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a  b  s  t  r  a  c  t

Hypermethylation  of  CpGs  in  promoter  regions  and  subsequent  changes  in  gene  expression  are  common
features  in  acute  myeloid  leukemia  (AML).  Genome-wide  studies  of  the  methylome  are  not  only  useful
to understand  changes  in DNA  methylation  and gene  regulation  but  also  to  identify  potential  targets  for
antileukemic  treatment.  Here  we  performed  methylated  DNA  immunoprecipitation  (MeDIP)  in the  AML
cell line  HL-60  and donor-derived  CD34+  cells,  followed  by  hybridization  on  a human  promoter  tiling
eywords:
cute myeloid leukemia
NA methylation
pigenetics

array.  The  comparative  analysis  of  HL-60  versus  CD34+  cells  revealed  differentially  methylated  promoter
regions  including  genes  that  are  frequently  methylated  in  AML,  such  as  p15/INK4B,  OLIG2,  RARß2  and
estrogen  receptor.  Microarray  data  was  validated  by  quantitative  pyrosequencing.  We  corroborate  pre-
vious  reports  that MeDIP,  in our  study  combined  with  a promoter  tiling  array  (MeDIP-Chip),  is a  robust
method  to identify  genes  that  are  differentially  methylated  in  AML  cells  in  a genome-wide  manner,  and
is thus  useful  to  identify  new  epigenetic  targets  for  therapeutic  or prognostic  research.

© 2012 Elsevier Ltd. All rights reserved.
. Introduction

Epigenetic alterations comprise modifications of DNA and his-
ones, resulting in regulation of gene expression due to changes
f the chromatin structure [1,2]. DNA methylation predominantly
ccurs at cytosines in the CpG dinucleotide context. Methylation
f CpG islands (CpG dinucleotides in the 5′-untranslated region
nd the first exon of approximately 60% of all genes) can affect
he transcriptional activation of genes. The methyl groups serve
s target sites for methylation-dependent repressor proteins that
nduce transcriptional repression by recruiting co-repressor com-
lexes, histone deacetylases, or histone methyltransferases [3].  In
he same way, promoter methylation might prevent transcrip-

ion factors from accessing their binding sites and thus directly
nhibit gene expression resulting in silencing of tumor suppressors
4]. Under physiologic conditions, the proper distribution of DNA
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methylation plays an essential role in development, chromosomal
integrity, maintenance of gene expression states, and X chromo-
some inactivation [5,6]. DNA methylation patterns are severely
altered in human tumors, including acute myeloid leukemia (AML).
These changes include local hypermethylation and global hypo-
methylation [7,8] of CpG islands, resulting in genomic instability
and transcriptional silencing of genes [9–11]. Gene specific pat-
terns of hypermethylated DNA are associated with transcriptional
silencing and can correlate with cancer progression, prognosis, and
treatment response, thus representing promising biological mark-
ers [10,12,13].

AML  is a heterogeneous disease characterized by cytogenetic
and molecular aberrations. AML  also frequently shows silencing
of genes (e.g. tumor suppressors) through hypermethylation of
promoter CpG islands. The anti-leukemic effect of low-dose DNA
demethylating agents supports the hypothesis that dysregulation
of tumor suppressor genes via hypermethylation might contribute
to the malignant phenotype of AML  [14]. However, there is still a

lack of robust epigenetic biomarkers to predict response and mon-
itor the clinical course of AML  patients treated with drugs such
as 5-azacytidine or decitabine. Nonetheless, the expectation that
DNA methylation signatures could be used as biomarkers for early

dx.doi.org/10.1016/j.leukres.2012.09.014
http://www.sciencedirect.com/science/journal/01452126
http://www.elsevier.com/locate/leukres
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etection of cancer as well as for prognostic and predictive pur-
oses has led to the development of a number of technologies for
NA methylation analysis [15]. Some of these can be combined with
icroarrays for detection in order to screen many target sequences

n one experiment. These can be classified in: (i) methods using
ethylation-sensitive (HpaII and Not1) or methylation-specific

estriction (McrBC) (e.g. CHARM [16]; HELP [17]), (ii) techniques
apturing methylated DNA by means of a recombinant, methyl-
pG-DNA binding protein MBD2-Fc (mCIP [18,19]); MBD-affinity
urification [20]), which is used to fractionate genomic DNA
epending on its methylation level, (iii) immunoprecipitation-
ased methods using either 5′-methylcytosine (MeDIP) [21,22]
r methyl-binding protein (MBD) domains [23] specific to meth-
lated CpGs to enrich methylated DNA. The application of an
nti-5mC antibody for DNA profiling was introduced by Weber
t al. [21,22]. The main advantage of capturing methods such as
eDIP is that they are not limited to restriction sites and appears

o be an efficient, reproducible method to analyze the methylome
f large collections of DNA samples [24–26].  Indeed, one caveat
ith affinity approaches is that methylated CpG-rich sequences

re more enriched than CpG-poor sequences [27], but since CpG
slands comprise high CpG density, changes in tumor cells and
enes that undergo promoter CpG hypermethylation can easily be
etected.

