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(Acknowledgement for slides: Essi Laajala)

Department of Computer Science
Aalto University

November 14, 2023



2/ 41

Contents

▶ DNA methylation

▶ Bisulfite sequencing (BS-seq) protocol

▶ Alignment and quantification of BS-seq data

▶ Statistical analysis of BS-seq data

▶ Other details



3/ 41

DNA methylation: what?

▶ Epigenetic changes are reversible modifications on DNA, or“on top of DNA”, which do not
change the DNA sequence itself

▶ DNA methylation is an epigenetic modification where methyl group is added to the 5
position of a cytosine in DNA

▶ Methyl group is added enzymatically by DNA methyl transferases (DNMT)

▶ By far the most extensively studied epigenetic modification on DNA

Figure from http://www.ks.uiuc.edu/Research/methylation/

http://www.ks.uiuc.edu/Research/methylation/
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DNA methylation: where?

▶ In mammaling genomes, DNA methylation
primarily occurs in the context of CpG
dinucleotides

▶ Non-CpG methylation found e.g. in stem
cells and brain

▶ CpGs occur with a smaller frequency than
expected
▶ Human genome GC content is 42%
▶ CpGs are expected to occur 4.41% of the

time
▶ The frequency of CpG dinucleotides is

1%
▶ Methylated CpGs are prone to

spontaneous deamination to thymines
Figure from (Schubeler, 2009)
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DNA methylation: how?

▶ Two general classes of enzymatic methylation activities
▶ De novo methylation (mainly) by DNMT3
▶ Maintenance methylation during cell division (mainly) by DNMT1

Figure from http://2014.igem.org/Team:Heidelberg/Project/PCR_2.0

http://2014.igem.org/Team:Heidelberg/Project/PCR_2.0
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DNA methylation in gene regulation

▶ CpG islands (C+G dense ≳500 long regions) are present in the 5’ regulatory regions of
many genes (5’ =“beginning”)

▶ Hypermethylation (=overmethylation) of CpG islands near gene promoters contributes to
transcriptional silencing by
▶ Affecting binding of transcription factors (DNA binding protein that regulate gene

transcription)
▶ Binding proteins with methyl-CpG-binding domains (MBDs), and recruiting e.g. histone

deacetylases and other chromatin remodellers
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DNA methylation in gene regulation

Figure from (Spruijt & Vermeulen, 2014)
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DNA methylation in health and disease

▶ DNA methylation is necessary for normal development, e.g. in
▶ Cell differentiation
▶ Protection of DNA from transposable elements
▶ Genomic imprinting
▶ X chromosome inactivation

▶ Environmental and lifestyle factors may impact DNA methylation, even in-utero

▶ DNA methylation patterns have been associated with several diseases
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Heritability of DNA methylation patterns

▶ DNA methylation patterns are not directly inheritable
▶ Paternal and maternal DNA methylation patterns are almost completely erased during first

cell divisions after fertilization in mammals (epigenetic reprogramming)

▶ However, genomic variants can influence DNA methylation
▶ So-called methylation quantitative trait loci (mQTL) effects

▶ DNA methylation patterns correlate between family members to some extent
▶ For example in genome-wide human leukocyte DNA methylation profiles, correlation

coefficients between 0.24 and 0.30 have been reported between first-degree relatives,
compared to 0.03 between unrelated individuals (Tremblay et al. 2016)

▶ These seem to be explained by both genetic inheritance and environmental factors
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DNA demethylation

▶ Until recently, it was believed that methylated DNA can be unmethylated only by dilution
during cell differentiation/DNA replication, i.e., incomplete DNA maintenance methylation

▶ Recently, TET family proteins were shown to be dioxygenases that converted 5mC to
5hmC, 5fC and 5caC, which can be further converted back to unmethylated C

▶ TETs thus contribute to active demethylation, but 5hmC, 5fC and 5caC can also have
multiple functions
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DNA demethylation

Nature Reviews | Molecular Cell Biology
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Figure 1 | Mechanisms of TET-mediated demethylation. a |�-PQYP�CPF�RWVCVKXG�RCVJYC[U�QH�&0#�FGOGVJ[NCVKQP�
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BER := base excision repair 
TDG := thymine DNA glycosylase 
AID := activation-induced deaminase 
APOBEC := apolipoprotein B mRNA editing enzyme, 
catalytic polypeptide-like
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Conversion of 5-Methylcytosine to
5-Hydroxymethylcytosine in Mammalian
DNA by MLL Partner TET1
Mamta Tahiliani,1 Kian Peng Koh,1 Yinghua Shen,2 William A. Pastor,1
Hozefa Bandukwala,1 Yevgeny Brudno,2 Suneet Agarwal,3 Lakshminarayan M. Iyer,4
David R. Liu,2* L. Aravind,4* Anjana Rao1*
DNA cytosine methylation is crucial for retrotransposon silencing and mammalian development. In a
computational search for enzymes that could modify 5-methylcytosine (5mC), we identified TET proteins
as mammalian homologs of the trypanosome proteins JBP1 and JBP2, which have been proposed to
oxidize the 5-methyl group of thymine. We show here that TET1, a fusion partner of the MLL gene in acute
myeloid leukemia, is a 2-oxoglutarate (2OG)- and Fe(II)-dependent enzyme that catalyzes conversion
of 5mC to 5-hydroxymethylcytosine (hmC) in cultured cells and in vitro. hmC is present in the genome of
mouse embryonic stem cells, and hmC levels decrease upon RNA interference–mediated depletion of TET1.
Thus, TET proteins have potential roles in epigenetic regulation through modification of 5mC to hmC.

5-methylcytosine (5mC) is a minor base in
mammalian DNA: It constitutes ~1% of all
DNA bases and is found almost exclusively

as symmetrical methylation of the dinucleotide
CpG (1). The majority of methylated CpG is

found in repetitive DNA elements, suggesting
that cytosine methylation evolved as a defense
against transposons and other parasitic elements
(2). Methylation patterns change dynamically in
early embryogenesis, when CpG methylation is

essential for X-inactivation and asymmetric ex-
pression of imprinted genes (3). In somatic cells,
promoter methylation often shows a correlation
with gene expression: CpG methylation may di-
rectly interfere with the binding of certain transcrip-
tional regulators to their cognate DNA sequences
or may enable recruitment of methyl-CpG binding
proteins that create a repressed chromatin environ-
ment (4). DNA methylation patterns are highly
dysregulated in cancer: Changes in methylation
status have been postulated to inactivate tumor
suppressors and activate oncogenes, thus con-
tributing to tumorigenesis (5).

Fig. 2. Two-dimensional TLC, HPLC, and MS identification of hmC. (A) Two-
dimensional TLC analysis of synthetic DNA templates indicates that hmC
comigrates with the “x” spot (Fig. 1). (B) HPLC chromatograms (A, 254 nm) of
the nucleosides derived from synthetic and cerebellum DNA. The peaks were
identified by MS. The arrow points to the peak, which elutes at the same time

as hmdC. (C) MS of the fraction corresponding to the HPLC peak indicated
above. Closed arrows indicate the masses of 5-hydroxymethylcytosine and
5-hydroxymethyl-2′-deoxycytidine sodium ions (structures are shown in the
insets). Open arrows indicate the ions generated by 2′-deoxycytidine, which
elutes in a large nearby peak and spills over into the analyzed fraction.
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DNA cytosine methylation is crucial for retrotransposon silencing and mammalian development. In a
computational search for enzymes that could modify 5-methylcytosine (5mC), we identified TET proteins
as mammalian homologs of the trypanosome proteins JBP1 and JBP2, which have been proposed to
oxidize the 5-methyl group of thymine. We show here that TET1, a fusion partner of the MLL gene in acute
myeloid leukemia, is a 2-oxoglutarate (2OG)- and Fe(II)-dependent enzyme that catalyzes conversion
of 5mC to 5-hydroxymethylcytosine (hmC) in cultured cells and in vitro. hmC is present in the genome of
mouse embryonic stem cells, and hmC levels decrease upon RNA interference–mediated depletion of TET1.
Thus, TET proteins have potential roles in epigenetic regulation through modification of 5mC to hmC.
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proteins that create a repressed chromatin environ-
ment (4). DNA methylation patterns are highly
dysregulated in cancer: Changes in methylation
status have been postulated to inactivate tumor
suppressors and activate oncogenes, thus con-
tributing to tumorigenesis (5).

