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Myelodysplastic syndromes (MDS) are characterized by
abnormal and dysplastic maturation of all blood lineages. Even
though epigenetic alterations have been seen in MDS marrow
progenitors, very little is known about themolecular alterations
in dysplastic peripheral blood cells. We analyzed themethylome
of MDS leukocytes by the HELP assay and determined that it was
globally distinct fromage-matched controls andwas characterized
by numerous novel, aberrant hypermethylated marks that were
located mainly outside of CpG islands and preferentially affected
GTPase regulators and other cancer-related pathways. Addition-
ally, array comparative genomic hybridization revealed that novel
as well as previously characterized deletions and amplifications
couldalsobevisualized inperipheral blood leukocytes, thuspoten-
tially reducing the need for bone marrow samples for future stud-
ies. Using integrative analysis, potentially pathogenic genes
silencedbygeneticdeletionsandaberranthypermethylation indif-
ferent patients were identified. DOCK4, a GTPase regulator
located inthecommonlydeleted7q31region,was identifiedbythis
unbiased approach. Significant hypermethylation and reduced
expression of DOCK4 in MDS bone marrow stem cells was
observed in two large independent datasets, providing further val-
idation of our findings. Finally, DOCK4 knockdown in primary
marrow CD34� stem cells led to decreased erythroid colony for-
mation and increased apoptosis, thus recapitulating the bonemar-
row failure seen in MDS. These findings reveal widespread novel
epigenetic alterations inmyelodysplastic leukocytes and implicate
DOCK4 as a pathogenic gene located on the 7q chromosomal
region.

The myelodysplastic syndromes (MDS)3 are collections of
heterogeneous hematological diseases characterized by refrac-
tory cytopenias due to ineffective hematopoiesis. Recent evi-
dence suggests that stem cells in MDS are characterized by
aberrant transcriptional profiles and that deregulation of gene
expression may account for abnormal growth and differentia-
tion of these progenitors (1, 2). One of the ways that gene
expression may be dysregulated is through aberrant DNA
methylation. Methylation of cytosine has been implicated as a
way to silence genes epigenetically and indicates an attractive
target for potential therapeutics (3). Aberrant methylation of
promoters of genes such as p15,DAPK, and others has been
reported in MDS (4, 5). Even though these are important cell
cycle and apoptosis genes, methylation of their promoter CpGs
has not correlated very well with clinical responses after treat-
ment with DNA methyltransferase inhibitors in most studies
(7, 8). It is possible that global studies of theDNAmethylome in
MDS may yield an epigenetic signature that is better as a diag-
nostic and prognostic tool than single locus studies. Early
attempts at global methylation analysis of MDS using a
microarray covering 1,505 CpG islands have shown aberrant
hypermethylation of selected genes in MDS and their involve-
ment in progression to AML (9). Their study opened up the
possibility that assays with better resolution and coverage not
restricted to CpG islands alone may yield more informative
insights into the MDS methylome.
Several experimental approaches are available to determine

genome-wide DNA methylation levels. Most of these tech-
niques are based on restriction enzyme digestion or DNA
immunoprecipitation with antibodies that bind to methylated
CpGs (10). Among the restriction enzyme-based methods,
some involve comparing the profiles from digestion of DNA
with methylation-sensitive and -insensitive restriction en-
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zymes (11, 12). The HELP (HpaII tiny fragment enrichment by
ligation-mediated PCR) assay is based on this principle and
relies on differential digestion by a pair of enzymes, HpaII and
MspI, that differ on the basis of their methylation sensitivity.
These enzymes cut at the same CpG-containing sites (CCGG),
butHpaII is unable to cleave the sites that aremethylated. Thus,
the DNA segments generated by these two digestions will vary
in composition based on the amount ofmethylation. TheHpaII
and MspI genomic representations can be cohybridized to a
custommicroarray and their ratio used to indicate the methyl-
ation of particularCCGGsites at these loci. TheHELP assay has
been shown to be a robust discovery tool for flagging loci for
subsequent quantitative and nucleotide resolution bisulfite
analyses (MassArray and Pyrosequencing) that represent the
gold standard tests for cytosine methylation (13–15).
In addition to epigenetic alterations, MDS is also character-

ized by many cytogenetic abnormalities that may contribute to
its pathogenesis. Recent studies have shown that higher resolu-
tion microarray-based technologies such as comparative
genomic hybridization (aCGH) and single nucleotide polymor-
phism microarrays can reveal cytogenetic abnormalities not
seen by conventional methods (16–18). In this study, we tested
whether it is important to study the effect of genetic and epige-
netic abnormalities together to obtain a comprehensive insight
into MDS pathogenesis. We have developed an integrated
genomics and epigenomics platform based on the combination
of theHELP assay and aCGHand have used it onMDS samples.
We have usedMDSperipheral blood cells as very little is known
about the molecular and epigenetic makeup of these dysplastic
cells. We wanted to determine whether aberrant epigenetic
marks can be observed in MDS peripheral blood cells and
whether these cells could be used for these studies instead of
hard to obtainmarrow samples. Our studies showed thatmeth-
ylation changes could be seen in peripheral blood leukocytes
and were of sufficient magnitude to discriminate MDS leuko-
cytes from age-matched controls. Similarly, both novel andwell
characterized genomic copy number changes were also found
in these peripheral blood cells. Using integrative analysis, com-
mon sets of genes were identified that were affected in different
patients by genetic deletion events and the epigenetic events of
aberrant methylation. One of the genes identified by this unbi-
ased approach was DOCK4, which is located in the commonly
deleted chromosome 7q31 region.DOCK4was found to be epi-
genetically silenced in both peripheral leukocytes and marrow
stem cells in MDS. We determined that Dock4 knockdown
leads to ineffective hematopoiesis, thus implicating it as a
potential candidate gene in MDS and underscoring the power
of genome-wide integrative analysis in gene discovery in MDS.

