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Basics: DNA structure

transcribed vs. non 
transcribed sequences...

Coding vs. non coding
 RNA...



Proteins



Proteins



Proteins



Proteins



Nucleosomes



Chromatin structure



Aging...



Some continuity?



Some continuity?



Non standard unifying 
view 

• Assume a set of  cell phenotypes 

• A cell is   -potent if  it may eventually beget 
different types of  differentiated cells

• E-sc are   -potent cells, H-sc are                   -potent

• Differentiated cells with phenotype    are      -potent

• Senescent cells (aging) are   -potent

Φ = {ϕ1, . . . , ϕn}

Ψ Ψ ⊆ Φ

Φ {ψ1, . . . , ψ11}

ψ {ψ}

∅



specs

• Dissipative (potency is monotonically decreasing)

• Genome preserving (each daughter cell has a copy 
of  the mother cell’s genome)

• Branching (potency graph is a directed tree)



if not on the genes, 
where is the 
information?
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Methylation patterns

• Markers for gene silencing

• Epigenetics (not directly on the code)!

• Source of  phenotypic heterogeneity



Arrives... 
methyl C seq!



Methylome

5.83% and 4.25% of the cytosines with sequence coverage. Full
browsing of the entire data set at single-base resolution can be
performed at http://neomorph.salk.edu/human_methylome using
the AnnoJ browser (http://www.annoj.org). Of the methylcytosines
detected in the IMR90 genome, 99.98% were in the CG context, and
the total number of mCG sites was very similar in both cell types. In
theH1 stem cells we detected abundantDNAmethylation in non-CG
contexts (mCHG and mCHH, where H5A, C or T), comprising
almost 25% of all cytosines at which DNA methylation is identified,
and accounting for most of the difference in total methylcytosine
number between the cell types (Fig. 1a). The prevailing assumption
is that mammalian DNAmethylation is located almost exclusively in
the CG context; however, a handful of studies have previously
detected non-CG methylation in human cells, and in particular in
embryonic stem cells19,20. Bisulphite-PCR, cloning and sequencing of
selected loci displaying H1 non-CG methylation in several human
cell lines revealed that a second embryonic stem cell line, H917,
displayed mCHG and mCHH at conserved positions, confirming
that non-CG methylation is probably a general feature of human
embryonic stem cells (Fig. 2, Supplementary Table 2). In addition,
like IMR90 cells, BMP4-inducedH1 cells lost non-CGmethylation at
several loci examined whereas methylation in the CG context was
maintained, indicating that the pervasive non-CGmethylation is lost
upon differentiation. Furthermore, analysis of these loci in IMR90
induced pluripotent stem (iPS) cells revealed restored non-CG
methylation (Fig. 2). Overall this demonstrates that the CHG and

CHH methylation identified in H1 cells and absent in IMR90 cells is
not simply due to genetic differences between the two cell types, but
rather that the presence of non-CGmethylation is characteristic of an
embryonic stem-cell state. For each cell type, two biological replicates
were performed with cells of different passage number (see Sup-
plementary Information), and comparison of the methylcytosines
identified independently in each replicate revealed a high concord-
ance of cytosine methylation status between replicates (Supplemen-
tary Fig. 2). For each cell type, the final DNA methylation map
presented in this study represents the composite of the two biological
replicates. The OCT4 gene (also called POU5F1) exemplifies both
cell-specific differential methylation and the presence of non-CG
methylation (Fig. 1b), and in addition displayed a ,50-fold reduc-
tion in OCT4 transcript in IMR90 cells (data not shown). The
absence of mCHG andmCHHmethylation in IMR90 cells coincided
with significantly lower transcript abundance of the de novo DNA
methyltransferases (DNMTs) DNMT3A and DNMT3B and the
associated DNMT3L in IMR90 cells (Supplementary Fig. 3), which
is supported by a previous study of DNA methylation in embryonic
stem cells and somatic cells19 and by the determined target sequence
specificity of these DNMTs21,22.

Multiple reads covering eachmethylcytosine can be used as a read-
out of the fraction of the sequences within the sample that are methy-
lated at that site16, here referred to as the methylation level of a
specific cytosine. Similar to the Arabidopsis genome15, in the H1
genome we observed that 77% of mCG sites were 80–100% methy-
lated, whereas 85% of mCHG andmCHH sites were 10–40%methy-
lated (Fig. 1c), indicating that at sites of non-CG methylation only a
fraction of the surveyed genomes in the sample was methylated.
Notably, 56% of mCG sites in IMR90 cells were highly methylated
(80–100%, Fig. 1c), indicating that although the total number of
mCG sites in H1 and IMR90 cells is similar, in general the IMR90
mCG sites were typically less frequently methylated. In support of
this, considering all CG site sequencing events, 82.7% and 67.7%
were methylated in H1 and IMR90 cells, respectively. A global-scale
view of DNA methylation levels revealed that the density of DNA
methylation showed large variations throughout each chromosome
(Fig. 1d). Sub-telomeric regions of the chromosomes frequently
showed higher DNA methylation density (Fig. 1d and Supplemen-
tary Fig. 4), which was previously reported as being important for
control of telomere length and recombination23,24. The smoothed
profile of DNA methylation density in 100-kb windows indicated
that on the chromosomal level the density profile of mCG in H1

H1 mC = 6.2 × 107

a

mCG = 4.7 x 107

75.5%

7.2%

17.3%

mCG mCHG mCHH

Methylation level (%)

c

Fr
ac

tio
n 

of
 to

ta
l m

C

OCT4 1 kb
Chr 6: 31,246,431

IMR90
mC

H1 mC

b

mCG mCHG mCHH

m
C

 p
er

 1
0 

kb

Watson

Crick N
or

m
al

iz
ed

 m
C

 d
en

si
ty

 p
er

 1
00

 k
b

Chromosome 12 

0.04

0.02

2x107 4x107 6x107 8x107 1x108 1.2x108

0

0.02

0.04

100

80

60

40

20

0

d

mC = 4.5 × 107IMR90

99.98%
mCG = 4.5 × 107

IMR90 mCG
H1 mCG
H1 mCHG
H1 mCHH0.2

0.25

0.15

0.1

0.05

0
0 25 50 75 100

H1 mCG/CG
IMR90 mCG/CG

H1 mCHG/CHG
H1 mCHH/CHH

Figure 1 | Global trends of human DNA methylomes. a, The percentage of
methylcytosines identified for H1 and IMR90 cells in each sequence context.
b, AnnoJ browser representation of OCT4. c, Distribution of the
methylation level in each sequence context. The y axis indicates the fraction
of all methylcytosines that display each methylation level (x axis), where
methylation level is the mC/C ratio at each reference cytosine (at least 10
reads required). d, Blue dots indicate methylcytosine density in H1 cells in
10-kb windows throughout chromosome 12 (black rectangle, centromere).
Smoothed lines represent the methylcytosine density in each context in H1
and IMR90 cells. Black triangles indicate various regions of contrasting
trends in CG and non-CG methylation. mC, methylcytosine.
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Figure 2 | Bisulphite-PCR validation of non-CG DNA methylation in
differentiated and stem cells. DNA methylation sequence context is
displayed according to the key and the percentage methylation at each
position is represented by the fill of each circle (see Supplementary Table 2
for values). Non-CG methylated positions indicated by an asterisk are
unique to that cell type and ‘14’ indicates a mCHH that is shifted 4 bases
downstream in H9 cells. iPS, induced pluripotent stem cell.
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Human DNA methylomes at base
resolution show widespread epigenomic
differences
Ryan Lister1*, Mattia Pelizzola1*, Robert H. Dowen1, R. David Hawkins2, Gary Hon2, Julian Tonti-Filippini4,
Joseph R. Nery1, Leonard Lee2, Zhen Ye2, Que-Minh Ngo2, Lee Edsall2, Jessica Antosiewicz-Bourget5,6,
Ron Stewart5,6, Victor Ruotti5,6, A. Harvey Millar4, James A. Thomson5,6,7,8, Bing Ren2,3 & Joseph R. Ecker1

DNA cytosinemethylation is a central epigeneticmodification that has essential roles in cellular processes including genome
regulation, development and disease. Here we present the first genome-wide, single-base-resolution maps of methylated
cytosines in a mammalian genome, from both human embryonic stem cells and fetal fibroblasts, along with comparative
analysis of messenger RNA and small RNA components of the transcriptome, several histone modifications, and sites of
DNA–protein interaction for several key regulatory factors. Widespread differences were identified in the composition and
patterning of cytosine methylation between the two genomes. Nearly one-quarter of all methylation identified in embryonic
stem cells was in a non-CG context, suggesting that embryonic stem cells may use different methylation mechanisms to
affect gene regulation. Methylation in non-CG contexts showed enrichment in gene bodies and depletion in protein binding
sites and enhancers. Non-CG methylation disappeared upon induced differentiation of the embryonic stem cells, and was
restored in induced pluripotent stem cells. We identified hundreds of differentially methylated regions proximal to genes
involved in pluripotency and differentiation, and widespread reducedmethylation levels in fibroblasts associated with lower
transcriptional activity. These reference epigenomes provide a foundation for future studies exploring this key epigenetic
modification in human disease and development.

