F). Although 263 DMRs (P < 0.01) were identified
between the 2 age groups (Fig. 2F top), the majority of the
DMRs only showed a methylation difference less than 20%
(Fig. 2F bottom).

DMRs distinguishing different risk groups of AML were
enriched at CpG island shores

We next investigated the physical location of the DMRs in
relation to CpG islands (CGIs; Fig. 3). The DMRs distinguish-
ing different cytogenetic risk groups were enriched at CpG island
shores, defined as genomic regions within 2 kb of CGI14.
Although 33% of the CHARM array probes target the CGIs
because of their high CpG content, the DMRs located within
CGIs were only 17–19% (Fig. 3B, C, and D). In contrast, while

Table 1 Demographic information for all samples used in this study

AML

CHARM cohort Additional validation samples Normal

(n D 15) (n D 13) (n D 15)

Gender [Number of males (%)] 11 (73%) 4 (31%) 7 (47%)
Age (median, range)1 38 (18–62) 59 (20–71) 42 (23–64)
Cytogenetic risk
Low2 30 (24–60, n D 5) 68 (20–71, n D 3) -
Mid 38 (18–62, n D 5) 59 (48–70, n D 5) -
High3 45 (18–58, n D 5) 49 (21–64, n D 5) -
Blast percentage (median, range) 77% (39%-96%) 88% (17%-99%)

1.Samples were age matched within the CHARM cohort (P D 0.94 by Kruskal-Wallis test) and additional validation cohort (P D 0.53).
2.Low-risk AML was defined as patients with t(8;21) or inv(16);
3.High-risk AML patients in this study all had complex karyotype.

Figure 1. Heat map showing the methylation values of CHARM probes
that differentiate among control and 3 cytogenetic risk groups of AML
patients based on unsupervised agglomerative hierarchical clustering.
Each column represents a patient. Each row denotes a probe. The top 20
probes are displayed as an example to show how the samples can be
classified into 4 distinct groups, normal control, low-risk, mid-risk, and
high-risk AML, based on the methylation values (Agglomerative Coeffi-
cient D 0.77).
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only 5% of the CHARM probes would theoretically hybridize to
CGI shores because of the lower CpG content in these regions,
approximately 15% of the DMRs distinguishing different cyto-
genetic risk groups were located at the CGI shores (P < 0.05).
Conversely, the DMRs that differentiate AML as a whole from
normal did not show significant enrichment at the CGI shores
(Fig. 3A).

DMRs associated with individual cytogenetic risk groups
were identified

We next investigated which specific DMRs were associated
with each cytogenetic risk group (Table 2). In order to identify
DMRs associated with low-cytogenetic risk AML, we examined
the overlap of DMRs from the low- vs. mid-risk and low- vs.
high-risk comparisons and identified 25 regions. Five of these
DMRs (20%) showed increased methylation compared with the
other 2 AML risk groups whereas 20 (80%) showed decreased
methylation. Of these 25 low-risk associated DMRs, 4 were also
identified in the normal vs AML comparison. They showed lower
methylation in AML than in normal samples; likewise, they dis-
played lower methylation in the low-risk AML than in other
AML. Similarly, we found 23 mid-risk associated DMRs, with
decreased methylation in the mid-risk group compared with
other AML groups. Among these, 12 were also found to differen-
tiate AML and normal samples, with higher methylation in
AML. Interestingly, high-risk AML defined by cytogenetics

showed increased global methylation compared with low- and
mid-risk AML, with a total of 133 DMRs identified, among
which 43 showed AML associated hypermethylation relative to
normal. Examples of DMRs associated with each cytogenetic risk
group are listed in Table 3 with their location relative to the clos-
est CGI and gene(s) specified.