MATERIALS AND METHODS

Patient Samples and Nucleic Acid Extraction—Specimens
were obtained from 21 patients diagnosed with MDS and from
controls after signed informed consent was approved by the
Albert Einstein College of Medicine Institutional Review
Board.MDS subtypes included refractory cytopenias withmul-
tilineage dysplasia, refractory anemia, refractory anemia with
excess blasts, and chronic myelomonocytic leukemia. Periph-
eral blood leukocytes were isolated after red cell lysis and used

for DNA and RNA extraction. Genomic DNAwas extracted by
a standard phenol-chloroform protocol followed by an ethanol
precipitation and resuspension in 10 mM Tris-HCl, pH 8.0.
Total RNAwas extracted using anRNeasymini kit fromQiagen
(Valencia, CA) and subjected to amplification using the Mes-
sageAmp II aRNA kit from Ambion (Foster City, CA).
DNA Methylation Analysis by HELP—The HELP assay was

carried out as published previously (14). Intact DNA of high
molecular weight was corroborated by electrophoresis on 1%
agarose gel in all cases. One microgram of genomic DNA was
digested overnight with either HpaII or MspI (New England
Biolabs, Ipswich, MA). The following day, the reactions were
extracted once with phenol-chloroform and resuspended in 11
�l of 10 mM Tris-HCl, pH 8.0, and the digested DNA was used
to set up an overnight ligation of the JHpaII adapter using T4
DNA ligase. The adapter-ligatedDNAwas used to carry out the
PCR amplification of the HpaII- and MspI-digested DNA as
described previously (14). Both amplified fractions were sub-
mitted to Roche-NimbleGen, Inc. (Madison, WI), for labeling
and hybridization onto a human hg17 custom-designed oligo-
nucleotide array (50-mers) covering 25,626 HpaII-amplifiable
fragments located at gene promoters. HpaII-amplifiable frag-
ments are defined as genomic sequences contained between
two flanking HpaII sites found within 200–2,000 bp from each
other. Each fragment on the array is represented by 15 individ-
ual probes distributed randomly and spatially across the
microarray slide. Thus, themicroarray covers 50,000CpGs cor-
responding to 14,000 gene promoters.
Quantitative DNA Methylation Analysis by Mass Array

Epityping—Validation of HELP microarray findings was carried
out by MALDI-TOF mass spectrometry using EpiTYPERTM by
MassArray (Sequenom) on bisulfite-converted DNA as described
previously (19, 20).MassArray primerswere designed to cover the
flankingHpaII sites for a givenHpaII-amplifiable fragment, aswell
as any other HpaII sites found up to 2,000 bp upstream of the
downstream site and up to 2,000 bp downstream of the upstream
site, to cover all possible alternative sites of digestion. The primers
usedwere as follows: KLF3_1, forward 5�-AGGAAGAGAGTAT-
TTTAAAGATGAAGTTTATGGGATAGT-3� and reverse 5�-
CAGTAATACGACTCACTATAGGGAGAAGGCTAAACCC-
TTTAAATTAACCCATCTC-3�; KLF3_2, forward 5�-AGGAA-
GAGAGTTGAAGGTTATTGAGTTTAGGG-3� and reverse 5�-
CAGTAATACGACTCACTATAGGGAGAAGGCTCTCAAC-
TCACTACAAAAAAAAAA-3�; Dock4-294-593, number 1,
forward AGGAAGAGAGGGAGAAAATGTTATGGAATGG-
TTTTT and reverse CAGTAATACGACTCACTATAGG-
GAGAAGGCTTCACCTCAACCACAAACTAAACAAA; and
Dock4–1299-1597, number 2, forward AGGAAGAGAGGGGT-
TATTAGTTTAAGATTTAAATTGGTG and reverse CAG-
TAATACGACTCACTATAGGGAGAAGGCTAAATCATAA-
CTCACCACAACCTCC.
Quantitative Real Time PCR—The expression values of

DOCK4 were validated by quantitative RT-PCR. cDNA was
synthesized from DNase I-treated total RNA extracted from
patient samples using the Superscript III first strand kit from
Invitrogen (Superscript III) following the manufacturer’s pro-
tocol. Real time PCR was performed using SYBR Green PCR
master mix from Applied Biosystems (Foster City, CA) with
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primers specific for DOCK4 and a DNA Engine Opticon 2
real time thermocycler from Bio-Rad. GAPDH was simulta-
neously amplified with specific primers as housekeeping
genes to normalize the DOCK4 expression. The primer
sequences are as follows: DOCK4, forward 5�-GGATACCT-
ACGGAGCACGAG-3� and reverse 5�-AGCCATCACACT-
TCTCCAGG-3�; glyceraldehyde-3-phosphate dehydroge-
nase, forward 5�-CGACCACTTTGTCAAGCTCA-3� and
reverse 5�-CCCTGTTGCTGTAGCCAAAT-3�.
Microarray Quality Control—All microarray hybridizations

were subjected to extensive quality control using the following
strategies. First, uniformity of hybridization was evaluated
using a modified version of a previously published algorithm
(15) adapted for the NimbleGen platform, and any hybridiza-
tion with strong regional artifacts was discarded and repeated.
Second, normalized signal intensities from each array were
compared against a 20% trimmed mean of signal intensities
across all arrays in that experiment, and any arrays displaying a
significant intensity bias that could not be explained by the
biology of the sample were excluded.
HELP Data Processing and Analysis—Signal intensities at

each HpaII-amplifiable fragment were calculated as a robust
(25% trimmed) mean of their component probe-level signal
intensities. Any fragments foundwithin the level of background
MspI signal intensity, measured as 2.5 mean-absolute-differ-
ences above the median of random probe signals, were catego-
rized as “failed.” These failed loci therefore represent the pop-
ulation of fragments that did not amplify by PCR, whatever the
biological (e.g. genomic deletions and other sequence errors) or
experimental cause. However, “methylated” loci were so desig-
nated when the level of HpaII signal intensity was similarly
indistinguishable frombackground. PCR-amplifying fragments
(those not flagged as either methylated or failed) were normal-
ized using an intra-array quantile approach wherein HpaII/
MspI ratios are aligned across density-dependent sliding win-
dows of fragment size-sorted data. The log2(HpaII/MspI) was
used as a representative for methylation and analyzed as a con-
tinuous variable. For most loci, each fragment was categorized
as either methylated, if the centered log HpaII/MspI ratio was
less than zero, or hypomethylated, if the log ratio was greater
than zero.
Microarray Data Analysis—Unsupervised clustering of

