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(MeDIP) and methyl-CpG binding domain
(MBD) protein capture for genome-wide DNA
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DNA methylation primarily occurs at CpG dinucleotides in mammals and is a common epigenetic mark that plays
a critical role in the regulation of gene expression. Profiling DNA methylation patterns across the genome is vital to
understand DNA methylation changes that occur during development and in disease phenotype. In this study, we
compared two commonly used approaches to enrich for methylated DNA regions of the genome, namely methyl-
DNA immunoprecipitation (MeDIP) that is based on enrichment with antibodies specific for 5-methylcytosine (5MeC)
and capture of methylated DNA using a methyl-CpG binding domain-based (MBD) protein to discover differentially
methylated regions (DMRs) in cancer. The enriched methylated DNA fractions were interrogated on Affymetrix promoter
tiling arrays and differentially methylated regions were identified. A detailed validation study of 42 regions was
performed using Sequenom MassCLEAVE technique. This detailed analysis revealed that both enrichment techniques
are sensitive for detecting DMRs and preferentially identified different CpG rich regions of the prostate cancer genome,
with MeDIP commonly enriching for methylated regions with a low CpG density, while MBD capture favors regions
of higher CpG density and identifies the greatest proportion of CpG islands. This is the first detailed validation report
comparing different methylated DNA enrichment techniques for identifying regions of differential DNA methylation. Our
study highlights the importance of understanding the nuances of the methods used for DNA genome-wide methylation

analyses so that accurate interpretation of the biology is not overlooked.

Introduction

A prerequisite for understanding the function of DNA methyla-
tion is knowledge of its distribution in the genome. In mammals,
5'-methylcytosine (5MeC) accounts for ~1% of total DNA bases
and therefore potentially affects 70-80% of all CpG dinucleo-
tides in the genome.! However, DNA methylation patterns are
dynamic in nature and vary during development and across the
genome. The cycle of early embryonic demethylation followed
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by de novo methylation is critical in determining cell specific
DNA methylation patterns. Possibly the most notable feature of
mammalian DNA methylation patterns is the presence of CpG
islands, that is, unmethylated GC-rich regions that possess high
relative densities of CpG and are positioned at the 5' ends of many
human genes.? There are approximately 29,000 CpG islands** in
the human genome sequence and more than 60% of human genes
are associated with CpG islands, of which the great majority are
unmethylated at all stages of development and in all tissue types.’
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A small but significant proportion of all CpG islands become
methylated during development and developmentally pro-
grammed CpG-island methylation is involved in genomic
imprinting and X chromosome inactivation.® Differential methyl-
ation that is functionally important can also occur at regions other
than CpG islands, such as at CpG island shores” and potentially at
CpG sites associated with tissue specific genes, miRNA genes and
noncoding RNA expression. A significant fraction of all human
CpG rich regions is prone to progressive methylation in certain
tissues during aging (reviewed in ref. 8) or in abnormal cells such as
cancers (reviewed in ref. 9) and permanent cell lines.'*'! Alterations
in DNA methylation can lead to aberrant gene expression and can
play a critical role in disease states such as cancer, where promoter
CpG island hypermethylation leads to inactivation of tumor sup-
pressor genes and promoter hypomethylation leads to activation
of critical cancer-associated genes.'* Profiling DNA methylation
across the genome is vital to understand the DNA methylation
changes that are occurring in disease phenotypes and to identify
genes where DNA methylation could provide potential molecular
biomarkers that can be used for diagnosis or prognosis.

Several methods have been developed to map DNA methyla-
tion patterns for either limited regions or genome-wide studies.
Most methods of characterizing methylation are based upon one
of three techniques: chemical conversion with sodium bisulfite,
digestion with methylation=sensitive restriction enzymesor affinity
enrichment of methylated DNA (reviewed in ref..13). These tech-
niques were initially restricted to localized regions of the genome,
but many have now been scaled to enable genome-wide methyla-
tion analysis, using microarray hybridization techniques and next
generation sequencing technology. The two main approaches used
to enrich for methylated regions of a genome are (1) methyl-DNA
immunoprecipitation (MeDIP) which uses a monoclonal antibody
specific for 5MeC" and (2) affinity capture with methyl-CpG
binding domain-based (MBDCap) proteins.>** MeDIP is based
on the immunoprecipitation of single stranded molecules contain-
ing one or more methylated CpG sites (Fig. 1A). In contrast the
MBD-based strategy captures double stranded methylated DNA
fragments and different methylation densities can be analyzed
depending on the salt fractionation employed;" lower salt fractions
contain fragments with fewer methyl groups, while higher salt
fractions contain more highly methylated DNA (Fig. 1B and C).

In this study we compared these two different approaches
to identify differentially methylated genes in prostate normal
(PrEC) and prostate cancer (LNCaP) cells using hybridization
to promoter tiling arrays. We used the Sequenom MassCLEAVE
technique” to validate the differentially methylated regions
(DMRs) and examined the effect of CpG density and DNA
methylation levels on the efficacy of the enrichment techniques
used. We found that each technique was sensitive, but preferen-
tially identified different CpG rich regions of the prostate cancer
genome as significantly differentially methylated.

