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The myelodysplastic syndrome (MDS) is a clonal hematologic disorder that frequently evolves to acute myeloid leukemia
(AML). Its pathogenesis remains unclear, but mutations in epigenetic modifiers are common and the disease often re-
sponds to DNA methylation inhibitors. We analyzed DNA methylation in the bone marrow and spleen in two mouse
models of MDS/AML, the NUP98-HOXD13 (NHD13) mouse and the RUNX1 mutant mouse model. Methylation array analysis
showed an average of 512/3445 (14.9%) genes hypermethylated in NHD13 MDS, and 331 (9.6%) genes hypermethylated in
RUNX1 MDS. Thirty-two percent of genes in common between the two models (2/3 NHD13 mice and 2/3 RUNX1 mice) were
also hypermethylated in at least two of 19 human MDS samples. Detailed analysis of 41 genes in mice showed progressive
drift in DNA methylation from young to old normal bone marrow and spleen; to MDS, where we detected accelerated age-
related methylation; and finally to AML, which markedly extends DNA methylation abnormalities. Most of these genes
showed similar patterns in human MDS and AML. Repeat element hypomethylation was rare in MDS but marked the
transition to AML in some cases. Our data show consistency in patterns of aberrant DNA methylation in human and
mouse MDS and suggest that epigenetically, MDS displays an accelerated aging phenotype.

[Supplemental material is available for this article.]

The myelodysplastic syndrome (MDS) is a heterogeneous group of

clonal stem-cell disorders characterized by ineffective hematopoiesis

and susceptibility to leukemic transformation to acute myeloid

leukemia (AML). A number of chromosomal abnormalities, includ-

ing deletions, amplifications, inversions, and translocations, have

been identified in the malignant cells of patients with MDS, the

most common of which are deletions of chromosomes 5q, 7q, and

20q (Haase et al. 2007). Mutations have been detected in genes that

encode signal transduction proteins (BRAF, CBL, GNAS, JAK2, KRAS,

NRAS, and PTPN11), transcription factors and cofactors (ETV6,

NPM1, RUNX1, and TP53), cell cycle regulators (CDKN2A and PTEN)

(Bejar et al. 2011), components of the RNA splicing machinery

(PRPF40B, SF1, SF3A1, SF3B1, SRSF2, U2AF1, U2AF2, and ZRSR2)

(Yoshida et al. 2011), and, most notably, epigenetic modifiers

(ASXL1, DNMT3A, EZH2, IDH1/2, and TET2) (Shih et al. 2012). TET2

is the most frequent gene abnormality in MDS (Kosmider et al. 2009;

Langemeijer et al. 2009), and DNMT3A mutation is a very early ge-

netic event in MDS (Walter et al. 2011). These mutations in epige-

netic modifiers indicate that epigenetic changes contribute to MDS

pathogenesis (Graubert and Walter 2011; Nikoloski et al. 2012).

DNA methylation is a well-established epigenetic mechanism

that regulates gene transcription through modification of cytosines

(usually but not always in the context of CpG dinucleotides) (Xie

et al. 2012; Varley et al. 2013) and is frequently aberrant in hu-

man cancers. Hypermethylation at promoter CpG sites is com-

mon in human MDS, involving genes such as CDH1, CDH13,

CDKN2B, PDLIM4, and PGR, and is a poor prognostic factor

(Aggerholm et al. 2006; Issa 2010; Shen et al. 2010). Epigenetic

therapy using hypomethylating agents such as azacitidine and

decitabine has demonstrated clinical effectiveness in this disease.

Both drugs are approved by the US Food and Drug Administration

for the treatment of MDS (Kantarjian et al. 2006; Kantarjian et al.

2007; Bryan et al. 2010).

Recently, two mouse models for MDS and MDS/AML were

established. In the first model, an NUP98-HOXD13 (NHD13) fu-

sion transgene was inserted in the germline of C57BL/6 and FVB/N

mice, using vav regulatory elements to direct expression specifi-

cally in hematopoietic tissues. NHD13 transgenic mice faithfully

recapitulate all the key features of MDS, including peripheral blood

cytopenias, bone marrow dysplasia and increased apoptosis, and

transformation to acute leukemia between 4 and 14 mo of age (Lin

et al. 2005; Slape et al. 2008). A second model uses bone marrow

transplantation (BMT) of cells transduced with RUNX1 mutants
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frequently found in patients with MDS and MDS/AML. A C-ter-

minal truncation mutation of RUNX1 caused by a frame-shift

(S291fsX300; hereafter S291fs) induced pancytopenia associated

with dysplasia in the erythroid lineage. A RUNX1 point mutation

in the Runt homology domain (RHD) (D171N) frequently induced

hepatosplenomegaly and leukocytosis associated with marked my-

eloid dysplasia (Watanabe-Okochi et al. 2008). Cooperating genetic

or epigenetic changes in these mouse models are incompletely

understood.