HELP data by hierarchical clustering was performed using the
statistical software R version 2.6.2. A two-sample t test was used
for each gene to summarize methylation differences between
groups. Genes were ranked on the basis of this test statistic and
a set of top differentially methylated genes with an observed log
fold change of �1 between group means was identified. Genes
were further grouped according to the direction of the methyl-
ation change (hypomethylated versus hypermethylated in
MDS), and the relative frequencies of these changes were com-
puted among the top candidates to explore global methylation
patterns. Extensive validations (shown for KLF3 promoter
regions)withMassArray showed good correlationwith the data
generated by the HELP assay. MassArray analysis validated sig-
nificant quantitative differences in methylation for differen-
tially methylated genes selected by our approach.

Array-based Comparative Genomic Hybridization (aCGH)—
Gene copy number changeswere analyzed by high resolution (6
kb) microarray-based comparative genomic hybridization
(aCGH) performed on Roche-NimbleGen 385K whole genome
tiling arrays (2006–11-01_HG17_WG_CGH). Pooled DNA
from healthy cases was used as controls during hybridization.
These arrays contain 50–75-mer probes at average spacing of
6270 bp (6 kb). This probe-level aCGH data were analyzed by
DNA copy algorithm (Nimblescan software package, Roche-
Nimblegen) using five adjacent oligonucleotides and confirmed
by circular binary segmentation algorithm (22). Significant
DNA copy number changes were cross-referenced from the
HapMap data base from NCBI to remove normal variants.
Pathway Analysis and Transcription Factor-binding Site

Analysis—Using the Ingenuity Pathway Analysis software
(RedwoodCity, CA), we carried out an analysis of the biological
information retrieved by each of the individual platforms alone,
and we compared it with the information obtained by the inte-
grated analysis of all three platforms. Enrichment of genes asso-
ciated with specific canonical pathways was determined rela-
tive to the ingenuity knowledge data base for each of the
individual platforms and the integrated analysis at a signifi-
cance level of p � 0.01. Biological networks captured by the
different microarray platforms were generated using Ingenuity
PathwayAnalysis software and scored based on the relationship
between the total number of genes in the specific network and
the total number of genes identified by the microarray analysis.
The list of hypermethylated genes was examined for enrich-
ment of conserved gene-associated transcription factor-bind-
ing sites using the Molecular Signatures Database (MSigDB)
(23). Their functional gene sets were obtained from Gene
Ontology (GO) (24).
This analysis was performed by Gene Set Enrichment Anal-

ysis (GSEA) (23), a computational method that determines
whether an a priori defined set of genes (commonly hyper-
methylated genes in MDS) shows statistically significant, con-
cordant differences between two biological states. GSEA calcu-
lates an enrichment score (ES) for a given gene set using a rank
of genes and infers statistical significance of each ES against ES
background distribution calculated by permutation of the orig-
inal data set. The ES is themaximumdeviation from zero of the
cumulative sumand can be interpreted as aweightedKolmogo-
rov-Smirnov statistic. When an entire data base of gene sets is
scored, an adjustment was made to the resulting p values to
account for multiple hypotheses testing. In this study, the
javaGSEA implementationwas used for GSEA analysis. The list
of differentially methylated HpaII fragments was analyzed
using GSEA “pre-ranked” algorithm, which is used when a pre-
ordered ranked list is to be analyzed with GSEA. 1,000 permu-
tations were applied to sample labels to test if genes from each
a priori defined positional gene sets were randomly distributed
along the gene list.
The same method was applied to determine whether tran-

scription-binding sites are randomly distributed in the differ-
entiallymethylated genes. The a priori defined gene sets used in
this analysis is transcription factor target, which contains genes
that share a transcription factor-binding site defined in the
TRANSFAC (version 7.4) database (25). Using GSEA pre-
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ranked algorithm, 1000 permutations were applied to sample
labels to test if genes from each transcription factor target gene
sets were randomly distributed along the differentially methyl-
ated gene list. The result shows significant over-representation
of binding sites for SP1, AHR, FOXO4, LEF1, NF1, and SOX9
and other transcription factors.
Meta-analysis of MDS and Normal CD34� Gene Expression

Studies—A human bone marrow gene expression dataset,
including profiles of 89 cases of MDS CD34� cells and 61 nor-
mal CD34� profiles was constructed. Individual datasets were
obtained from seven independent studies (2, 26–31) from

NCBI Gene Expression Omnibus database, an on-line reposi-
tory of all gene expression profiles reported in the literature
(26). Methods to find and extract data have been described
previously (32, 33). The datasets were integrated based on Uni-
Gene identifications and were quantile-normalized to ensure
cross-study comparability, based on our previous approach (32,
33). Analyses were performed using SAS (SAS Institute, Cary,
NC) and the R language.
shRNA Gene Knockdown—The human GIPZ lentiviral

shRNAmir individual clones targeting DOCK4 (catalog nos.
RHS4430-98480907, RHS4430-99166546, and RHS4430-

FIGURE 1. Methylation profiling on peripheral blood leukocytes separates distinct subsets of MDS from normals. Methylation profiles generated by the
HELP assay were used to cluster 21 MDS and 9 control samples by hierarchical clustering. The controls formed a cluster that was distinct from MDS samples. The
MDS samples included two clusters (groups 1 and 2) of epigenetically similar samples with a greater amount of resemblance to controls. The remaining seven
MDS samples demonstrated greater heterogeneity. No correlation with cytogenetics (normal represented as green and abnormal as red) was seen.