Here, we describe the application of MeDIP combined with
 GeneChip tiling promoter array (Affymetrix). This combina-
ion of immunoprecipitation of methylated CpGs with a specific
ntibody and a promoter array (MeDIP-Chip) that consists of
ultiple short (20–25 bp) probes per target is a useful tech-

ique for identification of genes with hypermethylated CpG
slands.

. Material and methods

.1. CD34+ cell purification, DNA preparation and in vitro
ethylation

Following G-CSF (granulocyte-colony stimulating factor,
mgen, Germany) stimulation and leukapheresis, bone marrow
erived CD34+ cells were isolated using magnetic-activated cell
eparation (MACS, Miltenyi Biotec, Bergisch Gladbach, Germany)
ccording to the manufacturer’s recommendation. Genomic
NA from the human leukemia cell line HL-60 [28,29],  CD34+
ells and peripheral blood mononuclear cells of healthy donors
as extracted using the DNeasy blood & tissue kit according

o the manufacturer’s protocol (Qiagen, Hilden, Germany). All
onors had provided ethic board approved informed consent.
he DNA of CD34+ human progenitor cells was pooled after
xtraction to reduce inter-individual epigenetic variability (for
icroarray data evaluation). The DNA was sonicated to obtain

ragments ranging between 300 bp and 1000 bp using a Bioruptor
Diagenode, Liège, Belgium). For the dilution series experiment
hole-genome amplification was used to generate an unmethy-

ated copy (0% methylated) of genomic PBL DNA according to
he manufacturer’s protocol (REPLI-g Mini Kit, Qiagen, Hilden,
ermany). The amplified unmethylated DNA was treated with
pG-methyltransferase M.SssI (NEB, Frankfurt, Germany) for 6 h
t 37 ◦C [30] to add methyl-groups to all cytosine residues within
pG dinucleotides to generate 100% methylated genomic DNA,
ollowed by DNA purification with QIAquick PCR Purification Kit
Qiagen, Hilden, Germany). Methylated DNA (100%) was diluted

ith unmethylated (0%) DNA to create a dilution series of 100%,

0%, 30%, 20%, 10% and 0% methylation. The methylation level of
he dilution series was verified by pyrosequencing for ten genomic
oci.
arch 37 (2013) 102– 111 103

2.2. Methylated DNA immunoprecipitation (MeDIP) assay

Methylated DNA immunoprecipitation was  performed as
described by Weber et al. [21]. MeDIP was performed on techni-
cal replicates (n), (HL-60 n = 7; CD34+ (pooled DNA of 4 donors)
n = 7; 0% to 100% n = 3). Briefly, 4 �g of sonicated denatured DNA
was  incubated with 10 �g of mouse monoclonal antibody against
5-methylcytosine (Eurogentec, Seraing, Belgium) in 10× IP buffer
(100 mM Na-Phosphate pH 7.0, 1.4 M NaCl, 0.5% Triton X-100) for
6 h at 4 ◦C. Antibody-bound DNA was  collected with 80 �l  of Dyn-
abeads with M-280 sheep anti-mouse IgG (Invitrogen, Karlsruhe,
Germany) for 2.15 h at 4 ◦C on a rotating wheel and washed twice
with 1× IP buffer (10 mM Na-Phosphate pH 7.0, 0.14 M NaCl, 0.05%
Triton X-100). The beads were resuspended in 250 �l Proteinase
K buffer (50 mM Tris pH 8.0, 10 mM EDTA, 0.5% SDS, 70 �g pro-
teinase K) and incubated for 5 h at 50 ◦C. DNA was  extracted by
standard phenol/chloroform procedure and isopropanol precipi-
tated.

2.3. Quantitative PCR

For the comparison of DNA methylation of HL-60 and CD34+
cells, quantitative real-time PCR was used to verify the amount
of enrichment for promoter regions of C/EBPA,  RARˇ2, OLIG2 and
GSTP1 in the DNA fraction. qPCR was  performed with the LightCy-
cler 480 Real-Time PCR System, and the reaction mix  contained 1×
SYBR green master mix  (Roche, Mannheim, Germany) and 0.5 mM
of forward and reverse primers, respectively, in a volume of 10 �l.
PCR cycling consisted of 95 ◦C for 10 min, 45 cycles of 95 ◦C for 10 s,
60 ◦C for 10 s and 72 ◦C for 20 s, followed by a melting curve analy-
sis. Primer sequences for qPCR are shown in Supplementary Table
2.