Results

MeDIP and MBDCap are commonly used in methylation studies
but there has, to date, been little comparison of their ability to
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discover differentially methylated regions (DMRs) in cancer.
Here, we compared enrichment of methylated DNA from the
normal prostate cell line, PrEC and the prostate cancer cell line
LNCaP using MeDIP and the MBDCap method.”

MBD-enrichment of methylated DNA by salt fraction-
ation. For the MBDCap protocol, we compare the single high
salt elution step (MBD-SF) with the captured sequences released
in a step-wise elution series with increasing salt concentrations
(0.2 M-2 M NaCl) (Fig. 1A). The specificity of enrichment,
in each of the salt fractions, was initially assessed by assay-
ing recovery of three control CpG island promoters of known
methylation status. Figure 1B shows qPCR results of the elu-
tion of GSTPI (fully methylated), cMer (partial methylation) and
DDX18 (unmethylated), using either the single high salt elution
(MBD-SF) or the step-wise elution series (Elution 1-6). All three
gene promoters are unmethylated in PrEC cells and are eluted in
the unbound fractions (Fig. 1B). In LNCaP cells, the GSTPI
CpG island promoter DNA is fully methylated and is specifically
eluted in the MBD-SF; in the elution series it is predominantly
eluted in MBD-Elu5 (1 M NaCl) with negligible elution in lower
salt elution steps. In contrast, the cMer promoter, which is het-
erogeneously methylated in LNCaP cells (Fig. 1C), is observed
in both the unbound fraction and the MBD-SF fraction. In the
elution series, the less densely methylated alleles are eluted in
MBD-Elu2 (350 mM NaCl) and-increasing amounts of cMet
DNA are’ eluted’ with each step-wise elution with most of the
DNA eluted at MBD-Elu5 (1 M NaCl). Finally, DDX18, which
is unmethylated in both PrEC and LNCaP cells, is only present
in the unbound fractions; thus demonstrating the specificity of
the approach.

Identification of differentially methylated regions (DMRs)
comparing MeDIP and MBDCap. To compare MeDIP and
MBDCap methods in their ability to identify regions of DNA
that were differentially methylated, we performed enrichment of
methylated DNA from prostate cancer LNCaP and normal PrEC
cells using both approaches. We compared DNA captured from
Elu5 (MBD-Elu5) of the step-wise elution series and the single
elution MBD-SF with MeDIP DNA using Affymetrix Human
Promoter 1.0R arrays. The enriched methylated DNA for each
method and corresponding input DNA were whole genome
amplified, labeled and hybridized to the tiling arrays. Promoter
array analysis was performed as described in the Materials and
Methods and a mean tstatistic was calculated for each probe. An
FDR analysis was performed on the probe-level tiling array data
(see Materials and Methods) to control the expected percentage
of false discoveries at 5% resulting in a smoothed t-statistic cut-
off of >+4 or <-4, which was selected to identify regions of puta-
tive differential DNA methylation (Table 1).

For the comparison, we restricted our study to chromosome
7 since there are no CN'Vs (copy number variations) that could
interfere with the DNA methylation data (unpublished data;
Cancer Genome Project®?). A total of 1,030 promoter regions
on chromosome 7 were interrogated on the Affymetrix pro-
moter tiling arrays of which 342 (sub-) regions were deemed
as differentially methylated by one or more of the methylation
enrichment methods (Sup. Table S2). Of these differentially
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Figure 1. See figure legend on page 37.
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candidate genes.

Figure 1. See opposite page. Summary of MeDIP and the MBD-based approach for enrichment of methylated DNA. (A) Flow chart of MeDIP and
MBD-based enrichment methods and the elution strategies for the MBD-approach. (B) gPCR validation of candidate genes enriched by the different
elution strategies of the MBD-based approach. Elution of GSTP1 (methylated), cMet (partially methylated) and DDX78 (unmethylated) was quantitated
by gPCR and normalized to input DNA. The unbound fraction, the first wash and the salt-eluted fractions were assayed as shown for LNCaP and PrEC.
(C) Schematic representation of DNA methylation of the candidate genes in LNCaP cells by clonal bisulfite methylation sequencing. Black and white
circles indicate methylated and unmethylated CpG sites respectively and each row represents an LNCaP clone. PrEC clones are unmethylated in all the

Table 1. Differentially methylated regions selected for validation by Sequenom analysis showing the corresponding t-stat score for each enrichment
method, the difference in average methylation scores (LNCaP-PrEC) and the CpG density