Thirty-four years have passed since it was proposed that cytosineDNA
methylation in eukaryotes could act as a stably inheritedmodification
affecting gene regulation and cellular differentiation1,2. Since then,
intense research effort has expanded our understanding of diverse
aspects of DNA methylation in higher eukaryotic organisms. These
include elucidation of molecular pathways required for establishing
and maintaining DNA methylation, cell-type-specific variation in
methylation patterns, and the involvement of methylation in mul-
tifarious cellular processes such as gene regulation, DNA–protein
interactions, cellular differentiation, suppression of transposable ele-
ments, embryogenesis, X-inactivation, genomic imprinting and
tumorigenesis3–9. DNAmethylation, together with covalentmodifica-
tion of histones, is thought to alter chromatin density and accessibility
of the DNA to cellular machinery, thereby modulating the transcrip-
tional potential of the underlying DNA sequence10.

Genome-wide studies ofmammalianDNAmethylation have previ-
ously been conducted, however they have been limited by low reso-
lution11, sequence-specific bias, or complexity reduction approaches
that analyse only a very small fraction of the genome12–14. To improve
our understanding of the genome-wide patterns of DNAmethylation
we have generated single-base-resolution DNA methylation maps
throughout the majority of the human genome in both embryonic
stem cells and fibroblasts. Furthermore, we have profiled several
important histone modifications, protein–DNA interaction sites of

regulatory factors, and the mRNA and small RNA components of
the transcriptome to better understand how changes in DNA methy-
lation patterns and histone modifications may affect readout of the
proximal genetic information.

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

Single-baseDNAmethylomes of the flowering plantArabidopsis thali-
anawere previously achieved usingMethylC-Seq15 or BS-Seq16. In this
method, genomic DNA is treated with sodium bisulphite (BS) to
convert cytosine, but not methylcytosine, to uracil, and subsequent
high-throughput sequencing. We performed MethylC-Seq for two
human cell lines, H1 human embryonic stem cells17 and IMR90 fetal
lung fibroblasts18, generating 1.16 and 1.18 billion reads, respectively,
that aligned uniquely to the human reference sequence (NCBI build
36/HG18). The total sequence yield was 87.5 and 91.0 gigabases (Gb),
with an average read depth of 14.23 and 14.83 per strand for H1 and
IMR90, respectively (Supplementary Fig. 1a). In each cell type, over
86% of both strands of the 3.08Gb human reference sequence are
covered by at least one sequence read (Supplementary Fig. 1b),
accounting for 94% of the cytosines in the genome.

We detected approximately 62 million and 45 million methylcy-
tosines in H1 and IMR90 cells, respectively (1% false discovery rate
(FDR), see Supplementary Information and Fig. 1a), comprising

*These authors contributed equally to this work.

1Genomic Analysis Laboratory, The Salk Institute for Biological Studies, La Jolla, California 92037, USA. 2Ludwig Institute for Cancer Research, 3Department of Cellular andMolecular
Medicine, University of California San Diego, La Jolla, California 92093, USA. 4ARC Centre of Excellence in Plant Energy Biology, The University of Western Australia, Crawley,
Western Australia 6009, Australia. 5Morgridge Institute for Research, Madison, Wisconsin 53707, USA. 6Genome Center of Wisconsin, Madison, Wisconsin 53706, USA.
7Wisconsin National Primate Research Center, University of Wisconsin-Madison, Madison, Wisconsin 53715, USA. 8Department of Anatomy, University of Wisconsin-Madison,
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DNA cytosinemethylation is a central epigeneticmodification that has essential roles in cellular processes including genome
regulation, development and disease. Here we present the first genome-wide, single-base-resolution maps of methylated
cytosines in a mammalian genome, from both human embryonic stem cells and fetal fibroblasts, along with comparative
analysis of messenger RNA and small RNA components of the transcriptome, several histone modifications, and sites of
DNA–protein interaction for several key regulatory factors. Widespread differences were identified in the composition and
patterning of cytosine methylation between the two genomes. Nearly one-quarter of all methylation identified in embryonic
stem cells was in a non-CG context, suggesting that embryonic stem cells may use different methylation mechanisms to
affect gene regulation. Methylation in non-CG contexts showed enrichment in gene bodies and depletion in protein binding
sites and enhancers. Non-CG methylation disappeared upon induced differentiation of the embryonic stem cells, and was
restored in induced pluripotent stem cells. We identified hundreds of differentially methylated regions proximal to genes
involved in pluripotency and differentiation, and widespread reducedmethylation levels in fibroblasts associated with lower
transcriptional activity. These reference epigenomes provide a foundation for future studies exploring this key epigenetic
modification in human disease and development.

Thirty-four years have passed since it was proposed that cytosineDNA
methylation in eukaryotes could act as a stably inheritedmodification
affecting gene regulation and cellular differentiation1,2. Since then,
intense research effort has expanded our understanding of diverse
aspects of DNA methylation in higher eukaryotic organisms. These
include elucidation of molecular pathways required for establishing
and maintaining DNA methylation, cell-type-specific variation in
methylation patterns, and the involvement of methylation in mul-
tifarious cellular processes such as gene regulation, DNA–protein
interactions, cellular differentiation, suppression of transposable ele-
ments, embryogenesis, X-inactivation, genomic imprinting and
tumorigenesis3–9. DNAmethylation, together with covalentmodifica-
tion of histones, is thought to alter chromatin density and accessibility
of the DNA to cellular machinery, thereby modulating the transcrip-
tional potential of the underlying DNA sequence10.

Genome-wide studies ofmammalianDNAmethylation have previ-
ously been conducted, however they have been limited by low reso-
lution11, sequence-specific bias, or complexity reduction approaches
that analyse only a very small fraction of the genome12–14. To improve
our understanding of the genome-wide patterns of DNAmethylation
we have generated single-base-resolution DNA methylation maps
throughout the majority of the human genome in both embryonic
stem cells and fibroblasts. Furthermore, we have profiled several
important histone modifications, protein–DNA interaction sites of

regulatory factors, and the mRNA and small RNA components of
the transcriptome to better understand how changes in DNA methy-
lation patterns and histone modifications may affect readout of the
proximal genetic information.

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

Single-baseDNAmethylomes of the flowering plantArabidopsis thali-
anawere previously achieved usingMethylC-Seq15 or BS-Seq16. In this
method, genomic DNA is treated with sodium bisulphite (BS) to
convert cytosine, but not methylcytosine, to uracil, and subsequent
high-throughput sequencing. We performed MethylC-Seq for two
human cell lines, H1 human embryonic stem cells17 and IMR90 fetal
lung fibroblasts18, generating 1.16 and 1.18 billion reads, respectively,
that aligned uniquely to the human reference sequence (NCBI build
36/HG18). The total sequence yield was 87.5 and 91.0 gigabases (Gb),
with an average read depth of 14.23 and 14.83 per strand for H1 and
IMR90, respectively (Supplementary Fig. 1a). In each cell type, over
86% of both strands of the 3.08Gb human reference sequence are
covered by at least one sequence read (Supplementary Fig. 1b),
accounting for 94% of the cytosines in the genome.

We detected approximately 62 million and 45 million methylcy-
tosines in H1 and IMR90 cells, respectively (1% false discovery rate
(FDR), see Supplementary Information and Fig. 1a), comprising

*These authors contributed equally to this work.

