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Case 1: Comparison of DNA methylation 
mapping technologies 
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A N A LY S I S

DNA methylation plays a key role in regulating eukaryotic gene 
expression. Although mitotically heritable and stable over time, 
patterns of DNA methylation frequently change in response 
to cell differentiation, disease and environmental influences. 
Several methods have been developed to map DNA methylation 
on a genomic scale. Here, we benchmark four of these 
approaches by analyzing two human embryonic stem cell lines 
derived from genetically unrelated embryos and a matched 
pair of colon tumor and adjacent normal colon tissue obtained 
from the same donor. Our analysis reveals that methylated DNA 
immunoprecipitation sequencing (MeDIP-seq), methylated 
DNA capture by affinity purification (MethylCap-seq), reduced 
representation bisulfite sequencing (RRBS) and the Infinium 
HumanMethylation27 assay all produce accurate DNA 
methylation data. However, these methods differ in their ability 
to detect differentially methylated regions between pairs of 
samples. We highlight strengths and weaknesses of the four 
methods and give practical recommendations for the design of 
epigenomic case-control studies.

DNA methylation is a common mechanism of epigenetic regulation 
in eukaryotes. It occurs most frequently at cytosines that are followed 
by guanines (CpG). High levels of DNA methylation in promoter 
regions are typically associated with robust gene silencing1. Twenty-
five years of research on cancer epigenetics have firmly established the 
prevalence of aberrant DNA methylation in cancer cells2–6. Moreover, 
recent studies have investigated the role of DNA methylation for neural  
and autoimmune diseases, its correlation with physiological condi-
tions and its response to environmental influences7–9. Comprehensive 
mapping of DNA methylation in relevant clinical cohorts is likely to 
identify new disease genes and potential drug targets, help to establish 
the relevance of epigenetic alterations in disease and provide a rich 
source of potential biomarkers10. DNA methylation mapping could 

also facilitate quality control of cultured cells by exploiting the fact 
that cell states and differentiation potential of stem cells are reflected 
in their DNA methylation patterns11.

Several methods have been developed to map DNA methylation 
on a genomic scale. Most of these methods combine DNA analysis 
by microarrays or high-throughput sequencing with one of four 
ways of translating DNA methylation patterns into DNA sequence 
information or library enrichment. (i) MeDIP-seq uses an anti-
body that is specific for 5-methylcytosine to retrieve methylated 
fragments from sonicated DNA12,13. (ii) MethylCap-seq employs 
a methyl-binding domain protein to obtain DNA fractions with  
similar methylation levels14–16. (iii) Bisulfite-based methods 
use a chemical reaction that selectively converts unmethylated, 
but not methylated, cytosines into uracils, thus introducing  
methylation-specific, single nucleotide polymorphisms into the 
DNA sequence11,17,18. (iv) Methylation sensitive digestion uses 
prokaryotic restriction enzymes to selectively fractionate only 
methylated or only unmethylated DNA19–21.

The diversity of methods to map DNA methylation and the absence 
of an uncontested commercial market leader raise questions about 
each method’s strengths and weaknesses—questions that research-
ers have to answer for themselves when selecting the most appro-
priate technology for any given project. The goal of this study was 
to comprehensively evaluate four popular methods—MeDIP-seq12, 
MethylCap-seq14, RRBS22 and the Infinium HumanMethylation27 
assay17 with a special emphasis on their practical utility for biomedi-
cal research and biomarker development. All four methods are rela-
tively easy to set up because detailed protocols have been published 
and/or commercial kits are available. We chose RRBS because it tar-
gets bisulfite sequencing to a well-defined set of genomic regions 
with moderate to high CpG density22, which makes RRBS substan-
tially more cost efficient than genome-wide bisulfite sequencing. The 
Infinium HumanMethylation27 assay, also a bisulfite-based method, 
was included because of its wide use and easy integration with exist-
ing genotyping pipelines; it is the only microarray-based method in 
our comparison. Methods that use tiling microarrays were excluded 
because they have been benchmarked previously20 and because 
next-generation sequencing enables higher resolution and/or higher 
genomic coverage at competitive cost. Methylation-specific digestion 
was excluded because no algorithm exists that could accurately infer 
quantitative DNA methylation data from digested read frequencies19. 
An outline of the experimental and analytical procedure of this techno-
logy comparison is shown in Figure 1.

Quantitative comparison of genome-wide DNA 
methylation mapping technologies
Christoph Bock1–4,6, Eleni M Tomazou1–3,6, Arie B Brinkman5, Fabian Müller1–4, Femke Simmer5,  
Hongcang Gu1, Natalie Jäger1–3, Andreas Gnirke1, Hendrik G Stunnenberg5 & Alexander Meissner1–3
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Analysis of DNA methylation patterns relies increasingly on 
sequencing-based profiling methods. The four most frequently 
used sequencing-based technologies are the bisulfite-based 
methods MethylC-seq and reduced representation bisulfite 
sequencing (RRBS), and the enrichment-based techniques 
methylated DNA immunoprecipitation sequencing (MeDIP-seq) 
and methylated DNA binding domain sequencing (MBD-seq). 
We applied all four methods to biological replicates of human 
embryonic stem cells to assess their genome-wide CpG coverage, 
resolution, cost, concordance and the influence of CpG density 
and genomic context. The methylation levels assessed by the 
two bisulfite methods were concordant (their difference did 
not exceed a given threshold) for 82% for CpGs and 99% of 
the non-CpG cytosines. Using binary methylation calls, the two 
enrichment methods were 99% concordant and regions assessed 
by all four methods were 97% concordant. We combined MeDIP-
seq with methylation-sensitive restriction enzyme (MRE-seq) 
sequencing for comprehensive methylome coverage at lower 
cost. This, along with RNA-seq and ChIP-seq of the ES cells 
enabled us to detect regions with allele-specific epigenetic 
states, identifying most known imprinted regions and new loci 
with monoallelic epigenetic marks and monoallelic expression.