TABLE 1
MDS patient characteristics
The following abbreviations are used: HGB, GM/DL, NML, normal; RAEB, refractory anemia with excess blasts; RCMD, refractory cytopenias with multilineage dysplasia;
RA, refractory anemia; CMML, chronic myelomonocytic leukemia;.

Sample ID Subtype HGB (GM/DL) WBC (�103) Platelets (�103) Cytogenetics Lymphocytes Neutrophils

% %
MDS 1 RAEB 7.7 1 24 �7, �5 33 44
MDS 2 RCMD 11.7 1.7 32 �20q 40 45
MDS 3 RAEB 9.6 3.8 1 Complex 39 29
MDS 4 RAEB 9 1.4 19 �8 47 51
MDS 5 RCMD 14 2.1 126 NML 26 59
MDS 6 RCMD 12.6 2.1 85 NML 27 56
MDS 7 RAEB 9.9 2.1 5 Complex 57 32
MDS 8 RCMD 8.2 4.5 101 NML 36 54
MDS 9 RCMD 11.2 5.1 170 NML 15 76
MDS 10 RA 9 6.7 335 NML 38 45
MDS 11 RCMD 8.1 2.9 131 NML 37 49
MDS 12 RAEB 8.9 2.2 26 NML 32 49
MDS 13 RA 9.8 5.8 165 NML 42 41
MDS 14 RCMD 9.3 4.1 67 �7, �1 38 8
MDS 15 CMML 12.8 60 468 NML 5 81
MDS 16 RCMD 7.3 11.6 123 �5q, �1 30 56
MDS 17 RAEB 4.6 9.2 169 NML 42 39
MDS 18 RAEB 8.4 44 89 �8 10 89
MDS 19 RA 8.9 6.3 181 �8 45 39
MDS 20 RAEB 8.1 0.8 51 Complex 73 25
5q Syndrome RA 6.6 11.6 562 �5q 16 74
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98521322) and the nonsilencing control (catalog no. RHS4346)
were obtained fromOpenBiosystems (Huntsville, AL). Nucleo-
fection of CD34� cells was performed according to the manu-
facturer’s instruction using the Nucleofector machine (Amaxa,
Cologne, Germany). 106 CD34� cells (AllCells) were thawed,
cultured for 2 h, resuspended in 100 �l of human CD34�

Nucleofection solution (Amaxa), then transferred into
cuvettes, and electroporated using programU008. CD34� cells
were collected and cultured in 24-well plates containing 1ml of
prewarmed Stemspan (Stemcell Technologies, Vancouver,
British Columbia, Canada), supplemented with 100 ng/ml
human Flt-3, stem cell factor, and Tpo for another 24 h before
the analysis.
Hematopoietic Colony Assays—24 h after gene knockdown,

CD34� cells were collected, and the shRNA-transfected cells
were sorted according to the GFP intensity using Moflow (BD
Biosciences). The same numbers of GFP-positive cells were
culture in MethoCult GF4434 (StemCell Technologies) con-
taining recombinant human stem cell factor, granulocyte-mac-

rophage colony-stimulating factor (GM-CSF), IL-3, and eryth-
ropoietin. Granulocyte/macrophage colony-forming units and
erythroid burst-forming units were scored on day 14 of culture.
Apoptosis Assay—To detect apoptotic cells, annexin V-APC

staining was performed 24 h after the lentiviral transfection
using the annexin V-APC apoptosis detection kit (eBioscience)
according to the manufacturer’s instructions. 7-Aminoactino-
mycinDwas used for the viability staining. Apoptotic cells were
analyzed using a FACScan (BD Biosciences).
Immunohistochemistry on Bone Marrow Tissue Microarray—

Tissuemicroarrays were constructed from formalin-fixed, par-
affin-embedded bone marrow core biopsies from patients with
MDS and control patients with anemia whose bone marrow
showed no evidence of neoplasia. The tissue blocks were pro-
cured from Jacobi Hospital (Bronx, NY) after approval by the
Internal Review Board. For each patient, three 0.5-mm cores
were placed in a tissue array using amanual arrayer (Chemicon
International, Temecula, CA). Sections of the tissue microar-
rays were cut to a 5-�m thickness, placed on positively charged

FIGURE 2. Majority of differentially methylated loci are hypermethylated in MDS leukocytes and reside outside of CpG islands. A volcano plot is shown
demonstrating the difference in mean methylation between all MDS samples and controls on the x axis and the log of the p values between the means on the
y axis. A two-tailed t test was used to calculate the p values. Significantly methylated loci with a log fold change in mean methylation are labeled in green, and
significantly hypomethylated loci are labeled in red (A). Volcano plots for MDS subgroups 1 and 2 also reveal mostly hypermethylated loci with a variable
number of hypomethylated loci. B and C, genomic position of every HpaII-amplifiable fragment on the HELP array was compared with the location of known
CpG islands, and the fragments on the array were divided into two categories, those overlapping with these genomic elements and those not overlapping. To
determine whether the differentially methylated genes between MDS and controls were enriched for either one of these types of elements, a proportions test
was used to compare the relative proportion of the two types of HpaII fragments in the signature with the relative proportion on the array. Stacking bars are
used to illustrate the finding of a significant enrichment for HpaII-amplifiable fragments not overlapping with CpG islands (D).