2.4. Whole genome amplification and promoter array
hybridization

Immunoprecipitated DNA from MeDIP was  amplified with the
REPLI-g FFPE Kit (Qiagen, Hilden, Germany). The amplified DNA was
purified using the QIAquick PCR Purification Kit (Qiagen, Hilden,
Germany). 7.5 �g of amplified DNA was fragmented and labeled
according to Affymetrix Chromatin Immunoprecipitation Assay
Protocol.

DNA samples were hybridized to the array using Affymetrix
hybridization reagents, and a hybridization oven 640. Subse-
quently, the arrays were stained and washed using the Fluidics
Station 450 according to the manufacturer’s protocol (Affymetrix,
High Wycombe, UK). Arrays were scanned with the GeneChip
Scanner 3000 7G. Raw data was extracted with the GeneChip Oper-
ating System (GCOS) software from Affymetrix. The Affymetrix
GeneChip Human Promoter 1.0R Array comprises over 4.6 mil-
lion probes tiled through over 25,500 transcription start sites.
The 25-mer probes are tiled at an average resolution of 35 bp.
Each promoter region covers approximately 7.5 kb upstream
through 2.45 kb downstream of 5′ transcription start sites
(http://www.affymetrix.com).

2.5. Data analysis

Raw data were imported into the Partek Genomic Suite
Software (http://www.partek.com/) [31,32]; and preprocessed
with the robust multichip averaging (RMA) algorithm [33] that
includes background correction, quantile normalization and log2-

transformation.

A principal component analysis (PCA) was performed as a qual-
ity control, to identify potential outliers and evaluate whether these
significantly affect the data. For analysis of variance (ANOVA) and

http://www.affymetrix.com/
http://www.partek.com/
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ingle-sided t-test, a significance level  ̨ = 0.05 has been used, i.e.
-values p < 0.05 have been considered as significant. The trimmed
ean of the t-values of nearby probes (to reduce the effects of

oisy probes) is calculated by averaging probes next to each other,
xcluding the highest (we defined as 10%) and lowest values (trim-
ing). The MAT  (Model-based Analysis of Tiling-arrays) algorithm

34] uses this trimmed mean in a window of fixed genomic length
here 600 bp) to generate MAT  scores. If the MAT  score of a window
r a compound of windows that are near to each other is signifi-
ant based on p-value cutoff and background distribution, then it is
eported. The MAT  algorithm removes systematic errors in the data
o elucidate the real biological signals in the microarray data [34].
o detect significant hypermethylated regions, in the comparison
f the two cell lines, the mean signal from each probe for the HL-
0 cells was subtracted from that of the CD34+ cells for all probes
n the microarray. These detected regions were annotated to their
orresponding genes using the Affymetrix U133 Plus 2 Expression
rray Probeset ID annotation file. To visualize differences in meth-
lation at specific promoters, Partek Genomic Suite software was
sed to create custom tracks (.bed files) for visualization in the
niversity of California at Santa Cruz (UCSC) Blat genome browser

http://genome.ucsc.edu/). Alternatively, for more detailed analy-
is, the Bioconductor rMAT package was used for preprocessing
35]. The fold-changes HL-60 minus CD34 have been calculated at
he log2-scale. A regularized t-test was applied to test for significant
ifferences between cell line and CD34+ cells. To stabilize the t-test,
he population variance estimated from all probes and of the vari-
nce estimates for the individual probes were averaged. The probe’
equences as well as their genomic locations were obtained from
he Affymetrix bpmap Hs PromPR v02-3 NCBIv36 file. The location
f CpG islands was downloaded from the UCSC goldenpath genome
atabase (version hg18, Build 36.1).

Because the DNA fragments obtained after sonication are
arger than the probe sequences, also methylated CpGs close to
he genomic positions matching to the complementary probe
equences can be detected by immunoprecipitation. This effect has
een accounted for by assuming a typical distribution [27] of the
NA fragment length. The distribution has been translated to a

moothing kernel (600 bp) to calculate the effective CpG number
round genomic positions complementary to the probe sequences,
o that the probes on the tiling array were subdivided based on
heir CpG-density.

.6. Pyrosequencing

Pyrosequencing analysis was performed to validate the DNA-
ethylation differences measured by the microarray. Bisulphite

reatment of the DNA was conducted using the EZ DNA
ethylation-Gold Kit according to the manufacturer’s protocol

Zymo Research, Freiburg, Germany). Pyrosequencing primers
ere designed using Pyrosequencing Assay Design Software.

equences of PCR primers, genomic location of the bisulfite pyrose-
uencing assay and the number of investigated CpG sites in each
ssay are shown in Supplementary Table 3. A universal tag was
laced on either the forward or the reverse primer (depend-

ng on the strand to be sequenced), and a universal biotinylated
rimer was used for all reactions [36]. Pyrosequencing was  per-
ormed using PyroMark Gold Q96 Reagents and the Pyro Q-CpG
oftware on a PyroMark Q96 MD  pyrosequencer (Qiagen, Hilden,
ermany) according to manufacturer’s recommendation. Pyrose-

uencing analyses were performed in triplicates and data were
nalyzed using the Pyro Q-CpG software. All assays were optimized
ith fully methylated (100%) and unmethylated (0%) genomic DNA.
ethylation levels were calculated relative to the average number

f CpG sites within each assay.
arch 37 (2013) 102– 111

3. Results

3.1. 5mC antibody immunoprecipitation enables selective
enrichment of methylated DNA