DNA methylation plays a vital role in embryonic development, main-
tenance of pluripotency, X-chromosome inactivation and genomic 
imprinting through regulation of transcription, chromatin structure 
and chromosome stability1. It occurs at the C5 position of cytosines 
within CpG dinucleotides2–4 and at non-CpG cytosines in plants and 
embryonic stem cells (ESCs) in mammals. 5-Hydroxymethylation 
of cytosine also occurs in certain human and mouse cells5,6 and is 
catalyzed by Tet proteins acting on methylated cytosine7. Several 

experimental methods detect methylation but not hydroxymethyla-
tion, whereas others detect both but cannot distinguish them.

Understanding the role of DNA methylation in development and 
disease requires knowledge of the distribution of these modifications 
in the genome. The availability of reference genome assemblies and 
massively parallel sequencing has led to methods that provide high-
resolution, genome-wide profiles of 5-methylcytosine8–16. In contrast 
to arrays, sequencing-based methods can interrogate DNA methyla-
tion in repetitive sequences and more readily allow epigenetic states 
to be assigned to specific alleles. The unique characteristics of each 
method leave uncertainty about how to select the method best suited 
to answer particular biological questions. DNA methylation maps are 
being produced by many laboratories worldwide, and their integra-
tion forms a basis for emerging international epigenome projects17. 
Thus, it is critical to determine the precision of each method, and how 
reliably they can be compared.

Here, we provide a detailed and quantitative comparison of four 
sequencing-based methods for genome-wide DNA methylation 
profiling. We focused on two methods that use bisulfite conversion 
(MethylC-seq8 and RRBS9), and two methods that use enrichment of 
methylated DNA (MeDIP-seq10,11 and MBD-seq12). We also devel-
oped an integrative methodology combining MeDIP-seq to detect 
methylated CpGs with MRE-seq13,14 to detect unmethylated CpGs. 
Unlike the enrichment methods alone, the integrative method can 
accurately identify regions of intermediate methylation which—in 
conjunction with single nucleotide polymorphism (SNP) profiling 
from the sequencing data—permits genome-wide identification of 
allele-specific epigenetic states.

RESULTS
Generation of DNA methylation profiles from human ESCs
Four individual sequencing-based methods and one integrative 
method were used to generate and compare DNA methylation pro-
files of three biological replicates of H1 ESCs. MethylC-seq (data used 
here is from ref. 8) involves shotgun sequencing of DNA treated with 

Comparison of sequencing-based methods to profile 
DNA methylation and identification of monoallelic 
epigenetic modifications
R Alan Harris1,*, Ting Wang2, Cristian Coarfa1, Raman P Nagarajan3, Chibo Hong3, Sara L Downey3,  
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Mattia Pelizzola7, Yuanxin Xi8, Charles B Epstein9, Bradley E Bernstein9–11, R David Hawkins12, Bing Ren12,13,  
Wen-Yu Chung14,15, Hongcang Gu9, Christoph Bock9,16–18, Andreas Gnirke9, Michael Q Zhang14,15,  
David Haussler5, Joseph R Ecker7, Wei Li8, Peggy J Farnham6, Robert A Waterland1,19, Alexander Meissner9,16,17, 
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*A full list of author affiliations appears at the end of the paper.

Published online 19 September 2010; doi:10.1038/nbt.1682

NATURE BIOTECHNOLOGY   VOLUME 28 NUMBER 10 OCTOBER 2010 1097

A N A LY S I S

Analysis of DNA methylation patterns relies increasingly on 
sequencing-based profiling methods. The four most frequently 
used sequencing-based technologies are the bisulfite-based 
methods MethylC-seq and reduced representation bisulfite 
sequencing (RRBS), and the enrichment-based techniques 
methylated DNA immunoprecipitation sequencing (MeDIP-seq) 
and methylated DNA binding domain sequencing (MBD-seq). 
We applied all four methods to biological replicates of human 
embryonic stem cells to assess their genome-wide CpG coverage, 
resolution, cost, concordance and the influence of CpG density 
and genomic context. The methylation levels assessed by the 
two bisulfite methods were concordant (their difference did 
not exceed a given threshold) for 82% for CpGs and 99% of 
the non-CpG cytosines. Using binary methylation calls, the two 
enrichment methods were 99% concordant and regions assessed 
by all four methods were 97% concordant. We combined MeDIP-
seq with methylation-sensitive restriction enzyme (MRE-seq) 
sequencing for comprehensive methylome coverage at lower 
cost. This, along with RNA-seq and ChIP-seq of the ES cells 
enabled us to detect regions with allele-specific epigenetic 
states, identifying most known imprinted regions and new loci 
with monoallelic epigenetic marks and monoallelic expression.