Both models mimic aspects of human MDS/AML, including

an initial dyspoietic phase and progression to AML. The clinical

course of the disease in these mice suggests that they provide a useful

model for the human disease. We therefore studied DNA methyla-

tion of thousands of CpG sites using CpG island profiling in mouse

spleen and bone marrow samples from normal and MDS model

mice. We find a high rate of epigenetic deregulation in each model,

with a significant number of shared events between the models and

with human MDS. Epigenetically, MDS appears to be part of a con-

tinuum of changes that start in aging and culminate in AML.

Results

DNA methylation analysis in mouse models of MDS

To study the epigenetic evolution of normal cells to a malignant

state in hematopoiesis, we used a total of 122 mouse samples. We

summarize sample information such as the genotypes and tissue

types analyzed in Supplemental Table S1. We first examined three

promoter CpG islands (Cdh13, Esr1, and Pgr) that had previously

been reported to be hypermethylated in human MDS (Shen et al.

2010). In all three, we found marked increases in methylation from

normal to MDS to AML by using pyrosequencing analysis (Sup-

plemental Fig. S1; Supplemental Table S2). Based on these candi-

date gene analyses, these MDS mouse models mimic aspects of

human MDS methylation patterns, and were therefore studied in

more detail.

We performed methylated CpG island amplification micro-

arrays (MCAM) to study DNA methylation of thousands of genes

(Estecio et al. 2007b; Yamamoto et al. 2012). Using normal spleen

or normal bone marrow (transfected with empty vector) as age-

matched control samples, we selected significantly altered auto-

somal genes based on a signal fold change greater than two (Fig.

1A). We then performed unsupervised hierarchical cluster analysis

of the data derived from six mice using variable probes that were

changed at least in one of six samples. The samples clustered into

two major groups based on the models, as shown in Figure 1B. We

studied three distinct NHD13 mice at the MDS stage. Out of 3445

detectable genes, we found that 497, 490, and 548 were hyper-

methylated (average, 512; 14.9%), and 190, 204, and 236 were

hypomethylated (average, 210; 6.1%) (Supplemental Table S3).

Figure 1C shows (area-proportional) Venn diagrams indicating

that 494 of 3445 detectable genes were hypermethylated in at least

2/3 NHD13 MDS samples, while 199 genes were hypomethylated.

Next, we studied the RUNX1 model. A total of 300, 270, and

665 genes were hypermethylated, and 125, 134, and 178 genes

were hypomethylated in D171N (two individual mice) and S291fs,

respectively (Supplemental Table S3). Figure 1D shows the over-

lapped genes among three individual mice in each model. A total of

147 hypermethylated genes and 28 hypomethylated genes over-

lapped in the RUNX1 models. Finally, we examined gene overlap

between the models. A total of 134 genes were hypermethylated and

37 genes hypomethylated in at least 2/3 NHD13 and 2/3 RUNX1

mice (Fig. 1E). These included several cancer relevant genes such as

Gata5, Pax6, Sfrp1, and Sox9 (Toyota et al. 1999; Suzuki et al. 2002;

Akiyama et al. 2003; The Cancer Genome Atlas Network 2012). The

names of the genes are shown in Supplemental Table S4.

Functional pathways affected

We examined the potential function of genes that showed com-

mon hypermethylation and hypomethylation in these MDS

models. Transcriptional network and pathway analysis was per-

formed on pairwise comparisons between hypermethylated genes

and detectable genes, and between hypomethylated genes and

detectable genes, respectively. Supplemental Table S5 shows the

top five enriched categories for commonly hypermethylated genes

in the mouse models. Hypermethylated genes showed significant

enrichment for various developmental processes. The enriched

molecular and cellular functions included cell development, sig-

naling, growth, and death. Enriched canonical pathways included

Wnt/beta-catenin signaling. The list of hypomethylated genes was

too short to analyze.

Age-related methylation drift in normal and malignant
hematopoietic cells

To validate and quantitatively extend the array results, pyro-

sequencing analysis was used to study the methylation of 42 genes.

Of these, 15 genes (Asic2, Barhl2, Cdx2, Colec12, Crb3, Gng11,

Hoxa2, Hoxc12, Hs3st2, Kcnma1, Ky, Lrig3, Syt10, Tlx3, and

Tmem229a) were selected based solely on frequent hyper-

methylation detected by MCAM. Seven genes (Bmi1, Elovl2, Fbn1,

Hand2, Klf14, Pou4f2, and Prdm5) were selected based on prior

publications showing age-related methylation (Maegawa et al.