1 chr7:33909711-33910793 1082 BMPER MBD-Elus

2 chr7:89585495-89586037 542 MBD-Elus

3 chr7:27137452-27137810 358 HOXA4 30/06/10

4 chr7:97198482-97199434 952 TAC1 MBD-Elus

5 chr7:100420433-100435430 14997 MuC12 MBD-EluS

6 chr7:18033489-18034509 1020 PRPS1L1 MBD-Elus

7 chr7:89586887-89587568 681 DPY19L2P4 MBD-Elu5 + MBD-SF

8 chr7:5534226-5535239 1013 ACTB MBD-Elu5 + MBD-SF

9 chr7:28965048-28965827 779 KIAA0B44 MBD-Elu5 + MBD-SF

10 chr7:143587199-143588171 972 OR2A7 MBD-EluS + MBD-SF

11 chr7:142433811-142434326 515 OR9A2 MBD-EluS + MBD-SF

12 chr7:100387405-100389557 2152 = MBD-Elu5 + MBD-SF

13 chr7:100556609-100557540 931 SERPINE1 MBD-SF

14 chr7:23591790-23592234 444 CLK2P MBD-SF

15 chr7:55052872-55053563 691 EGFR MBD-SF

16 chr7:43763603-43764420 817 BLVRA MBD-SF

17 chr7:93390462-93390852 390 GNG11 MBD-SF

18 chr7:43124735-43125192 457 LOC100127950 MBD-SF

19 chr7:16471313-16472356 1043 SOSTDC1 MeDIP

20 chr7:16810995-16811635 640 AGR2 MeDIP

21 chr7:94376217-94376788 571 PPP1R9A MeDIP

22 chr7:12694517-12695177 660 ARL4A MeDIP

23 chr7:32074593-32075253 660 - MeDIP

24 chr7:15568393-15569676 1283 TMEM195 MeDIP

25 chr7:13996231-13997980 1749 ETV1 MeDIP + MBD-EluS

26 chr7:28184310-28185059 749 JAZF1 MeDIP + MBD-Elu5

27 chr7:100300816-100301152 336 TRIP6 MeDIP + MBD-Elu5

28 chr7:26159833-26160264 431 NFE2L3 MeDIP + MBD-Elu5

29 chr7:92058451-92058987 536 FAM133B MeDIP + MBD-Elu5

30 chr7:63531785-63532111 326 — MeDIP + MBD-EluS

31 chr7:148025462-148026216 754 cuL1 MeDIP + MBD-Elu5 + MBD-SF
32 chr7:136678272-136678958 686 PTN MeDIP + MBD-EluS + MBD-SF
33 chr7:27184985-27185364 379 HOXA10 MeDIP + MBD-Elu5 + MBD-SF
34 chr7:79603330-79604083 753 GNAI1 MeDIP + MBD-Elu5 + MBD-SF
35 chr7:141234535-141235738 1203 - MeDIP + MBD-Elu5 + MBD-SF
36 chr7:63206141-63206546 405 - MeDIP + MBD-Elu5 + MBD-SF
37 chr7:18501735-18502428 693 HDAC9 MeDIP + MBD-SF

38 chr7:126820777-126821368 591 ZNF800 MeDIP + MBD-SF

39 chr7:92299045-92299765 720 CDK6 MeDIP + MBD-SF

40 chr7:143685636-143686467 831 OR2A9P MeDIP + MBD-SF

41 chr7:31347378-31347896 518 NEUROD& MeDIP + MBD-SF

42 chr7:150179321-150179908 587 ABP1 MeDIP + MBD-SF

327 6.19 3.89 chr7:33910570-33910788 (a) 0.18 19.5

chr7:33910162-33910434 (b) 0.27 13.8

chr7:33909922-33910188 (c) 0.11 9.5
0.60 5.08 075 chr7:89585509-89585795 (a) 0.47 75

chr7:89585773-89585878 (b) 0.62 16.2
-0.28 484 -0.99 chr7:27137460-27137646 0.27 9.1
3.49 5.30 257 chr7:97198914-97199173 0.39 132
0.81 -15.32 -1.60 chr7:100433446-100433693 (a) -0.38 71

¢hr7:100422958-100423226 (b) -0.5 9.9
-3.15 -5.63 -0.46 chr7:18033834-18034089 -0.34 13.0
2.49 7.36 5.11 chr7:89586982-89587215 0.58 112
297 6.50 5.95 chr7:5534481-5534766 (a) 0.11 16.6

chr7:5534742-5535017 (b) 0.53 73
4.03 5.84 4.65 chr7:28965300-28965566 0.37 40
0.53 5.61 4.90 chr7:143587872-143588058 (a) NA 12.0

chr7:143587316-143587581 (b) NA 1.4
-2.52 -5.14 -5.81 chr7:142434016-142434310 -0.41 25
-0.98 -8.23 -9.28 ¢chr7:100387679-100387970 -0.52 79
3.88 264 5.35 chr7:100557030-100557256 (a) 0.26 8.1

chr7:100557231-100557411 (b) 0.39 83
-0.43 1.67 4.23 chr7:23592024-23592263 NA 1.8
230 1.91 470 chr7:55053280-55053540 0.79 54
224 117 462 chr7:43764207-43764395 0.56 10.2
-0.64 -0.84 -5.22 chr7:93390504-93390765 -0.63 39
-0.85 -1.36 -4.91 chr7:43124648-43124933 -0.33 39
5.46 0.05 322 chr7:16471990-16472268 0.49 6.2
5.10 1.23 3.00 chr7:16811005-16811275 0.46 44
4.68 1.72 1.32 chr7:94376295-94376635 0.52 22
4.42 -0.60 0.86 chr7:12694468-12694747 (a) 0.28 13