Bisulfite pyrosequencing verification of DMRs associated
with specific cytogenetic risk groups

To verify the methylation changes identified by CHARM, we
selected DMRs associated with different cytogenetic risk groups
and performed 2 types of validations: (1) technical validation by
measuring the methylation level in the DMR sub-regions using
quantitative bisulfite pyrosequencing (Table 4 and Fig. 4); and
(2) external validation using results available at the TCGA cancer
genome browser15 (https://genome-cancer.ucsc.edu/) (Additional
File 1) . We selected 8 DMRs based on the DMR ranking by
CHARM and the availability of pre-designed assays. Among
those DMRs, MN1, TRIM71, and UHRF1 were found to be
associated with low-risk AML and demonstrated decreased meth-
ylation (P < 0.005; Table 4 and Fig. 4A, B, and C). These dif-
ferences remain significant after Bonferroni correction for 8 tests
(Alpha value lowered from 0.05 to 0.00625). The MN1 pyrose-
quencing analysis differentiated the low-risk group from the
mid- and high-risk groups by 20% and 23%, respectively. The
TRIM71 pyrosequencing assay showed 59% and 42% lower

Figure 2. Overview of the CHARM analyses performed in the current study. Each panel presents results from a pairwise comparison: (A) Normal control
vs. all AML; (B) low-risk vs. mid-risk AML; (C) mid-risk vs. high-risk AML; (D) low-risk vs. high-risk AML; (E) younger vs. older AML; and (F) younger vs. older
control. Top: heatmaps of all the differentially methylated regions (DMRs) that distinguish the 2 groups, with each row representing a DMR. Bottom: Dot
plots presenting the average methylation difference of each DMR generated using this pairwise comparison. Dots above the 0 line (blue) denote DMRs
with higher methylation in the group on the right side of the corresponding heatmap.
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methylation in the low-risk group compared with the mid- and
high-risk groups, respectively. One DMR associated with mid-
risk AML, near genes HOXB3 and HOXB4, displayed decreased
methylation in mid-risk compared to other AML patients (P D
0.014; Table 4 and Fig. 4D). This difference would not be sta-
tistically significant with a Bonferroni correction. Four DMRs
associated with high-risk AML (NEFL, DCC, PITX1 and one
near DUOX2 and DUOXA2), displayed a higher average methyl-
ation in the high-risk cytogenetic group relative to all other AML
patients (Fig. 4E, F, G, and H). However, due to the high vari-
ability in this group (standard deviation over mean of the

methylation value was 77% for NEFL, 62% for DCC, 71% for
PITX1, and 92% for DUOX2), the differences seen in these
high-risk associated DMRs were not statistically significant by
pyrosequencing (Table 4). We were able to obtain methylation
data of AML patients from the TCGA cancer genome browser
for all the above DMRs except the one in intron 1 ofMN1. Con-
sistent with our findings, the data from “TCGA acute myeloid
leukemia (LAML) DNA methylation (HumanMethylation450)”
showed a low-risk specific decrease of methylation in TRIM71
and UHRF1, as well as mid-risk specific decrease of methylation
in HOXB3/4 (Additional File 1A, B, and C). The methylation in

Figure 3. Distribution of DMRs identified in pair-wise CHARM analyses in relation to CpG islands (CGI). (A) AML vs. Normal; (B) low- vs. mid-risk AML; (C)
low- vs. high-risk AML; and (D) mid- vs. high-risk AML. As denoted on the X axis, DMR positions are defined as “islands” (cover or overlap more than 50%
of a CGI), “overlap” (0.1–50% of a CGI), or located 0–500 bp, 500–1000 bp, 1000–2000 bp, 2000–3000 bp, or greater than 3000 bp from the nearest CGI.
The percentage of each group is presented for the DMRs of interest (filled circles). The empty squares present the null distribution (Mean §STD), calcu-
lated by repeated (100 times) simulation using genomic fragments randomly selected among CpG regions targeted by the array.

Table 2 The numbers of Differentially Methylated Regions (DMRs) associated with AML and each cytogenetic risk group

Increased methylation Decreased methylation

Total number of DMRs n % n %

AML1 668 641 96% 27 4%
Low-risk AML2 25 5 20% 20 80%
Mid-risk AML2 23 0 0% 23 100%
High-risk AML2 133 133 100% 0 0%

1In comparison with normal.
2In comparison with other AML risk groups.
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DCC, NEFL, DUOX2/DUOXA2, and PITX1 was similar among
all 3 risk groups of AML (Additional File 1D, E, and F).

