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• DNA cythosine methylation is a central epigenetic
modification

• it affects gene regulation ad cellular
differentiation

• it alters chromatine density and accessibility to
the DNA

• here we present the first genome wide, single-
base resolution study of cytosine methylation in 
human embryonic stem cells and fetal fibroblasts

• this will show a difference in composition and 
patterning of mC between the two cell lines
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• Cellular cultures of human H1, H9, BMP-4 induced, IMR90 and iPS
(IMR90) cells were used.

• Two biological replicates were prepared for each cell line.

• MethylC-Seq was performed: genomic DNA was fragmented by sonication
(50-500 bp), then ends were repaired with a nucleotide triphosphate mix 
free of dCTP. Cytosine-methylated adapters were ligated for genomic DNA 
library construction. DNA was isolated by 2% agarose gel electrophoresis
and sodium bisulphite (BS) conversion was performed, followed by four
cycles of PCR amplification. 

• mRNA-Seq, ChIP-Seq and smRNA-Seq were performed.
• MethylC-Seq libraries were sequenced using the Illumina Genome

Analyzer II (GA II) and reads were aligned to the human reference genome
hg18 using the Bowtie alignment algorithm. Methylated cytosines were
identified at 1% false discovery rate (FDR).

• The reads from the two biological replicates were pooled to provide
greater coverage for identification of the methylcytosines.        
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• DNA is treated with BS 
then MethylC-Seq is
performed
• This generates 1.16 and 
1.18 billion reads
• The sequence yield is
87.5 and 91.0 Gb  
• Average read depth is of
14.2X and 14.8X

• Over 86% of the genome
is covered by at least one
read, accounting for 94% 
of the total cytosines

Single-base-resolution maps for DNA methylation for two human cell lines

• H1 human embryonic stem cells
• IMR90 fetal lung fibroblasts
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(4.25% of C)

(5.83 % of C)

Non-CG methylation is probably a general
feature of human embryonic stem cells

• Like IMR90 cells, BMP4-induced H1 cells
lost non-CG methylation
• induced pluripotent stem (iPS) cells restore
non-CG methylation 6



Two biological
replicates with different
passage number are 
used for each cell line

This reveales a high 
concordance of
cytosine methylation
status between
replicates
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OCT4 gene shows different
methylation between H1 and 
IMR90
There is a ~50-fold reduction of
transcription in IMR90  cells

DNMT3A, 3B and 3L show lower
expression in IMR90 cells, due to
absence of mCHG and mCHH
methylations
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H1   77% mCG 80-100%  methylated
H1   85% mCHG and mCHH 10-40% methylated
IMR90   56% mCG 80-100% methylated

Although the total number of mCG sites in H1 and IMR90 cells is similar, IMR90 mCG
sites are tipically less frequently methylated

82.7% and 67.7% of all CG sites are methylated in H1 and IMR90 cells, respectively
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Density of methylcytosines
identified in all
chromosomes in H1 cells

• sub-telomeric regions
frequently show higher DNA 
methylation density
• methylation is lower at the 
centromere
• mCG density profile of H1 
and IMR90 is similar
• mCHG and mCHH densities
show a moderate 
correlation (Pearson
correlation = 0.5, See
Supplementary figure 2d)

10



Pervasive non-CG DNA methylation in embryonic stem cells

We observe a correlation in the 
density of mCG and the distance
from the TSS:
• it decreases from 2 kb upstream
of the TSS
• it increases in 5’-UTR
• it reaches similar levels in exons, 
introns and 3’-UTR (as to 2 kb
upstream of the TSS)

mCHG and mCHH densities within
exons, introns and 3’-UTR are twice
as high as in the promoter
mCHH density is 15-20% higher in 
exons than within introns and the 
3’-UTR
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There are lower relative densities of methylation at CG islands and TSSs
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…with exceptions

In regions 1.5 kb
upstream and 
downstream of CG  
islands and TSSs of low 
expressed genes

Methylation is
mainteined high (this
corresponds to low CG 
content promoters)
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Identification of links between gene activity and non-CG methylation level within the 
gene body
• strand-specific RNA-Seq shows a positive correlation between gene expression and 
mCHG (r=0.60) or mCHH (r=0.58) density
• no correlaton between CG methylation density and gene expression is evident in 
H1 cells
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447 and 226 genes are proximal to genomic
regions highly enriched for mCHG and 
mCHH, respectively, with 180 genes in 
common
e.g. Splicing Factor 1

Analysis of gene ontology
terms reveals genes
involved in 
• RNA processing
• RNA splicing
• RNA metabolic processes
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Enrichment of non-CG
methylation of the antisense
strand of genes enriched for
both mCHG and mCHH