1Genomic Analysis Laboratory, The Salk Institute for Biological Studies, La Jolla, California 92037, USA. 2Ludwig Institute for Cancer Research, 3Department of Cellular andMolecular
Medicine, University of California San Diego, La Jolla, California 92093, USA. 4ARC Centre of Excellence in Plant Energy Biology, The University of Western Australia, Crawley,
Western Australia 6009, Australia. 5Morgridge Institute for Research, Madison, Wisconsin 53707, USA. 6Genome Center of Wisconsin, Madison, Wisconsin 53706, USA.
7Wisconsin National Primate Research Center, University of Wisconsin-Madison, Madison, Wisconsin 53715, USA. 8Department of Anatomy, University of Wisconsin-Madison,
Madison, Wisconsin 53706, USA.

doi:10.1038/nature08514

1
 Macmillan Publishers Limited. All rights reserved©2009

5.83% and 4.25% of the cytosines with sequence coverage. Full
browsing of the entire data set at single-base resolution can be
performed at http://neomorph.salk.edu/human_methylome using
the AnnoJ browser (http://www.annoj.org). Of the methylcytosines
detected in the IMR90 genome, 99.98% were in the CG context, and
the total number of mCG sites was very similar in both cell types. In
theH1 stem cells we detected abundantDNAmethylation in non-CG
contexts (mCHG and mCHH, where H5A, C or T), comprising
almost 25% of all cytosines at which DNA methylation is identified,
and accounting for most of the difference in total methylcytosine
number between the cell types (Fig. 1a). The prevailing assumption
is that mammalian DNAmethylation is located almost exclusively in
the CG context; however, a handful of studies have previously
detected non-CG methylation in human cells, and in particular in
embryonic stem cells19,20. Bisulphite-PCR, cloning and sequencing of
selected loci displaying H1 non-CG methylation in several human
cell lines revealed that a second embryonic stem cell line, H917,
displayed mCHG and mCHH at conserved positions, confirming
that non-CG methylation is probably a general feature of human
embryonic stem cells (Fig. 2, Supplementary Table 2). In addition,
like IMR90 cells, BMP4-inducedH1 cells lost non-CGmethylation at
several loci examined whereas methylation in the CG context was
maintained, indicating that the pervasive non-CGmethylation is lost
upon differentiation. Furthermore, analysis of these loci in IMR90
induced pluripotent stem (iPS) cells revealed restored non-CG
methylation (Fig. 2). Overall this demonstrates that the CHG and

CHH methylation identified in H1 cells and absent in IMR90 cells is
not simply due to genetic differences between the two cell types, but
rather that the presence of non-CGmethylation is characteristic of an
embryonic stem-cell state. For each cell type, two biological replicates
were performed with cells of different passage number (see Sup-
plementary Information), and comparison of the methylcytosines
identified independently in each replicate revealed a high concord-
ance of cytosine methylation status between replicates (Supplemen-
tary Fig. 2). For each cell type, the final DNA methylation map
presented in this study represents the composite of the two biological
replicates. The OCT4 gene (also called POU5F1) exemplifies both
cell-specific differential methylation and the presence of non-CG
methylation (Fig. 1b), and in addition displayed a ,50-fold reduc-
tion in OCT4 transcript in IMR90 cells (data not shown). The
absence of mCHG andmCHHmethylation in IMR90 cells coincided
with significantly lower transcript abundance of the de novo DNA
methyltransferases (DNMTs) DNMT3A and DNMT3B and the
associated DNMT3L in IMR90 cells (Supplementary Fig. 3), which
is supported by a previous study of DNA methylation in embryonic
stem cells and somatic cells19 and by the determined target sequence
specificity of these DNMTs21,22.

Multiple reads covering eachmethylcytosine can be used as a read-
out of the fraction of the sequences within the sample that are methy-
lated at that site16, here referred to as the methylation level of a
specific cytosine. Similar to the Arabidopsis genome15, in the H1
genome we observed that 77% of mCG sites were 80–100% methy-
lated, whereas 85% of mCHG andmCHH sites were 10–40%methy-
lated (Fig. 1c), indicating that at sites of non-CG methylation only a
fraction of the surveyed genomes in the sample was methylated.
Notably, 56% of mCG sites in IMR90 cells were highly methylated
(80–100%, Fig. 1c), indicating that although the total number of
mCG sites in H1 and IMR90 cells is similar, in general the IMR90
mCG sites were typically less frequently methylated. In support of
this, considering all CG site sequencing events, 82.7% and 67.7%
were methylated in H1 and IMR90 cells, respectively. A global-scale
view of DNA methylation levels revealed that the density of DNA
methylation showed large variations throughout each chromosome
(Fig. 1d). Sub-telomeric regions of the chromosomes frequently
showed higher DNA methylation density (Fig. 1d and Supplemen-
tary Fig. 4), which was previously reported as being important for
control of telomere length and recombination23,24. The smoothed
profile of DNA methylation density in 100-kb windows indicated
that on the chromosomal level the density profile of mCG in H1

H1 mC = 6.2 × 107

a

mCG = 4.7 x 107

75.5%

7.2%

17.3%

mCG mCHG mCHH

Methylation level (%)

c

Fr
ac

tio
n 

of
 to

ta
l m

C

OCT4 1 kb
Chr 6: 31,246,431

IMR90
mC

H1 mC

b

mCG mCHG mCHH

m
C

 p
er

 1
0 

kb

Watson

Crick N
or

m
al

iz
ed

 m
C

 d
en

si
ty

 p
er

 1
00

 k
b

Chromosome 12 

0.04

0.02

2x107 4x107 6x107 8x107 1x108 1.2x108

0

0.02

0.04

100

80

60

40

20

0

d

mC = 4.5 × 107IMR90

99.98%
mCG = 4.5 × 107

IMR90 mCG
H1 mCG
H1 mCHG
H1 mCHH0.2

0.25

0.15

0.1

0.05

0
0 25 50 75 100

H1 mCG/CG
IMR90 mCG/CG

H1 mCHG/CHG
H1 mCHH/CHH

Figure 1 | Global trends of human DNA methylomes. a, The percentage of
methylcytosines identified for H1 and IMR90 cells in each sequence context.
b, AnnoJ browser representation of OCT4. c, Distribution of the
methylation level in each sequence context. The y axis indicates the fraction
of all methylcytosines that display each methylation level (x axis), where
methylation level is the mC/C ratio at each reference cytosine (at least 10
reads required). d, Blue dots indicate methylcytosine density in H1 cells in
10-kb windows throughout chromosome 12 (black rectangle, centromere).
Smoothed lines represent the methylcytosine density in each context in H1
and IMR90 cells. Black triangles indicate various regions of contrasting
trends in CG and non-CG methylation. mC, methylcytosine.
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Figure 2 | Bisulphite-PCR validation of non-CG DNA methylation in
differentiated and stem cells. DNA methylation sequence context is
displayed according to the key and the percentage methylation at each
position is represented by the fill of each circle (see Supplementary Table 2
for values). Non-CG methylated positions indicated by an asterisk are
unique to that cell type and ‘14’ indicates a mCHH that is shifted 4 bases
downstream in H9 cells. iPS, induced pluripotent stem cell.
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5.83% and 4.25% of the cytosines with sequence coverage. Full
browsing of the entire data set at single-base resolution can be
performed at http://neomorph.salk.edu/human_methylome using
the AnnoJ browser (http://www.annoj.org). Of the methylcytosines
detected in the IMR90 genome, 99.98% were in the CG context, and
the total number of mCG sites was very similar in both cell types. In
theH1 stem cells we detected abundantDNAmethylation in non-CG
contexts (mCHG and mCHH, where H5A, C or T), comprising
almost 25% of all cytosines at which DNA methylation is identified,
and accounting for most of the difference in total methylcytosine
number between the cell types (Fig. 1a). The prevailing assumption
is that mammalian DNAmethylation is located almost exclusively in
the CG context; however, a handful of studies have previously
detected non-CG methylation in human cells, and in particular in
embryonic stem cells19,20. Bisulphite-PCR, cloning and sequencing of
selected loci displaying H1 non-CG methylation in several human
cell lines revealed that a second embryonic stem cell line, H917,
displayed mCHG and mCHH at conserved positions, confirming
that non-CG methylation is probably a general feature of human
embryonic stem cells (Fig. 2, Supplementary Table 2). In addition,
like IMR90 cells, BMP4-inducedH1 cells lost non-CGmethylation at
several loci examined whereas methylation in the CG context was
maintained, indicating that the pervasive non-CGmethylation is lost
upon differentiation. Furthermore, analysis of these loci in IMR90
induced pluripotent stem (iPS) cells revealed restored non-CG
methylation (Fig. 2). Overall this demonstrates that the CHG and