2010; Hannum et al. 2013). Three genes (Cdh13, Esr1, and Pgr)

were selected from hypermethylated genes in human MDS, as

mentioned earlier (Shen et al. 2010). In addition, we selected three

genes (Espnl, Lims2, and Olfr368) based on MCAM data showing

hypomethylation in MDS. Finally, 14 genes (Cdh4, Cdkn1c, En2,

Gata5, Gpr37, Grm7, Lrrtm1, Nptx2, Pax3, Pcdh10, Sox11, Tmeff2,

Twist2, and Wt1) were selected based on MCAM data and also prior

information on hypermethylation in mouse aging and/or human

leukemias (Kay et al. 1997; Toyota et al. 2001; Shen et al. 2003;

Rush et al. 2004; Raval et al. 2005; Ying et al. 2007; Kroeger et al.

2008; Bennett et al. 2009; Tong et al. 2010; Cosialls et al. 2012;

Thathia et al. 2012). Of all the selected genes, one (Cdx2) was a false

positive (data not shown) and excluded from further analysis.

Quantitative analysis confirmed minimal (4.0%–15.2%) meth-

ylation in normal bone marrow and spleen in 33 of 38 genes (Fig. 2A;

Supplemental Figs. S1, S2). Five genes (Esr1, Cdkn1c, Klf14, Hoxa2,

and Elovl2) showed intermediate methylation percentages in nor-

mal tissues. Esr1 corresponds to an exon 2 CpG island, while the

Cdkn1c and Klf14 assays are in imprinted CpG islands (Bhogal et al.

2004; Parker-Katiraee et al. 2007; Maegawa et al. 2010). Hoxa2 is

;50% methylated in normal tissues and could be an imprinted gene

(Luedi et al. 2007). The Elovl2 assay is located outside of the CpG

island (394 bp upstream of the TSS). We first studied age as a pa-

rameter that could influence DNA methylation in normal tissues

and focused on the 38 genes hypermethylated in MDS/AML. We

found linear hypermethylation with age (Fig. 2B; Supplemental Fig.

S3; Supplemental Table S6) for 31/38 genes in normal bone marrow

(R > 0.4 and P < 0.05), 32/38 genes in normal spleen (R > 0.4 and P <

0.05) and 36/38 genes in either bone marrow (four), spleen (five), or

both (27). Both tissues had a lower degree of methylation change
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than previously seen in mouse intestine (Maegawa et al. 2010). For

bone marrow, there were only minor differences between the

C57BL/6 strain (n = 24) and the FVB/N strain (n = 10). For spleen, we

only studied C57BL/6 mice (n = 34). Of note, all 15 genes selected

solely because of frequent hypermethylation detected by MCAM

showed age-related methylation drift. Thus, most genes frequently

hypermethylated in mouse MDS also showed age-related methyla-

tion in normal hematopoietic tissues.

Next, we studied these 38 genes in MDS samples from spleen

and bone marrow and confirmed that all had higher methylation

compared with normal samples (Fig. 2A; Supplemental Figs. S1, S2;

Supplemental Table S2). When we averaged all 38 genes, the

methylation percentages were 30.4% and 28.8% in RUNX1-spleen

and NHD13-bone marrow, respectively, compared to 16.8% and

11.8% in normal spleen and bone marrow (P < 0.001 for both).

There was also a progressive increase in hypermethylation in

NHD13-AML samples transformed from MDS for all genes in

spleen compared with the methylation percentage of normal and

NHD13-MDS samples. We found a 20.6% higher-average methyl-

ation for the 38 genes in AML-spleen (51.0%) compared to MDS-

spleen (30.4%). Most of the genes followed an increasing meth-

ylation pattern in a phased manner from normal young (<1 y.o.),

normal middle age (>1 y.o., <2 y.o.), and normal old (>2 y.o.), to

MDS and finally to AML samples (Fig. 2A; Supplemental Figs. S1,

S2; Supplemental Table S2). Hence, we found accelerated age-re-

lated hypermethylation in MDS progression, which is similar to

what was previously reported in human colorectal cancer tumor-

igenesis (Toyota and Issa 1999; Issa et al. 2001).

In addition to hypermethylation, we analyzed hypometh-

ylated genes by pyrosequencing analysis. We selected three genes

(Espnl, Lims2, and Olfr368) that showed hypomethylation in MDS

based on MCAM analysis in mice (Lims2 and Olfr368) or humans.