Expression changes in DMR associated genes
Methylation changes often lead to expression alterations in

adjacent genes, which can lead to functional changes in the cell.
We, therefore, investigated if there were specific expression
changes associated with methylation of those DMRs identified in
our study. We extracted data from the publically available
TCGA database and compared the mRNA expression z-scores in
AML patients stratified into low- (n D 32), mid- (n D 101), and
high-risk (n D 37) groups based on cytogenetic findings (Fig. 4).
The mRNA expression z-scores of each gene were obtained
through comparing the RNA seq V2 RSEM (RNA-Seq by
Expectation Maximization) results with the expression distribu-
tion in tumors that are diploid for the gene (cBioPortal for Can-
cer Genomics at http://www.cbioportal.org/public-portal/).16,17

Comparison between methylation and expression showed that,

for some genes, alterations in methylation were associated with
changes in expression (Fig. 4). Among the DMRs associated
with low-risk AML, UHRF1 showed expression in low-risk
that was significantly different from both mid- and high-risk
groups (Fig. 4C, P < 0.01). The decreased methylation in
intron 2 and promoter CpG island shore of UHRF1 was
associated with increased gene expression. A mid-risk associ-
ated DMR, located in intron 1 of HOXB3 and near the 50 of
HOXB4, showed decreased methylation (Fig. 4D) compared
with low- and high-risk groups. The expression of HOXB3
and HOXB4 in mid-risk AML was significantly higher than
in low- and high-risk AML (Fig. 4D, P < 0.0001). Among
the high-risk associated DMRs, deleted in colorectal carci-
noma gene (DCC) showed an mRNA expression level that
was distinctive in high-risk AML. The increased methylation
at the 50 untranslated region (50UTR) was associated with
higher expression of DCC in high-risk AML patients
(Fig. 4E, P < 0.02)

Table 3: Representative DMRs associated with individual cytogenetic risk groups of AML

DMR location

Relative to gene2

Cytogenetic
Risk
Association1

Related
Genes Gene Descriptions

Relative
to CGI

<10kb
upstream
of TSS

<2kb
upstream
of TSS 5’UTR Exon Intron 3’UTR

<2kb
down
stream

Low HOXA7 Homeobox A7 Island
Low MPDU1 Mannose-P-dolichol utilization defect 1 Shore
Low AK5 Adenylate kinase 5 Overlap
Low FAM179B Family with sequence similarity 179, member B Island
Low MEIS1 Meis homeobox 1 NA
Low HNRPF Heterogeneous nuclear ribonucleoprotein F Overlap
Low TRIM71 Tripartite motif containing 71 Overlap
Low CD68 CD68 molecule Shore
Low BAHCC1 BAH domain and coiled-coil containing 1 Overlap
Low MN1 Meningioma 1 NA
Mid NKX2-3 NK2 homeobox 3 Island
Mid LRAT Lecithin retinol acyltransferase Overlap
Mid C4orf45 Chromosome 4 open reading frame 45 Shore
Mid FOXB2 Forkhead box B2 Shore
Mid NXPH2 Neurexophilin 2 Island
Mid HOXB4 Homeobox B4 Shore
Mid SNAP25 Synaptosomal-associated protein, 25kDa Island
Mid IRX6 Iroquois homeobox 6 Island
Mid NBEA Neurobeachin Island
Mid HOXB3 Homeobox B3 NA
High TOB2P1 Transducer of ERBB2, 2 pseudogene 1 Island
High POU4F1 POU domain, class 4, transcription factor 1 Shore
High FOXC1 Forkhead box C1 Island
High DCC Deleted in colorectal carcinoma Shore
High PCDH10 Protocadherin 10 isoform 1 precursor Shore
High PDGFRA Platelet-derived growth factor receptor alpha Shore
High MARCKS Myristoylated alanine-rich protein kinase C Shore
High PITX1 Paired-like homeodomain transcription factor 1 Island
High OTX Orthodenticle homeobox 1 Island
High NKX3-2 NK3 homeobox 2 Island

1Comparison with other AML risk groups; only 10 representative DMRs for each group are shown
2Regions showing increased and decreased methylation are marked as pink and green, respectively.
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Discussion

By applying CHARM, a whole-genome methylation analysis,
we have demonstrated that different cytogenetic risk groups of
AML are epigenetically distinct. Pairwise comparison between
AML and normal controls showed that AML samples were rela-
tively hypermethylated. This observation is consistent with a
recent study by TCGA,1 which showed increased methylation,
particularly in CpG dense regions, of AML patients compared
with healthy controls. Similarly, Figueroa et al. showed most of
the methylation signatures distinguishing between normal and
AML as a whole showed hypermethylation, although certain sub-
types of AML, such as the NPM1-mutation subgroup showed
even distribution of hyper- and hypomethylation compared with
normal.12 Pairwise comparisons between the AML cytogenetic
risk groups indicated that global DNA methylation profiles

differed significantly and that a set of specific DMRs can be used
to differentiate cytogenetic risk groups.