chr7:12694913-12695168 (b) 0.26 16
-5.03 0.07 -3.28 ¢hr7:32074732-32075013 (a) -0.3 5.0

chr7:32074927-32075170 (b) -0.18 5.8
-6.17 -1.01 -3.41 chr7:15568884-15569233 -0.75 25
5.67 8.92 3.19 chr7:13996580-13996841 (a) 0.27 94

chr7:13997119-13997397 (b) 0.24 11.0

chr7:13997457-13997609 (c) 0.2 15.5
5.19 6.68 3.32 chr7:28184600-28184963 0.1 25
437 6.55 1.84 chr7:100300861-100301025 0.62 6.7
463 475 1.72 chr7:26159982-26160251 0.26 43
-4.90 -4.90 -3.01 chr7:92058557-92058895 -0.3 32
-4.54 -4.91 -2.22 chr7:63531988-63532088 -0.54 16
6.63 8.97 4.97 chr7:148026779-148026007 0.77 8.0
5.68 8.36 5.21 chr7:136678631-136678917 0.75 11.9
447 7.84 4.57 chr7:27185230-27185362 0.42 8.0
5.47 71 5.01 chr7:79603302-79603462 0.73 7.9
-5.92 -7.78 -7.28 chr7:141234793-141234984 -0.34 8.1
-4.54 -8.14 -6.81 chr7:63206273-63206496 -0.46 34
478 141 5.06 chr7:18501894-18502184 0.59 5.3
5.51 268 5.07 chr7:126820899-126821150 0.67 6.8
5.20 3.15 6.85 chr7:92299521-92299760 0.51 26
5.16 -0.81 484 chr7:143520850-143521143 0.51 46
-6.58 -1.72 -5.40 chr7:31347560-31347773 -02 17
-4.47 -3.90 -5.54 chr7:150179590-150179860 -0.38 44

NA, not available—assays failed. (a), (b), (c),-independent Sequenom PCR within the same region.

methylated regions, 198 regions were hypermethylated in
LNCaP (t-stat > +4) and 144 were hypomethylated in LNCaP
(t-stat <-4) compared to PrEC. Only 26 regions were identified
as differentially methylated by all three methylation enrich-
ment methods tested (Fig. 2A), while 67, 101 and 57 regions
were identified as differentially methylated exclusively by
MeDIP, MBD-Elu5 and MBD-SF, respectively. Sixteen regions
were called by both MeDIP and MBD-Elu5, 29 by MBD-Elu5
and MBD-SF and 46 regions by both MeDIP and MBD-SF
(Fig. 2A). In Figure 2B we show a representative DMR example
selected from each sector of the Venn diagram. We show the til-
ing array signal that was obtained with each enrichment method
for LNCaP and PrEC and the t-stat score (LNCaP-PrEC) for
that region. The calling of a DMR was not consistent between
all methods of enrichment; for example, Chr7 (DMR19) was
clearly detected by MeDIP (t-stat 5.46), but not detected by
MBD-Elu5 (t-stat 0.045) and in contrast Chr7 (DMR2) was
clearly detected by MBD-Elu5 (t-stat 5.07), but not detected
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by MeDIP (t-stat -0.60), whereas Chr7 (DMR37) was clearly
detected by MeDIP (t-stat 4.77) and MBD-SF (t-stat 5.06) but
not by MBD-Elu5 (t-stat 1.41). Notably Chr7 (DMR31) was
detected as a methylated region by all three enrichment tech-
niques (all t-stat scores above 4.0).

Validation of potential differentially methylated regions
by sequenom analysis. To validate the different enrichment
techniques and to investigate the advantages and limitations
of each enrichment technique, we selected a total of 42 DMRs,
six DMRs from each sector of the Venn diagram (Table 1),
for detailed DNA methylation analysis. We used the Sequenom
MassArray System and designed primers at positions in regions
where the three methods showed the best t-stat score (Fig. 2B).
Figure 2C shows examples of Sequenom methylation valida-
tion data for each representative DMR and all confirm hyper-
methylation in the LNCaP cells. The results of the Sequenom
assay for all 42 DMR regions selected from each of the enrich-
ment protocols are shown in Table 1 (Sup. Fig. S1) together
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Figure 2. Differentially methylated regions (DMRs) identified from Affymetrix GeneChip Human Promoter tiling arrays analysis. (A) Venn diagram
showing the number of regions that were identified as DMRs on chromosome 7 with a t-stat score of >+4 or <-4 by each of the three enrichment
methods. Each group has been indicated in a different color. (B) Integrated Genome Browser (IGB) visualization showing the methylation status of
representative regions in LNCaP and PrEC, that were identified as differentially methylated by MeDIP, MBD-SF and MBD-Elu5. The t-stat score for

the difference (LNCaP-PrEC) is indicated, with black bars highlighting regions with t-stat score >/= +4. Dotted boxes indicate where the Sequenom
primers were designed for validation. (C) Quantitative DNA methylation Sequenom MALDI-TOF analysis of the regions for which the IGB plot is shown.
The bar plot indicates the average methylation ratio expressed as a ‘methylation percentage’ of individual CpG units in PrEC and LNCaP for the same
representative regions.