CHH methylation identified in H1 cells and absent in IMR90 cells is
not simply due to genetic differences between the two cell types, but
rather that the presence of non-CGmethylation is characteristic of an
embryonic stem-cell state. For each cell type, two biological replicates
were performed with cells of different passage number (see Sup-
plementary Information), and comparison of the methylcytosines
identified independently in each replicate revealed a high concord-
ance of cytosine methylation status between replicates (Supplemen-
tary Fig. 2). For each cell type, the final DNA methylation map
presented in this study represents the composite of the two biological
replicates. The OCT4 gene (also called POU5F1) exemplifies both
cell-specific differential methylation and the presence of non-CG
methylation (Fig. 1b), and in addition displayed a ,50-fold reduc-
tion in OCT4 transcript in IMR90 cells (data not shown). The
absence of mCHG andmCHHmethylation in IMR90 cells coincided
with significantly lower transcript abundance of the de novo DNA
methyltransferases (DNMTs) DNMT3A and DNMT3B and the
associated DNMT3L in IMR90 cells (Supplementary Fig. 3), which
is supported by a previous study of DNA methylation in embryonic
stem cells and somatic cells19 and by the determined target sequence
specificity of these DNMTs21,22.

Multiple reads covering eachmethylcytosine can be used as a read-
out of the fraction of the sequences within the sample that are methy-
lated at that site16, here referred to as the methylation level of a
specific cytosine. Similar to the Arabidopsis genome15, in the H1
genome we observed that 77% of mCG sites were 80–100% methy-
lated, whereas 85% of mCHG andmCHH sites were 10–40%methy-
lated (Fig. 1c), indicating that at sites of non-CG methylation only a
fraction of the surveyed genomes in the sample was methylated.
Notably, 56% of mCG sites in IMR90 cells were highly methylated
(80–100%, Fig. 1c), indicating that although the total number of
mCG sites in H1 and IMR90 cells is similar, in general the IMR90
mCG sites were typically less frequently methylated. In support of
this, considering all CG site sequencing events, 82.7% and 67.7%
were methylated in H1 and IMR90 cells, respectively. A global-scale
view of DNA methylation levels revealed that the density of DNA
methylation showed large variations throughout each chromosome
(Fig. 1d). Sub-telomeric regions of the chromosomes frequently
showed higher DNA methylation density (Fig. 1d and Supplemen-
tary Fig. 4), which was previously reported as being important for
control of telomere length and recombination23,24. The smoothed
profile of DNA methylation density in 100-kb windows indicated
that on the chromosomal level the density profile of mCG in H1
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Figure 1 | Global trends of human DNA methylomes. a, The percentage of
methylcytosines identified for H1 and IMR90 cells in each sequence context.
b, AnnoJ browser representation of OCT4. c, Distribution of the
methylation level in each sequence context. The y axis indicates the fraction
of all methylcytosines that display each methylation level (x axis), where
methylation level is the mC/C ratio at each reference cytosine (at least 10
reads required). d, Blue dots indicate methylcytosine density in H1 cells in
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and IMR90 cells. Black triangles indicate various regions of contrasting
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induced stem cell!
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Methylation profile 1

!

Methylation profile around a 80% methylated CpT (positive strand)

!

Methylation profile around a 80% methylated CpG (positive strand)



Methylation profile 2

Methylation profile around a 80% methylated CpT (negative strand)

Methylation profile around a 80% methylated CpG (negative strand)

!

!



Nucleotide profile 

!

Nucleotide probability profile given around a 80% methylated CpT

!

Nucleotide probability profile given around a 80% methylated CpG



Possible semantics...



Specs

• mCpH contexts are absent from somatic cells and 
constitute about 25% of  methylation contexts in 
stem cells

• Survive division

• Progressive loss?
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Model for Shifting 
patterns



Bio facts

• No (known) enzyme can de-methylate DNA

• about 5% bases methylated in the genome (more in 
stem cells, less in somatic cells)

• X-chromosome is silenced by methylation

• deregulation of  methylation is involved in most 
cancers (causes over/under gene expression)

• DNA methylation is specific to pluri-cellular 
organisms
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Investigating...

• What is known about these 
maintenance enzyme?

• How does epigenetic 
information changes with 
cell differentiation?
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sequence but also in the CpA and CpT sequences (12).
Previously, we used the sequence of myoD gene as a
methyl-group acceptor, and determined the methylation
sites by the bisulfite method. The result, however, might
be slightly biased, for the following reasons. Firstly, it
was not possible to design primers at the pre-modified
sequences that do not contain cytosine for the amplifica-
tion of the modified sequences. The cytosine residues
even in nonCpG sequences are in some cases methylated
due to nonCpG methylating activities of the enzymes and
might not be modified. Secondly, the myoD sequence con-
tains unequal numbers of four dinucleotide sequences of
CpN. For these, the determined sequence specificities of
methylation acitivity of Dnmt3a and Dnmt3b might not
be quantitative.

To improve these points, we designed a 141-bp DNA
containing 10 each of CpA, CpC, CpG, and CpT in the 85-
bp sequence between the PCR amplifying primer
sequences, which omitted the cytosine residue in the
upper strand. Using recombinant Dnmt3a or Dnmt3b
and this designed DNA as substrate, we reexamined the
sequence specificity of the activities of Dnmt3a and
Dnmt3b. As shown in Table 7, it became clear that
Dnmt3a and Dnmt3b preferentially recognize and meth-
ylate the CpG sequence. In addition, Dnmt3a methylated
CpA but not CpT and CpC, while, Dnmt3b methylated
CpT as well as CpA, and scarcely methylated CpC. As
reported previously (12), Dnmt3b methylates nonCpG
sequences more effectively than Dnmt3a.

When the frequencies of nonCpG methylating activity
of Dnmt3a and Dnmt3b were compared, the activity of
Dnmt3b seemed to be higher than that of Dnmt3a (see
Table 7). But this methylation was done with extremely
high concentrations of the enzymes and might not occur
under in vitro conditions where the rate of methylation
activities is linear. To confirm whether the nonCpG meth-
ylation activity of Dnmt3b was higher than that of
Dnmt3a, we next designed 28mer oligonucleotides con-
taining or lacking CpG. One double-stranded oligonucle-
otide (“28-0”) did not contain CpG but contained 7 CpA, 3
CpT and 3 CpC; and the other one (“28-3”) contained 6
CpG, 4 CpA, 2 CpT and 4 CpC. As shown in Fig. 7, in the
presence of excess amount of DNA, the sequence of which
did not contain CpG and was different from that used for
bisulfite analysis, both Dnmt3a and Dnmt3b showed sig-
nificant activities. This result supports the conclusion
that the nonCpG methylating activity detected by
bisulfite analysis was not an artifact. Furthermore,
Dnmt3b showed higher relative activity than Dnmt3a
towards the oligonucleotides containing no CpG sequence.
This also confirms that Dnmt3b possesses higher non-
CpG methylating activity than Dnmt3a.

Lin et al. reported that when the –2 and +1 positions of
CpG are pyrimidine (C or T), the cytocine in CpG is effi-
ciently methylated (13). However, in the present study
using the 141-bp DNA, we could not detect such a phe-
nomenon. Recently, in primary effusion lymphoma (PEL)
cells, nonCpG methylation on CC(A/T)GG has been
reported, and this modification functions in repressing
B29 gene expression (28). The methylation sequence is at
CA or CT, suggesting that Dnmt3b or/and Dnmt3a might
be responsible for this type of unusual DNA methylation.
Many tumor cells seem to express high levels of DNMT3B

Fig. 6. Effect of divalent cations on the activity
of Dnmt3a and Dnmt3a. The relative DNA meth-
ylation activities of Dnmt3b (A) and Dnmt3b (B) in
the absence and presence of Ca2+, Mg2+, Mn2+, or Ni2+

are normalized against that in the presence of 5 mM
EDTA. Gray bars indicate the activities in the pres-
ence or absence of EDTA, and black and white bars
indicate those activities in the presence of 1 or 5 mM
cations, respectively. As methyl-group acceptor,
dGdC was used.