Espnl was not detectable in mouse MCAM and was derived from

human MCAM data (see below). All three were confirmed as

hypomethylated in mouse MDS/AML (Supplemental Fig. S2;

Supplemental Table S2), and all three were hypomethylated in

Figure 1. MCAM analysis in mouse MDS models. (A) R-I plot of the probes with FDR at 5% and a fold change greater than two for MCAM. An R-I plot displays
the log2(R/G) ratio for each element on the array as a function of the log10(R 3 G) product intensities and can reveal systematic intensity-dependent effects in
the measured log2 (ratio) values. The red and blue spots indicate probes hypermethylated and hypomethylated in diseased samples, respectively. (B) Hier-
archical clustering analysis of mouse MCAM. Heat-map analysis showing the MCAM results in six model mice. Red, yellow, and blue correspond to hyper-
methylated, nonchanged, and hypomethylated loci, respectively. For clarity we excluded probes that were unchanged in all samples. (C ) Venn diagram
of individual differences of hyper- and hypomethylated genes in NHD13 mice analyzed by MCAM. Each circle represents one individual. (D) Venn diagram of
mutational differences of hyper- and hypomethylated genes in RUNX1 mice analyzed by MCAM. Each circle represents one individual. (E) Venn diagram of
hyper- and hypomethylated genes overlapped between NHD13 and RUNX1 mice analyzed by MCAM. Each circle represents a genotype.
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aging spleen but not in aging bone marrow (Supplemental Fig. S3;

Supplemental Table S6).

As a measure of CpG methylation specificity provided by the

mutations of RUNX1 and truncation of NHD13, we performed

a two-dimensional hierarchical cluster analysis using the methyl-

ation percentage of the 38 genes studied by pyrosequencing. This

analysis of DNA methylation divided all tissue samples into four

major clusters (1 to 4) (Supplemental Fig. S4). Cluster 1 contained

50/68 (74%) normal samples and 6/28 (21%) MDS samples. Clus-

ters 2 and 3 contained mostly MDS, while cluster 4 contained

mostly AML. When we divided samples into each tissue type, hi-

erarchical clustering also led to an almost perfect segregation of

normal tissues depending on age (Supplemental Fig. S5) and tu-

mors based on their diagnostic criteria (Fig. 3). In spleen, we found

Figure 2. DNA methylation profiles by bisulfite pyrosequencing analysis. (A) DNA methylation analysis in MDS mice. The percentages of methylated
cytosines in the samples as obtained from pyrosequencing analysis. Each dot corresponds to one animal. We show here data on Grm7, Hand2, Hoxc12,
Klf14, and Sox11. The other 33 hypermethylated genes are shown in Supplemental Figures S1 and S2. The averaged data were derived from the
methylation data of 38 genes prone to hypermethylation. The bar in the graphs represents the median. (B) Methylation profiles of hypermethylated genes
with age in mouse bone marrow and spleen. Association of the averaged percentages of methylated cytosines in the samples as obtained from pyro-
sequencing (y-axis) with age (x-axis) for significant genes.

DNA methylation in MDS model mice
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Figure 3. Hierarchical clustering analysis of methylation markers in mouse. (A) Hierarchical clustering analysis in bone marrow. Green to red cells
indicate the range of methylation percentage from 0 to 95.3. The color codes for mouse strain, tissues, age, and diagnosis are listed on the left side. Orange
arrowheads indicate samples for MCAM with number of methylated genes by MCAM. (B) Hierarchical clustering analysis in spleen.
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three major clusters: Cluster 1 includes all normal samples, cluster

2 includes 53% of MDS, and cluster 3 includes 83% of AML (Fig.

3B). The ordering of samples by clustering analysis using the 38

genes closely reflected the number of methylated genes detected

by MCAM (Fig. 3), thus validating the array results.

Age-related drift and human MDS methylation

The candidate gene analysis suggested conservation between

hypermethylated genes in human and mouse MDS. To study this

more formally, we used MCAM analysis to study 19 human MDS

patients (Supplemental Table S7). Out of 9645 detectable genes, we

identified hypermethylated genes ranging from 205 to 1677 genes

in all 19 patients (Supplemental Table S7). Unsupervised hierar-

chical clustering analysis identified two main clusters: one with

high levels of DNA hypermethylation (designated CIMP-positive),

and one with low levels (designated CIMP-negative) (Fig. 4A). The

number of aberrantly hypermethylated genes was significantly

higher in CIMP-positive cases (average, 958 genes, 9.9%, compared

to 403 genes, 4.2%; P < 0.0001). CIMP-positive cases also had

Figure 4. DNA methylation analyses in humans. (A) Hierarchical clustering analysis of human MCAM. Heat-map analysis showing the MCAM results in
19 MDS patients. Red, yellow, and blue correspond to hypermethylated, nonchanged, and hypomethylated loci, respectively. All probes that were
unchanged in all samples were excluded from the analysis. The bar graph on the left shows the methylation percentage of LINE-1 by pyrosequencing
analysis. Red-colored boxes on the right side represent the CIMP-positive case defined by MCAM assay. (B) DNA methylation profiles by DREAM analysis in
human cord blood, adult blood, MDS, and AML patients. The percentages of methylated cytosines in the samples as obtained from DREAM analysis. Each
dot corresponds to one individual. We show here data on HOXC12, SOX11, and ESPNL. The averaged data were derived from the methylation data of 26
hypermethylated genes listed in Supplemental Table S14. The bar in the graphs represents the median.
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a higher ratio of the number of hypermethylated genes to the