DNA methylation plays a vital role in embryonic development, main-
tenance of pluripotency, X-chromosome inactivation and genomic 
imprinting through regulation of transcription, chromatin structure 
and chromosome stability1. It occurs at the C5 position of cytosines 
within CpG dinucleotides2–4 and at non-CpG cytosines in plants and 
embryonic stem cells (ESCs) in mammals. 5-Hydroxymethylation 
of cytosine also occurs in certain human and mouse cells5,6 and is 
catalyzed by Tet proteins acting on methylated cytosine7. Several 

experimental methods detect methylation but not hydroxymethyla-
tion, whereas others detect both but cannot distinguish them.

Understanding the role of DNA methylation in development and 
disease requires knowledge of the distribution of these modifications 
in the genome. The availability of reference genome assemblies and 
massively parallel sequencing has led to methods that provide high-
resolution, genome-wide profiles of 5-methylcytosine8–16. In contrast 
to arrays, sequencing-based methods can interrogate DNA methyla-
tion in repetitive sequences and more readily allow epigenetic states 
to be assigned to specific alleles. The unique characteristics of each 
method leave uncertainty about how to select the method best suited 
to answer particular biological questions. DNA methylation maps are 
being produced by many laboratories worldwide, and their integra-
tion forms a basis for emerging international epigenome projects17. 
Thus, it is critical to determine the precision of each method, and how 
reliably they can be compared.

Here, we provide a detailed and quantitative comparison of four 
sequencing-based methods for genome-wide DNA methylation 
profiling. We focused on two methods that use bisulfite conversion 
(MethylC-seq8 and RRBS9), and two methods that use enrichment of 
methylated DNA (MeDIP-seq10,11 and MBD-seq12). We also devel-
oped an integrative methodology combining MeDIP-seq to detect 
methylated CpGs with MRE-seq13,14 to detect unmethylated CpGs. 
Unlike the enrichment methods alone, the integrative method can 
accurately identify regions of intermediate methylation which—in 
conjunction with single nucleotide polymorphism (SNP) profiling 
from the sequencing data—permits genome-wide identification of 
allele-specific epigenetic states.

RESULTS
Generation of DNA methylation profiles from human ESCs
Four individual sequencing-based methods and one integrative 
method were used to generate and compare DNA methylation pro-
files of three biological replicates of H1 ESCs. MethylC-seq (data used 
here is from ref. 8) involves shotgun sequencing of DNA treated with 

Comparison of sequencing-based methods to profile 
DNA methylation and identification of monoallelic 
epigenetic modifications
R Alan Harris1,*, Ting Wang2, Cristian Coarfa1, Raman P Nagarajan3, Chibo Hong3, Sara L Downey3,  
Brett E Johnson3, Shaun D Fouse3, Allen Delaney4, Yongjun Zhao4, Adam Olshen3, Tracy Ballinger5,  
Xin Zhou2, Kevin J Forsberg2, Junchen Gu2, Lorigail Echipare6, Henriette O’Geen6, Ryan Lister7,  
Mattia Pelizzola7, Yuanxin Xi8, Charles B Epstein9, Bradley E Bernstein9–11, R David Hawkins12, Bing Ren12,13,  
Wen-Yu Chung14,15, Hongcang Gu9, Christoph Bock9,16–18, Andreas Gnirke9, Michael Q Zhang14,15,  
David Haussler5, Joseph R Ecker7, Wei Li8, Peggy J Farnham6, Robert A Waterland1,19, Alexander Meissner9,16,17, 
Marco A Marra4, Martin Hirst4, Aleksandar Milosavljevic1 & Joseph F Costello3

*A full list of author affiliations appears at the end of the paper.

Published online 19 September 2010; doi:10.1038/nbt.1682



Sequencing DNA methylomes 

•  Coverage 
•  Resolution 
•  Transposons  
•  Assign epigenetic state to genetic allele 
•  Mutation detection 
•  Copy number profile 
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•  Shotgun bisulfite 

•  Enrichment 

•  Integrative 

•  Base resolution 
•  Absolute quantitation 
•  Higher cost/sample 
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hmC  

•  150bp resolution 
•  Relative quantitation 
•  Much lower cost/sample 

•  1-150bp resolution 
•  Detection of intermediate and 

allelic methylation states 
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Case 2: Functions of intragenic DNA 
methylation 

LETTERS

Conserved role of intragenic DNA methylation in
regulating alternative promoters
Alika K. Maunakea1*{, Raman P. Nagarajan1*, Mikhail Bilenky2, Tracy J. Ballinger3, Cletus D’Souza2,
Shaun D. Fouse1, Brett E. Johnson1, Chibo Hong1, Cydney Nielsen2, Yongjun Zhao2, Gustavo Turecki4,
Allen Delaney2, Richard Varhol2, Nina Thiessen2, Ksenya Shchors5{, Vivi M. Heine6, David H. Rowitch6,
Xiaoyun Xing7, Chris Fiore7, Maximiliaan Schillebeeckx7, Steven J. M. Jones2, David Haussler3,8, Marco A. Marra2,
Martin Hirst2, Ting Wang3,7 & Joseph F. Costello1