38 Epigenetics Volume 6 Issue 1




DNAme (MALDI-TOF)

MeDIP MBD-SF MBD-Elu5

157 151 151
=
e 10 104 104 o // Q&
= - . - ® e o
© e © e 2l LRI
8) 54 ./’,-’:., 5 ::/.,(-n. 5 /,/ ° o
o 100 075 050 0257025 050 075 100 100 075 050 025 ¢ 025 050 075 100 100 075 050 0257 025 050 075 100
§ /:»,‘.. : 54 ’0,”. 54 . :’.‘, 5]
— s 4 A4 .’; .
@© .
2 10 101 104
2

-15 -15 ° o -154

DNAme (MALDI-TOF)

DNAme (MALDI-TOF)

were obtained for MeDIP, MBD-SF and MBD-Elu5, respectively.

Figure 3. Correlation scatter plot indicating the correlation between tiling array t-statistic score (y-axis) and Sequenom methylation ratios (x-axis)
obtained for the validated regions for each of the DNA methylation enrichment methods used. The correlation coefficients of 0.903, 0.916 and 0.865

with the corresponding t-stat score for all three methods. The
Sequenom data revealed that 40/42 the regions that were iden-
tified as DMRs by having a t-stat score >+4 or <-4 by any of
the enrichment methods were differentially methylated by
greater than 10% in the cancer cell DNA (Table 1). Scatter
plots of the scores obtained from the Sequenom methylation
assays (LNCaP-PrEC) and the tiling array t-stat score (>+4
or <-4) of the corresponding’ DMRs for each enrichment
method are shown in Figure 3. These plots illustrate that there
are no false positives, with no data points present in the upper
left or lower right quadrants, thus demonstrating that the assays
are sensitive for detecting DMRs and that our false discovery
control has been successful. The scatter plots show strong cor-
relation between the t-stat score and actual DNA methylation
difference of the DMRs that were validated for the selection
enrichment method used.

CpG density analysis of differentially methylated regions.
Most regions that we validated as DMRs had not been identified
by all three enrichment techniques (Fig. 2A). This prompted
us to investigate the corresponding CpG densities and DNA
methylation density of the detected regions. The CpG densities
for the DMR regions were calculated as described in Materials
and Methods where a CpG density of 12 or greater represents
a CpG island (Fig. 4A). We determined the CpG density of all
the DMRs on chromosome 7 that had a t-stat score >+4 or <-4
from each enrichment method (Fig. 4B). For the hypermethyl-
ated regions (t-stat >+4) we observe that the regions uniquely
called by the MeDIP procedure were generally of a low to inter-
mediate CpG density score, similar to the CpG density range
of the MBD-SF. In contrast, the DMRs picked by MBD-Elu5
have a broader range of CpG densities with regions of higher
CpG density present. In the hypomethylated regions (i.c., t-stat
<-4) we observed a similar trend with the overall CpG density
being slightly lower for MeDIP and MBD-SF, while MDB-
Elu5 has a broader CpG density range. Interestingly, the hypo-
methylated regions have significantly lower CpG density than
the hypermethylated regions (two-tailed Mann Whitney test
for MeDIP: p < 0.0001; MBD-SF: p < 0.0001; MBD-Elu5:
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p = 0.0007). These results suggest that most regions that are
hypomethylated in LNCaP have a lower CpG density com-
pared to those regions that are hypermethylated.

Next, we estimated the differential sensitivity of each enrich-
ment approach in relation to the CpG density. In other words,
how good is a certain technique at identifying a DMR within
agiven CpG density range? Fromthe 42 validated regions and
our FDR-analysis, we can assume that the vast majority of the
detected regions on chromosome 7 are truly differentially meth-
ylated. To this end, we used all 342 DMRs that were identified
on chromosome 7 by one-or more of the methylation enrich-
ment methods and calculated the proportion of DMRs that
were correctly identified as such by each method, in groups of
CpG density (Fig. 4C and D). This revealed that MeDIP most
efficiently identified DMRs in the low CpG density ranges,
more efficiently than the MBD-approaches. At CpG densities
2.6-3.3, MeDIP and MBD-SF show similar sensitivity levels.
All three enrichment techniques perform equally well at CpG
densities of 4.1-5.2, but at CpG densities of greater than 5.2,
MBD-Elu5 has the greatest sensitivity and clearly most effi-
ciently detects CpG islands (which have a CpG density of above
12). Overall, the MeDIP and MBD-SF methods identified
DMRs in a relatively broad range of CpG density, with MeDIP
performing especially well at the regions of lowest CpG densi-
ties and MBD-Elu5 best at identifying regions with high CpG
density calls.