DNA methylation changes associated with specific subgroups
of AML were reported in previous studies. Wilop et al. reported
that DNA methylation patterns tend to be similar between AML
samples with the same chromosomal abnormalities18; similarly,
Denerberg et al. has shown a non-significant trend for global
methylation differences among cytogenetic or molecular (FLT3,
NPM1, CEBPA, and RAS) subgroups of AML.19 Figueroa et al.
identified well-defined methylation patterns associated with spe-
cific chromosome abnormalities in AML, such as inv(16)/t
(16;16), t(8;21), t(15;17), deletions of 5q and 7q, as well as gene
mutations of NPM1 and CEBPA.12 They also identified 5 meth-
ylation signatures with no other common morphologic or molec-
ular features, but with distinct clinical outcome. Finally, the
TCGA study showed distinct DNA methylation patterns in

Figure 4.Methylation levels in DMRs and expression of nearby genes. (A) MN1; (B) TRIM71; (C) UHRF1; (D) HOXB3 and HOXB4; (E) DCC; (F) NEFL; (G) DUOX2
and DUOXA2; (H) PITX1. Within each panel: the plot on the left presents DNA methylation levels of DMR and adjacent genomic regions measured by
CHARM from low-, mid, and high-risk AML (n D 5 in each), with the relative locations of the gene, CGI(s), DMR, and the pyrosequenced region shown
above; the plot in the middle presents DNA methylation levels of each CpG site within a sub-region of the DMR measured by quantitative bisulfite pyro-
sequencing (8 low-, 10 mid-, and 10 high-risk patients; n D 28 total); the right panel shows the average mRNA expression Z scores ( §SE) downloaded
from cBioPortal for Cancer Genomics (32 low-, 101 mid-, and 37 high-risk patients). Low-, mid-, and high-risk AML were denoted using green, orange,
and red, respectively. Lines demonstrate the Loess fitted mean per group. Asterisks in the expression plots denote expression in a given risk-group that
is significantly different from the 2 other groups based on ANOVA followed by TukeyHSD tests.
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specific gene-fusion and molecular subtypes of AML patients,
particularly in CpG-sparse regions of the genome.1 Our study is
unique in its identification of specific DMRs associated with
each cytogenetic risk group. We were able to validate our findings
from CHARM in half of the DMRs chosen for further evaluation
using quantitative pyrosequencing. Using the independent
TCGA data set, we also found that differences in methylation
levels were related with differences in mRNA expression levels in
selected genes.

Various methods exist for array-based genome-wide methyla-
tion profiling. The CHARM method was based on the McrBC
method, which had been shown by a rigorous comparison study
to have the best overall performance considering sensitivity and
segment sizes in comparison with the HELP12 and the MeDIP
methods.13 However, no direct comparison is available for the
CHARM method and the Infinium Methylation Assay com-
monly used currently (Human Methylation 450 BeadChip Kit
by Illumina). CHARM assessed the largest number (4.6 million)
of CpG loci and genes among all known methylation profiling
platforms.

In our study, there were more DMRs unique to high-risk
AML (133) than to the low-(25) and mid-risk (23) groups; this
indicates a more aberrant state of the epigenome in patients with
aggressive and advanced disease. Interestingly, while the majority
of the low- and mid-risk associated DMRs were characterized by
a decrease in methylation, all of the high-risk associated DMRs
demonstrated increased methylation compared with other
groups.