Aberrant Epigenetic and Genetic Marks Are Seen in MDS

JULY 15, 2011 • VOLUME 286 • NUMBER 28 JOURNAL OF BIOLOGICAL CHEMISTRY 25215



slides, and heated to 60 °C for 1 h. They were then deparaf-
finized in xylene and rehydrated with graded alcohols. Endog-
enous peroxidase activity was quenched with 3% hydrogen per-
oxide. Antigen retrieval was accomplished by microwaving the
slides inDakoTarget Retrieval Solution, pH 6.0 (DakoCytoma-
tion, Dako, Carpinteria, CA), and subsequently steaming them
in a vegetable steamer for 30min. The slides were stained using
a rabbit polyclonal anti-DOCK4 antibody, provided by Yajnik
and co-workers (34), at 1:200 dilution, followed by Dako
EnVision labeled polymer-HRP anti-rabbit antibody. Antibody
binding was detected using 3,3-diaminobenzidine chromogen
(Cell Marque, Rocklin, CA). The slides were lightly counter-
stained with hematoxylin, dehydrated with graded alcohols,
cleared with xylene, and coverslipped using Cytoseal 60
(Thermo Scientific,Waltham,MA). The tissue cores were then
scored for weak versus strong staining for DOCK4 by a hema-
topathologist who was blinded to the patient identities. Tissue
cores that did not contain at least 10% evaluable marrow were
excluded from the analysis.

RESULTS

Methylation Profiling on Peripheral Blood Leukocytes Sepa-
rates Distinct Subsets of MDS from Normal Controls—Even
though the hallmark ofmyelodysplastic syndromes is dysplastic
appearance of peripheral blood cells, epigenetic and other
molecular alterations in these cells have not been examined in
detail.Wewanted to determine themethylome of these cells by
the HELP assay, which is an unbiased high resolution-based
assay that has led to the discovery of novel epigenetic altera-
tions in leukemias and other cancers (13, 35, 37). DNAmethyl-
ation profiles were generated from 21 MDS patient peripheral
leukocyte samples and 9 age-matched controls. TheMDS sam-

ples included all subtypes of this disease (Table 1). The controls
included six elderly healthy cases and three patients with ane-
mia of chronic disease. Unsupervised hierarchal clustering
showed that the controls formed a cluster that was distinct
from MDS samples, demonstrating epigenetic dissimilarity
between these groups. Interestingly, a sample from a patient
with a 5q syndrome clustered with normals (Fig. 1). The MDS
samples formed two clusters with epigenomic similarity to each
other (groups 1 and 2), in addition to the rest of samples that
demonstrated greater epigenetic heterogeneity (group 3).
Becausewe used peripheral blood leukocytes for these analyses,
we wanted to determine whether these epigenetic clusters were
due the differing myeloid and lymphoid cell percentages in
these samples.We observed that most of theMDS samples had
lymphoid and neutrophil percentages that were in the normal
range, and clustering was not found be dependent on their rel-
ative ratios (Table 1 showing sample characteristics, no signif-
icant differences between myeloid and lymphoid percentages
between the cases p � 0.05, Proportions Test). Furthermore,
epigenetic similarity between clusters of samples was neither
dependent on the histological subtypes ofMDSnor cytogenetic
alterations within these samples. These data demonstrate that
significant changes in DNA methylation are seen in MDS leu-
kocytes and are sufficient to clearly distinguish these cases from
controls (Fig. 1).
Most Differentially Methylated Genes Are Hypermethylated

in MDS Leukocytes—Having demonstrated epigenetic dissimi-
larity between MDS and control samples, we next determined
the qualitative epigenetic differences between these groups by
performing a supervised analysis of the respective DNA meth-
ylation profiles. A volcano plot comparing the differences

TABLE 2
Functional grouping of hypermethylated genes in MDS (Gene Ontology)

Biogroup p value Genes

GTPase regulator activity 6.90E-06 DOCK4, DOCK2, ARHGEF4, CDC42SE1,
FARP1, GIT2, IQGAP2, RALGPS1

Calcium-dependent cell-cell adhesion 9.10E-05 PCDH12, PCDHB11
Spermatid development 9.10E-05 H1FNT, NME5
Small nuclear ribonucleoprotein complex 0.0001 GEMIN4, PRPF8, SNRPF
Nuclear organization and biogenesis 0.0003 H1FNT, SYNE1
Transcription 0.0008 HOXB3, RUNX3, CCRN4L, KLF3, PLAGL2, MED12, PPARGC1A,

HMGN3, ZFX, ENG, PRKAR1A

TABLE 3
Transcription factor binding sites enriched in hypermethylated genes in MDS

Transcription factors No. of genes p value Genes Motif

SP1 12 3.10E-05 DOCK4, PLAGL2, ZFX, C11ORF30, DDAH2, SYNE1, SV2A, ARRDC4,
SEZ6, STRN, NXT2, SLC35D1

GGGCGGR

AHR 5 4.19E-04 PLAGL2, ZFX, RUNX3, ANGPTL2, VAMP3 CCYCNRRSTNGCGTGASA
E12 14 3.78E-03 PLAGL2, C11ORF30, DDAH2, SYNE1, SV2A, DUSP4, PPARGC1A,

HOXB3, ADAMTS15, GIT2, ODC1, ITPK1, IQGAP2, LEPREL1
CAGGTG

FOXO4 11 4.93E-03 MDS1, HSPG2, KLF3, C11ORF30, DOCK4, DUSP4, PPARGC1A,
HOXB3, HMGN3, ABCC1, DNAH11

TTGTTT

NFY 4 5.80E-03 ARRDC4, ADAMTS15, JMJD2A, IMP4 GATTGGY
CHX10 2 8.60E-03 SEZ6, MDS1 TAATTA
AREB6 2 9.96E-03 ADAMTS15, SEZ6 CAGGTA
MAZ 14 1.22E-02 ZFX, DDAH2, SYNE1, DOCK4, ARRDC4, RUNX3, DUSP4, ADAMTS15,