Fig. 7. DNA methylation activities of Dnmt3a and Dnmt3b
towards oligonucleotides containing or not containing the
CpG sequence. The relative DNA methylation activities, which
were normalized against the activity determined at 0.16 !M oligo-
nucleotide with three CpG, of Dnmt3a (A) and Dnmt3b (B) were
titrated with oligonucleotide containing three CpG (filled circles)
and no CpG (open circles). The concentration of each oligonucleotide
is indicated not as CpG but as the whole molecule.

Table 7. Sequence specificity of the DNA methylation activi-
ties of recombinant Dnmt1, Dnmt3a and Dnmt3b.

The methylation of cytosine in the designed sequences of 85 bp was
determined by the bisulfite method. Totals of 2496, 2457, 1716, and
1443 of CpN were analyzed after treatment with Dnmt1, Dnmt3a,
Dnmt3b, and no enzyme, respectively, and the numbers of methyl-
ated dinucleotides were determined and normalized against 1,000
CpN. 1The parentheses indicate the percentage of the methylation
normalized against the methylation of CpG in each enzyme.

CpG CpA CpT CpC
Dnmt1 272 (100)1 0  (0) 7.8 (2.9) 0  (0)
Dnmt3a 263 (100) 10.5 (4.0) 0  (0) 0  (0)
Dnmt3b 195 (100) 13.9 (7.1) 26.8 (13.7) 6.0 (3.1)
No enzyme 0 3.0 0 0

J. Biochem. 133, 737–744 (2003)
 DOI: 10.1093/jb/mvg095
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Distinct Enzymatic Properties of Recombinant Mouse DNA Methyl-
transferases Dnmt3a and Dnmt3b

Isao Suetake, Junko Miyazaki, Chikako Murakami, Hideyuki Takeshima and 
Shoji Tajima*

*To whom corresponding should be addressed. Tel: +81-6-6879-
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Recombinant mouse Dnmt3a and Dnmt3b were expressed in sf9 cells and purified to
near homogeneity. The purified Dnmt3a and Dnmt3b gave specific activities of 1.8 !
0.3 and 1.3 ! 0.1 mol/h/mol enzyme towards poly(dGdC)-poly(dGdC), respectively,
which were the highest among those reported. Dnmt3a or Dnmt3b showed similar Km
values towards poly(dIdC)-poly(dIdC) and poly(dGdC)-poly(dGdC). The Km values for
S-adenosyl-L-methionine were not affected by the methyl-group acceptors, poly(dI-
dC)-poly(dIdC) and poly(dG-dC)-poly(dGdC). The results indicate that the enzymes
are de novo–type DNA methyltransferases. Dnmt3a and Dnmt3b activities were inhib-
ited by Mn2+ and Ni2+ and showed broad pH optima around neutral pH. Both enzymes
were susceptible to sodium ions, which inhibited their activity at around physiologi-
cal ionic strength. However, Dnmt3a was fully active at physiological potassium con-
centration, but Dnmt3b was not. Using designed oligonucleotides for the analysis of
cytosine methylation, we demonstrated that, in addition to CpG, Dnmt3a methylated
CpA but not CpT and CpC, and that Dnmt3b methylated CpA and CpT but scarcely
CpC. The relative activity of Dnmt3b towards nonCpG sequences was higher than
that of Dnmt3a. These differences in enzymatic properties of Dnmt3a and Dnmt3b
may contribute to the distinct functions of these enzymes in vivo.
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Abbreviations: AdoMet, S-adenosyl-L-methionine; CBB, Coomassie Brilliant Blue R-250; DTT, dithiothreitol;
PAGE, polyacrylamide gel electrophoresis; PBS, phosphate buffered saline; SDS, sodium dodecyl sulfate.

In vertebrates, the 5th positions of cytosine residues in
CpG sequences in genomic DNA are often methylated (1).
Dynamic regulation of DNA methylation is known to con-
tribute to physiological or pathological phenomena such
as gene expression (2–4), genomic imprinting (5), X chro-
mosome inactivation (6), and carcinogenesis (7). In verte-
brates, two types of DNA methyltransferase activities
have been reported, i.e., de novo and maintenance types.
In mouse, de novo-type DNA methylation activity creates
gene-specific methylation patterns at the implantation
stage of embryogenesis (8), and maintenance-type activ-
ity ensures clonal transmission of lineage-specific meth-
ylation patterns during replication. Dnmt1 is responsible
for the latter activity.

Two DNA methyltransferases, Dnmt3a and Dnmt3b,
are responsible for the creation of methylation patterns
at an early stage of embryogenesis (9, 10) and have been
shown to possess de novo-type DNA methylation activity
in vitro (11–14). When either Dnmt3a or Dnmt3b is tar-
geted, the residual Dnmt3b or Dnmt3a gene, respectively,
partly compensates for the lack of the other gene (10),
suggesting that Dnmt3a and Dnmt3b possess similar
functional specificities. On the other hand, targeting of
Dnmt3b gives a severer phenotype than that of Dnmt3a,
and a mutation in DNMT3b, a human homologue of
Dnmt3b, leads to hypomethylation of the satellite 2 and 3
regions of specific chromosomes, which is the cause of

ICF (immunodeficiency, centromeric region instability,
and facial anomalies) syndrome (10, 15–17). These reports
suggest that Dnmt3a and Dnmt3b possess distinct func-
tions, and this may be explained at least partly by the dif-
ference in the timing of cell-type specific expression of
Dnmt3a and Dnmt3b proteins during an early stage of
the development. Dnmt3b is specifically expressed in
totipotent embryonic cells, such as inner cell mass, epi-
blast and embryonic ectoderm cells, while Dnmt3a is sig-
nificantly and ubiquitously expressed after E10.5 (18).
However, stage- and cell-type-specific expression of the
two enzymes may not fully explain the phenomena. For
example, it is not known why Dnmt3b but not Dnmt3a is
responsible for the methylation of the pericentromeric
satellite repeats of specific chromosomes (17). It is thus
important to compare the difference of in vitro enzymatic
properties of Dnmt3a and Dnmt3b to understand the
molecular mechanisms underlying their distinct func-
tions in vivo. It has been reported that Dnmt3a and
Dnmt3b possess similar kinetic parameters towards two
substrates, DNA and S-adenosyl-L-methionine (AdoMet)
(12). Both Dnmt3a and Dnmt3b have the ability to meth-
ylate nonCpG sequences (11, 12). In addition to CpG,
Dnmt3a favors CpA, while Dnmt3b favors CpA and CpT
(12). However, partially purified enzymes with large GST
proteins at their amino-terminus were used for these
determinations. Recently, it was reported that the trun-
cated catalytic domain of Dnmt3a methylates DNA in a
distributive manner, which means at-random recognition
of the methylation site, while that of Dnmt3b does so in

Witness 1



Purification and Properties of Dnmt3a and Dnmt3b 743

Vol. 133, No. 6, 2003

sequence but also in the CpA and CpT sequences (12).
Previously, we used the sequence of myoD gene as a
methyl-group acceptor, and determined the methylation
sites by the bisulfite method. The result, however, might
be slightly biased, for the following reasons. Firstly, it
was not possible to design primers at the pre-modified
sequences that do not contain cytosine for the amplifica-
tion of the modified sequences. The cytosine residues
even in nonCpG sequences are in some cases methylated
due to nonCpG methylating activities of the enzymes and
might not be modified. Secondly, the myoD sequence con-
tains unequal numbers of four dinucleotide sequences of
CpN. For these, the determined sequence specificities of
methylation acitivity of Dnmt3a and Dnmt3b might not
be quantitative.

To improve these points, we designed a 141-bp DNA
containing 10 each of CpA, CpC, CpG, and CpT in the 85-
bp sequence between the PCR amplifying primer
sequences, which omitted the cytosine residue in the
upper strand. Using recombinant Dnmt3a or Dnmt3b
and this designed DNA as substrate, we reexamined the
sequence specificity of the activities of Dnmt3a and
Dnmt3b. As shown in Table 7, it became clear that
Dnmt3a and Dnmt3b preferentially recognize and meth-
ylate the CpG sequence. In addition, Dnmt3a methylated
CpA but not CpT and CpC, while, Dnmt3b methylated
CpT as well as CpA, and scarcely methylated CpC. As
reported previously (12), Dnmt3b methylates nonCpG
sequences more effectively than Dnmt3a.