Although it is known that the methylation of DNA in 59 promoters
suppresses gene expression, the role of DNA methylation in gene
bodies is unclear1–5. In mammals, tissue- and cell type-specific
methylation is present in a small percentage of 59 CpG island
(CGI)promoters,whereas a far greaterproportionoccurs across gene
bodies, coinciding with highly conserved sequences5–10. Tissue-
specific intragenic methylation might reduce3, or, paradoxically,
enhance transcription elongation efficiency1,2,4,5. Capped analysis of
gene expression (CAGE) experiments also indicate that transcrip-
tion commonly initiates within and between genes11–15. To investi-
gate the role of intragenicmethylation,we generated amapofDNA
methylation from the human brain encompassing 24.7 million of
the 28million CpG sites. From the dense, high-resolution coverage
of CpG islands, the majority of methylated CpG islands were
shown to be in intragenic and intergenic regions, whereas less
than 3% of CpG islands in 59 promoters were methylated. The
CpG islands in all three locations overlapped with RNA markers
of transcription initiation, and unmethylated CpG islands also
overlapped significantly with trimethylation of H3K4, a histone
modification enriched at promoters16. The general and CpG-
island-specific patterns of methylation are conserved in mouse
tissues. An in-depth investigation of the human SHANK3 locus17,18

and its mouse homologue demonstrated that this tissue-specific
DNA methylation regulates intragenic promoter activity in vitro
and in vivo. These methylation-regulated, alternative transcripts
are expressed in a tissue- and cell type-specific manner, and are
expressed differentiallywithin a single cell type fromdistinct brain
regions. These results support a major role for intragenicmethyla-
tion in regulating cell context-specific alternative promoters in
gene bodies.

To determine if intragenic DNA methylation is functional, we first
generatedhigh-resolutionmethylomemapsof thehumanbrain frontal
cortex grey matter from two individuals. We developed two comple-
mentary next-generation sequencing-based approaches to detect
methylated and unmethylated DNA. The first, methylated DNA
immunoprecipitation and sequencing (MeDIP-seq), uses antibody-
based immunoprecipitation of 5-methylcytosine and sequencing to
map the methylated fraction of the genome. In the second method,

unmethylated CpG sites are identified at single CpG site resolution by
sequencing size-selected fragments from parallel DNA digestions with
the methyl-sensitive restriction enzymes (MREs) HpaII, Hin6I and
AciI (MRE-seq, Supplementary Fig. 1).

Of the 28million CpGs in the haploid human genome,MeDIP-seq
covered approximately 24 million at 100–300 base pair resolution,
whereas MRE-seq detected approximately 1.7 million unmethylated
sites at single CpG site resolution (Supplementary Figs 2 and 3). The
two methods detect different fractions of the genome, with more
frequent MeDIP-seq reads observed in the commonly methylated
CpG-poor fraction (Supplementary Fig. 4). Similar results were
obtained with frontal cortex from a second individual (Supplemen-
tary Figs 5 and 6; Supplementary Excel File 1).

Wedetermined theDNAmethylation statusof approximately27,100
of the 27,639 CGIs in the human genome from the combinedMRE-seq
andMeDIP-seqdata sets (Supplementary Figs 7 and8).MRE-seq scores
andMeDIP-seq scores (see SupplementaryMethods) for CGIs are anti-
correlated (Fig. 1a, Pearson correlation520.44,P, 10216).Anexcep-
tion is the differentiallymethylated regions (DMRs) of imprinted genes
that have significant MRE-seq andMeDIP-seq signals (Supplementary
Fig. 9). In contrast to array-based methods, MRE-seq and especially
MeDIP-seq can interrogate the methylation status of a large fraction of
repetitive sequences, which comprise more than 40% of the genome
(Supplementary Excel File 2). Genome-wide, about 75% of repetitive
regions are covered by MeDIP reads, compared to 3% for MRE-seq,
consistent with high methylation of repeat sequences. Validation of
MRE-seq and MeDIP-seq by standard bisulphite cloning and sequen-
cingof 24CGI loci (Fig. 1b; Supplementary Fig. 10a–mandSupplemen-
tary Excel File 3) supports the accuracy ofMeDIP-seq andMRE-seq for
determining methylation status. Across gene bodies, including CGIs
and non-CGI regions, we found that the average methylation level is
decreased at the 59 ends of genes, including,300 bp downstreamof the
transcription start site (TSS), where methylationmight inhibit efficient
inititation19, but increases in gene bodies as reported previously1,4,20,21

(Supplementary Fig. 11). However, gene bodies are often large andmay
contain multiple discrete regulatory sequences. This type of analysis
might obscure a more specific role for DNA methylation in regulating
particular regulatory sequences within gene bodies.

*These authors contributed equally to this work.

1Brain Tumor Research Center, Department of Neurosurgery, Helen Diller Family Comprehensive Cancer Center, University of California San Francisco, San Francisco, California
94158, USA. 2Genome Sciences Centre, BC Cancer Agency, 675 W. 10th Avenue, Vancouver, British Columbia V5Z 1L3, Canada. 3Center for Biomolecular Science and Engineering,
University of California, Santa Cruz, California 95064, USA. 4McGill Group for Suicide Studies, Douglas Hospital Research Centre, 6875 LaSalle Blvd, Verdun, Quebec H4H 1R3,
Canada. 5Department of Pathology, University of California San Francisco, San Francisco, California 94158, USA. 6Department of Pediatrics and Institute for Regeneration Medicine,
and Department of Neurological Surgery, University of California San Francisco, San Francisco, California 94143, USA. 7Department of Genetics, Center for Genome Sciences and
Systems Biology, Washington University, St Louis, Missouri 63108, USA. 8Howard Hughes Medical Institute, University of California, Santa Cruz, California 95064, USA. {Present
addresses: Laboratory ofMolecular Immunology, National Heart, Lung, and Blood Institute, NIH, Bethesda,Maryland 20892, USA (A.K.M.); EPFL-ISREC, SV2818, Station 19, Lausanne
1015, Switzerland (K.S.).
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What is the function of gene body 
methylation? 
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Methylation versus transcription and histone modification
To explore the relationship between gene expression and methylation
in the promoter and elsewhere in the gene, we used ENCODE project
gene expression data for the same cell line (GM06990) to split genes
into two equal groups: ‘‘highly expressed’’ and ‘‘weakly expressed’’
genes. For each group we plotted median cytosine methylation against
gene position (Fig. 2a). In the highly expressed genes, we saw a pattern
of low methylation in the promoter region and considerable methyla-
tion in the rest of the gene body. The weakly expressed genes were
moderately methylated in both promoter and gene-body regions.
Cytosine methylation may interact with other epigenetic features,