DNA methylation differences of DMRs. We were interested
to assess the magnitude of the DNA methylation differences
that were required to identify a DMR and relate this to the par-
ticular enrichment and elution method used, as well as CpG
density. From the Sequenom methylation data we determined
the absolute methylation of each DMR in LNCaP and PrEC
DNA. In Figures 5A and B we show DNA methylation dif-
ferences for the validated regions that were hypermethylated in
LNCaP relative to PrEC, while Figures 5C and D highlight the
DNA methylation differences of hypomethylated DMRs. All
three techniques identified DMRs with similar methylation dif-
ferences (Kruskal-Wallis test p > 0.05), with an overall median
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Figure 4. CpG density analysis of differentially methylated regions. (A) Plot showing the distribution of the local CpG density near probes that are
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the x-axis is grouped into two sections, one showing DMRs picked by the three methods that have a t-stat >+4 (hypermethylated regions) and other
showing DMRs picked by the three methods that have a t-stat <-4 (hypomethylated regions) (SF = MBD-SF and Elu5 = MBD-Elu5). (C) Histogram of the
distribution of CpG densities at DMRs identified by the three different methods. Hypermethylated regions (t-stat >4.0; solid lines) and hypomethylated
regions (t-stat <-4.0; dashed lines) are shown as separate groups. (D) The differential sensitivity relative to CpG density of each enrichment approach.
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0f 0.38 and a median absolute deviation of 0.13. DNA methyla-
tion differences down to ~20% can be readily and confidently
identified in all the techniques using t-stat cut off 4.0 (Fig. 5B
and D). We show that all enrichment techniques behave in a
similar fashion with regard to the absolute methylation dif-
ferences being detected, with CpG density having the greatest
influence on the range of DMRs being identified by each tech-
nique (shown in Fig. 4).
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Discussion

DNA methylation profiling across the genome is now pos-
sible with a variety of techniques.”” Many of these techniques
are being used to provide DNA methylation maps for normal
cells and to delineate methylation changes that occur in disease
phenotypes and to provide potential molecular biomarkers for
diagnosis or disease prognosis.?>*2¢ Unlike other studies,”?* we
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Figure 5. DNA methylation differences at DMRs identified by each technique. PrEC and LNCaP DNA methylation ratio values determined by
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and (C) hypomethylated DMRs. (B and D) show box plots of DNA methylation differences of validated DMRs from each technique.

have compared two commonly used approaches for enrichment
of methylated regions for genome-wide array and sequencing
studies, namely MeDIP and MBDCap in their ability to iden-
tify differ-entially methylated regions between prostate normal
and cancer cells. MeDIP uses an antibody to 5-methyl-cytosine,
using single-stranded DNA, while the MBDCap approach uses
the methyl-CpG binding domain of the MBD2 protein to cap-
ture methylated double-stranded DNA using different salt elu-
tions. Following enrichment the methylated DNA was amplified
and hybridized to promoter tiling arrays to compare their ability
to identify differentially methylated regions. We used a stringent
t-statistic cut-off to identify DMRs and performed an in-depth
validation study of these DMRs using Sequenom MassCLEAVE
analysis to evaluate the sequence and methylation properties
identified with each approach.

We identified 342 regions as differentially methylated on
chromosome 7 by one or more of the methylation enrichment
techniques employed and validated the methylation status of 42
regions using Sequenom analysis that were detected by one, both
or all three enrichment strategies. Using a stringent t-statistic
cut-off, we found that 95% of the regions identified were differ-
entially methylated, thus validating our false discovery rate con-
trol. However, as some regions were not detected by one or other
of the enrichment techniques we determined the CpG density of
the DMRs regions and found that MeDIP favors regions of low
CpG density, MBD-SF covers a broad range of CpG densities,
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while MBD-Elu5 favors high CpG density regions. These find-
ings suggest that comparisons of methylation datasets across dif-
ferent platforms may be difficult and may need to be informed
of the relative sensitivities across the spectrum of CpG densities.
The role of DNA methylation at regions of lower CpG density,”
such as in gene bodies and CpG island shores,” has an important
role in transcriptional regulation of non-coding RNAs and miR-
NAs, and we would suggest that MeDIP may be the method of
choice in identifying methylation changes in regions of low CpG
density. On the other hand, MBD-Elu5 would be the preferable
method for interrogating methylation changes in CpG islands
with a higher CpG density. We speculate that MeDIP is more
sensitive at capturing regions of lower CpG density because of
the initial DNA denaturing step prior to immunoprecipitation.
That is, the CpG dense fragments either do not undergo com-
plete denaturation to single stranded molecules and therefore do
not bind effectively to the antibody or they have a propensity
to re-anneal after denaturation. Alternatively, the antibody to
5MeC is more sensitive to fragments containing single methyl-
ated CpG sites.