When the frequencies of nonCpG methylating activity
of Dnmt3a and Dnmt3b were compared, the activity of
Dnmt3b seemed to be higher than that of Dnmt3a (see
Table 7). But this methylation was done with extremely
high concentrations of the enzymes and might not occur
under in vitro conditions where the rate of methylation
activities is linear. To confirm whether the nonCpG meth-
ylation activity of Dnmt3b was higher than that of
Dnmt3a, we next designed 28mer oligonucleotides con-
taining or lacking CpG. One double-stranded oligonucle-
otide (“28-0”) did not contain CpG but contained 7 CpA, 3
CpT and 3 CpC; and the other one (“28-3”) contained 6
CpG, 4 CpA, 2 CpT and 4 CpC. As shown in Fig. 7, in the
presence of excess amount of DNA, the sequence of which
did not contain CpG and was different from that used for
bisulfite analysis, both Dnmt3a and Dnmt3b showed sig-
nificant activities. This result supports the conclusion
that the nonCpG methylating activity detected by
bisulfite analysis was not an artifact. Furthermore,
Dnmt3b showed higher relative activity than Dnmt3a
towards the oligonucleotides containing no CpG sequence.
This also confirms that Dnmt3b possesses higher non-
CpG methylating activity than Dnmt3a.

Lin et al. reported that when the –2 and +1 positions of
CpG are pyrimidine (C or T), the cytocine in CpG is effi-
ciently methylated (13). However, in the present study
using the 141-bp DNA, we could not detect such a phe-
nomenon. Recently, in primary effusion lymphoma (PEL)
cells, nonCpG methylation on CC(A/T)GG has been
reported, and this modification functions in repressing
B29 gene expression (28). The methylation sequence is at
CA or CT, suggesting that Dnmt3b or/and Dnmt3a might
be responsible for this type of unusual DNA methylation.
Many tumor cells seem to express high levels of DNMT3B

Fig. 6. Effect of divalent cations on the activity
of Dnmt3a and Dnmt3a. The relative DNA meth-
ylation activities of Dnmt3b (A) and Dnmt3b (B) in
the absence and presence of Ca2+, Mg2+, Mn2+, or Ni2+

are normalized against that in the presence of 5 mM
EDTA. Gray bars indicate the activities in the pres-
ence or absence of EDTA, and black and white bars
indicate those activities in the presence of 1 or 5 mM
cations, respectively. As methyl-group acceptor,
dGdC was used.

Fig. 7. DNA methylation activities of Dnmt3a and Dnmt3b
towards oligonucleotides containing or not containing the
CpG sequence. The relative DNA methylation activities, which
were normalized against the activity determined at 0.16 !M oligo-
nucleotide with three CpG, of Dnmt3a (A) and Dnmt3b (B) were
titrated with oligonucleotide containing three CpG (filled circles)
and no CpG (open circles). The concentration of each oligonucleotide
is indicated not as CpG but as the whole molecule.

Table 7. Sequence specificity of the DNA methylation activi-
ties of recombinant Dnmt1, Dnmt3a and Dnmt3b.

The methylation of cytosine in the designed sequences of 85 bp was
determined by the bisulfite method. Totals of 2496, 2457, 1716, and
1443 of CpN were analyzed after treatment with Dnmt1, Dnmt3a,
Dnmt3b, and no enzyme, respectively, and the numbers of methyl-
ated dinucleotides were determined and normalized against 1,000
CpN. 1The parentheses indicate the percentage of the methylation
normalized against the methylation of CpG in each enzyme.

CpG CpA CpT CpC
Dnmt1 272 (100)1 0  (0) 7.8 (2.9) 0  (0)
Dnmt3a 263 (100) 10.5 (4.0) 0  (0) 0  (0)
Dnmt3b 195 (100) 13.9 (7.1) 26.8 (13.7) 6.0 (3.1)
No enzyme 0 3.0 0 0
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In vertebrates, the 5th positions of cytosine residues in
CpG sequences in genomic DNA are often methylated (1).
Dynamic regulation of DNA methylation is known to con-
tribute to physiological or pathological phenomena such
as gene expression (2–4), genomic imprinting (5), X chro-
mosome inactivation (6), and carcinogenesis (7). In verte-
brates, two types of DNA methyltransferase activities
have been reported, i.e., de novo and maintenance types.
In mouse, de novo-type DNA methylation activity creates
gene-specific methylation patterns at the implantation
stage of embryogenesis (8), and maintenance-type activ-
ity ensures clonal transmission of lineage-specific meth-
ylation patterns during replication. Dnmt1 is responsible
for the latter activity.

Two DNA methyltransferases, Dnmt3a and Dnmt3b,
are responsible for the creation of methylation patterns
at an early stage of embryogenesis (9, 10) and have been
shown to possess de novo-type DNA methylation activity
in vitro (11–14). When either Dnmt3a or Dnmt3b is tar-
geted, the residual Dnmt3b or Dnmt3a gene, respectively,
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suggesting that Dnmt3a and Dnmt3b possess similar
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Dnmt3b gives a severer phenotype than that of Dnmt3a,
and a mutation in DNMT3b, a human homologue of
Dnmt3b, leads to hypomethylation of the satellite 2 and 3
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and facial anomalies) syndrome (10, 15–17). These reports
suggest that Dnmt3a and Dnmt3b possess distinct func-
tions, and this may be explained at least partly by the dif-
ference in the timing of cell-type specific expression of
Dnmt3a and Dnmt3b proteins during an early stage of
the development. Dnmt3b is specifically expressed in
totipotent embryonic cells, such as inner cell mass, epi-
blast and embryonic ectoderm cells, while Dnmt3a is sig-
nificantly and ubiquitously expressed after E10.5 (18).
However, stage- and cell-type-specific expression of the
two enzymes may not fully explain the phenomena. For
example, it is not known why Dnmt3b but not Dnmt3a is
responsible for the methylation of the pericentromeric
satellite repeats of specific chromosomes (17). It is thus
important to compare the difference of in vitro enzymatic
properties of Dnmt3a and Dnmt3b to understand the
molecular mechanisms underlying their distinct func-
tions in vivo. It has been reported that Dnmt3a and
Dnmt3b possess similar kinetic parameters towards two
substrates, DNA and S-adenosyl-L-methionine (AdoMet)
(12). Both Dnmt3a and Dnmt3b have the ability to meth-
ylate nonCpG sequences (11, 12). In addition to CpG,
Dnmt3a favors CpA, while Dnmt3b favors CpA and CpT
(12). However, partially purified enzymes with large GST
proteins at their amino-terminus were used for these
determinations. Recently, it was reported that the trun-
cated catalytic domain of Dnmt3a methylates DNA in a
distributive manner, which means at-random recognition
of the methylation site, while that of Dnmt3b does so in
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sic DNA (10, 14, 35–37). Indeed, previous studies show that
under limiting enzyme conditions, the turnover of hTDG is
exceedingly slow after it converts one molar equivalent of G!T
(or G!U) substrate to G!AP product (10, 38, 39). Thus, the rate

constant obtained from steady-state kinetics, kcat, is dominated
by product release and cannot provide a meaningful compari-
son of activity for different substrates (Fig. 3). In contrast, single
turnover kinetics conducted under saturating enzyme condi-
tions provide a rate constant (kmax) that is not impacted by
product release or the association of enzyme and substrate and,
therefore, reflects the maximal activity for a given substrate
(Fig. 3). For the hTDG reaction, kmax reflects the rate constant
for the chemical step (kchem) and is also influenced by the equi-
librium constant for base flipping (Kflip). In the base-flipping
step, the target nucleotide flips out of the DNA duplex and into
the active site, a process that likely involves a conformational
change in hTDG, as observed for uracil DNA glycosylase (40).
Thus, differences in kmax that result fromalterations to theCpG
context reflect a change in kchem and/or Kflip.
Effect of the 5!Base Pair onG!XActivity—Wedetermined the

effect of varying the 5! neighboring base pair on hTDG activity
(kmax) for G!FU, G!ClU, G!BrU, G!U, and G!T using the YpG!X
series of substrates (Fig. 2). The results are given in Table 1 and
Fig. 4. Previous studies showed that hTDG activity for G!T sub-

FIGURE 3. Minimal kinetic mechanism for hTDG. Shown is a minimal kinetic
mechanism for hTDG, including the steps that comprise kcat, which is
obtained from steady-state kinetics, and kmax, as obtained from single turn-
over kinetics with a saturating enzyme concentration (used here). Association
of hTDG (E) and DNA substrate (D) forms the initial collision complex, E!D, and
base-flipping (Kflip) gives the reactive enzyme-substrate complex, E!BD
(where BD is base-flipped DNA). Base flipping likely involves a conformational
change for hTDG, which is not explicitly shown. The chemical step (kchem)
involves cleavage of the base-sugar (N-glycosidic) bond and the addition of
the water nucleophile, producing the ternary product complex, E!B!apD (B is
the nucleobase, apD is abasic DNA). Release of the excised base likely pre-
cedes the dissociation of abasic DNA, which is known to be very slow. As
shown, kmax is influenced by Kflip and kchem, where kmax " kchem(Kflip/1 # Kflip).