number of hypomethylated genes (Supplemental Fig. S6A; Sup-

plemental Table S7). We compared this CIMP classification to

methylation levels of nine genes (10 genomic regions), including

CDH1, CDH13, CDKN2B, ESR1, NPM2, OLIG2, OSCP1, PDLIM4,

and PGR, previously studied by pyrosequencing analysis (Shen

et al. 2010) in these cases. Most of the genes showed higher

methylation in CIMP-positive cases (Supplemental Fig. S6B). The

averaged value of all 10 genomic regions was significantly higher

in CIMP-positive patients compared with CIMP-negative patients

(8.8 6 2.5% vs. 21.7 6 4.6%; P < 0.0001) (Supplemental Fig. S6B).

We then looked for common hypermethylation events and found

that 973 of 9645 genes (10.1%) were hypermethylated in at least

three of seven CIMP-positive patients compared with controls

(Supplemental Table S8); these included genes involved in cell

signaling, differentiation, and cancer development (Supple-

mental Table S9). Two hundred ninety-four of 9645 (3.0%) of

genes showed MDS specific hypomethylation. In hypometh-

ylated genes, enriched biological functions include cancer and

developmental disorders (Supplemental Table S10).

We next cross-referenced methylated genes in human MDS

and age-related genes reported in previous studies using whole

blood. Out of 6294 detectable genes in our MCAM array, age-

related hypermethylation was found in 573 genes (9.1%) by

Horvath et al. (2012), 248 genes (3.9%) by Bell et al. (2012), and

30 (0.35%) by Hannum et al. (2013). This wide range likely reflects

different methods and criteria for selecting genes. Nevertheless,

age-related methylated genes were significantly enriched among

MDS methylated genes (2.1-fold, P < 0.0001 for Horvath et al.

[2012]; 2.3-fold, P < 0.0001 for Bell et al. [2012]; 2.1-fold, P = 0.047

for Hannum et al. [2013]). There were relatively few hypometh-

ylated genes in all these data sets precluding a similar analysis.

Thus, our data show a significant link between age-related meth-

ylation drift and MDS hypermethylation in humans.

Human–mouse MDS comparison

Because of a generally poor sequence conservation between mice

and humans at promoter CpG islands (Antequera and Bird 1993;

Matsuo et al. 1993), only 2344 genes could be compared directly

(detectable on both human and mouse arrays). The accuracy of the

comparison is also weakened by the fact that MCAM has limited

precision (70%–80% for random loci). We therefore focused on

common methylation events. Of 346 genes hypermethylated in

NHD13 (2/3 mice) and detectable in the human arrays, 78 (23%)

were also hypermethylated in human MDS (at least 2/19). When

compared to the RUNX1 models data, 77 of 221 (35%) genes

methylated in 2/3 RUNX1 mice were also methylated in human

MDS. Among 96 genes methylated in 2/3-NHD13 and 2/3-RUNX1

mice and detectable in human arrays, 31 (32%) were also meth-

ylated in human MDS (2/19) (Supplemental Table S11). In a search

for driver events, we cross-referenced this list to the Cancer Gene

Census (http://www.sanger.ac.uk/genetics/CGP/Census/) in COSMIC

databases of cancer genes (Futreal et al. 2004) and identified

several hits, including CDH11, PAX3, TLX3, and WT1. Thus there

is partial conservation in MDS specific methylation between mice

and humans.

Acceleration of age-related drift in human MDS/AML

To increase precision of the mouse–human comparison and to

confirm human aging drift and acceleration of methylation from

MDS to AML, we analyzed an unpublished data set of Digital Re-

striction Enzyme Analysis of Methylation (DREAM) in human cord

blood (n = 5), adult blood (n = 13), MDS (n = 20), and AML patients

(n = 94). DREAM has a high degree of quantitative accuracy thanks

to deep sequencing (Challen et al. 2012; Jelinek et al. 2012). We

focused on the 41 genes validated in the mouse model. Of these,

27/41 human homologous genes were detectable by DREAM at

118 SmaI sites (Supplemental Tables S12, S13). We averaged the

methylation status of SmaI sites (one to 11 sites as listed in Sup-

plemental Table S14) located in the promoter regions of each gene.

Of the 27, 14 genes (51.9%) showed aging drift as hyper- or

hypomethylation with age (cord blood to adult blood), and 21

genes (77.8%) showed methylation acceleration from MDS to AML

as shown in Figure 4B, Supplemental Figure S7, and Supplemental

Table S14. Eleven genes showed both features. Thus, the majority

of genes that show validated epigenetic drift in mouse models of

MDS/AML also show this in human MDS/AML.