Fig. 2. Two-dimensional TLC, HPLC, and MS identification of hmC. (A) Two-
dimensional TLC analysis of synthetic DNA templates indicates that hmC
comigrates with the “x” spot (Fig. 1). (B) HPLC chromatograms (A, 254 nm) of
the nucleosides derived from synthetic and cerebellum DNA. The peaks were
identified by MS. The arrow points to the peak, which elutes at the same time

as hmdC. (C) MS of the fraction corresponding to the HPLC peak indicated
above. Closed arrows indicate the masses of 5-hydroxymethylcytosine and
5-hydroxymethyl-2′-deoxycytidine sodium ions (structures are shown in the
insets). Open arrows indicate the ions generated by 2′-deoxycytidine, which
elutes in a large nearby peak and spills over into the analyzed fraction.
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Tet Proteins Can Convert
5-Methylcytosine to 5-Formylcytosine
and 5-Carboxylcytosine
Shinsuke Ito,1,2* Li Shen,1,2* Qing Dai,3 Susan C. Wu,1,2 Leonard B. Collins,4 James A. Swenberg,2,4

Chuan He,3 Yi Zhang1,2†

5-methylcytosine (5mC) in DNA plays an important role in gene expression, genomic imprinting, and
suppression of transposable elements. 5mC can be converted to 5-hydroxymethylcytosine (5hmC) by
the Tet (ten eleven translocation) proteins. Here, we show that, in addition to 5hmC, the Tet proteins can
generate 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) from 5mC in an enzymatic activity–
dependent manner. Furthermore, we reveal the presence of 5fC and 5caC in genomic DNA of mouse
embryonic stem cells andmouse organs. The genomic content of 5hmC, 5fC, and 5caC can be increased or
reduced through overexpression or depletion of Tet proteins. Thus, we identify two previously unknown
cytosine derivatives in genomic DNA as the products of Tet proteins. Our study raises the possibility
that DNA demethylation may occur through Tet-catalyzed oxidation followed by decarboxylation.

Although enzymes that catalyze DNAmeth-
ylation process are well studied (1), how
DNA demethylation is achieved is less

known, especially in animals (2, 3). A repair-
based mechanism is used in DNA demethylation
in plants, but whether a similar mechanism is

also used in mammalian cells is unclear (3, 4).
Identification of hydroxymethylcytosine (5hmC)
as the sixth base of the mammalian genome
(5, 6) and the capacity of Tet (ten eleven trans-
location) proteins to convert 5-methylcytosine
(5mC) to 5hmC in an Fe(II) and alpha-ketoglutarate
(a-KG)–dependent oxidation reaction (6, 7) raised
the possibility that a Tet-catalyzed reaction might
be part of the DNA demethylation process.

A potential 5mC demethylation mechanism
can be envisioned from similar chemistry for
thymine-to-uracil conversion (3, 8, 9) (fig. S1A),
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Fig. 1. Optimization of conditions for detection of cytosine and its
5-position modified forms by TLC. (A) Migration of labeled C and
its 5-position modified forms by TLC under the first developing
buffer. Lanes 1 to 3 serve as controls for the migration of 5mC and
5hmC generated from DNA oligos incubated with wild-type (WT) or
catalytic mutant (MUT) Tet2. (B) The same samples used in (A)
were separated by TLC under the second developing buffer. With
the exception of 5mC and C, all of the other forms of C can be
separated under this condition. (C) Autoradiographs of 2D-TLC
analysis of samples derived from 5mC-containing TaqI 20-mer
oligo DNA incubated with WT and catalytic-deficient mutant Tet1,
Tet2, and Tet3.
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sequences were deposited in the GenBank Short Read Archive
under accession numbers SRA029592 and SRA035467
(AAA001-B15), SRA029604 and SRA035394 (AAA001-C10),

SRA029593 and SRA035468 (AAA007-O20), and SRA029596
and SRA035470 (AAA240-J09).
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Tet Proteins Can Convert
5-Methylcytosine to 5-Formylcytosine
and 5-Carboxylcytosine
Shinsuke Ito,1,2* Li Shen,1,2* Qing Dai,3 Susan C. Wu,1,2 Leonard B. Collins,4 James A. Swenberg,2,4

Chuan He,3 Yi Zhang1,2†

5-methylcytosine (5mC) in DNA plays an important role in gene expression, genomic imprinting, and
suppression of transposable elements. 5mC can be converted to 5-hydroxymethylcytosine (5hmC) by
the Tet (ten eleven translocation) proteins. Here, we show that, in addition to 5hmC, the Tet proteins can
generate 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) from 5mC in an enzymatic activity–
dependent manner. Furthermore, we reveal the presence of 5fC and 5caC in genomic DNA of mouse
embryonic stem cells andmouse organs. The genomic content of 5hmC, 5fC, and 5caC can be increased or
reduced through overexpression or depletion of Tet proteins. Thus, we identify two previously unknown
cytosine derivatives in genomic DNA as the products of Tet proteins. Our study raises the possibility
that DNA demethylation may occur through Tet-catalyzed oxidation followed by decarboxylation.

Although enzymes that catalyze DNAmeth-
ylation process are well studied (1), how
DNA demethylation is achieved is less

known, especially in animals (2, 3). A repair-
based mechanism is used in DNA demethylation
in plants, but whether a similar mechanism is

also used in mammalian cells is unclear (3, 4).
Identification of hydroxymethylcytosine (5hmC)
as the sixth base of the mammalian genome
(5, 6) and the capacity of Tet (ten eleven trans-
location) proteins to convert 5-methylcytosine
(5mC) to 5hmC in an Fe(II) and alpha-ketoglutarate
(a-KG)–dependent oxidation reaction (6, 7) raised
the possibility that a Tet-catalyzed reaction might
be part of the DNA demethylation process.

A potential 5mC demethylation mechanism
can be envisioned from similar chemistry for
thymine-to-uracil conversion (3, 8, 9) (fig. S1A),
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chemistry and Biophysics, University of North Carolina at
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of Chemistry and Institute for Biophysical Dynamics, Uni-
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yi_zhang@med.unc.edu

Fig. 1. Optimization of conditions for detection of cytosine and its
5-position modified forms by TLC. (A) Migration of labeled C and
its 5-position modified forms by TLC under the first developing
buffer. Lanes 1 to 3 serve as controls for the migration of 5mC and
5hmC generated from DNA oligos incubated with wild-type (WT) or
catalytic mutant (MUT) Tet2. (B) The same samples used in (A)
were separated by TLC under the second developing buffer. With
the exception of 5mC and C, all of the other forms of C can be
separated under this condition. (C) Autoradiographs of 2D-TLC
analysis of samples derived from 5mC-containing TaqI 20-mer
oligo DNA incubated with WT and catalytic-deficient mutant Tet1,
Tet2, and Tet3.
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Bisulfite sequencing (BS-seq) protocol

▶ Bisulfite treatment of genomic DNA converts unmethylated cytosines to uracils which are
read as thymine during sequencing

▶ Methylated (and hydroxymethylated) cytosines are resistant to the conversion and are read
as cytosine
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 amplifying bisulfite-treated DNA by PCR yields products in which 
unmethylated cytosines appear as thymines. By comparing the 
modified DNA with the original sequence, the methylation state 
of the original DNA can therefore be inferred. Bisulfite treatment 
of 5-hydroxymethylcytosine (5hmC) yields a similar intermediate 
to 5mC, meaning that BS-seq can be used to detect whether a 
position is (hydroxy-) methylated but not to determine the exact 
type of modification21,25 (Fig. 1). This limitation does not apply 
to antibody-based techniques, which can be used to specifically 
enrich 5hmC26–28.

Capillary electrophoresis–based bisulfite sequencing was consid-
ered the gold standard for methylation analysis because of its clear 
readout and single-base resolution22, but it could only be applied 
to relatively small regions. New sequencing technologies mean that 
BS-seq is now a viable option for the sequencing of entire mam-
malian methylomes6–8,29–32 (Supplementary Table 1).