MDS1, HSPG2, JMJD2A, JPH4, DAB2IP, GSPT1
GGGAGGRR

GABP 2 1.32E-02 GIT2, JPH4 MGGAAGTG
LEF1 12 1.60E-02 DOCK4, SEZ6, ANGPTL2, DUSP4, PPARGC1A, HOXB3, ODC1, KLF3,

DAB2IP, NUP107, FARP1, ARHGEF4
CTTTGT

NF1 2 1.81E-02 DUSP4, HCN1 TGCCAAR
SOX9 6 2.05E-02 DOCK4, HSPG2, KLF3, MBP, PCDH12, ZNF502 NNNNAACAATRGNN
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between mean methylation of individual loci in MDS versus
control samples plotted against the significance (log (p value)
based on t test) of the difference is used to represent these data
in Fig. 2A. We observed that most significantly differentially
methylated loci were hypermethylated in all cases ofMDS (n �
152) when compared with controls (p value � 0.05; Fig. 2 and
supplemental Tables 1 and 2 listing all genes). This is consistent
with previous reports demonstrating hypermethylation of
selected loci in MDS bone marrow progenitors (38). The two

subgroups of MDS samples based on unsupervised clustering
(Fig. 1) also had predominantly hypermethylated genes,
although group 2 had a slightly higher proportion of signifi-
cantly hypomethylated genes when compared with controls
(Fig. 2, B and C). Most interestingly, only 28% (43/153) of the
commonly differentially hypermethylated CCGG loci (Fig. 2A)
were located in the CpG islands (Fig. 2D). This was significant
even after the correction for the proportion of non-CpG island
probes present in the HELP array and shows that these non-

FIGURE 3. Array CGH can detect copy number variations in MDS leukocytes. Unsupervised clustering of copy number analysis reveals similarity between
matched marrow (BM) and peripheral blood (PB) samples from the same patient (A). Array CGH plots of chromosome 1 reveal small deletions seen in both bone
marrow and peripheral blood samples from one patient (B). In another patient with amplification of the short arm of chromosome 1 in bone marrow cells, the
amplification is also seen in peripheral blood (C).
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CpG island loci are preferentially dysregulated in this disease
(Fig. 2D).
A transcription factor, KLF3 (39, 40), that was significantly

methylated in MDS was chosen for validation. Promoter
regions of the Kruppel-like factor-3 (KLF-3) (supplemental Fig.
1) was examined by MALDI-TOF-based quantitative methods
(MassArray, Sequenom). DNA was bisulfite-converted, and
primers were designed to amplify regions of interest, and quan-
titative assessment of methylation was performed by mass
spectroscopic analysis. We observed a strong correlation of
quantitative methylation obtained from MassArray with the
findings of our HELP microarrays, demonstrating the validity
of our findings (supplemental Fig. 1). Furthermore, MassArray
analysis of CG dinucleotides surrounding the assayed HpaII
sites revealed distinct hypermethylation of these cytosines in
MDS sampleswhen comparedwith controls (supplemental Fig.
1), potentially pointing to their role as potential biomarkers in
this disease, as shown for the KLF3 gene promoter.
Genes Hypermethylated in MDS Display Specific Functional

and Genomic Characteristics—A gene ontology analysis of the
152 commonly hypermethylated genes (p �0.05 and methyla-
tion change�1 log fold) showed specific enrichment ofGTPase
regulators with DOCK4, DOCK2, ARHGEF4, CDC42SE1,
FARP1, GIT2, IQGAP2, and RALGPS1 as the genes that were
hypermethylated in MDS (Table 2). Other gene pathways with
significant involvement of hypermethylated genes included
those regulating calcium-dependent cell-cell adhesion, sper-
matid development, small nuclear ribonucleoprotein complex,
and nuclear organization. Table 2 shows the genes associated
with each of these enrichedGOcategories, which includemany
potentially novel relevant candidate genes such as DOCK4 as
well as genes already implicated in hematological malignancies
such asHOXB3 and RUNX3. Further functional pathway anal-

TABLE 4
Chromosomal regions commonly deleted in MDS

TABLE 5
Chromosomal regions commonly amplified in MDS
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ysis revealed cancer as the top functional pathway affected by
hypermethylation in MDS (supplemental Fig. 2). Involvement
of these important pathways by genes commonly affected by
hypermethylation even in this heterogeneous mix of patients
supports the biological validity of our dataset.
Aberrant methylation was not distributed randomly across

chromosomes. Differentially methylated HpaII fragments
showed significant regional differences on chromosomes 11
and 16 compared with the genomic distribution of all HpaII
fragments from the HELP array. Furthermore, to determine
whether these hypermethylated genes shared any common
DNA elements, we performed a search for transcription factor-
binding sites enriched in these genes. Significant over-representa-
tion of binding sites for SP1, AHR, FOXO4, LEF1, NF1, and SOX9
and other transcription factors was seen inMDS (Table 3).
Array CGH Detects Copy Number Variations in MDS

Leukocytes—Because chromosomal deletions and amplifica-
tions have been seen inMDSbonemarrowprogenitors, we next
wanted to determine whether these can also be seen in dysplas-
tic leukocytes. We also wanted to test the potential of high
resolution aCGH in detecting novel copy number variations in
the peripheral blood. aCGH performed at a 6-kb resolution

demonstrated that cytogenetic changes can be seen in periph-
eral blood leukocytes (Fig. 3 and Tables 4 and 5). The changes
seen in peripheral blood are very similar to those seen in the
bone marrow progenitors (Fig. 3A). Furthermore, both small
and large chromosomal changes were successfully observed in
peripheral leukocytes (Fig. 3, B and C). Next, we used aCGH
data from 20 samples to uncover cryptic changes not seen by
conventional karyotyping.We observed five common deletions
and nine common chromosomal amplifications affecting 25%
ormore caseswith our analysis (Tables 4 and 5). These included
novel areas of deletion (1q32 and 14q11) and amplification
(1q41–42, 15q11, 19q13, and 22q22) that were not seen by con-
ventional karyotypic analysis. Interestingly, the 17q21-21
region found to be amplified in our analysis was also described
as a novel MDS amplification in a recent report (18), thus con-
firming the applicability of our findings to other patient
cohorts.
Integrative Analysis Can Reveal Novel Pathogenic Genes—