Methylated DNA capture based on affinity to the methyl-
ated binding domain of MBD2 is based on a completely dif-
ferent premise and can be fine-tuned for interrogating regions
with different DNA methylation densities. Since the affinity of
MBD for methylated DNA is modulated by ionic strength, frac-
tionation of the captured DNA with gradual changes in ionic
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strength enables DNA to be isolated according to the degree of
methylation. MBD-Elu5 of the fractionation series shows greater
DNA methylation at high CpG densities compared to both
MeDIP and MBD-SF, where a broad range of CpG densities and
DNA methylation are detected. Other enrichment techniques,
similar to the MBD2 affinity based enrichments, have now been
developed, based on the multimerized MBD1 domains,*® and
MBD2b and MBD3L complexes (MIRA; reviewed in refs. 18
and 19). These assays are also based on salt elutions, and so are
also likely to behave similarly to the MBD2-based capture that
is described here.

Detection of DMRs after enrichment of methylated DNA
can also be assessed by next-generation sequencing."?** While
microarrays have inherent drawbacks associated with ampli-
fication of CpG rich regions and probe hybridization of CpG-
rich regions, it is clear that next-generation sequencing too has
bias artifacts associated with GC content and some regions of
the genome that are difficult to interrogate (unpublished data;
reviewed in ref. 13). Next-generation sequencing is still expensive
for many laboratories and both MeDIP and MBDCap coupled
with promoter arrays are an excellent approach to exploring and
comparing methylomes. In any enrichment-based platform,
detecting absolute methylation levels is difficult and challeng-
ing,? as these results are biased by CpG density, GC density and
amplification and’ array hybridization effects; instead; we show
that detecting differential methylation levels is-informative and
less prone to artifacts or false positive results. Therefore, we rec-
ommend the use of these assays ina comparative manner (for
example tumor versus normal or basal versus treated).

This study is the first detailed validation report comparing
different methylated DNA enrichment techniques for analyzing
differential DNA methylation. We show that both enrichment
techniques are sensitive for detecting DMRs and preferentially
identify different CpG rich regions of the prostate cancer genome,
with MeDIP commonly enriching for methylated regions with a
low CpG density, while MBD capture favors regions of higher
CpG density and identifies the greatest proportion of CpG
islands. Our study highlights the importance of understanding
the nuances of the current enrichment methods used for DNA
methylome studies so that accurate interpretation of the biology
is not overlooked.

Materials and Methods

Cell lines and culture conditions. LNCaP prostate cancer cells
were cultured as described previously.”’ Normal prostate epithe-
lial cells PrEC (Cambrex Bio Science Cat. No. CC-2555) were
cultured in Prostate Epithelial Growth Media (PrEGM Cambrex
Bio Science Cat. No. CC-3166) according to the manufacturer’s
instructions.

Methylation profiling by MeDIP. The MeDIP assay was per-
formed on 4 pg of sonicated genomic DNA (300-500 bp) in 1x
IP buffer (10 mM sodium phosphate pH 7.0, 140 mM NaCl and
0.05% Triton X-100). Ten pg of anti-5-methylcytosine mouse
monoclonal antibody (Calbiochem clone 162 33 D3 Cat No.
NA8I1) was incubated overnight in 500 wl 1x IP buffer and the
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DNA/antibody complexes were collected with 80 pl Protein A/G
PLUS agarose beads (Santa Cruz sc-2003)."“*” The beads were
washed three times with 1x IP buffer at 4°C and twice with 1 ml
TE buffer at room temperature. The immune complexes were
eluted with freshly prepared 1% SDS, 0.1 M NaHCO, and the
DNA was purified by phenol/chloroform extraction, ethanol pre-
cipitation and resuspended in 30 pl H,O. Input samples were
processed in parallel.

Isolation of methylated DNA by MBDCap. The
MethylMiner™ Methylated DNA Enrichment Kit (Invitrogen)
was used to isolate methylated DNA. One pg of genomic DNA
was sonicated to 100-500 bp. MBD-Biotin Protein (3.5 jLg) was
coupled to 10 pl of Dynabeads M-280 Streptavidin according to
the manufacturer’s instructions. The MBD-magnetic bead con-
jugates were washed three times and resuspended in 1 volume of
1x Bind/Wash buffer. The capture reaction was performed by the
addition of 1 g sonicated DNA to the MBD-magnetic beads on
a rotating mixer for 1 h at room temperature. All capture reac-
tions were done in duplicate. The beads were washed three times
with 1x Bind/Wash buffer. The bound methylated DNA was
eluted in one of two ways: (1) as a single fraction (MBD-SF) with
a single High Salt Elution Buffer (2,000 mM NaCl) or (2) in a
step-wise elution series using an increasing NaCl concentration of
the elution buffer from 200 mM to 2,000 mM in a stepwise gra-
dient [i.e:: Elution 1=(200 mM), Elution 2-(350 mM), Elution
3-(450.mM), Elution 4-(600 mM), Elution-5-(1,000 mM) and
Elution 6-(2,000 mM)]. Elution 5 was denoted as MBD-Elu5.
Each fraction was concentrated by ethanol precipitation using
Il glycogen (20 wg/pl);1/10 volume of 3 M sodium acetate,
pH 5.2 and 2 sample volumes of 100% ethanol and resuspended
in 60 wl H,0.