For researchers primarily interested in CpG island methylation, 
the cost of bisulfite sequencing can be reduced by enriching CpG-
dense regions by digesting genomic DNA with a methylation-
insensitive restriction enzyme containing a C-G as part of its 
recognition site and selecting short fragments6,30,33. Even though 
the selected fragments are used to interrogate only a few percent 
of the genome, these data are informative for the majority of CpG 
islands. This approach, termed reduced representation BS-seq 
(RRBS), has been extensively described and compared to other 
techniques23,33–35, and several genome-wide methylation maps 
based on RRBS have been reported6,30.

In this Review we provide an overview of the computational 
analysis of bisulfite sequencing data. We highlight points to con-
sider when designing a BS-seq experiment and point out pitfalls 
that can occur during the initial analysis. We also discuss dif-
ferent alignment strategies and their implementation by current 
bioinformatic tools. In particular, we present the main differences 
between the analysis of base space (Illumina) and color space 
(SOLiD, Applied Biosystems) BS-seq data.

Challenges of BS-seq data mapping
As the methylation state of bisulfite-treated DNA must be inferred 
by comparison to an unmodified reference sequence, a correct 
alignment is of critical importance. This is challenging because 
the aligned sequences do not exactly match the reference, and the 
complexity of the libraries is reduced. Also, as cytosine methyl-
ation is not symmetrical, the two strands of DNA in the reference 
genome must be considered separately. A single site can have a 
different methylation state in different cells. Thus, when sequenc-
ing cell mixtures or tissue fractions, the percentage of methylation 
at each site needs to be determined36.

When performing an alignment one must discriminate between 
different types of bisulfite-treated DNA libraries (for a schematic 

drawing, see ref. 16). In the first, termed directional libraries, adapters  
are attached to the DNA fragments such that only the original 
top or bottom strands will be sequenced7,30. Alternatively, all four 
DNA strands that arise through bisulfite treatment and subsequent 
PCR amplification can be sequenced with the same frequency in 
nondirectional libraries32,37,38. BS-seq mapping may therefore 
require up to four different strand alignments to be analyzed for 
each sequence. Because of the complexity of BS-seq alignments, 
standard sequence alignment software cannot be used. However, 
several different tools for BS-seq analysis have been developed.

Base-space BS-seq data alignments
Methylation-‘aware’ alignment tools consider both cytosine and 
thymine as potential matches to a genomic cytosine. This strategy 
provides the highest possible mapping efficiency (high sensitivity) 
because it makes optimal use of the information present in the 
reads. However, a drawback of this technique is that methylated 
sequences will be aligned with greater efficiency because they 
carry more information than their unmethylated counterparts, 
leading this type of aligner to overestimate methylation levels.

Alternatively, in unbiased approaches usually any residual 
cytosines in the BS-seq read and all cytosines in the reference 
genome are converted into thymines before the alignment is per-
formed7,30. This means that the read sequence to be aligned is 
unaffected by its methylation state. It also means that there will be 
an exact match between the converted read and converted genome 
sequence so that standard sequence alignment tools can be used 
to perform the mapping39,40. This approach, however, comes at 
the cost of slightly reduced mapping efficiencies (Fig. 2a).

BS-seq in color space
In contrast to the intuitive base-space sequence generated by 
Illumina sequencers, SOLiD sequencing (Applied Biosystems) 
encodes its reads in color space such that each color resembles 
the transition from one base to the next41. Single-nucleotide poly-
morphisms (SNPs) can be called with high confidence because 
they will result in two adjacent color changes, whereas technical 
errors are indicated by a single color change (Supplementary  
Fig. 1a,b). Owing to the way color-space encoding works, 
residual cytosines are correctly converted into thymines in the 
bisulfite reads in silico before the mapping only if the reads are 
completely error-free. A single measurement error in the read 
would lead to incorrect conversions throughout the rest of the 
read (Supplementary Fig. 1c). As a consequence, the in silico 
cytosine to thymine conversion, which guarantees unbiased align-
ments, should not be performed on color-space datasets.

Current tools to align color space BS-seq data to a reference 
genome either use methylation-aware alignments (SOCS-B42), 
which can be computationally intensive for complex genomes, 

PCR amplification

Bisulfite conversion
Top strand

mC

OT
CTOT

CTOB
OB

mC mC mC

mC

Bottom strand

Figure 1 | Effect of bisulfite treatment of DNA. Bisulfite conversion of 
genomic DNA and subsequent PCR amplification gives rise to two PCR 
products and up to four potentially different DNA fragments for any given 
locus. (Hydroxy)methylated cytosine residues are resistant to bisulfite 
conversion and can be used as a readout of the DNA methylation state. 
mC, 5-methylcytosine; hmC, 5-hydroxymethylcytosine; OT, original top 
strand; CTOT, strand complementary to the original top strand; OB, 
original bottom strand; and CTOB, strand complementary to the original 
bottom strand.

Figure from (Krueger et al, 2012)
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Bisulfite sequencing (BS-seq) protocol

▶ Bisulfite treatment of genomic DNA converts unmethylated cytosines to uracils which are
read as thymine during sequencing

▶ Methylated (and hydroxymethylated) cytosines are resistant to the conversion and are read
as cytosine
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Quantitative Sequencing of
5-Methylcytosine and
5-Hydroxymethylcytosine at
Single-Base Resolution
Michael J. Booth,1* Miguel R. Branco,2,3* Gabriella Ficz,2 David Oxley,4 Felix Krueger,5

Wolf Reik,2,3† Shankar Balasubramanian1,6,7†

5-Methylcytosine can be converted to 5-hydroxymethylcytosine (5hmC) in mammalian DNA by the
ten-eleven translocation (TET) enzymes. We introduce oxidative bisulfite sequencing (oxBS-Seq),
the first method for quantitative mapping of 5hmC in genomic DNA at single-nucleotide resolution.
Selective chemical oxidation of 5hmC to 5-formylcytosine (5fC) enables bisulfite conversion of
5fC to uracil. We demonstrate the utility of oxBS-Seq to map and quantify 5hmC at CpG islands
(CGIs) in mouse embryonic stem (ES) cells and identify 800 5hmC-containing CGIs that have
on average 3.3% hydroxymethylation. High levels of 5hmC were found in CGIs associated with
transcriptional regulators and in long interspersed nuclear elements, suggesting that these
regions might undergo epigenetic reprogramming in ES cells. Our results open new questions
on 5hmC dynamics and sequence-specific targeting by TETs.

5-Methylcytosine (5mC) is an epigenetic DNA
mark that plays important roles in gene
silencing and genome stability and is found

enriched at CpG dinucleotides (1). In metazoa,
5mC can be oxidized to 5-hydroxymethylcytosine
(5hmC) by the ten-eleven translocation (TET) en-
zyme family (2, 3). 5hmCmay be an intermediate
in active DNA demethylation but could also con-
stitute an epigenetic mark per se (4). Levels of
5hmC in genomic DNA can be quantified with
analytical methods (2, 5, 6) and mapped through
the enrichment of 5hmC-containing DNA frag-

ments that are then sequenced (7–13). Such ap-
proaches have relatively poor resolution and give
only relative quantitative information. Single-
nucleotide sequencing of 5mC has been per-
formed by using bisulfite sequencing (BS-Seq),
but this method cannot discriminate 5mC from
5hmC (14, 15). Single-molecule real-time se-
quencing (SMRT) can detect derivatized 5hmC
in genomic DNA (16). However, enrichment of
5hmC-containing DNA fragments is required,
which causes loss of quantitative information
(16). Furthermore, SMRT has a relatively high
rate of sequencing errors (17), and the peak call-
ing of modifications is imprecise (16). Protein
and solid-state nanopores can resolve 5mC from
5hmC and have the potential to sequence unam-
plified DNA (18, 19).

We observed the decarbonylation and deami-
nation of 5-formylcytosine (5fC) to uracil (U)
under bisulfite conditions that would leave 5mC
unchanged (Fig. 1A and supplementary text).
Thus, 5hmC sequencing would be possible if
5hmC could be selectively oxidized to 5fC and
then converted to U in a two-step procedure (Fig.

1B). Whereas BS-Seq leads to both 5mC and
5hmC being detected as Cs, this “oxidative
bisulfite” sequencing (oxBS-Seq) approach would
yield Cs only at 5mC sites and therefore allow
us to determine the amount of 5hmC at a partic-
ular nucleotide position by subtraction of this
readout from a BS-Seq one (Fig. 1C).