To test the selective affinity of the 5′-methylcytosine (5mC) anti-
body we  performed immunoprecipitation (IP) on HL-60 and CD34+
DNA and compared the pull-down with a mock antibody (IgG).
We analyzed the 5′-methylcytosine and IgG antibody-precipitated
DNA for enrichment of genes of known highly methylated pro-
moter regions of RARˇ2 [37], C/EBPA [38] and OLIG2 [39] and one
low methylated gene GSTP1 [40] in HL-60 by DNA-qPCR (Fig. 1A).
We detected low enrichment (4.2 fold) for GSTP1 with the 5mC anti-
body. However, high enrichment (> 17 fold) was achieved for RARˇ2
(17.6 fold), C/EBPA (29.1 fold) and OLIG2 (29.6 fold). The enrich-
ment increased with CpG content in the promoter. In contrast,
very low enrichment (from 0.02 fold to 0.05 fold) was  detected for
DNA immunoprecipitated with the IgG antibody, implying selective
affinity of the 5mC antibody.

In order to test the efficiency of enrichment of the 5mC anti-
body, we  applied a dilution series of in vitro methylated peripheral
blood mononuclear cell DNA (0, 10, 20, 30, 50 and 100% methyl-
ated). The enrichment after immunoprecipitation cannot be seen
as a function of density of methylated CpGs [22] referred to the
dilution series as these samples were made from different ratios
of 100% artificially methylated DNA and completely unmethylated
DNA. The IP DNA was  examined for the genes GAPDH and TSH2B
by DNA-qPCR (Fig. 1B). As the samples, starting from 10% methyl-
ated DNA sample comprise uniformly in vitro methylated DNA, we
expect the CpGs of the genes GAPDH and TSH2B to be methylated. At
30% methylated DNA, the enrichment increased to 25% for GAPDH
and 33% for TSH2B,  respectively. At 100% methylated DNA, the yield
increased to 100% for GAPDH and 92% for TSH2B,  respectively. For
methylation levels below 30%, the detected enrichment was below
2%, indicating a reliable immunoprecipitation.

3.2. Principal component analysis (PCA) of microarray data
separates HL-60 cells from CD34+ cells

In a first step to compare meDIP samples of HL-60 and CD34+
cells, a principal component analysis was  performed on the
microarray data. Principal component analysis is a multivariate
procedure reducing the dimension of the data to the components
retaining the bulk of the signals’ variance. The difference in sig-
nal intensities of the probes binding hybridized IP DNA separated
HL-60 and CD34+ cells into two groups (Fig. 2A). The grouping of
spheres of HL-60 and CD34+ cells shows the similarity within the
data set of technical replicates of HL-60 and CD34+ cells, respec-
tively. Furthermore, the partition into two  groups reveals that
the DNA methylation profile of both cell lines is different. Two
replicates of HL-60 spread considerably apart from the remaining
replicates of the cluster. We  performed further analysis with and
without these two replicates, respectively and regarded them as no
outliers, because they did not substantially affect the results.

The PCA of three technical replicates of the in vitro methyl-
ated DNA dilution series underlines the separation in different
groups and thus the difference in the signal intensities of the probes
derived from the precipitated DNA (Fig. 2B).

3.3. MeDIP preferentially enriches highly methylated and
CpG-dense DNA regions
To determine whether the immunoprecipitated DNA consists of
CpG-dense regions, we divided probes covered by the tiling array
into three groups, based on their CpG-density, as described in the
methods: the “low CpG” group consists of the 10% of probes with

http://genome.ucsc.edu/
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Fig. 1. Bar graph representing qPCR validation results for enriched DNA. (A) Fold enrichment of candidate genes enriched by MeDIP. RARˇ2, C/EBPA, OLIG2 (all known
to  be highly methylated in HL-60) and GSTP1 (known to be unmethylated in HL-60) of precipitated DNA with specific antibody as compared with IgG pull-down quantified
by  qPCR relative to input DNA. Graphs represent the average values ±S.D. of three replicates on a log2 scale. The CpG count according to the gene promoter region and the
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nalyzed amplicon are given below. (B) Recovery rate [%] of TSH2B and GAPDH targ
NA.  Graphs represent the values of one qPCR on a log10 scale.