H1 cells show more RNA originating
from introns than IMR90
This discrepancy is significantly
enhanced in the mCHG and mCHH
enriched genes

The higher abundance of intronic reads is
associated with higher non-CG methylation
within gene bodies, rather than differential
non-CG methylation of exons versus introns16



No local sequence
enrichment

• preference for TA 
upstream
• A (or T) following C

This sequence is
preferred by DNMT3 
methyltransferases
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Analysis of the distance between methylcytosines in 50 nucleotides regions

Exons: 
No periodicity

Introns and random: 
• no periodicity for mCG
• two pairs of 8-base 
separated mCHG sites spaced
with 13 bases between them
• periodicity of 8-10 bases for
mCHH

8-10 base periodicity
corresponding to a single 
turn of the DNA helix; this
is important for DNMT3A -
3L heterotetramer
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Depleted DNA methylation at DNA-protein interaction sites

• ChIP-Seq is performed in H1 cells

General decrease in the profile of
relative methylation density 
towards the site of interaction, 
particularly in the non-CG context

NANOG, KLF4, OCT4 and TAF1 
interaction sites are 
hypomethylated but proteins are 
not expressed in IMR90
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ChIP-Seq detects location of enhancers (regions of simultaneous enrichment of H3K4me1 
and H3K27ac) throughout the H1 and IMR90 genomes

• IMR90 mCG
• H1 mCG

• H1 mCHG and mCHH

• IMR90 mCG
• H1 mCHG and mCHH

Cell-type-specific utilization of
different categories of DNA 
methylation
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Widespread cell-specific patterns of DNA methylation
Patterns of methylation
vary in different cell
types

They control differentiation

• pairwise comparison of
methylation calculated for
20 equally sized windows 
for various genomic
features

• decrease of correlation
at the sites of protein-
DNA interaction
• high correlation for
regions expected to be
conserved

Even though both genomes show 
mCG depletion there is a significant
decrease in the conservation of
methylation
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PMDs: partially methylated domains
• contiguous regions with average
methylation <70%
• in IMR90 cells
• average length of 153 kb
• 38.4% of autosomes and 80% of X chr.

They are frequently partially methylated or 
unmethylated compared to all IMR90 reads
aligned to the autosomes and to H1 reads
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Inspection of 5,644 genes with a 
TSS located in or within 10 kb of
a PMD
• they are less expressed in 
IMR90

Comparison of transcripts between H1 and IMR90

• 42% of the genes more expressed in H1 (3X 
IMR90) are located within PMDs
• 13% of the genes more expressed in IMR90 are 
located in PMDs
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IMR90 PMD 
genes show 
lower mRNA
abundance, 
lower levels of
H3K4me3 and 
H3K36me3 
modifications; 
they show 
higher proximal
H3K27me3 levels

(see slide 22)
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In IMR90 cells there is a 
positive correlation
between mCG
methylation level and 
gene expression;
in H1 no correlation is
discernible

The positive correlation between gene 
expression and and gene body 
methylation could be re-interpreted as
a depletion of methylation in 
repressed genes in differentiated cells
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Stem cell hypomethylated regions

DMRs: differentially methylated regions
• IMR90 are highly methylated than H1

491 DMRs are associated with 139 and 113 
genes more highly expressed in H1 and IMR90
>50% of these genes with DMRs located within 2 
kb upstream of the TSS or the 5’-UTR
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Genomic features density in a 20 kb up- and downstream window for each DMR

Group 1 DMRs:
high proximal
• H3K4me3
• H3K36me3
• transcriptional
activity (in H1 
relative to IMR90) 
low proximal
• H3K27me3

Group 2 DMRs:
high proximal
• expression in 
IMR90
• H3K27me3
low proximal
• LINEs in the 
flanking
sequence
• DNA 
methylation

Group 2 regions in H1 show H3K4me3 and H3K27me3       suppressed but
poised transcriptional status
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Genomic features density in a 20 kb up- and downstream window for each HERV

HERVs: human
endogenous
retroviruses
A subset of Group 1 
DMRs co-localizes with
small RNAs that map
to HERVs

• less methylated in 
H1
• high 
transcriptional
activity in H1

These small RNAs, like in plants, could be involved in accurate targeting of DNA methylation
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• There are extensive differences between the DNA 
methylomes of the two human cell types

• There is abundant methylation in the non-CG context
• Different roles can be suggested by profiling of

enhancers and different patterning of CG and non-CG
methylation

• Non-CG may have a key role in the origin and 
maintenance of pluripotency

• Future studies will explore methylation variations
throughout differentiation and re-establishment in 
induced pluripotent states
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