Specific oxidation of 5hmC to 5fC (table S1)
was achieved with potassium perruthenate (KRuO4).
In our reactivity studies on a synthetic 15-nucleotide
oligomer single-stranded DNA (ssDNA) contain-
ing 5hmC, we established conditions under which
KRuO4 reacted specifically with the primary al-
cohol of 5hmC (Fig. 2A). Fifteen-nucleotide oligo-
mer ssDNA that contained C or 5mC did not
show any base-specific reactions with KRuO4 (fig.
S1, A and B). For 5hmC in DNA, we only ob-
served the aldehyde (5fC) and not the carboxylic
acid (20), even with a moderate excess of oxidant.
The KRuO4 oxidation can oxidize 5hmC in sam-
ples presented as double-stranded DNA (dsDNA),
with an initial denaturing step before addition of
the oxidant; this results in a quantitative conver-
sion of 5hmC to 5fC (Fig. 2B).

To test the efficiency and selectivity of the oxi-
dative bisulfite method, three synthetic dsDNAs
containing either C, 5mC, or 5hmC were each
oxidized with KRuO4 and then subjected to a
conventional bisulfite conversion protocol. Sanger
sequencing revealed that 5mC residues did not
convert to U, whereas both C and 5hmC resi-
dues did convert to U (fig. S2). Because Sanger
sequencing is not quantitative, to gain a more
accurate measure of the efficiency of transforming
5hmC to U, Illumina (San Diego, California) se-
quencing was carried out on the synthetic DNA
containing 5hmC (122-nucleotide oligomer) after
oxidative bisulfite treatment. An overall 5hmC-
to-U conversion level of 94.5% was observed (Fig.
2C and fig. S14). The oxidative bisulfite proto-
col was also applied to a synthetic dsDNA that
contained multiple 5hmC residues (135-nucleotide
oligomer) in a range of different contexts that
showed a similarly high conversion efficiency
(94.7%) of 5hmC to U (Fig. 2C and fig. S14).
Last, the KRuO4 oxidation was carried out on
genomic DNA and showed through mass spec-
trometry a quantitative conversion of 5hmC to
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Quantitative Sequencing of
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Single-Base Resolution
Michael J. Booth,1* Miguel R. Branco,2,3* Gabriella Ficz,2 David Oxley,4 Felix Krueger,5

Wolf Reik,2,3† Shankar Balasubramanian1,6,7†

5-Methylcytosine can be converted to 5-hydroxymethylcytosine (5hmC) in mammalian DNA by the
ten-eleven translocation (TET) enzymes. We introduce oxidative bisulfite sequencing (oxBS-Seq),
the first method for quantitative mapping of 5hmC in genomic DNA at single-nucleotide resolution.
Selective chemical oxidation of 5hmC to 5-formylcytosine (5fC) enables bisulfite conversion of
5fC to uracil. We demonstrate the utility of oxBS-Seq to map and quantify 5hmC at CpG islands
(CGIs) in mouse embryonic stem (ES) cells and identify 800 5hmC-containing CGIs that have
on average 3.3% hydroxymethylation. High levels of 5hmC were found in CGIs associated with
transcriptional regulators and in long interspersed nuclear elements, suggesting that these
regions might undergo epigenetic reprogramming in ES cells. Our results open new questions
on 5hmC dynamics and sequence-specific targeting by TETs.

5-Methylcytosine (5mC) is an epigenetic DNA
mark that plays important roles in gene
silencing and genome stability and is found

enriched at CpG dinucleotides (1). In metazoa,
5mC can be oxidized to 5-hydroxymethylcytosine
(5hmC) by the ten-eleven translocation (TET) en-
zyme family (2, 3). 5hmCmay be an intermediate
in active DNA demethylation but could also con-
stitute an epigenetic mark per se (4). Levels of
5hmC in genomic DNA can be quantified with
analytical methods (2, 5, 6) and mapped through
the enrichment of 5hmC-containing DNA frag-

ments that are then sequenced (7–13). Such ap-
proaches have relatively poor resolution and give
only relative quantitative information. Single-
nucleotide sequencing of 5mC has been per-
formed by using bisulfite sequencing (BS-Seq),
but this method cannot discriminate 5mC from
5hmC (14, 15). Single-molecule real-time se-
quencing (SMRT) can detect derivatized 5hmC
in genomic DNA (16). However, enrichment of
5hmC-containing DNA fragments is required,
which causes loss of quantitative information
(16). Furthermore, SMRT has a relatively high
rate of sequencing errors (17), and the peak call-
ing of modifications is imprecise (16). Protein
and solid-state nanopores can resolve 5mC from
5hmC and have the potential to sequence unam-
plified DNA (18, 19).

We observed the decarbonylation and deami-
nation of 5-formylcytosine (5fC) to uracil (U)
under bisulfite conditions that would leave 5mC
unchanged (Fig. 1A and supplementary text).
Thus, 5hmC sequencing would be possible if
5hmC could be selectively oxidized to 5fC and
then converted to U in a two-step procedure (Fig.

1B). Whereas BS-Seq leads to both 5mC and
5hmC being detected as Cs, this “oxidative
bisulfite” sequencing (oxBS-Seq) approach would
yield Cs only at 5mC sites and therefore allow
us to determine the amount of 5hmC at a partic-
ular nucleotide position by subtraction of this
readout from a BS-Seq one (Fig. 1C).

Specific oxidation of 5hmC to 5fC (table S1)
was achieved with potassium perruthenate (KRuO4).
In our reactivity studies on a synthetic 15-nucleotide
oligomer single-stranded DNA (ssDNA) contain-
ing 5hmC, we established conditions under which
KRuO4 reacted specifically with the primary al-
cohol of 5hmC (Fig. 2A). Fifteen-nucleotide oligo-
mer ssDNA that contained C or 5mC did not
show any base-specific reactions with KRuO4 (fig.
S1, A and B). For 5hmC in DNA, we only ob-
served the aldehyde (5fC) and not the carboxylic
acid (20), even with a moderate excess of oxidant.
The KRuO4 oxidation can oxidize 5hmC in sam-
ples presented as double-stranded DNA (dsDNA),
with an initial denaturing step before addition of
the oxidant; this results in a quantitative conver-
sion of 5hmC to 5fC (Fig. 2B).

To test the efficiency and selectivity of the oxi-
dative bisulfite method, three synthetic dsDNAs
containing either C, 5mC, or 5hmC were each
oxidized with KRuO4 and then subjected to a
conventional bisulfite conversion protocol. Sanger
sequencing revealed that 5mC residues did not
convert to U, whereas both C and 5hmC resi-
dues did convert to U (fig. S2). Because Sanger
sequencing is not quantitative, to gain a more
accurate measure of the efficiency of transforming
5hmC to U, Illumina (San Diego, California) se-
quencing was carried out on the synthetic DNA
containing 5hmC (122-nucleotide oligomer) after
oxidative bisulfite treatment. An overall 5hmC-
to-U conversion level of 94.5% was observed (Fig.
2C and fig. S14). The oxidative bisulfite proto-
col was also applied to a synthetic dsDNA that
contained multiple 5hmC residues (135-nucleotide
oligomer) in a range of different contexts that
showed a similarly high conversion efficiency
(94.7%) of 5hmC to U (Fig. 2C and fig. S14).
Last, the KRuO4 oxidation was carried out on
genomic DNA and showed through mass spec-
trometry a quantitative conversion of 5hmC to
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Bisulphite sequencing 
(BS-seq)

Oxidative bisulphite 
sequencing (oxBS-seq)

(He et al., 2011; Ito et al., 2011; Tahiliani et al., 2009). These

oxidized methylcytosines (oxi-mC) have been proposed to play a role

in active DNA demethylation through 5mC oxidation and DNA re-

pair, and in chromatin regulation (Pastor et al., 2013). 5mC and all
5 the oxi-mC species are of great interest due to the alleged role of

DNA methylation in diseases, such as different cancers (Baylin,

2005), Alzheimer (De Jager et al., 2014), asthma (Rastogi et al.,

2013), autism (Nardone et al., 2014) and type 2 diabetes (Dayeh

et al., 2014). However, studies of primary human clinical samples are
10 complicated by many factors; for instance, greater biological vari-

ation compared with more controlled molecular biology studies, pos-

sible confounding factors and case-control matching.