We hypothesized that genes silenced by both deletion and
methylation are likely to be involved in disease pathogenesis as
they are being silenced by distinct mechanisms in separate
cases. Therefore, an integrative analysis of epigenetic and

FIGURE 4. Integrative analysis reveals DOCK4 to be silenced by both deletion and hypermethylation in MDS. The aCGH plot of chromosome 7 from an
MDS patient with 7q deletion shows the location of the DOCK4 gene (A). Mean methylation from the HELP assay (depicted by log2(HpaII/MspI)) is significantly
higher in MDS samples as evident from a more negative value (two-tailed t test) (B). Methylation analysis of the DOCK4 promoter by MassArray analysis reveals
greater methylation in MDS samples as depicted in the heat map (C). quantitative RT-PCR was performed on RNA from MDS leukocytes and control samples and
showed a significantly reduced expression in MDS (D). Means � S.E. with p value were calculated by two-tailed t test. Expression of DOCK4 was evaluated in
MDS samples with or without deletions (Del) and promoter methylation (Meth) and shows significant reduction with either genetic or epigenetic silencing.
Means � S.E. with p value were calculated by two-tailed t test (E).

Aberrant Epigenetic and Genetic Marks Are Seen in MDS

JULY 15, 2011 • VOLUME 286 • NUMBER 28 JOURNAL OF BIOLOGICAL CHEMISTRY 25219

http://www.jbc.org/cgi/content/full/M111.235028/DC1


genetic lesions could prioritize candidate lesions for functional
validation. Using this strategy, we selected five genes (DOCK4,
PRES, KCNN2, PGGT1B, and TNFAIP9) that were targeted by
both genetic deletion and epigenetic silencing in our dataset.
These genes were selected on the basis of being deleted in at
least 25% of cases and differentially methylated in the others.
One of these genes, DOCK4 (dedicator of cytokinesis-4) has
been postulated as a tumor suppressor (41) and is located on
chromosome 7q31, a frequently deleted segment in MDS (Fig.
4A) (42). DOCK4 was found to be hypermethylated by the
HELP assay (Fig. 4B), and the methylation was validated quan-
titatively by MassArray EpiTYPERTM analysis, demonstrating
significantly increased methylation in MDS samples when
compared with controls (Fig. 4C). To determine the effect of
DOCK4methylation on transcription, we measured its expres-
sion in these samples by quantitative RT-PCR and found it to be
significantly reduced in the MDS leukocyte samples (Fig. 4D).
Furthermore, DOCK4 expression was significantly down-reg-
ulated by both promoter methylation and 7q deletion in MDS
samples illustrating that it is affected by both genetic and epi-
genetic alterations (Fig. 4E).
DOCK4 Is Hypermethylated and Reduced in Expression in

MDS Bone Marrows in Independent Datasets—To validate
these findings in bone marrow samples, we examined DOCK4
methylation in an independent cohort of 15 MDS and second-
ary AML patients enrolled in a clinical trial (38). Analysis of
these HELP DNAmethylation profiles revealed striking hyper-
methylation of the DOCK4 promoter in MDS/AML patients
when compared with normal bone marrow controls (t test, p
value �0.01) (Fig. 5A). To further test DOCK4 expression in a

larger set of MDS-derived bone marrow CD34� cells, we uti-
lized a recently constructed meta-analytical data base of MDS
bone marrow gene expression profiles (32, 33). DOCK4 was
significantly underexpressed in 89 MDS CD34� cell samples
when compared with 61 normal bone marrow CD34� cells (p
value � 4.3 � 10�8, t test) Significantly reduced levels of
DOCK4 were seen in all subtypes of MDS examined (Fig. 5B,
right panel, box plots), thus demonstrating a potential impor-
tant role in the pathobiology of this disease. Finally, we also
determined DOCK4 protein expression in bone marrow biop-
sies by immunohistochemistry in 9 cases ofMDSand compared
these with 19 cases of age-matched controls with anemia due to
various other etiologies (chronic disease, nutrient deficiency,
and HIV). Only a minority of MDS samples (2/9, 22%) showed
strong expression of DOCK4 in the bone marrow progenitors
as compared with most of the controls (19/22, 86% with strong
staining, p value � 0.001, Fisher’s exact test) as is shown in
representative cases in Fig. 5C. These data obtained from dif-
ferent laboratories support a potential role ofDOCK-4 in MDS
pathogenesis.
DOCK4 Knockdown Leads to Ineffective Hematopoiesis—

MDS is characterized by ineffective hematopoiesis. Increased
progenitor and stem cell apoptosis coupled with dysplastic
maturation of blood cells is seen in MDS. To determine the
functional role of DOCK4 in hematopoiesis, we tested three
different shRNAs against DOCK4 and demonstrated specific
knockdown of the gene with all three constructs (Fig. 6A).
These were then used to knock down DOCK4 in primary bone
marrow-derivedCD34� stem cells that were subsequently used
for hematopoietic colony assays. DOCK4 shRNA led to signif-

FIGURE 5. Validation in independent cohorts demonstrate reduction in DOCK4 in marrow samples from MDS/AML. Methylation values obtained from
the HELP assay performed on marrow (BM) samples in an independent cohort of patients (38) show hypermethylation of the promoter in MDS/AML samples
(A). Gene expression values from various studies on MDS and normal bone marrow-derived CD34� cells were obtained and normalized. Mean expression of
DOCK4 was significantly reduced in 89 MDS cases when compared with 61 controls (two-tailed t test) (B, left panel); box plots of MDS subtypes show significantly
reduced levels of DOCK4 in all subtypes of MDS (B, right panel). Bone marrow biopsy samples were stained with DOCK4 antibody and show decreased
expression in four representative cases of MDS when compared with controls (C).
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icantly decreased erythroid and myeloid colony formation
demonstrating an important role in hematopoiesis. Further-
more, DOCK4 knockdown led to significant increase in apo-
ptosis of CD34� cells, demonstrating similarity with pheno-
typic changes seen in MDS bone marrows and validating the
potential of our integrative platform in gene discovery in this
disease.