he lowest CpG density, the “medium CpG” group consists of 80%
f the probes with medium CpG density and the “high CpG” group
onsists of the 10% of the probes with the highest CpG density
Fig. 3). We  then quantified the mean signal raw intensity in each
pG group for the dilution series relative to the unmethylated (0%)
roup. Normalization is not feasible for a dilution series because
lobal different intensities are expected for different dilution sett-
ngs which are not intended to be removed by a normalization step.
s we do not expect chromosome dependency for MeDIP of in vitro
ethylated dilution series, we performed this analysis exemplarily

n chromosome 10.
Probes with low CpG density show minor signal intensity dif-
erences (Fig. 3) for 10% (log2 fold change: −0.03) through 30%
ethylated dilution series. An increase was detected for 50% (log2:

.17) and 100% (log2: 0.21) methylated samples. The mean signal
ntensity difference for probes with medium CpG already started
uences for in vitro methylated (0–100%) DNA quantified by qPCR relative to input

to increase at 20% (log2: −0.024) and continued to 100% (log2:
−0.69). For probes with high CpG density we detected a constant
increase between 20% (log2: 0.327) and 100% (log2: 1.68) of mean
signal intensity differences for probes with high CpG density. Taken
together, an increase of the CpG density of probes leads to a consis-
tent increment of the mean intensity difference. With increasing
methylation level of the in vitro methylated samples, the mean
signal intensity differences are more prominent.

We  additionally calculated the fold-change of signal intensities
of individual probes in order to compare methylated DNA versus
non-methylated DNA at the level for single probes of chromosome
10 (Fig. 4). The fold changes of probes with low CpG density are

similarly distributed for 20% and 30% (45% of the probes) and
also for 50% and 100% methylated dilution series (about 65 and
68% of the probes, respectively). However, samples with 50 and
100% methylation revealed more positive fold changes (Fig. 4A).
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Fig. 2. Principal component analysis (PCA) of microarray data. PCA has been applied to microarray data of (A) HL-60 (n = 7; blue), CD34+ (n = 7; red) and (B) in vitro
m ), resp
r d 100%
o f the a

T
a
(
3
m
n
a
r
b
d
f
d

ethylated DNA dilution series (n = 3 for 10%, 20%, 30%, 50% and 100%; n = 2 for 0%
eplicate is presented by a sphere of the same color. Replicates of 0% 10%, 30%, 50% an
f  the references to color in the artwork, the reader is referred to the web  version o

he fold-change distribution of probes with medium CpG density
re shifted to positive values in 50 and 100% methylated samples
about 85% of probes with medium CpG density) as compared to
0 and 20% (about 53% and 48% of the probes, respectively) and are
ore distinguished between the samples. The differences in the

umber of probes and fold changes between 20% and 30% as well
s for 50% and 100% methylated dilution series (fold change ranges
oughly from −2 to 3) are visually detectable (Fig. 4B). The distances

etween the fold change distributions of the samples become more
istinct for probes with higher CpGs density. The majority of probes
or 20% methylated dilution series (79% of probes with high CpG
ensity) and for 30% methylated dilution series (88% of probes
ectively. The data for each sample type is represented by different colors and each
 methylated DNA as well as CD34+ show clear grouping pattern. (For interpretation
rticle.)

with high CpG density) show a shift to positive fold changes, from
−1 to 2 and < 3, respectively. For 50% and 100% methylated dilution
series all probes with high CpG density (100%) shifted from − 0.5
to positive fold changes >3 and 4, respectively (Fig. 4C).

Next, we  calculated the p-values by a two-sample t-test for each
probe (for chromosome 10) (Fig. 4D–F). For 20% and 30% methylated
dilution series the p-values of the probes with low and medium
CpG density are uniformly distributed, indicating no significance in

detecting methylation differences (Fig. 4D and E). However, for 20%
and 30% methylated dilution series 2% of the probes with high CpG
density are significant (p < 0.01) (Fig. 4F). The p-values for 50% and
100% methylated dilution series increased substantially for probes
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Fig. 3. Signal intensity histogram of probes according to their CpG density. CpG
density analysis of the probes on the array was  realized by counting the number of
subsequent GC or CG base pairs in the probe sequences and classification into three
different groups. The y-axis of the bar plot shows the mean intensity difference
of  the probes with 0% methylation on a log2 scale. The three colors representing
high, medium and low CpG density according to the samples hybridized on the
microarray. For low CpG density in the DNA sequence at the probe locations, there is
only a slight increase in the signal level (red bars). The highest sensitivity is observed
for high CpG abundance. The blue bars indicate the measurements for the probes
with most CpGs. A difference of one at the vertical axis corresponds to a factor of
t
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where sufficient enrichment was recognized only at methylation
wo  in concentration. For the illustration purpose, only the probes on chromosome
0  have been analyzed. (For interpretation of the references to color in the artwork,
he  reader is referred to the web version of the article.)

ith low, medium and high CpG density. The number of significant
robes (p < 0.01) rises with increasing CpG density of probes and
NA methylation level of the dilution series (from 8% to 39% for
0% methylated DNA and 5% at medium CpG density to 27% at high
pG density for 100% methylated DNA).