Bisulphite sequencing (BS-seq) has become the gold standard

technique for profiling methylation at single nucleotide resolution
15 (Lister et al., 2009, 2013; Rein et al., 1998). In BS-seq, genomic

DNA is treated with sodium bisulphite, which will rapidly deami-

nate unmodified cytosine (and 5fC and 5caC) to uracil, while de-

amination of 5mC and 5hmC are much slower (Frommer et al.,

1992). Next, after PCR amplification, uracil and cytosine are read
20 as thymine and cytosine, respectively. Importantly, 5fC and 5caC

will have the same read-out as unmodified cytosine and, similarly,

5hmC and 5mC share the same read-out in BS-seq (Huang et al.,

2010). This observation drove the development of various modified

bisulphite sequencing protocols (reviewed in Plongthongkum et al.,
25 2014). For instance, oxidative bisulphite sequencing (oxBS-seq)

(Booth et al., 2012) and Tet-assisted bisulphite sequencing (TAB-

seq) (Yu et al., 2012) were developed for distinguishing 5hmC from

5mC. Both methods, oxBS-seq and TAB-seq, are based on oxida-

tion; 5hmC is oxidised into 5fC by KRuO4 in oxBS-seq, whereas in
30 TAB-seq 5mC is oxidised into 5caC by recombinant mouse Tet1. To

gain information on 5fC, 5fC chemical modification-assisted bisul-

phite sequencing (fCAB-seq) (Lu et al., 2013) and reduced bisulphite

sequencing (redBS-seq) (Booth et al., 2014) have been proposed.

Chemical modification-assisted bisulphite sequencing (CAB-seq) to-
35gether with BS-seq allows the quantification of 5caC by protecting

5caC from deamination by sodium bisulphite with 1-ethyl-3-[3-

dimethylaminopropyl]-carbodiimide hydrochloride (Lu et al.,

2013). CpG methyltransferase (M.SssI) assisted bisulphite sequenc-

ing (MAB-seq) when combined with BS-seq distinguishes 5fC/5caC
40from C (Wu et al., 2014). A summary of the read-outs of the

described bisulphite sequencing approaches is listed in Figure 1A.

In order to estimate proportions of multiple methylation modifi-

cations, one has to deconvolute and integrate data from multiple

bisulphite based measurements (Fig. 1A) which often have biases
45due to imperfect experimental steps (Plongthongkum et al., 2014).

Many computational methods have been developed for analysing

the standard bisulphite sequencing data (here we will describe only

the most relevant methodologies, for a more comprehensive list of

different methods see €Aijö et al., 2016). Methods based on beta-
50binomial models have been proposed allowing modeling of sampling

and biological variation. For instance, MOABS uses a hierarchical

beta-binomial model with an empirical Bayesian approach (Sun

et al., 2014). To assess differential methylation, MOABS uses cred-

ible methylation difference metric for summarizing statistical and
55biological significance (Sun et al., 2014). Another method,

RADMeth, takes into account covariates under the beta-binomial

model using a generalised linear model approach with the logit link

function (Dolzhenko and Smith, 2014). RADMeth detects differen-

tial methylation by using the log-likelihood ratio test and the evi-
60dence for differential methylation across neighbouring cytosines is

shared using the Stouffer-Liptak weighted Z test. Recently, the

MACAU method was proposed, which combines a binomial mixed

model with a sampling-based inference algorithm to model various

genetic relatedness/population structures (Lea et al., 2015).
65MACAU uses Wald test statistics on the posterior samples to call

whether a covariate has an effect on methylation (Lea et al., 2015).

A C

B

Fig. 1. (A) The conversion chart of C, 5mC, 5hmC, 5fC and 5caC in BS-seq, oxBS-seq, TAB-seq, CAB-seq, fCAB-seq, redBS-seq and MAB-seq experiments. (B) The

experimental steps of BS- and oxBS-seq experiments are represented in terms of experimental parameters. Green and red arrows depict successful and unsuc-

cessful steps, respectively. (C) The proposed hierarchical model for modeling methylation modification proportions for BS-seq and oxBS-seq data and parts of

the original Lux model represented in the plate notation. The grey and white circles are used to represent observed variables and latent variables, respectively.

The grey squares represent fixed hyperparameters. The components, which model the experimental parameters and control cytosines are the same as in the Lux

model (€Aijö et al., 2016)
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potassium perruthenate (KRuO4)

5fC (Fig. 2D), with no detectable degradation of
C (fig. S1C). Thus, the oxidative bisulfite protocol
specifically converts 5hmC to U in DNA, leaving
C and 5mC unchanged, enabling quantitative,
single-nucleotide-resolution sequencing on wide-
ly available platforms.

We then used oxBS-Seq to quantitatively map
5hmC at high resolution in the genomic DNA
of mouse embryonic stem (ES) cells. We chose
to combine oxidative bisulfite with reduced rep-
resentation bisulfite sequencing (RRBS) (21),
which allows deep, selective sequencing of a
fraction of the genome that is highly enriched
for CpG islands (CGIs). We generated RRBS
and oxidative RRBS (oxRRBS) data sets, achiev-
ing an average sequencing depth of ~120 reads
per CpG, which when pooled yielded an aver-
age of ~3300 methylation calls per CGI (fig.
S3). After applying depth and breadth cutoffs
(supplementary materials, materials and meth-
ods), 55% (12,660) of all CGIs (22) were cov-
ered in our data sets.

To identify 5hmC-containing CGIs, we tested
for differences between the RRBS and oxRRBS
data sets using stringent criteria, yielding a false
discovery rate of 3.7% (supplementary materials,
materials and methods). We identified 800 5hmC-
containing CGIs, which had an average of 3.3%
(range of 0.2 to 18.5%) CpG hydroxymethylation
(Fig. 3, A and B). We also identified 4577 5mC-
containing CGIs averaging 8.1% CpG methyla-
tion (Fig. 3B). We carried out sequencing on an
independent biological duplicate sample of
the same ES cell line but at a different passage
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5-Methylcytosine can be converted to 5-hydroxymethylcytosine (5hmC) in mammalian DNA by the
ten-eleven translocation (TET) enzymes. We introduce oxidative bisulfite sequencing (oxBS-Seq),
the first method for quantitative mapping of 5hmC in genomic DNA at single-nucleotide resolution.
Selective chemical oxidation of 5hmC to 5-formylcytosine (5fC) enables bisulfite conversion of
5fC to uracil. We demonstrate the utility of oxBS-Seq to map and quantify 5hmC at CpG islands
(CGIs) in mouse embryonic stem (ES) cells and identify 800 5hmC-containing CGIs that have
on average 3.3% hydroxymethylation. High levels of 5hmC were found in CGIs associated with
transcriptional regulators and in long interspersed nuclear elements, suggesting that these
regions might undergo epigenetic reprogramming in ES cells. Our results open new questions
on 5hmC dynamics and sequence-specific targeting by TETs.

5-Methylcytosine (5mC) is an epigenetic DNA
mark that plays important roles in gene
silencing and genome stability and is found

enriched at CpG dinucleotides (1). In metazoa,
5mC can be oxidized to 5-hydroxymethylcytosine
(5hmC) by the ten-eleven translocation (TET) en-
zyme family (2, 3). 5hmCmay be an intermediate
in active DNA demethylation but could also con-
stitute an epigenetic mark per se (4). Levels of
5hmC in genomic DNA can be quantified with
analytical methods (2, 5, 6) and mapped through
the enrichment of 5hmC-containing DNA frag-

ments that are then sequenced (7–13). Such ap-
proaches have relatively poor resolution and give
only relative quantitative information. Single-
nucleotide sequencing of 5mC has been per-
formed by using bisulfite sequencing (BS-Seq),
but this method cannot discriminate 5mC from
5hmC (14, 15). Single-molecule real-time se-
quencing (SMRT) can detect derivatized 5hmC
in genomic DNA (16). However, enrichment of
5hmC-containing DNA fragments is required,
which causes loss of quantitative information
(16). Furthermore, SMRT has a relatively high
rate of sequencing errors (17), and the peak call-
ing of modifications is imprecise (16). Protein
and solid-state nanopores can resolve 5mC from
5hmC and have the potential to sequence unam-
plified DNA (18, 19).