Repetitive element methylation

In cancer, DNA hypomethylation typically occurs at repetitive

sequences residing in satellite or pericentromeric regions and can

result in the reactivation of retrotransposons, leading to disruption

of normal gene structure and function ( Jones and Baylin 2002; Issa

2004; Estecio et al. 2007a). We studied global DNA methylation

using pyrosequencing analysis of multiple DNA repetitive ele-

ments, such as long interspersed nuclear elements (LINE-1), major

satellite repeats, and short interspersed nuclear elements (SINE B1)

in aging normal samples and MDS model samples. In spleen, we

detected no significant change with age in LINE-1 or SINE B1

methylation, but major satellite methylation decreased from 74.3%

to 68.4% in old mice (P = 0.0006). This hypomethylation was not

seen in bone marrow (Fig. 5A).

In MDS mouse models, repetitive element methylation was

generally unchanged or increased, compared with old mice. In

contrast, the NHD13-AML samples showed significant hypo-

methylation in LINE-1 (35.5%–31.7%, P = 0.012) and SINE B1

(38.5%–30.6%, P < 0.0001), compared with normal spleen samples

(Fig. 5A). The methylation level of LINE-1 and SINE B1 correlated

well (P < 0.0001, R = 0.63). We also found a significant but weaker

association between the methylation level of LINE-1 and major

satellite status (P = 0.006, R = 0.25) (Fig. 5B).

Relation to polycomb targets and retrotransposon density

DNA hypermethylation in aging and cancer is more frequent

among genes targeted by polycomb group (PcG) proteins in em-

bryonic stem (ES) cells (Boyer et al. 2006; Lee et al. 2006; Ohm et al.

2007; Rauch et al. 2007; Schlesinger et al. 2007; Widschwendter

et al. 2007; Maegawa et al. 2010; Teschendorff et al. 2010) and

among genes with few retrotransposons around their promoter

(Estecio et al. 2010). To study this for MDS, we first evaluated

whether PcG targets in ES cells are enriched in the group of genes

showing MDS-specific methylation in mouse and human, by using

databases of PcG occupancy in mouse ES cells (Boyer et al. 2006;

Lee et al. 2006). There was 1.5- and 4.7-fold enrichment in SUZ12

targets on average in NHD13 and RUNX1 MDS model-specific

hypermethylation compared with nontargets among detectable

genes (P < 0.0001, x2 test). Similarly, EED, RNF2, and PHC1 targets

are enriched among hypermethylated genes in each MDS model

(Supplemental Table S15). There was no PcG target enrichment

among hypomethylated genes (Supplemental Table S15). Similarly,
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PcG targets in human ES cells are also prone to MDS-specific

hypermethylation compared with all detectable genes. SUZ12 and

EED targets are associated with a 4.2- and 4.3-fold increase, re-

spectively (P < 0.0001, x2 test) (Supplemental Table S15).

We next looked at the presence of SINE B1 elements around

gene promoters (Estecio et al. 2010). We found that genomic re-

gions hypermethylated in NHD13 and RUNX1 models were less

frequently associated with the presence of SINE B1 elements than

a set of control genes that have promoter CpG islands (Supple-

mental Fig. S8). Similar to other human cancers previously reported

(Estecio et al. 2010), we also found the depleted presence of SINE B1

around gene promoters in human MDS (Supplemental Fig. S8).

Discussion
Here, we report on epigenetic analysis of mouse models of MDS

and show extensive DNA methylation abnormalities that overlap

with those seen in human MDS. We further demonstrate that

methylation changes arise as a function of age in normal hema-

topoiesis and are accelerated in MDS and at the transition from

MDS to AML.

We analyzed two different MDS mouse models mimicking

human MDS and found similar patterns in both, with appreciable

overlap with the aberrant DNA methylation phenotype in hu-

man MDS. Thus, these oncogene-driven models parallel the hu-

man disease both genetically and epigenetically and are worth

studying further from a therapeutic perspective, for example, to

optimize established treatments and discover new drugs (e.g.,

epigenetic drugs).

We focused on DNA methylation status because aberrant

DNA methylation is believed to be a hallmark of preneoplastic and

neoplastic conditions (Jones and Baylin 2002, 2007). Hyper-

methylation of promoters rich in CpG sites is associated with gene

silencing that can be epigenetically inherited across cell divisions

(Jones and Baylin 2002, 2007), and methylation provides a mem-

ory of the silent gene expression state (Raynal et al. 2012).