Some of these cytogenetic risk associated DMRs mapped to
genes previously shown to play a role in AML or other malignan-
cies. For example, the MN1 oncogene is dysregulated in AML,
and multiple studies have shown a link between high MN1
expression and poor clinical outcome in cytogenetically normal
AML (CN-AML),20,21 while low levels of MN1 expression were
associated with favorable outcomes.22 Our study demonstrated
lower methylation in low-risk AML of a DMR located in intron
1 of MN1, within the promoter CpG island shore. Moreover,
analyses of expression data showed a trend of increased expression
in the high-risk group compared with low- and mid-risk
[ANOVA P < 0.0001, Tukey HSD comparison P (low vs. high)
D 0.054 and P (mid vs. high) < 0.0001]. (Fig. 4A). In the case
of HOXB3, we showed decreased methylation in mid-risk com-
pared with other AML samples. Consistent with the findings of
Roche et al who compared the expression of multiple HOX genes
in different cytogenetic risk groups and found the expression
restricted to mid-risk AML by cytogenetics,23 our analysis of the
TCGA data (2013) showed higher HOXB3 and HOXB4 expres-
sion in mid-risk AML patients than in patients of other risk
groups (Fig. 4D). Although there are different theories regarding
the effect of aberrant DNA methylation on gene expression, our
observations are largely consistent with recent consensus: hyper-
methylation in a gene body would increase gene expression,
whereas methylation in the gene promoter would decrease gene
expression. Perhaps somewhat unexpected was a high-risk AML
associated DMR mapped to the deleted in colorectal carcinoma
gene (DCC). DCC has been reported to function as a tumor

suppressor gene in colorectal carcinoma and in other human
malignancies including AML.24 Inokuch et al reported that
decreased DCC expression is associated with a poor prognosis in
AML.24 However, we identified a DMR at the 50UTR of the
gene near the DCC promoter CpG island with increased methyl-
ation in the high-risk AML samples. Its expression based on
TCGA data was higher in the high-risk AML compared with
other AML patients (Fig. 4E), contradicting previous reports.
Additional validation of DCC methylation and expression levels
associated with AML outcome is warranted.

Pyrosequencing analyses targeting subregions of high-risk
associated DMRs showed that although the methylation values
on average were increased in high-risk AML, the differences were
not statistically significant due to high variability. This may be
explained by the stochastic state of the methylome in advanced
cancer25 and the technical distinctions between pyrosequencing
and CHARM. CHARM identifies methylation differences across
contiguous genomic regions using comprehensive algorithms
such as genome-weighted smoothing. Therefore, it is possible
that although CHARM identified significant methylation differ-
ence in a 2 Mb genomic region, not all subregions targetable by
pyrosequencing (less than 200 bp) would show statistically sig-
nificant differences.

We also explored the effect of age on DNA methylation in
AML, because age is a well-studied risk factor in AML and
changes in methylation are also associated with aging. Recent
studies targeting the whole genome demonstrated overall hypo-
methylation in association with aging as well as increased methyl-
ation in specific promoter CGIs.26–28 In this study, we also
observed decreased methylation in older patients. However, the
methylation difference between “younger” and “older” AML
patients was less prominent than the difference between cyto-
genetic risk groups. The comparison of “younger” and “older”
CD34C cells from age-matched healthy controls showed very
similar methylation profiles to those of the AML patients, such
that the older individuals showed decreased overall methylation,
but the methylation difference in age-related DMRs was rela-
tively small compared with that of the AML related and cyto-
genetic risk associated DMRs. This finding suggests that the age
span in this study is not big enough between the “younger” (<30
y) and the “older” (50–60 y) groups to show a prominent age
effect. Most AML studies use age 60 y to group “young” and
“old” patients.

CHARM measures methylation changes of CpG sites across
the genome, which provides the opportunity to assess the loca-
tion of DMRs in relation to CpG islands as well as different com-
ponents of genes. A previous study showed that aberrant
methylation in colon cancer is enriched in CpG island shores,14

similar to what we observed in prostate cancer.29 In the current
study, DMRs that differentiate between normal and AML did
not show significant enrichment at the island shore comparing
with simulated genomic regions. Unlike colon and prostate can-
cers, AML is characterized by aberrant hypermethylation that
occurs mostly at the CpG island. This indicates that aberrant
DNA methylation in different types of cancer may have distinct
physical distributions in the genome. Nevertheless, DMRs that
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differentiate AML cytogenetic subgroups demonstrated enrich-
ment in the shore regions.

In summary, this current study showed that AML is character-
ized by aberrant hypermethylation; however, different cyto-
genetic risk groups of AML display distinct patterns of DNA
methylation. This suggests DNA methylation levels may be use-
ful for prognosis. Future studies are needed to investigate
whether the aberrant methylation profiles facilitate or merely
coexist with various chromosomal or molecular abnormalities.
Moreover, now that DMRs have been demonstrated to help dis-
tinguish cytogenetic risk groups, they may also be useful for prog-
nosis in AML patients without cytogenetic abnormalities, which
is the largest subgroup of AML.