We observed the decarbonylation and deami-
nation of 5-formylcytosine (5fC) to uracil (U)
under bisulfite conditions that would leave 5mC
unchanged (Fig. 1A and supplementary text).
Thus, 5hmC sequencing would be possible if
5hmC could be selectively oxidized to 5fC and
then converted to U in a two-step procedure (Fig.

1B). Whereas BS-Seq leads to both 5mC and
5hmC being detected as Cs, this “oxidative
bisulfite” sequencing (oxBS-Seq) approach would
yield Cs only at 5mC sites and therefore allow
us to determine the amount of 5hmC at a partic-
ular nucleotide position by subtraction of this
readout from a BS-Seq one (Fig. 1C).

Specific oxidation of 5hmC to 5fC (table S1)
was achieved with potassium perruthenate (KRuO4).
In our reactivity studies on a synthetic 15-nucleotide
oligomer single-stranded DNA (ssDNA) contain-
ing 5hmC, we established conditions under which
KRuO4 reacted specifically with the primary al-
cohol of 5hmC (Fig. 2A). Fifteen-nucleotide oligo-
mer ssDNA that contained C or 5mC did not
show any base-specific reactions with KRuO4 (fig.
S1, A and B). For 5hmC in DNA, we only ob-
served the aldehyde (5fC) and not the carboxylic
acid (20), even with a moderate excess of oxidant.
The KRuO4 oxidation can oxidize 5hmC in sam-
ples presented as double-stranded DNA (dsDNA),
with an initial denaturing step before addition of
the oxidant; this results in a quantitative conver-
sion of 5hmC to 5fC (Fig. 2B).

To test the efficiency and selectivity of the oxi-
dative bisulfite method, three synthetic dsDNAs
containing either C, 5mC, or 5hmC were each
oxidized with KRuO4 and then subjected to a
conventional bisulfite conversion protocol. Sanger
sequencing revealed that 5mC residues did not
convert to U, whereas both C and 5hmC resi-
dues did convert to U (fig. S2). Because Sanger
sequencing is not quantitative, to gain a more
accurate measure of the efficiency of transforming
5hmC to U, Illumina (San Diego, California) se-
quencing was carried out on the synthetic DNA
containing 5hmC (122-nucleotide oligomer) after
oxidative bisulfite treatment. An overall 5hmC-
to-U conversion level of 94.5% was observed (Fig.
2C and fig. S14). The oxidative bisulfite proto-
col was also applied to a synthetic dsDNA that
contained multiple 5hmC residues (135-nucleotide
oligomer) in a range of different contexts that
showed a similarly high conversion efficiency
(94.7%) of 5hmC to U (Fig. 2C and fig. S14).
Last, the KRuO4 oxidation was carried out on
genomic DNA and showed through mass spec-
trometry a quantitative conversion of 5hmC to
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5-Methylcytosine can be converted to 5-hydroxymethylcytosine (5hmC) in mammalian DNA by the
ten-eleven translocation (TET) enzymes. We introduce oxidative bisulfite sequencing (oxBS-Seq),
the first method for quantitative mapping of 5hmC in genomic DNA at single-nucleotide resolution.
Selective chemical oxidation of 5hmC to 5-formylcytosine (5fC) enables bisulfite conversion of
5fC to uracil. We demonstrate the utility of oxBS-Seq to map and quantify 5hmC at CpG islands
(CGIs) in mouse embryonic stem (ES) cells and identify 800 5hmC-containing CGIs that have
on average 3.3% hydroxymethylation. High levels of 5hmC were found in CGIs associated with
transcriptional regulators and in long interspersed nuclear elements, suggesting that these
regions might undergo epigenetic reprogramming in ES cells. Our results open new questions
on 5hmC dynamics and sequence-specific targeting by TETs.

5-Methylcytosine (5mC) is an epigenetic DNA
mark that plays important roles in gene
silencing and genome stability and is found

enriched at CpG dinucleotides (1). In metazoa,
5mC can be oxidized to 5-hydroxymethylcytosine
(5hmC) by the ten-eleven translocation (TET) en-
zyme family (2, 3). 5hmCmay be an intermediate
in active DNA demethylation but could also con-
stitute an epigenetic mark per se (4). Levels of
5hmC in genomic DNA can be quantified with
analytical methods (2, 5, 6) and mapped through
the enrichment of 5hmC-containing DNA frag-

ments that are then sequenced (7–13). Such ap-
proaches have relatively poor resolution and give
only relative quantitative information. Single-
nucleotide sequencing of 5mC has been per-
formed by using bisulfite sequencing (BS-Seq),
but this method cannot discriminate 5mC from
5hmC (14, 15). Single-molecule real-time se-
quencing (SMRT) can detect derivatized 5hmC
in genomic DNA (16). However, enrichment of
5hmC-containing DNA fragments is required,
which causes loss of quantitative information
(16). Furthermore, SMRT has a relatively high
rate of sequencing errors (17), and the peak call-
ing of modifications is imprecise (16). Protein
and solid-state nanopores can resolve 5mC from
5hmC and have the potential to sequence unam-
plified DNA (18, 19).

We observed the decarbonylation and deami-
nation of 5-formylcytosine (5fC) to uracil (U)
under bisulfite conditions that would leave 5mC
unchanged (Fig. 1A and supplementary text).
Thus, 5hmC sequencing would be possible if
5hmC could be selectively oxidized to 5fC and
then converted to U in a two-step procedure (Fig.

1B). Whereas BS-Seq leads to both 5mC and
5hmC being detected as Cs, this “oxidative
bisulfite” sequencing (oxBS-Seq) approach would
yield Cs only at 5mC sites and therefore allow
us to determine the amount of 5hmC at a partic-
ular nucleotide position by subtraction of this
readout from a BS-Seq one (Fig. 1C).

Specific oxidation of 5hmC to 5fC (table S1)
was achieved with potassium perruthenate (KRuO4).
In our reactivity studies on a synthetic 15-nucleotide
oligomer single-stranded DNA (ssDNA) contain-
ing 5hmC, we established conditions under which
KRuO4 reacted specifically with the primary al-
cohol of 5hmC (Fig. 2A). Fifteen-nucleotide oligo-
mer ssDNA that contained C or 5mC did not
show any base-specific reactions with KRuO4 (fig.
S1, A and B). For 5hmC in DNA, we only ob-
served the aldehyde (5fC) and not the carboxylic
acid (20), even with a moderate excess of oxidant.
The KRuO4 oxidation can oxidize 5hmC in sam-
ples presented as double-stranded DNA (dsDNA),
with an initial denaturing step before addition of
the oxidant; this results in a quantitative conver-
sion of 5hmC to 5fC (Fig. 2B).

To test the efficiency and selectivity of the oxi-
dative bisulfite method, three synthetic dsDNAs
containing either C, 5mC, or 5hmC were each
oxidized with KRuO4 and then subjected to a
conventional bisulfite conversion protocol. Sanger
sequencing revealed that 5mC residues did not
convert to U, whereas both C and 5hmC resi-
dues did convert to U (fig. S2). Because Sanger
sequencing is not quantitative, to gain a more
accurate measure of the efficiency of transforming
5hmC to U, Illumina (San Diego, California) se-
quencing was carried out on the synthetic DNA
containing 5hmC (122-nucleotide oligomer) after
oxidative bisulfite treatment. An overall 5hmC-
to-U conversion level of 94.5% was observed (Fig.
2C and fig. S14). The oxidative bisulfite proto-
col was also applied to a synthetic dsDNA that
contained multiple 5hmC residues (135-nucleotide
oligomer) in a range of different contexts that
showed a similarly high conversion efficiency
(94.7%) of 5hmC to U (Fig. 2C and fig. S14).
Last, the KRuO4 oxidation was carried out on
genomic DNA and showed through mass spec-
trometry a quantitative conversion of 5hmC to
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REPORTS

Bisulphite sequencing 
(BS-seq)

Oxidative bisulphite 
sequencing (oxBS-seq)

(He et al., 2011; Ito et al., 2011; Tahiliani et al., 2009). These

oxidized methylcytosines (oxi-mC) have been proposed to play a role

in active DNA demethylation through 5mC oxidation and DNA re-

pair, and in chromatin regulation (Pastor et al., 2013). 5mC and all
5 the oxi-mC species are of great interest due to the alleged role of

DNA methylation in diseases, such as different cancers (Baylin,

2005), Alzheimer (De Jager et al., 2014), asthma (Rastogi et al.,

2013), autism (Nardone et al., 2014) and type 2 diabetes (Dayeh

et al., 2014). However, studies of primary human clinical samples are
10 complicated by many factors; for instance, greater biological vari-

ation compared with more controlled molecular biology studies, pos-

sible confounding factors and case-control matching.