DISCUSSION

MDS is a stem cell disorder that responds to treatment with
cytosine analogues, azacytidine and decitabine, agents that
deplete DNA methyltransferases, suggesting a role of aberrant
methylation in the pathobiology of this disease. Even though
most studies have looked at the methylation status of selected

genes in MDS, recent studies have started exploring epigenetic
aberrations in an unbiasedmanner across the genome (9).Most
of these studies have focused on marrow samples that are hard
to obtain and frequently limited by poor quality and quantity of
derived nucleic acid. We used an unbiased global assay to look
for epigenomic disturbances in peripheral blood cells in MDS.
Our aim was to evaluate whether high resolution assays would
be able to reveal epigenetic and genetic disturbances in these
cells and thus could be used for future gene discovery and bio-
marker studies.Our studies revealed aberrations inDNAmeth-
ylation that clearly distinguished MDS from normal controls,
even when total leukocyte populations were used for analysis.
These results also suggest that aberrant methylation marks are
stable and can be seen at the level of differentiated and hetero-

FIGURE 6. DOCK4 knockdown leads to ineffective hematopoiesis in vitro. DOCK4 protein expression was reduced by three lentiviral mediated shRNA
constructs (A). Primary bone marrow CD34� stem cells with DOCK4 shRNAs produced fewer erythroid (erythroid burst-forming units (BFU-E)) and myeloid
(CFU-GM) colonies (means � S.E.; t test, p value� 0.05) (B). DOCK4 shRNA was able to increase apoptosis significantly in GFP�-sorted CD34� cells (t test, p
value� 0.05). Three independent experiments shown as means � S.E. (C).
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geneous cell populations, when examined by high resolution
assays. Furthermore, by combining epigenomic assays with
genetic assays, we could find novel genes that may play roles in
the pathogenesis of this disease.
Our epigenetic studies were based on the HELP assay that

examines cytosine methylation at CCGG (HpaII) sites, some of
which lie outside of CpG islands (13). In fact, we found that the
majority of common differentially hypermethylated cytosines
in MDS samples are not located in CpG islands. Recent work
has also shown that non-CpG island cytosine methylation can
be important in controlling gene transcription and can be
involved in normal development and carcinogenesis (20, 43).
These findings will be important for future predictive bio-
marker studies inMDS and underscore the importance of using
unbiased high resolution assays not restricted to CpG islands
for these studies.
A problem with genomic assays is the large number of can-

didate genes that are discovered during analysis. It is difficult to
rank these targets by their functional importance, and it is thus
challenging to conclude which of these are the actual drivers of
disease pathophysiology. We tried to use our integrative plat-
form to address this issue by hypothesizing that genuinely
important pathogenic genes may be disrupted by different
mechanisms in different patient samples. Using this approach,
we found five genes that were targeted by hypermethylation
and deletions in different MDS samples. One of these genes,
DOCK4, happens to residewithin the chromosome 7q31 region
that has been found to be a common region deleted in poor
prognosis MDS (42). DOCK4 is a member of family of guanine
exchange factors that can activate GTPases Rap and Rac (34).
DOCK4 is a multidomain protein and is a part of the DOCK
superfamily of 11 unconventional guanine exchange factors,
characterized by the presence of DHR1 and DHR2 (DOCK
homology regions 1 and 2) domains. DOCK4 deletions have
been seen in murine tumor models, and missense mutations
have been described in prostate and ovarian cancer cell lines
(41). DOCK4 is required for Rap GTPAse activation that con-
trols formation andmaintenance of adherens junctions. Loss of
DOCK4 function leads to loss of cell adherence and can support
tumorigenicity, implicating it as a tumor suppressor gene.
GTPases such as Rac and Rap also play important roles in cyto-
kine signaling during hematopoiesis (6, 44, 45), and so modu-
lation of their activation can impact this process. Additionally,
DOCK4 has also been shown to interact molecularly with the
�-catenin pathway, specifically with GSK-3, pathways that play
important roles in regulating stem cell function in hematopoi-
esis (34). Chromosome 7 is frequently deleted inMDS and leads
to a worse prognosis in this disease. Studies have shown that
7q31maybe the commonly deleted segment in this disease (36).
Our identification of DOCK4 in an unbiased manner using our
integrative platform shows the potential of combining different
genomic assays to prioritize identification of important genes
in this heterogeneous disease.
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17. Mohamedali, A., Gäken, J., Twine, N. A., Ingram,W., Westwood, N., Lea,
N. C., Hayden, J., Donaldson, N., Aul, C., Gattermann, N., Giagounidis, A.,
Germing, U., List, A. F., and Mufti, G. J. (2007) Blood 110, 3365–3373

18. Starczynowski, D. T., Vercauteren, S., Telenius, A., Sung, S., Tohyama, K.,
Brooks-Wilson, A., Spinelli, J. J., Eaves, C. J., Eaves, A. C., Horsman, D. E.,
Lam, W. L., and Karsan, A. (2008) Blood 112, 3412–3424

19. Figueroa, M. E., Reimers, M., Thompson, R. F., Ye, K., Li, Y., Selzer, R. R.,
Fridriksson, J., Paietta, E., Wiernik, P., Green, R. D., Greally, J. M., and
Melnick, A. (2008) PLoS ONE 3, e1882

20. Figueroa, M. E., Wouters, B. J., Skrabanek, L., Glass, J., Li, Y., Erpelinck-
Verschueren, C. A., Langerak, A. W., Löwenberg, B., Fazzari, M., Greally,
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