such as histone modifications. To look for correlations between DNA
methylation and histone modification, we compared available ChIP
data21 with our methylation data obtained from the same cell line.
Cytosine methylation was correlated with H3K36 methylation and
anticorrelated with H3K27 methylation (Supplementary Fig. 4 online).
These correlations probably reflect the distribution of our probes, half
of which target regions within gene bodies, whereas only 5% target
regions within 1 kb of transcription start sites. The correlations are
consistent with the gene-body pattern of the histone modifications:
H3K36 methylation is higher in gene bodies of highly expressed genes,
whereas H3K27 is high in gene bodies of weakly expressed genes28.

BSPP profiling of cell lines from the Personal Genome Project
Our methylation profiling methods have, in part, been developed as a
pilot for studying epigenomics within the context of the Personal
Genome Project (PGP), a program through which researchers will
deeply explore the relationship between genotype and phenotype
through collection of multi-faceted biological information from indi-
viduals registered within the project29. To explore how methylation

patterns vary between different cell types and
different individuals, we applied the ENCODE
BSPP set to several cell lines from the PGP:
PGP1 and PGP9 EBV-transformed B-lympho-
cytes, PGP1 and PGP9 fibroblasts, and
induced pluripotent stem (iPS) cells derived
from PGP1 and PGP9 fibroblasts. Consistent
with previous studies27, the methylation pat-
terns of lymphoblast lines derived from dif-

ferent individuals were highly correlated (r ¼ 0.85, Supplementary
Fig. 5a online), whereas the correlation between fibroblast and
lymphoblast cells from the same individual was much lower
(r ¼ 0.63, Supplementary Fig. 5b). The PGP1 and two independent
PGP9-derived iPS cell lines were hypermethylated in the ENCODE
regions of B400 genes, compared to the fibroblast line from which
they were derived (Supplementary Figs. 2f–h and 5c,d). This may be a
general phenomenon, although because we surveyed a limited set of
locations and cell culturing can affect global methylation levels16,
further investigation is warranted. The phenomenon of gene-body
methylation in highly expressed genes was also observed in the PGP
lymphoblast and fibroblast cell lines (Supplementary Fig. 6 online).

MSCC assay
In contrast with the BSPP approach, our second technology, MSCC,
profiles methylation across the whole genome. MSCC queries
the sensitivity of all CCGG sites within the genome to HpaII, a
methylation-sensitive restriction enzyme that cuts unmethylated
CCGG sequences. Methylation-sensitive restriction enzymes typically
have a recognition site that contains a CpG dinucleotide and are
blocked from cutting if that site is methylated6. The MSCC assay is not
limited to using HpaII and could be used with other methylation-
sensitive restriction enzymes to profile other, nonoverlapping genome-
scale sets of CpGs (Supplementary Table 5 online). These sets could
be combined to created denser genome-scale profiles.
With MSCC, no choice is made for which sites are targeted—all

uniquely identifiable HpaII sites are profiled. HpaII sites have
a distribution similar to the distribution of all CpG dinucleotides
(Supplementary Table 2), making them a good target for relatively
unbiased genome-scale profiling. By generating a library of tag
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Figure 2 Changes in methylation associated with
position relative to genes differ between highly
and weakly expressed genes. (a,b) A phenomenon
of gene-body methylation is seen in both BSPP
(a) and MSCC (b) data. Running median levels
of BSPP-determined methylation versus gene
position show a difference between highly and
weakly expressed genes in the ENCODE pilot
regions of the GM06990 cell line. Running
averages of MSCC HpaII counts versus gene
position for all genes in the PGP1 lymphoblast
cell line show differences between different gene
expression levels. Genes were categorized into
five equally sized groups based on expression
level. The contribution of each MSCC data point
was normalized for local CpG density, MspI
control counts and, for sites within the gene, for
gene length. (c) Expression-related differences
are seen in the running average of MSCC HpaII
counts versus distance at the transcription start
site. (d) Expression-related differences are also
seen in the running average of MSCC HpaII
counts versus distance from the transcriptional
ends of genes.
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Lister et al 2009, 
MethylC-seq, human ES cells 



Genome-wide CpG site coverage 

MeDIP only 
(22.65M) 

MRE only 
(1.04M) 

Both 
(0.91M) 

None 
(3.3M) 

•  Sample:   human brain (frontal cortex) 
•  MeDIP-seq:  100 million reads 
•  MRE-seq:   30 million reads 

28 million CpGs 
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Promoter	
  CGIs	
  (n=1245)	
   Intragenic	
  CGIs	
  (n=502)	
  