Bisulphite sequencing (BS-seq) has become the gold standard

technique for profiling methylation at single nucleotide resolution
15 (Lister et al., 2009, 2013; Rein et al., 1998). In BS-seq, genomic

DNA is treated with sodium bisulphite, which will rapidly deami-

nate unmodified cytosine (and 5fC and 5caC) to uracil, while de-

amination of 5mC and 5hmC are much slower (Frommer et al.,

1992). Next, after PCR amplification, uracil and cytosine are read
20 as thymine and cytosine, respectively. Importantly, 5fC and 5caC

will have the same read-out as unmodified cytosine and, similarly,

5hmC and 5mC share the same read-out in BS-seq (Huang et al.,

2010). This observation drove the development of various modified

bisulphite sequencing protocols (reviewed in Plongthongkum et al.,
25 2014). For instance, oxidative bisulphite sequencing (oxBS-seq)

(Booth et al., 2012) and Tet-assisted bisulphite sequencing (TAB-

seq) (Yu et al., 2012) were developed for distinguishing 5hmC from

5mC. Both methods, oxBS-seq and TAB-seq, are based on oxida-

tion; 5hmC is oxidised into 5fC by KRuO4 in oxBS-seq, whereas in
30 TAB-seq 5mC is oxidised into 5caC by recombinant mouse Tet1. To

gain information on 5fC, 5fC chemical modification-assisted bisul-

phite sequencing (fCAB-seq) (Lu et al., 2013) and reduced bisulphite

sequencing (redBS-seq) (Booth et al., 2014) have been proposed.

Chemical modification-assisted bisulphite sequencing (CAB-seq) to-
35gether with BS-seq allows the quantification of 5caC by protecting

5caC from deamination by sodium bisulphite with 1-ethyl-3-[3-

dimethylaminopropyl]-carbodiimide hydrochloride (Lu et al.,

2013). CpG methyltransferase (M.SssI) assisted bisulphite sequenc-

ing (MAB-seq) when combined with BS-seq distinguishes 5fC/5caC
40from C (Wu et al., 2014). A summary of the read-outs of the

described bisulphite sequencing approaches is listed in Figure 1A.

In order to estimate proportions of multiple methylation modifi-

cations, one has to deconvolute and integrate data from multiple

bisulphite based measurements (Fig. 1A) which often have biases
45due to imperfect experimental steps (Plongthongkum et al., 2014).

Many computational methods have been developed for analysing

the standard bisulphite sequencing data (here we will describe only

the most relevant methodologies, for a more comprehensive list of

different methods see €Aijö et al., 2016). Methods based on beta-
50binomial models have been proposed allowing modeling of sampling

and biological variation. For instance, MOABS uses a hierarchical

beta-binomial model with an empirical Bayesian approach (Sun

et al., 2014). To assess differential methylation, MOABS uses cred-

ible methylation difference metric for summarizing statistical and
55biological significance (Sun et al., 2014). Another method,

RADMeth, takes into account covariates under the beta-binomial

model using a generalised linear model approach with the logit link

function (Dolzhenko and Smith, 2014). RADMeth detects differen-

tial methylation by using the log-likelihood ratio test and the evi-
60dence for differential methylation across neighbouring cytosines is

shared using the Stouffer-Liptak weighted Z test. Recently, the

MACAU method was proposed, which combines a binomial mixed

model with a sampling-based inference algorithm to model various

genetic relatedness/population structures (Lea et al., 2015).
65MACAU uses Wald test statistics on the posterior samples to call

whether a covariate has an effect on methylation (Lea et al., 2015).

A C

B

Fig. 1. (A) The conversion chart of C, 5mC, 5hmC, 5fC and 5caC in BS-seq, oxBS-seq, TAB-seq, CAB-seq, fCAB-seq, redBS-seq and MAB-seq experiments. (B) The

experimental steps of BS- and oxBS-seq experiments are represented in terms of experimental parameters. Green and red arrows depict successful and unsuc-

cessful steps, respectively. (C) The proposed hierarchical model for modeling methylation modification proportions for BS-seq and oxBS-seq data and parts of

the original Lux model represented in the plate notation. The grey and white circles are used to represent observed variables and latent variables, respectively.

The grey squares represent fixed hyperparameters. The components, which model the experimental parameters and control cytosines are the same as in the Lux

model (€Aijö et al., 2016)

i2 T.€Aijö et al.

potassium perruthenate (KRuO4)

5fC (Fig. 2D), with no detectable degradation of
C (fig. S1C). Thus, the oxidative bisulfite protocol
specifically converts 5hmC to U in DNA, leaving
C and 5mC unchanged, enabling quantitative,
single-nucleotide-resolution sequencing on wide-
ly available platforms.

We then used oxBS-Seq to quantitatively map
5hmC at high resolution in the genomic DNA
of mouse embryonic stem (ES) cells. We chose
to combine oxidative bisulfite with reduced rep-
resentation bisulfite sequencing (RRBS) (21),
which allows deep, selective sequencing of a
fraction of the genome that is highly enriched
for CpG islands (CGIs). We generated RRBS
and oxidative RRBS (oxRRBS) data sets, achiev-
ing an average sequencing depth of ~120 reads
per CpG, which when pooled yielded an aver-
age of ~3300 methylation calls per CGI (fig.
S3). After applying depth and breadth cutoffs
(supplementary materials, materials and meth-
ods), 55% (12,660) of all CGIs (22) were cov-
ered in our data sets.

To identify 5hmC-containing CGIs, we tested
for differences between the RRBS and oxRRBS
data sets using stringent criteria, yielding a false
discovery rate of 3.7% (supplementary materials,
materials and methods). We identified 800 5hmC-
containing CGIs, which had an average of 3.3%
(range of 0.2 to 18.5%) CpG hydroxymethylation
(Fig. 3, A and B). We also identified 4577 5mC-
containing CGIs averaging 8.1% CpG methyla-
tion (Fig. 3B). We carried out sequencing on an
independent biological duplicate sample of
the same ES cell line but at a different passage
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BS-seq, oxBS-seq, etc.

Figure from (Booth et al, 2012)
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Reduced representation BS-seq (RRBS-seq)

▶ BS-seq provides an accurate map of
methylation state at single nucleotide resolution

▶ Whole genome analysis is expensive since only
about 1% of the human genome contains CpGs

▶ Reduced representation BS-seq (RRBS-seq)
uses restriction enzymes prior to bisulfite
sequencing focus on CpG regions
▶ MspI digests genomic DNA in a

methylation-insensitive manner
▶ MspI targets 5’CCGG3’ sequences and cleaves

the phosphodiester bonds upstream of CpG
dinucleotide.