Hypermethylation-induced silencing of genes was previously de-

scribed in human MDS for individual genes and limited genome-

wide studies (Boultwood and Wainscoat 2007; Issa 2010). Here,

using methylation arrays, we show abnormal promoter methyla-

tion in about one-tenth of the genes analyzed in human MDS as

well as in mouse MDS models compared with control cells. Our

results are qualitatively similar to a previous array-based DNA

methylation profiling study of 807 genes chosen on the basis of

their importance to cancer development and progression (Jiang

et al. 2009). One limitation of these studies is the use of unfrac-

tionated bone marrow–derived or blood-derived mononuclear

cells. Contamination with nonaffected cells can reduce the sensi-

tivity of the analyses, and it is theoretically possible that different

methylation patterns can be seen in different MDS cellular frac-

tions. However, we have previously shown that for aberrant pro-

moter hypermethylation, similar results can be seen in human

MDS derived from marrow or blood (Shen et al. 2010), and we have

also shown that promoter DNA methylation is identical in AML

Figure 5. Methylation analysis of repetitive elements in mouse. (A) Methylation profiles of LINE-1, SINE B1, and major satellite DNA by pyrosequencing
analysis. (B) Association of the methylation percentages between LINE-1 (y-axis), SINE B1 (x-axis), and major satellite DNA (x-axis) in all samples. Sample
codes are on the right. The Spearman test was used to determine correlations, with significance set at P < 0.05. R represents a measure of the linear
relationship between two variables, and varies from �1 to +1.
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progenitor and differentiated cells (Yamazaki et al. 2013). These

previous results and the clonal nature of DNA methylation prop-

agation suggest that the changes observed here are occurring in the

MDS stem cell. In addition to promoter hypermethylation and

hypomethylation, we also found hypomethylation as measured by

repetitive element methylation, but this appeared to be a pro-

gression event in these models, as it is in other human malig-

nancies (Chalitchagorn et al. 2004; Estecio et al. 2007a).

In this study, we did not sort undifferentiated leukemic cells.

It therefore remains possible that genes we identified could be

linked with cell differentiation. Previously, Bock et al. (2012) had

reported that methylation changes during differentiation occur

mostly in nonpromoter regions. In that study, 162, 160, and 157

genes increased methylation from multipotent progenitor 1 (Flt3

negative) to T helper cell (CD4 positive), cytotoxic T-cell (CD8

positive), and B-cell, respectively. Out of these, none were detected

as specifically hypermethylated in mouse MDS among 19, 22, and

24 detectable genes in the MCAM assay. In the same study, 247

genes showed increase methylation during hematopoietic differ-

entiation from hematopoietic stem cells into progenitor cells, and

the average levels of increases were 10%–17% of methylation.

Among these, 24 were detectable by MCAM, and only two (Rarb

and Rtkn) were hypermethylated in mouse MDS. Thus, most of the

genes (132/134 genes) detected as hypermethylated in mouse MDS

were unrelated to cell differentiation.

Quantitative analysis of methylation using pyrosequencing

allowed us to unequivocally show that most of the leukemia-

associated changes actually arise in aging hematopoietic cells, be

it spleen or bone marrow derived (in mice). The data confirm

that epigenetic drift (so-called because both hyper- and hypo-

methylation can be seen with age depending on the gene studied)

is a major cause of neoplasm-associated changes in DNA methyl-

ation in both solid (Toyota and Issa 1999; Ahuja and Issa 2000) and

liquid tumors and are consistent with a model whereby age-related

drift creates epigenetic variation. In turn, we speculate that varia-

tion provides the necessary ingredient for natural selection to

promote the growth of preneoplastic (and eventually neoplastic)

lesions. In spontaneous leukemogenesis, epigenetic drift likely

precedes critical genetic changes, but the mouse models show that

the order can be reversed, with selection for epigenetic changes

being part of the secondary changes that lead to disease evolution

in NHD13 and RUNX1 models. Interestingly, MDS has in-

termediate levels of methylation drift compared with AML and,

epigenetically, cell studies at the MDS stage appear to have an ac-

celerated aging phenotype, as previously seen in chronic in-

flammatory conditions (Hsieh et al. 1998; Issa et al. 2001; Sato et al.

2002; Ushijima and Okochi-Takada 2005; Hahn et al. 2008; Chiba

et al. 2012). The factors that lead to epigenetic drift in the first place

remain unclear, though we show here that both polycomb occu-

pancy in ES cells and depletion of retrotransposons around tran-

scription sites are accelerating factors, as previously seen in other

tissues (Widschwendter et al. 2007; Estecio et al. 2010).

The methylation data in the 19 human MDS patients studied

by MCAM was heterogeneous, with a subset of cases having very

high levels of promoter-CpG island methylation, suggestive of

CIMP. Some of these same patients were previously studied for

a panel of nine genes (10 genomic regions), and the results were

concordant with the current study, thus confirming the extensive

nature of CIMP in MDS. The causes of this phenotype are un-

known. It was previously suggested that TET2 or IDH1/2 mutations

can cause CIMP in AML (Figueroa et al. 2010), but we have not

found an association between TET2 mutations and CpG island

methylation in CMML (Yamazaki et al. 2012), and this was not

seen in TCGA data sets either (The Cancer Genome Atlas Research

Network 2013). It has been previously suggested that methylation

heterogeneity might be related to heterogeneity in genetic back-

grounds and/or differences in exposures to carcinogens or diet.