Unmethylated	
  	
  
in	
  human	
  

Methylated	
  	
  
in	
  human	
  

Unmethylated	
  
in	
  human	
  

Methylated	
  
in	
  human	
  

Unmethylated	
  in	
  
mouse	
  

1234	
   3	
   293	
   66	
  

Methylated	
  in	
  	
  
mouse	
  

6	
   2	
   36	
   107	
  

P-­‐value	
   <	
  0.0001	
   <	
  0.0001	
  

Methylation status of orthologous CpG 
islands is evolutionarily conserved 



Overlap of H3K4me3, CAGE and Intragenic CpG island  

CAGE data from  
Carninci et al  
2005, 2008 
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Methylation level anti-correlates with transcript level 



Initial observations from brain epigenomes  	
  

•  Tissue-specific methylation is common in 
intragenic CpG islands, but rare in 5’ islands 

•  Genome sites of tissue-specific intragenic 
methylation overlap significantly with markers 
of TSS, and promoter-enriched histone 
modifications 
– Suggesting a major role for intragenic methylation 

in regulating cell context-specific alternative 
promoters in gene bodies 



Case 3: Combining MeDIP and MRE to 
investigate intermediate methylation 

•  Integrative method identifies intermediate 
methylation states 

•  Genetic variation detected by epigenotyping 

•  Initial catalogue of novel imprinted gene candidates 



•  Imprinting 

•  X-chromosome 
inactivation 

•  Monoallelic gene 
regulation 

•   Parent-of-origin specific expression 
•   Normal growth and brain 

development 
•   100 genes known, but many DMRs 

unknown (Chaofani, 2011, others) 

•   In Females, promoters vs gene 
bodies 

•  Widespread on somatic 
chromosomes 

(Hellman and Chess, etc) 

Allele specific methylation 



Integrative Method 
• Methyl-sensitive restriction enzyme – sequencing (MRE-seq) 
 each read is a single unmethylated CpG site 

• Methyl DNA immunoprecipitation - sequencing (MeDIP-seq) 
 higher read density at methylated regions 

5MeC 

5MeC 

5MeC 

MeDIP-seq MRE-seq 

MRE digestion 



Allele Specific Methylation (ASM) 

Reference Allele 

Variant Allele 

Unmethlyated CpGs 
(MRE-Seq) 

Methlyated CpGs 
(MeDIP-Seq) 

Harris et al,  
Nature Biotechnology 2010  



The genome is divided into methylated and 
unmethylated domains 

Intermediate 
methylation	
  

Methylation level	
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Complementarity of MeDIP-seq and MRE-seq 

MeDIP read density 
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The “iMethylome” algorithm 



Allele-specific methylation at imprinted genes  

Chr 7: 
SNURF/SNURP 

MeDIP-seq 

MRE-seq 

Chr 7: 
MEST 

MeDIP-seq 

MRE-seq 

Chr 18: 
SMAD4 

MeDIP-seq 

MRE-seq 

imprinted 

imprinted 

not 
imprinted 

DMR 

DMR 



Enriching for Intermediate Methylation 



Intermediate methylation levels at imprinted genes  

SNRPN 

H19 

PEG10 

GNAS  



CpG	
  islands	
  

MRE-­‐seq	
  1	
  

MeDIP-­‐seq	
  1	
  

MRE-­‐seq	
  2	
  

MeDIP-­‐seq	
  2	
  
Bisulfite	
  	
  
POTEB	
  

Intermediate methylation levels in POTEB 

chr15:19346666-19350003      G                  9            A           30 

      Location                     Medip Allele      Count    MRE Allele  Count 



Validation of monoallelic DNA methylation in POTEB  



Putative Imprinted Gene 



Conservation of IM 



IMs are regulatory elements 

66%	
  

17%	
  

10%	
  

6%	
  

2%	
  

Distance	
  to	
  DNaseI	
  HS	
  

0kb	
  

>0-­‐0.5kb	
  

>0.5-­‐2kb	
  

>2-­‐10kb	
  

>10kb	
  



Case 4: Predicting single CpG methylation 
level with Conditional Random Field 

(methylCRF) 

1.  A novel statistical framework for integrative analysis 
of MeDIP and MRE data 



DNA Methylation is locally correlated 
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A conditional random field model 
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HMM ! P(5mC)P(MeDIP,MRE,... | 5mC)
= P(5mC,MeDIP,MRE,...)
= P(5mC |MeDIP,MRE,...)P(MeDIP,MRE,...)

CRF ! P(5mC |MeDIP,MRE,...)

...gacCGctgtcatgcattCGacta  .…………..  atgacCGctgtcttCGact 

HMM 
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•  All MeDIP Scores 
•  All MRE Scores 
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Predicting single CpG methylation level with 
Conditional Random Field (methylCRF) 

106	
  

Scale
chr1:

CpG Islands

SINE
LINE
LTR
DNA

Simple
Low Complexity

Satellite
RNA

Other
Unknown

10 kb
156075000 156080000 156085000 156090000 156095000 156100000 156105000 156110000

CpG Islands (Islands < 300 Bases are Light Green)
UCSC Genes Based on RefSeq, UniProt, GenBank, CCDS and Comparative Genomics

Repeating Elements by RepeatMasker

CCGG Fragments 50-500bp (HpaII, HapII)
GCGC Fragments 50-500bp (HhaI, Hin6I)