To confirm that MeDIP is able to identify global hypermeth-
lation of HL-60 cells compared to CD34+ cells, we  plotted the
old-change distribution of the significant probes (p < 0.01) com-
rising the total number of probes on the array (Fig. 5A). The
utcome is compared to a randomized data set. Here, the group
abels are randomly drawn for each probe to calculate a null dis-
ribution, i.e. the distribution of the fold change estimates for
robes equally methylated in HL-60 and CD34+ cells. The num-
er of significant probes with positive fold change is considerably
igher than for those ones with negative fold change indicating
hat there are more genes methylated in HL-60. Because the null
istribution is located between −2 and 2, significant probes with

 log2-fold change >2 indicate an enrichment of methylated DNA
n HL-60 compared to CD34+ cells. Depending on the HL-60 and
D34+ dataset, the p-values are smaller than for the null distri-
ution (Fig. 5B), showing that the cutoff for testing differences is
etween 0.01 and 0.05 and indicating that there is a global effect

n the samples. The flatness of the null distribution and of the right
ail of the observed distribution confirms that the shift toward zero
s not due to variance in homogeneities and that t-test is applicable.

.4. Pyrosequencing analysis validates MeDIP-Chip results

The MAT  algorithm is used to detect enriched regions on the IP
ybridized microarrays. A t-statistics was calculated for each probe.
he resulting list of data comprises chromosome, start and end of

etected enriched regions and p-value. The analysis of the HL-60 vs.
D34+ experiment by the MAT  algorithm revealed 6832 detected
egions with a positive MATscore (ranging from 4,6 to 51.5) and
arch 37 (2013) 102– 111 107

8985 regions with a negative MATscore (ranging from −15.5 to
−3.1) (Supplementary dataset 1).

To evaluate the hypothesis that a positive MATscore reflects
an enrichment of methylated DNA regions in HL-60 cells and
a negative MATscore indicates an enrichment in CD34+ cells,
we  selected genes with both, positive and negative MAT  scores
(Supplementary Fig. 1) and performed bisulfite pyrosequencing
to quantitatively measure the methylation level of the included
CpGs. The promoter regions of OLIG2, SOCS1, ESR1, BMPER, CDKN2B
(p15INK4B), CYP26C1, RARˇ2, CYFIP1, WNT5A, GUCY1B3 and C/EBP˛
with a positive MATscore were significantly hypermethylated in
the HL-60 cells compared to healthy donor CD34+ cells (Fig. 6A).
The promoter regions of BCL2, IGF1-R and SYTL3, with a negative
MATscore showed significant hypermethylation in CD34+ cells as
compared to HL-60 cells (Fig. 6B). However, the level of the MAT
score did not correlate with the level of methylation. In total, 21 of
23 (91%) analyzed promoter regions with a positive MATscore ver-
ified that these CpGs were hypermethylated in HL-60 in contrast
to CD34+. Regions with a negative MATscore showed a hypometh-
ylation of CpGs in HL-60 in 4 of 8 genes (50%), while sequenced
amplicons of four genes revealed equally low DNA methylation sta-
tus in HL-60 and CD34 and two  amplicons (NAT2 and ID3) showed
hypomethylation of analyzed CpGs in CD34 compared to HL-60
(Fig. 6 and Supplementary Table 1).

Thus, pyrosequencing analysis confirmed that the 5mC antibody
enriched highly methylated DNA of HL-60 and CD34+, respectively
and that the MAT  algorithm is a robust tool to detect differentially
methylated genes when comparing two  distinct cell populations.

4. Discussion

Several methods are currently used to study global DNA meth-
ylation differences. Using the HELP assay, Figueroa et al. identified
biologically and clinically relevant AML  subgroups and described
a 15 gene DNA methylation-classifier capable of predicting overall
survival, demonstrating the potential of epigenetic markers for use
in patients for whom clinical biomarkers are not currently available
[41]. Moreover, that study demonstrated DNA methylation-specific
AML  subtypes, which showed a characteristic epigenetic signature
when compared with normal bone marrow CD34+ cells, a compar-
ison frequently used, also because of the homogeneity in contrast
to unseparated whole bone-marrow.

The use of methylation-sensitive restriction enzymes (Hpa II
and Not I) as used in the HELP-assay [41] or methylation-specific
(McrBC) limit these approaches to profile genomic regions that con-
tain these restriction site motifs [17,42].  The immunoprecipitation
of methylated DNA is not dependent on the genomic distribution
of restriction enzymes recognition sequences and utilizes single
stranded and fragmented DNA making this method less biased and
potentially compatible with archival specimens.

Here we demonstrate a genome-wide approach for the iden-
tification of differentially methylated genes using MeDIP in
combination with a promoter-tiling array. The advantage of the
promoter tiling array used in this study is that it includes multiple
probes per gene to improve the sensitivity of assay [43].