TABLE 1
Kinetic Parameters for hTDG

Substrate kmax
a -Fold change relative

to CpG!X
-Fold change relative

to CpG!T
-Fold change relative

to CpA!X
-Fold change relative

to YpG!Xb

Min$1

G!X
CpG!T 0.22 % 0.04 1 1
TpG!T 0.0060 % 0.0001 0.027 0.027
GpG!T 0.0023 % 0.0002 0.010 0.010
ApG!T 0.00038 % 0.00005 0.0017 0.0017
CpG!U 2.6 % 0.3 1 12
TpG!U 0.79 % 0.04 0.303 3.6
GpG!U 0.88 % 0.11 0.340 4.0
ApG!U 0.117 % 0.003 0.045 0.5
CpG!FU 202 % 16 1 918
TpG!FU 113 % 1 0.558 513
GpG!FU 125 % 11 0.618 568
ApG!FU 18 % 1 0.089 75
CpG!ClU 120 % 6 1 546
TpG!ClU 20.9 % 0.5 0.174 95
GpG!ClU 11.1 % 0.3 0.093 51
ApG!ClU 1.46 % 0.15 0.012 6.7
CpG!BrU 11.6 % 1.0 1 53
TpG!BrU 1.2 % 0.1 0.106 5.6
GpG!BrU 0.44 % 0.06 0.038 2.0
ApG!BrU 0.15 % 0.02 0.013 0.7

A!X
CpA!T 1.3 & 10$5 % 0.3 & 10$5 10$4.3 10$4.3 1
TpA!T NDc

GpA!T NDc

ApA!T NDc

CpA!U 0.0033 % 0.0001 10$2.9 0.015 1 10$2.9

TpA!U 83 & 10$5 % 4 & 10$5 10$3.5 10$2.4 0.253 10$3.0

GpA!U 5.3 & 10$5 % 0.1 & 10$5 10$4.7 10$3.6 0.016 10$4.2

ApA!U 3.2 & 10$5 % 0.6 & 10$5 10$4.9 10$3.8 0.0097 10$3.6

CpA!FU 1.08 % 0.08 10$2.3 4.9 1 10$2.3

TpA!FU 0.24 % 0.06 10$2.9 1.08 0.220 10$2.7

GpA!FU 0.0138 % 0.0004 10$4.2 0.063 0.013 10$4.0

ApA!FU 0.0063 % 0.0002 10$4.5 0.029 0.0058 10$3.5

CpA!ClU 0.022 % 0.003 10$3.7 0.100 1 10$3.7

TpA!ClU 0.0045 % 0.0001 10$4.4 0.021 0.205 10$3.7

GpA!ClU 8.6 & 10$5 % 0.2 & 10$5 10$6.2 10$3.4 0.0039 10$5.1

ApA!ClU 5.1 & 10$5 % 0.3 & 10$5 10$6.4 10$3.6 0.0023 10$4.5

CpA!BrU 78 & 10$5 % 10 & 10$5 10$4.2 10$2.5 1 10$4.2

TpA!BrU 17 & 10$5 % 1 & 10$5 10$4.8 10$3.1 0.223 10$3.9

GpA!BrU 1.2 & 10$5 % 0.1 & 10$5 10$6.0 10$4.3 0.015 10$4.5

ApA!BrU 0.8 & 10$5 % 0.2 & 10$5 10$6.2 10$4.5 0.0097 10$4.3

a The rate constants (kmax) reflect the maximal enzymatic activity of hTDG for a given substrate, as determined using single turnover kinetics experiments with saturating
enzyme conditions.

b -Fold change relative to YpG!Xgives the effect of pairing the target base (X)with adenine rather than guanine for a given 5! base pair (Y), i.e. the rate of TpA!U relative to TpG!U.
c ND, Not determined.

Effect of CpG Context on 5-Halouracil Excision by hTDG
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Excision of 5-Halogenated Uracils by Human Thymine
DNA Glycosylase
ROBUST ACTIVITY FOR DNA CONTEXTS OTHER THAN CpG*
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Thymine DNA glycosylase (TDG) excises thymine from G!T
mispairs and removes a variety of damaged bases (X)with a pref-
erence for lesions in aCpG!Xcontext.We recently reported that
human TDG rapidly excises 5-halogenated uracils, exhibiting
much greater activity for CpG!FU, CpG!ClU, and CpG!BrU than
for CpG!T.Here we examine the effects of altering the CpG con-
text on the excision activity forU, T, FU,ClU, andBrU.We show
that the maximal activity (kmax) for G!X substrates depends sig-
nificantly on the 5" base pair. For example, kmax decreases by 6-,
11-, and 82-fold for TpG!ClU, GpG!ClU, and ApG!ClU, respec-
tively, as compared with CpG!ClU. For the other G!X substrates,
the 5"-neighbor effects have a similar trend but vary in magni-
tude. The activity for G!FU, G!ClU, and G!BrU, with any
5"-flanking pair, meets and in most cases significantly exceeds
the CpG!T activity. Strikingly, human TDG activity is reduced
102.3–104.3-fold for A!X relative to G!X pairs and reduced fur-
ther for A!X pairs with a 5" pair other than C!G. The effect of
altering the 5" pair and/or the opposing base (G!X versusA!X) is
greater for substrates that are larger (bromodeoxyuridine, dT)
orhave amore stableN-glycosidic bond (such asdT).The largest
CpG context effects are observed for the excision of thymine.
The potential role played by humanTDG in the cytotoxic effects
of ClU andBrU incorporation intoDNA,which can occur under
inflammatory conditions and in the cytotoxicity of FU, a widely
used anticancer agent, are discussed.

The nucleobases in DNA are subject to continuous chemical
modification, generating a broad range of mutagenic and cyto-
toxic lesions that can lead to cancer and other diseases (1, 2). To
counteract this inevitable damage, the cellular machinery
includes systems for DNA repair (3). Damage occurring to the
nucleobases is the purview of base excision repair, a pathway
that is initiated by a damage-specific DNA glycosylase. These
enzymes find damaged or mismatched bases within the vast
expanse of normal DNA and catalyze the cleavage of the base-

sugar (N-glycosidic) bond, producing an abasic or apurinic/
apyrimidinic (AP)2 site in the DNA. The repair process is con-
tinued by follow-on base excision repair enzymes.
Human thymineDNAglycosylase (hTDG)was discovered as

an enzyme that removes thymine fromG!Tand uracil fromG!U
mispairs in DNA (4, 5). In vertebrates, G!T mispairs arise from
replication errors, which are handled by the mismatch repair
pathway or from the deamination of 5-methylcytosine to T (6,
7). Because cytosine methylation occurs at CpG dinucleotides
(8, 9), G!T mispairs caused by 5-methylcytosine deamination
are found at CpG sites. It has been shown that hTDG is most
active for G!T mispairs with a 5! C!G pair, suggesting that a
predominant biological role of the enzyme is to initiate the
repair of CpG!T lesions (10, 11). DNAmethylation atCpGplays
a fundamental role in many cellular processes, including tran-
scriptional regulation and the silencing of repetitive genetic ele-
ments (8, 9). Suggesting a biological imperative to maintain the
integrity of CpG sites, another human DNA glycosylase exhib-
its specificity for G!T mispairs at CpG sites; methyl binding
domain IV (MBD4) (12–15).
In addition to its CpG!T activity, hTDG has been shown to