CCGC Fragments 50-500bp (AciI, SsiI)
H1ES_MeDIP Merged Reads

H1ES_MRE Reads

H1ES_Infinium Predictions

H1ES_RRBS Predictions

H1ES_BS Lister

H1ES_BS GIS

H1ES_mCRF Ensemble Predictions

LMNA
LMNA
LMNA
LMNA
LMNA

LMNA
LMNA

LMNA
LMNA

LMNA
LMNA

H1ES_MeDIP
15 _

0 _

H1ES_MRE
15 _

0 _

H1ES_Infm
1 _

0 _

H1ES_RRBS
1 _

0 _

H1ES_BS_Lister
1 _

0 _

H1ES_BS_GIS
1 _

0 _

H1ES_mCRF
1 _

0 _

Theoretical MRE 
fragments 
MeDIP 

MRE 

Infinium 

RRBS 

Lister BS 

GIS BS 

methylCRF 



Predicting single CpG methylation level with 
Conditional Random Field (methylCRF) 
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Sequence-based DNA Methylome/
Epigenome Resources 

•  http://VizHub.wustl.edu/      
•  Data visualization hub for Roadmap Epigenomics Project 
•  http://epigenomegateway.wustl.edu/      

•  Next generation genome browser 

•  http://www.roadmapepigenomics.org/      
•  Roadmap Consortium 

•  http://www.genboree.org/epigenomeatlas/index.rhtml      
•  Data coordination center at Baylor 

•  http://www.ncbi.nlm.nih.gov/epigenomics      
•  NCBI, where you can download data 



WUSTL	
  

Reference Epigenome Mapping Centers 



Roadmap Epigenomics Visualization Hub, Washington University in St. Louis http://vizhub.wustl.edu/
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http://VizHub.wustl.edu 
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UCSC Genome Browser on Human Feb. 2009 (GRCh37/hg19) Assembly
move <<<  << < > >> >>>  zoom in 1.5x 3x 10x base  zoom out 1.5x 3x 10x

position/search chr21:33,021,623-33,051,544  gene  jump clear  size 29,922 bp. configure

move start
< 2.0  >

 
Click on a feature for details. Click or drag in the base position track to
zoom in. Click side bars for track options. Drag side bars or labels up
or down to reorder tracks.

 
move end

< 2.0  >

default tracks  default order  hide all  add custom tracks  configure  reverse  refresh

collapse all
Use drop-down controls below and press refresh to alter tracks displayed.

Tracks with lots of items will automatically be displayed in more compact modes. expand all

  UC-WU-GSC Reference Epigenome Mapping Center refresh
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Integrative/summary tracks 
•  New (well, a year old) UCSC- technology 
•  Overlay and summarize many data tracks 

–  Different experiments for the same sample; 
–  Same experiments for different samples; 
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Integrative/summary tracks 

•  Can choose to integrate on samples or on epigenetic 
marks 

•  “Rainbow tracks” 
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MeDIP peaks, or 
methylated regions 

MRE peaks, or 
unmethylated regions 
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Homo sapiens
(Graphic courtesy of CBSE)

Home Genomes Blat Tables Gene Sorter PCR Session FAQ Help  

Human (Homo sapiens) Genome Browser Gateway

 

The UCSC Genome Browser was created by the Genome Bioinformatics Group of UC Santa Cruz.
Software Copyright (c) The Regents of the University of California. All rights reserved.

clade genome assembly position or search term gene image width  

Mammal Human Feb. 2009 (GRCh37/hg19) chr21:33,031,597-33,041,570 800 submit

Click here to reset the browser user interface settings to their defaults.

track search add custom tracks track hubs configure tracks and display clear position

About the Human Feb. 2009 (GRCh37/hg19) assembly (sequences)

 

The February 2009 human reference sequence (GRCh37) was produced by the Genome Reference Consortium.

Sample position queries

A genome position can be specified by the accession number of a sequenced genomic clone, an mRNA or EST or STS marker, a chromosomal coordinate range, or
keywords from the GenBank description of an mRNA. The following list shows examples of valid position queries for the human genome. See the User's Guide
for more information.

Request:    Genome Browser Response:

chr7 Displays all of chromosome 7
chrUn_gl000212 Displays all of the unplaced contig gl000212
chr3:1-1000000 Displays first million bases of chr 3, counting from p-arm telomere
chr3:1000000+2000 Displays a region of chr3 that spans 2000 bases, starting with position 1000000

RH18061;RH80175 Displays region between genome landmarks, such as the STS markers RH18061 and RH80175. This syntax may also be used for other
range queries, such as between uniquely determined ESTs, mRNAs, refSeqs, etc.