The 5′-methylcytosine antibody enriched sequences of CpG-rich
promoter regions in HL-60 known to be highly methylated, which
underlines that enrichment of methylated DNA is associated with
the CpG density in that particular sequence. The in vitro methylated
dilution series (0–100% methylation level) showed enrichment of
two  uniformly methylated genes with increasing methylation level,
level above 20%. It is possible that the 5mC  antibody precipitates
methylated cytosines in CpG dinucleotides with at least 30% meth-
ylation grade. In the dilution series, all but one (at 20% methylation)
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Fig. 4. Histogram of distribution pattern of fold change and p-values of probes in according to CpG density. (A–C) The fold-change is plotted on a log2-scale, i.e. a value
of  zero corresponds to a factor of one, and a value of one to a factor of two. For probes with low CpG density (A) the measurements are slightly different from the background
obtained for 0% methylation. The fold-change distribution for the comparisons 50% vs. 0% and 100% vs. 0% shows a slight shift toward positive values. For the comparisons 30%
vs.  0% and 20% vs. 0% methylation, there are almost no detectable effects. For medium CpG levels (B),  methylation differences are detectable. The fold-changes calculated for
the  comparisons 50% vs. 0% and 100% vs. 0% are clearly shifted toward positive values. For high CpG levels (C),  even the comparison of 30% vs. 0% (light blue) yields detectable
positive fold-changes. (D–F) The p-values calculated by a two-sample t-test are significant only for the comparisons 50% vs. 0% and 100% vs. 0%. For the comparisons 30%
vs.  0% to 100% vs. 0%, the p-value distribution is flat indicating very low detectable effects for probes with low CpG density (D). For medium CpG levels (E), the comparisons
50%  vs. 0% and 100% vs. 0% yield significant results, i.e. the p-values are shifted toward zero while the p-values are almost uniformly distributed between zero and one for
20%  and 30% methylated DNA. For high CpG levels (F),  the comparisons 50% vs. 0% and 100% vs. 0% are highly significant. The p-values calculated for the comparison of 30%
vs.  0% (light blue) methylation are slightly significant. The histograms based on the analysis of the dilution series reflect the data based on probes of chromosome 10. (For
interpretation of the references to color in the artwork, the reader is referred to the web version of the article.)
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Fig. 5. Histogram of distribution pattern of fold change and p-values in the
microarray data of HL-60 and CD34+ cells. The mean fold-changes (red columns)
were calculated for each probe. The null-distribution (blue) has been calculated by
randomization of the class labels. (A) Positive fold-changes are over-represented in
HL-60 cells compared to CD34. To remove probes which are not differentially meth-
ylated, only fold-changes with significant p-value (p < 0.01) are displayed. (B) The
p-values obtained by a two-sample t-test (red) are shifted toward zero. (For inter-
pretation of the references to color in the artwork, the reader is referred to the web
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regions. The analysis revealed 6832 regions with positive MATscore
for HL-60, suggesting hypermethylation. To test this assumption
ersion of the article.)

echnical replicate of a sample group accumulate in the principal
omponent analysis (PCA), an unsupervised method to discrim-
nate biological difference, so that a separation of the different
roups was determined (from 0% to 100%). The separation in differ-
nt groups here is based on the difference in the signal intensities
f the probes derived from the precipitated DNA.

Differences in the precipitated DNA between the healthy CD34+
nd the AML  cell line HL-60 were shown in the PCA as well, so that
he two cell populations were separated based on the differences in
he signal intensities and differences in their DNA methylation pro-
le. The two replicates of HL-60 spreading away from the others do
ot affect the outcome of the data, and were therefore not excluded

rom further analysis. The differences of these two  microarray data
ets of the same cell line may  issue from sample preparation just
efore hybridization as the differences in the outcome are little.
owever, the separation between both cell populations appears to
e clear cut. It is of note that although IP DNA was amplified before

ybridization, the technical replicates showed comparable distri-
ution in the PCA, indicating that MeDIP was reproducible and that
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a potential bias through whole-genome amplification was  only of
minor concern.

In theory, the MeDIP assay can detect all methylated CpG dinu-
cleotides in the genome. Here we show that MeDIP-Chip is clearly
biased toward sequences with high CpG density as well as repeated
sequences tend to be overrepresented due to the 5mC antibody.
Therefore, the analysis of regions with low CpG density is expected
to be less sensitive [22].

Since less strong but relevant effects of transcriptional gene reg-
ulation already occur at sequences with medium CpG density, these
regions of methylated CpGs are possibly underrepresented when
using MeDIP. Furthermore, MeDIP requires several methylated
CpGs since the 5mC  antibody only binds to >4 nearby methylated
CpG sites [44]. Thus far, only little is known about the degree of
methylation of the individual CpG within the precipitated fragment
detected by antibodies [45].