Whole genome amplification and promoter array analyses.
Immunoprecipitated DNA and input DNA from MeDIP immu-
noprecipitations and MBDCap reactions, was amplified with
GenomePlex Complete Whole Genome Amplification (WGA)
Kit (Sigma Cat. No. WGA?2) according to the manufacturer’s
instructions, as described previously.?? Fifty ng of DNA was used
in each amplification reaction. The reactions were cleaned up
using cDNA cleanup columns (Affymetrix #900371) and 7.5 g
of amplified DNA was fragmented and labeled according to
Affymetrix Chromatin Immunoprecipitation Assay Protocol
(P/N 702238 Rev. 3). Affymetrix GeneChip Human Promoter
1.0R arrays (P/N. 900777) were hybridized using the GeneChip
Hybridization wash and stain kit (P/N 900720). The array
data for the MeDIP analysis has been submitted to Gene
Expression Omnibus (GEO Series GSE19726). The array data
for the MBDCap analysis is currently in submission to the Gene
Expression Omnibus.

Promoter array statistical analysis. The array data was col-
lected as biological duplicates and normalised using Model-based
Analysis of Tiling-arrays (MAT).? For each probe (and each
enrichment method), a moderated t-statistic for the [IP
Input IP, .. - Input

LNCaP] - [ PrEC PrEC] )
R package limma.** At each probe, a trimmed mean of the t-sta-

LNCaP ~
contrast was computed using the

tistics was also computed (window = 600 bp, 10% trim, using at
least 10 probes). Next, the order of the probes along the genome
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was permuted and a trimmed mean of tstatistic was calculated,
which represented the null distribution. A false discovery rate
(FDR) analysis was performed to find the expected percentage of
false discoveries beyond a given cut off, for which the permuted
data was used. The selected cut off was as +4 or -4, with an esti-
mated FDR of 5%. Based on this cut off, regions of chromosome
7 were identified as regions of putative differential DNA methyla-
tion. Affymetrix promoter array signals and t-statistic scores were
visualized using Integrated Genome Browser (IGB-Affymetrix).

Calculation of local CpG density. We use the definition of
local CpG density given by Pellizola et al.® with a window of
500 bp. Briefly, the local CpG density is a weighted count of CpG
sites in the genome upstream and downstream 500 bases from a
given point of interest (e.g., microarray probe location). Weight
decreases linearly from 1 at the center of the point of interest to
0 at 500 bases up or downstream. The score is a reflection of the
number of CpG sites in close proximity to the point of interest
and is a measure of GC content. The median CpG density score
for a CpG island (as defined by UCSC) was calculated and a
CpG density of 12 or greater represents a CpG island.

DNA extraction and bisulfite treatment. DNA was extracted
from PrEC and LNCaP cell lines using the Puragene extraction
kit (Gentra Systems). Bisulfite treatment was carried out on 2 pg
of DNA as described previously.’

Quantitative massARRAY methylation analysis. Sequenom
MassARRAY methylation analysis was_performed as described
previously.! Two g of DNA extracted from PrEC and LNCaP
cell lines were bisulfite treated using the standard bisulfite pro-
tocol.’® As controls for the methylation analysis, whole genome
amplified (WGA) DNA (0% methylated) and M.Sssl treated
DNA (100% methylated) were bisulfite treated in parallel. The

BETA

primers were designed using the EpiDesigner software from

Sequenom (see Sup. Table S1 for sequences). Each reverse primer
has a T7-promoter tag (5-CAG TAA TAC GAC TCA CTA TAG
GGA GAA GGC T-3) and each forward primer has a 10-mer tag
(5-AGG AAG AGA G-3). A total of 50 primer pairs were designed
for the 42 regions at positions in regions where the three methods
showed the best t-stat score (Fig. 2B). Upon testing these prim-
ers on bisulfite treated DNA, all the primers gave specific PCR
products at a Tm of 60°C. In order to check for potential PCR
bias towards methylated or non-methylated sequences, we used

serological DNA (Millipore) as a 100% methylated control and
whole genome amplified human blood DNA as a 0% methylated
control. The PCRs were optimized and performed in triplicate
using the conditions: 95°C for 2 min, 45 cycles of 95°C for 40
sec, 60°C for 1 min and 72°C for 1 min 30 sec and final exten-
sion at 72°C for 5 min. After PCR amplification, the triplicates
were pooled and a shrimp alkaline phosphatase (SAP) treatment
was performed using 5 .l of the PCR product as template. 2 pl of
the SAP-treated PCR product was taken and subjected to in vitro
transcription and RNaseA Cleavage for the T-cleavage reaction.
The samples were purified by resin treatment and spotted on a
384-well SpectroCHIP by a MassARRAY Nanodispenser. This
was followed by spectral acquisition on a MassARRAY Analyzer
Compact matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry. The results were then analyzed by the
EpiTYPER software V 1.0, which gives quantitative methylation
levels for individual CpG sites. The average methylation ratio
was calculated by averaging the ratios obtained from each CpG
site from both LNCaP and PrEC and calculating the difference
between them. Methylation readings that had other signal over-
laps and silent peaks were eliminated from the calculation.
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