D16S3046 Displays region around STS marker D16S3046 from the Genethon/Marshfield maps. Includes 100,000 bases on each side as well.
AA205474 Displays region of EST with GenBank accession AA205474 in BRCA1 cancer gene on chr 17
AC008101 Displays region of clone with GenBank accession AC008101
AF083811 Displays region of mRNA with GenBank accession number AF083811
PRNP Displays region of genome with HUGO Gene Nomenclature Committee identifier PRNP
NM_017414 Displays the region of genome with RefSeq identifier NM_017414
NP_059110 Displays the region of genome with protein accession number NP_059110

pseudogene mRNA Lists transcribed pseudogenes, but not cDNAs
homeobox caudal Lists mRNAs for caudal homeobox genes
zinc finger Lists many zinc finger mRNAs
kruppel zinc finger Lists only kruppel-like zinc fingers
huntington Lists candidate genes associated with Huntington's disease
zahler Lists mRNAs deposited by scientist named Zahler
Evans,J.E. Lists mRNAs deposited by co-author J.E. Evans

hg18, for 
Atlas I 

Track hubs 

hg19, for 
Atlas II and 

III 

Go to http://genome.ucsc.edu/, choose 
genomes  



Home Genomes Blat Tables Gene Sorter PCR Session FAQ Help  

Import Tracks from Data Hubs

 

Track data hubs are collections of tracks from outside of UCSC that can be imported into the Genome Browser. To import a public hub check the box in
the list below. After import the hub will show up as a group of tracks with its own blue bar and label underneath the main browser graphic, and in the
configure page.

genome: Human    assembly: Feb. 2009 (GRCh37/hg19)

Display Hub Name Description URL
Roadmap Epigenomics
Release III at Wash U
VizHub

Roadmap Epigenomics Human Epigenome Atlas
Release III, VizHub at Washington University in
St. Louis

http://vizhub.wustl.edu/VizHub
/RoadmapRelease3.txt

Roadmap Epigenomics
Release II at Wash U
VizHub

Roadmap Epigenomics Human Epigenome Atlas
Release II, VizHub at Washington University in
St. Louis

http://vizhub.wustl.edu/VizHub
/RoadmapRelease2.txt

Display Selected Hubs Contact genome@soe.ucsc.edu to add a public hub.

Public Hubs My Hubs

Release 3 

Click to 
select 

Release 2 

Hub selection page 
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UCSC Genome Browser on Human Feb. 2009 (GRCh37/hg19) Assembly
move <<<  << < > >> >>>  zoom in 1.5x 3x 10x base  zoom out 1.5x 3x 10x

position/search chr21:33,031,597-33,041,570  gene  jump clear  size 9,974 bp. configure

move start
< 2.0  >

 Click on a feature for details. Click or drag in the base position track to zoom in. Click side bars for track options. Drag side bars or
labels up or down to reorder tracks.  

move end
< 2.0  >

track search  default tracks  default order  hide all  add custom tracks  track hubs  configure  reverse  refresh

collapse all
Use drop-down controls below and press refresh to alter tracks displayed.

Tracks with lots of items will automatically be displayed in more compact modes. expand all

  Roadmap Epigenomics Release II at Wash U VizHub refresh
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  Mapping and Sequencing Tracks refresh
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 FISH Clones
hide
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Map Contigs
hide

Release 2 
default tracks 

Release 3 track control 

Release 2 track control 

Release 3 
default tracks 

Native UCSC 
tracks 

(ENCODE, etc) 



Scale
chr2:

DNase Clusters
Txn Factor ChIP

50 kb
172900000 172950000 173000000

UCSC Genes Based on RefSeq, UniProt, GenBank, CCDS and Comparative Genomics

H3K27Ac Mark (Often Found Near Active Regulatory Elements) on 7 cell lines from ENCODE

Digital DNaseI Hypersensitivity Clusters from ENCODE
Transcription Factor ChIP-seq from ENCODE

UCSD H1 Cell Line Bisulfite Seq Library combined EA Release 2

UCSF-UBC H1 Cell Line MeDIP-Seq Library HS1376 EA Release 2 Hotspot_Score=0.3687 Pcnt=62

UCSF-UBC H1 Cell Line MeDIP-Seq Library HS1303 EA Release 2 Hotspot_Score=0.3021 Pcnt=37

UCSF-UBC H1 Cell Line MRE-Seq Library HS1153 EA Release 2
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BI H1 Histone H3K27me3 Donor Solexa-12523 EA Release 2 Hotspot_Score=0.3386 Pcnt=87

BI H1 Histone H3K27me3 Donor Solexa-8039 EA Release 2 Hotspot_Score=0.2783 Pcnt=71

BI H1 Histone H3K4me3 Donor Solexa-12522 EA Release 2 Hotspot_Score=0.2734 Pcnt=23

BI H1 Histone H3K4me3 Donor Solexa-8038 EA Release 2 Hotspot_Score=0.4388 Pcnt=61

BI H1 Histone Input Donor Solexa-10531 EA Release 2 Hotspot_Score=0.0894 Pcnt=73

BI H1 Histone Input Donor Solexa-12532 EA Release 2 Hotspot_Score=0.0809 Pcnt=61
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Summary 
  Motivation 

  Larger datasets (whole genome, sequencing based) 
  More datasets (hundreds, thousands) 
  Rich metadata (clinical parameters, phenotypes) 
  Multi-dimensional datasets 

  New way of browsing the genome 
  Hundreds of tracks in one view 
  Google-map style pan and zoom, drag and drop 
  Display epigenomic data alongside with their metadata 
  Heatmap, wiggle map, going from whole genome to single base 
  Viewing data on specific genomic features, genesets or pathways 
  Statistical analysis (comparing two or more samples, or groups of 

samples) 
  Support custom tracks 
  Support sessions 
  ENCODE data integrated 

  Help page, mock data and video tutorial available  
  http://epigenomegateway.wustl.edu/ 
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Case 5: Cancer Methylomes 

•  Comparing endometrial cancers 



Methylation level across gene structure 

•  Increased DNA methylation over genic 
regions; 

•  More methylation in promoters in type I than 
in type II; 
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