In contrast to Weber et al., the group of Butcher et al. [27]
showed that MeDIP not only enriches for CpG islands but also
regions with very low CpG density and CpG island shores, as most
tissue-specific differential DNA methylation is located at CpG island
shores [46]. The results of Nair et al. obtained are similar – the group
compared MeDIP and MBD, a technique to capture methylated DNA
using a methyl-CpG binding domain-based protein, in combination
with the Affymetrix promoter tiling array. They revealed that both
enrichment techniques are sensitive for the detection of methyl-
ated CpGs, with MeDIP primarily enriching for DNA regions with
low CpG density, while the MBD  technique enriches regions of
higher CpG density [47]. Our experiments with artificially methyl-
ated DNA dilution series showed that CpGs with methylation levels
above 30% in the dilution series were captured by the 5mC  anti-
body, which underlines the study of Butcher et al. [27] The analysis
of the in vitro methylated DNA revealed that highly methylated
sequences (starting from 50% methylated dilution series) yield con-
siderably higher signal intensities. Moreover, probes with high CpG
density show higher fold changes than probes with medium or low
CpGs. However, probes with low and medium CpG density were
able to detect significant signal intensities, demonstrating the sen-
sitivity of the 5′mC-antibody to precipitate DNA sequences with
low CpG density as well.

Interestingly, the distribution pattern of probes with medium
and high CpG density revealed a considerable shift of fold changes
only for highly methylated dilution series (50% and 100%) to pos-
itive values (p-value <0.05). Since one restraint of affinity based
methods is that methylated CpG-rich regions are more strongly
enriched than methylated CpG-poor sequences, we accurately
assess the CpG density of the probes and classified them in low,
medium and high CpG density.

In the dilution series experiment, fold changes larger than 2 are
almost exclusively observed for methylation difference of 50% and
100%. If this observation for an in vitro setting can be generalized
to an in vivo situation, fold-changes larger than 2 in an application
would correspond to a strong increase of the methylation level. It is
important to note, that the results of the in vitro methylated dilu-
tion series do not correlate with DNA samples of healthy donors
or AML  patients as the CpGs in the used samples are uniformly
methylated and therefore do not represent the actual methylation
level and distribution in humans. As the distribution of methylated
cytosines in vivo is mosaic-like, it is difficult to estimate the meth-
ylation level of individual CpGs to be immunoprecipitated by the
5mC antibody.

The MAT  algorithm used to identify differentially methylated
regions in the tested cell lines assigned a MAT  score for the detected
we analyzed randomly selected promoter regions via pyrosequenc-
ing to quantify CpG methylation level. In fact, we  determined
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Fig. 6. Pyrosequencing data of MeDIP-Chip results. Pyrosequencing map  of analyzed promoter regions derived from microarray data analysis. A subset of the identified
differentially methylated regions was analyzed for the CpG methylation level by pyrosequencing. The methylation level of each CpG (presented by a box) in an amplicon is
visualized by a color gradient (white boxes indicate no methylation and dark blue boxes high methylation). The corresponding MATscore of the analyzed region is shown on
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he  right. On this map, 21 of 23 pyrosequenced genes with positive MATscore show
D34+  cells. (For interpretation of the references to color in the artwork, the reader

ypermethylation in 21 of 23 analyzed target sequences in HL-60
nd hypomethylation in 4 of 8 genes, respectively. But because by
yrosequencing only sequences of about 150 bp can be analyzed,
hile data analysis done with PARTEK GS software considers pro-
oter regions in a sliding window of 600 bp, there is a lack of

omparability of the two methods. Moreover, due to the bisul-
te treatment of DNA, unmethylated cytosines are converted to
hymine, resulting in long poly-T stretches that make it difficult to
equence designated target regions.

The data analysis also revealed 8985 regions with negative
ATscores indicating hypomethylation. As reported recently [48],
eDIP-seq of bone marrow samples of AML  patients revealed

ot only that alterations in leukemia-associated differentially
ethylated regions include gene promoters, gene bodies and

pG island shores but also the non-promoter genomic features
ith significant hypomethylation pattern of certain interspersed

epeats being associated with AML  cytogenetic subtypes.
However, to investigate DNA methylation differences between
 malignant cell population (here: HL-60 cells) and a healthy
ounterpart (here: CD34+ cells) the MeDIP-Chip is a robust plat-
orm. Fishers exact test confirmed that both methods yield the
ame tendency, i.e. the sign of the MAT  score is statistically not
permethylation and 4 of 8 genes showed hypomethylation in HL-60 in contrast to
erred to the web version of the article.)

independent from the methylation level as measured by pyrose-
quencing (p = 0.0009).

In summary we found high coherence between MeDIP-Chip data
and pyrosequencing data and were able to detect genes that are
known to be methylated in AML, thus demonstrating that immu-
noprecipitation of methylated DNA coupled with a promoter tiling
array is a timely method to generate comparative genome-wide
profiles of DNA methylation. In ongoing studies we are applying
this method to primary AML  samples.
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