Methods

Patients and materials
Bone marrow samples were obtained from the Fred Hutchin-

son Cancer Research Center (FHCRC) leukemia repository,
Seattle. Fifteen age-matched patients were divided into 3 equal
groups based on cytogenetics: (1) high-risk AML, defined as
patients with a complex or monosomal karyotype, inv(3)/t(3;3),
or t(6;9); (2) intermediate-risk AML, defined as patients with
normal karyotype, trisomy 8, t(9;11), or others; and (3) low-risk
AML, defined as patients with t(8;21) or inv(16). Patients with t
(15;17) were excluded. Five age-matched normal individuals
(within 5-years of age difference) served as control. Thirteen
additional AML samples were used for DMR validation. To
study age effects, CD34C enriched granulocyte colony-stimulat-
ing factor (G-CSF) mobilized peripheral blood samples were
obtained from the Core Center of Excellence (CCEH) Haemato-
poietic Cell Repository at FHCRC. All samples were collected
under protocols approved by the FHCRC Institutional Review
Board and consent was provided in keeping with international
standards set forth by the Helsinki Agreement.

Comprehensive High-throughput Array-based Relative
Methylation analysis (CHARM)

Genomic DNA was extracted using the Gentra Puregene
Blood Kit (Qiagen, Cat no. 158422). Sample preparation was
performed using the method described previously.30 Genomic
DNA was sheared, digested with McrBC, gel-purified, labeled
and hybridized to a customized NimbleGen HD2 array (Roche,
Cat no. 05224390001). The array uses tiled 50mer-probes tar-
geting 4.6 million CpG sites across the genome. Data were ana-
lyzed and the significance of differentially methylated regions was
calculated with R and the Bioconductor CHARM package using
previously described algorithms.14 Briefly, for every pairwise
comparison, the average methylation values (M) of individual
probes across the 5 samples per cytogenetic risk group were calcu-
lated. The difference of averaged M values (DM) and standard
errors (s.e.m.) of the samples were used to calculate z scores (DM
/s.e.m.(: DM)). Probes carrying z-scores with a False Discovery
Rate (FDR) of 5% or lower were identified as statistically signifi-
cant. Regions with contiguous statistically significant values were

identified as differential methylation regions (DMRs). The statis-
tical significance of each DMR was calculated using a permuta-
tion test. Those DMRs with P values smaller than 0.01 were
considered statistically significant.

Identification of cytogenetic risk associated DMRs
CHARM analysis by pairwise comparisons identified DMRs

between any 2 cytogenetic risk groups. A similar comparison was
carried out between normal and all AML. DMRs associated with
low-cytogenetic risk AML were identified as genomic regions
overlapping the DMRs from the low- vs. mid-risk and low- vs.
high-risk comparisons. Similar steps were taken to generate mid-
and high-risk AML associated DMRs.

Bisulfite pyrosequencing
Bisulfite pyrosequencing was performed by EpigenDx on all

the samples from the CHARM cohort plus 13 additional AML
samples (Table 1). Sequences analyzed include MN1, TRIM71,
UHRF1, HOXB3, HOXB4, DCC, NEFL, DUOX2, DUOXA2,
and PITX1. The genomic coordinates of the specific target
sequences are shown in the Results.

Gene expression analysis
mRNA Expression z-Scores (RNA Seq V2 RSEM) deposited

by the Cancer Genome Atlas Research Network (TCGA) study
were downloaded from cBioPortal for Cancer Genomics. mRNA
data were compared among low- (n D 32), mid- (n D 101), and
high-risk (n D 37) AML patients based on cytogenetic classifica-
tion provided by the study. Targeted statistical analyses were then
performed between different risk groups via the unpaired t test.

Statistical analysis
All statistical analyses were performed using R unless

explained otherwise. To determine the statistical significance of
the P values with 8 tests, the a value was adjusted using Bonfer-
roni method (http://www.graphpad.com/guides/prism/6/statis-
tics/index.htm?stat_the_bonferroni_method.htm), which divides
the significance threshold (0.05) by the number of tests (n D 8).
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