However, even in the MDS mouse models with a uniform genetic

background and exposures, we also found methylation-prone and

methylation-resistant MDS by pyrosequencing analysis. Thus, the

mechanisms responsible for producing methylation variation

must involve stochastic events that, however, remain unknown.

The methylated genes we identified here have roles in mul-

tiple cellular functions, including cell-signaling, regulation of de-

velopment, differentiation, and tumorigenesis. This observation

agrees with other reports that many fundamental pathways related

to tumor pathogenesis are inactivated by methylation (Baylin and

Ohm 2006). Some of them overlap with the genes listed as cancer

genes related to leukemias and lymphomas (Futreal et al. 2004).

However, it is important to keep in mind that only a minority of

the genes aberrantly methylated in cancer are driver events, and

identification of these remains a difficult proposition. For genetic

events, frequency points to drivers, but for DNA methylation,

frequency may point to intrinsic gene susceptibility rather than

function/selection (Estecio et al. 2010). Indeed, many of the

known tumor-suppressors hypermethylated in cancer and leuke-

mias have methylation frequencies of 10%–30% only in target

malignancies (e.g., CDKN2B in AML, CDKN2A in colon cancer and

melanoma, VHL in renal cancer, etc.) (Herman et al. 1994; Gonzalgo

et al. 1997; Baylin and Herman 2000; Rashid et al. 2001; Raj et al.

2007; Jonsson et al. 2010). It is possible that shared lesions in mouse

and human leukemogenesis may point to driver genes, and we

identified some potential examples such as PAX3, TLX3, ALK,

and GATA2. The functional significance of hypermethylation of

these genes needs to be determined in future studies.

Methods

Tissue samples
We studied a total of 122 mouse samples including normal tissues,
NHD13 mice, and RUNX1 mice (Supplemental Table S1). We also
studied 19 samples of human MDS whose characteristics were
previously reported (Supplemental Table S7; Shen et al. 2010).

MCAM

MCAM was performed as previously described (Maegawa et al.
2010). We used genomic DNA form normal whole bone marrow to
test the malignant bone marrow tissues derived from model mice
as a control. Previously, we found minimal differences in DNA
methylation of CpG islands between CD34+ bone marrow cells
and mononuclear cells and between CD34+ bone marrow cells and
unsorted peripheral white blood cells in human MCAM experi-
ments, and we found no differences between stem cells and pro-
genitor cells (Yamazaki et al. 2013), suggesting that the chosen
control was appropriate for MCAM analysis. Mouse and human
promoter arrays were purchased from Agilent Technologies. After
washing, arrays were scanned on an Agilent scanner and analyzed
using Agilent feature extraction software at the MD Anderson
Microarray Core Facility. We analyzed array data using a database
that includes probe sequences, length of SmaI fragments, chro-
mosomal regions, and localization of repetitive elements. The ra-
tios of hybridization intensities were adjusted by using Lowess
normalization.

Maegawa et al.
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Pathway analyses

Functional class scoring analysis was performed on hyper- or
hypomethylated genes with each genotype by using the Ingenuity
pathway analysis software. We analyzed biological processes, mo-
lecular functions, and cellular components that were relatively
enriched by the gene lists of interest using the detectable genes as
a reference set.

Bisulfite pyrosequencing for promoter and global DNA
methylation analysis

Bisulfite treatment using the EpiTect bisulfite kit was performed
according to the manufacturer’s instructions (Qiagen). We used
a quantitative bisulfite pyrosequencing method for all DNA
methylation analyses as previously reported (Maegawa et al. 2010).
Primer sequences and PCR conditions for bisulfite pyrosequencing
assays are listed in Supplemental Table S16. Primer sequences and
conditions used for human promoter methylation determination
are described in a previous publication (Shen et al. 2010). For each
assay, we used fully methylated DNA prepared by treating genomic
DNA with SssI methylase (New England Biolabs) as a positive
control.

Statistics

All correlation was calculated using Spearman’s correlation anal-
ysis. Calculations were done using GraphPad Prism 4.0 (GraphPad
Software). All P-values are two-sided. Hierarchical clustering for the
MCAM result was performed with Partek software. Euclidean dis-
tance dissimilarities and Ward’s method were used to cluster both
genes and samples. For clustering analysis in pyrosequencing re-
sults, we used ArrayTrack Software available at http://edkb.fda.gov/
webstart/arraytrack/.

Data access
The microarray data from this study have been submitted to the
NCBI Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih.
gov/geo/) under accession no. GSE46067.
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