remove a variety of damaged bases (5, 16–19), most of which
are shown in Fig. 1. We recently identified several new hTDG
substrates (20), including 5-chlorouracil (ClU), 5-iodouracil
(IU), 5-flourocytosine (FC), and 5-bromocytosine (BrC) (the
activity is weak for IU, FC, and BrC and is probably not biolog-
ically relevant). The ability of hTDG to remove a broad range of
damaged nucleobases is consistent in its relatively large and
nonspecific active site (21, 22). Yet despite its substrate prom-
iscuity, hTDG exhibits exceedingly weak activity for the exci-
sion of cytosine and 5-methylcytosine (11, 16, 20). We recently
showed that for a broad range of C5-substituted uracil and
cytosine bases, hTDG specificity depends on substrate reactiv-
ity (i.e. the stability of the scissile C-N bond) rather than the
selective recognition of substrates in the active site (20). More-
over, we showed that specificity against the excision of cytosine
from the huge excess of normal G!C pairs in DNA is largely
explained by the very low reactivity of dC rather than the inabil-
ity of hTDG to flip cytosine into its active site (20). Consistent* This work was supported by National Institutes of Health Grant R01-
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Excision of 5-Halogenated Uracils by Human Thymine
DNA Glycosylase
ROBUST ACTIVITY FOR DNA CONTEXTS OTHER THAN CpG*
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Thymine DNA glycosylase (TDG) excises thymine from G!T
mispairs and removes a variety of damaged bases (X)with a pref-
erence for lesions in aCpG!Xcontext.We recently reported that
human TDG rapidly excises 5-halogenated uracils, exhibiting
much greater activity for CpG!FU, CpG!ClU, and CpG!BrU than
for CpG!T.Here we examine the effects of altering the CpG con-
text on the excision activity forU, T, FU,ClU, andBrU.We show
that the maximal activity (kmax) for G!X substrates depends sig-
nificantly on the 5" base pair. For example, kmax decreases by 6-,
11-, and 82-fold for TpG!ClU, GpG!ClU, and ApG!ClU, respec-
tively, as compared with CpG!ClU. For the other G!X substrates,
the 5"-neighbor effects have a similar trend but vary in magni-
tude. The activity for G!FU, G!ClU, and G!BrU, with any
5"-flanking pair, meets and in most cases significantly exceeds
the CpG!T activity. Strikingly, human TDG activity is reduced
102.3–104.3-fold for A!X relative to G!X pairs and reduced fur-
ther for A!X pairs with a 5" pair other than C!G. The effect of
altering the 5" pair and/or the opposing base (G!X versusA!X) is
greater for substrates that are larger (bromodeoxyuridine, dT)
orhave amore stableN-glycosidic bond (such asdT).The largest
CpG context effects are observed for the excision of thymine.
The potential role played by humanTDG in the cytotoxic effects
of ClU andBrU incorporation intoDNA,which can occur under
inflammatory conditions and in the cytotoxicity of FU, a widely
used anticancer agent, are discussed.

The nucleobases in DNA are subject to continuous chemical
modification, generating a broad range of mutagenic and cyto-
toxic lesions that can lead to cancer and other diseases (1, 2). To
counteract this inevitable damage, the cellular machinery
includes systems for DNA repair (3). Damage occurring to the
nucleobases is the purview of base excision repair, a pathway
that is initiated by a damage-specific DNA glycosylase. These
enzymes find damaged or mismatched bases within the vast
expanse of normal DNA and catalyze the cleavage of the base-

sugar (N-glycosidic) bond, producing an abasic or apurinic/
apyrimidinic (AP)2 site in the DNA. The repair process is con-
tinued by follow-on base excision repair enzymes.
Human thymineDNAglycosylase (hTDG)was discovered as

an enzyme that removes thymine fromG!Tand uracil fromG!U
mispairs in DNA (4, 5). In vertebrates, G!T mispairs arise from
replication errors, which are handled by the mismatch repair
pathway or from the deamination of 5-methylcytosine to T (6,
7). Because cytosine methylation occurs at CpG dinucleotides
(8, 9), G!T mispairs caused by 5-methylcytosine deamination
are found at CpG sites. It has been shown that hTDG is most
active for G!T mispairs with a 5! C!G pair, suggesting that a
predominant biological role of the enzyme is to initiate the
repair of CpG!T lesions (10, 11). DNAmethylation atCpGplays
a fundamental role in many cellular processes, including tran-
scriptional regulation and the silencing of repetitive genetic ele-
ments (8, 9). Suggesting a biological imperative to maintain the
integrity of CpG sites, another human DNA glycosylase exhib-
its specificity for G!T mispairs at CpG sites; methyl binding
domain IV (MBD4) (12–15).
In addition to its CpG!T activity, hTDG has been shown to

remove a variety of damaged bases (5, 16–19), most of which
are shown in Fig. 1. We recently identified several new hTDG
substrates (20), including 5-chlorouracil (ClU), 5-iodouracil
(IU), 5-flourocytosine (FC), and 5-bromocytosine (BrC) (the
activity is weak for IU, FC, and BrC and is probably not biolog-
ically relevant). The ability of hTDG to remove a broad range of
damaged nucleobases is consistent in its relatively large and
nonspecific active site (21, 22). Yet despite its substrate prom-
iscuity, hTDG exhibits exceedingly weak activity for the exci-
sion of cytosine and 5-methylcytosine (11, 16, 20). We recently
showed that for a broad range of C5-substituted uracil and
cytosine bases, hTDG specificity depends on substrate reactiv-
ity (i.e. the stability of the scissile C-N bond) rather than the
selective recognition of substrates in the active site (20). More-
over, we showed that specificity against the excision of cytosine
from the huge excess of normal G!C pairs in DNA is largely
explained by the very low reactivity of dC rather than the inabil-
ity of hTDG to flip cytosine into its active site (20). Consistent* This work was supported by National Institutes of Health Grant R01-
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Witness 2



Future work...
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Kappa model...

G

T

A

G

C
G

C

T

A

T

A

G

C

G

C G

C

U

T

A TDG

G

T

A

G

C
G

C

T

A

T

A

G

C

G

C G

C

T

T

A
TDG

rd



Kappa model...

G

T

A

G

C
G

C

T

A

T

A

G

C

G

C G

C

U

T

A TDG

PolBAPE1

G

T

A

G

C
G

C

T

A

T

A

G

C

G

C G

C

T

T

A
TDG

rd PolBAPE1



Kappa model...

G

T

A

G

C
G

C

T

A

T

A

G

C

G

C G

C

T

A
G

T

A

G

C
G

C

T

A

T

A

G

C

G

C G

C

T

A TDG

PolBAPE1

TDG

rd PolBAPE1



Kappa model...

G

T

A

G

C
G

C

T

A

T

A

G

C

G

C G

C

T

A
G

T

A

G

C
G

C

T

A

T

A

G

C

G

C G

C

T

A

’Repair T with swap:’
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Fig. 6. Removal of U or T base by TDG.

zone. Note that this rule may generate complexes containing several instances
of DNA agents, that we shall call DNA polymers. Biologically speaking, these
polymers do not make sense since DNA agents represents sections of DNA which
are structurally distant from each others and cannot be brought to interact. In
order to prevent DNA polymers to appear we will not use the rule of Figure 6A
as it is but replace it with a set of disjoint refinements which insure that TDG
cannot bind DNA when it is already bound to another DNA strand. We apply
the same policy for each rule forming an edge belonging to a cycle in the contact
map.

Critically, TDG can have an additional connection to DNA in the case of
a T:G mismatch through the RD site (Figure 6B). TDG may then remove any
faulty T or U base to which it is bound. Upon removal, TDG swaps its con-
nection with the APE1.Polβ complex (Figure 6C and D). Although this rule
is non atomic, this takes into account the fact that connection between TDG,
APE1.Polβ and the base to repair is done at an atomic level where “instanta-
neous” swaps of bonds are plausible events1. Note that in order to remove a T
base, the interaction of TDG and DNA has to be reinforced by the connection

1 In the complete model we also added a rule stating that APE1.Polβ may also con-
nects to any base marked X without this connection being mediated by TDG.
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