→ Each fragment will have a CpG at each end

▶ RRBS-seq will cover majority of promoters and
GC rich regions

Figure from (Lianga et al, 2014)
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RRBS data analysis workflow example
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RRBS data analysis workflow example
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Aligning BS-seq reads

Bisulfite treatment introduces mutations into genomic DNA in a methylation dependent
manner

▶ Alignment of BS-seq reads is more challenging

▶ Standard alignment methods cannot be used directly

Bismark tool uses the following approach to map BS-seq reads

▶ Reads from a BS-seq experiment are converted into a C-to-T version and a G-to-A version

▶ The same conversion for the genome

▶ Bowtie alignment in the genome that has reduced complexity

▶ A unique best alignment is determined from four parallel alignment processes (see next
page)
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Bismark tool

Figure from (Krueger & Andrews, 2011)
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Quantifying BS-seq data

▶ Bismark outputs, among others, one line per read containing useful information
▶ Mapping position, alignment strand, the bisulfite read sequence, its equivalent genomic

sequence and a methylation call string

▶ Bismark automatically extracts the methylation information at individual cytosine
positions
▶ For different sequence contexts (CpG, CHG, CHH; where H can be either A, T or C)
▶ Strand-specific or strands merged

▶ That is, for each cytosine Bismark outputs
▶ ni the number of reads covering the cytosine in sample i
▶ mi the number of methylated readouts (i.e., “C”) for the cytosine in sample i

▶ One way to quantify methylation proportion is

p̂i =
mi

ni
=

the number of C reads overlapping the cytosine

the number of C or T reads overlapping the cytosine
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Beta-binomial model

▶ At the end, one is typically interested in testing a hypothesis, e.g. is there a statistically
significant difference in methylation levels between group A and group B

▶ Some early methods applied e.g. the t-test on the estimated methylation fractions p̂i (or
their logit transformations)

▶ We will look at RadMeth tool (Dolzhenko and Smith, 2014)

▶ RadMeth uses the beta-binomial regression model, where beta-binomial is a compound
distribution obtained from the binomial by assuming that its probability of success
parameter follows a beta distribution
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Beta-binomial model

i = 1, . . . , s, where s is the number of biological samples
For each cytosine in the genome we have the following model

▶ ni : the number of reads that contain“C”or“T” readout at the cytosine in sample i
▶ mi : the number of reads that contain“C” readout (i.e. methylated) at the cytosine in

sample i (0 ≤ mi ≤ ni )
▶ If we knew the underlying methylation proportion pi , then: Mi ∼ Binom(pi , ni )

▶ pi : the unknown methylation level of the cytosine in sample i
▶ Instead of assuming a fixed (unknown) methylation level, assume pi has a compounding

distribution pi ∼ Beta(α, β), α ≥ 0, β ≥ 0
▶ The probability of observing methylation level Mi = mi for a coverage ni follows so called

beta-binomial model BetaBinomial(ni , α, β)

P(Mi = mi |ni , α, β) =

∫ 1

0

Binom(mi |pi , ni )Beta(pi |α, β)dpi

=

(
ni
mi

)
B(mi + α, ni −mi + β)

B(α, β)
,

where B is the beta function
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Beta-binomial model

▶ An illustration of binomial / beta / beta-binomial densities
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Beta-binomial model

▶ Mean and variance of the beta-binomial random variable are

µ =
niα

α+ β
and σ2 =

niαβ(α+ β + ni )

(α+ β)2(α+ β + 1)

▶ Reparameterization
▶ π = α

α+β
is the the average methylation level of a set of replicate samples

▶ γ = 1
α+β+1

is the common dispersion parameter

▶ This allows us to write the original model BetaBinomial(ni , α, β) equivalently as

Mi ∼ BetaBinomial(ni , π, γ)

where the mean and the variance are now defined as
▶ E(Mi ) = niπ
▶ Var(Mi ) = niπ(1− π)(1 + (ni − 1)γ)

▶ That is, given π and γ, solve for α and β, and evaluate pdf using BetaBinomial(ni , α, β)

▶ Recall that the variance of the binomial distribution is niπ(1− π) which is smaller than
Var(Mi ) for ni ≥ 2
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GLM with beta-binomial likelihood

▶ In most of the real world applications, methylation levels can be confounded by one or
more factors (e.g. age and smoking)

▶ The generalized linear model (GLM) generalizes the linear regression to allow for response
variables that have likelihood models other than a normal distribution
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GLM with beta-binomial likelihood

▶ For each sample i (and for each cytosine), the mean methylation level πi depends on
covariates xi = (xi1, xi2, . . . , xip)

T

g(πi ) =

p∑
j=1

xijβj = xTi β

where β is a p × 1 parameter vector and

g(π) = logit(π) = log

(
π

1− π

)
πi = logit−1(xTi β) = logistic(xTi β) =

exp(xTi β)

exp(xTi β) + 1

▶ logit(·) : ]0, 1[→ R, thus logit(·)−1 : R →]0, 1[
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Model fitting and inference

▶ The beta-binomial regression is fit separately for each CpG site

▶ The parameters β and γ are estimated using maximum likelihood
▶ E.g. iteratively reweighted least squares algorithm using a Newton-Raphson method

▶ Test the differential methylation w.r.t. a covariate xj with parameter βj :
▶ Null hypothesis: βj = 0
▶ Estimate the full model, and the reduced model without the covariate xj
▶ Compare the models using log-likelihood ratio test

D = −2 ln

(
likelihood of the reduced model

likelihood of the full model

)
▶ p-value from chi-square test with dfull − dreduced degrees of freedom, where dfull denotes

the number of free parameters in the full model

▶ Remember multiple testing!

▶ Neighbouring CpGs that are detected to be statistical significant can be combined to form
differentially methylated regions (DMRs)
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RadMeth application

▶ Neuron and non-neuron RRBS-seq samples from mouse frontal cortex: xi1 ∈ {0, 1}
▶ 6 samples: s = 6

▶ Two additional factors: age (xi2 ∈ R+), sex (xi3 ∈ {0, 1})
▶ 72 000 differentially methylated regions (DMRs) between neuron and non-neuron samples

that contain at least 10 CpGs

▶ DMRs with minimum methylation difference above 0.55
▶ 1708 lowly methylated (active) regions in neurons
▶ These regions are associated with (located close to) 1089 genes
▶ GO enrichment analysis by DAVID found a strong association of these genes with various

aspects of neuronal development and function
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RadMeth application

Dolzhenko and Smith BMC Bioinformatics 2014, 15:215 Page 6 of 8
http://www.biomedcentral.com/1471-2105/15/215
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file 1). Although predominantly glial, non-neuron sam-
ples consisted of multiple cell types. Hence the majority
of DM regions, especially the ones corresponding to mod-
est methylation changes, are likely to indicate difference
between individual cell types and neurons. To obtain
DM regions with consistent methylation changes between
neurons and non-neurons in the majority of molecules
comprising the samples, we selected DM regions with
minimum methylation difference above 0.55. The 1,708
of these regions were lowly methylated in neurons and
were associated with 1,089 genes. The GO term enrich-
ment analysis, performed using DAVID [30], revealed a
strong association of these genes with various aspects
of neuronal development and function (see Additional
file 2).

Large-scale dataset
The second dataset [31] consisted of 152 MethylC-
seq libraries. The methylome samples obtained from
these libraries with MethPipe [14] had mean coverage

11.2 (s.d. 2.7); 54 of these samples came from inflores-
cence (flower cluster) and the remaining 98 from the
leaf of Aradidopsis thaliana. RADMeth identified 13,576
DM regions between the two groups of samples (see
Additional file 1). Out of these, 5,049 DM regions contain-
ing at least 10 CpG sites were retained for downstream
analysis.

It is well known that methylation in Aradidopsis plays
an important role in silencing of transposable elements
(e.g. [32]), which are usually heavily methylated. Inter-
estingly, most of the DM regions we found overlapped
transposons (1.781 observed over expected ratio; see also
Figure 3). The methylation differences between inflo-
rescence and leaf samples were modest: above 0.1 for
1,271 DM regions and above 0.2 for just 129 regions,
indicating relative loss of methylation within transposons
in a relatively small fraction of sequenced molecules.
Promoter and gene bound DM regions were underrepre-
sented, with 0.19 and 0.28 observed over expected ratios
respectively.

Figure from (Dolzhenko and Andrew, 2014)
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RRBS data analysis workflow example
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1. Preprocessing

Figure from (Krueger 2013).

▶ TrimGalore: trimming
of
▶ Low-quality bases
▶ End repair biases
▶ Adapter sequences
▶ overlaps between

paired-end reads



35/ 41

1. Preprocessing (steps after alignment and methylation extractor)

Example M-bias plot that looks ok (for RRBS) and doesn’t suggest further trimming

▶ Excluding of samples
that have low bisulfite
conversion efficiency
(estimated as
proportion of Cs
converted to Ts in the
completely
unmethylated lambda
phage genome)

▶ Trimming of M-biases
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2. SNP detection

▶ Possible effects of SNPs (Liu et al. 2012):
▶ C to T SNPs at methylation sites might be misinterpreted as partially (50%) or completely

unmethylated Cs

▶ SNP detection: Most bisulfite sequencing protocols only convert unmethylated C, while G
on the opposing strand remains unchanged

→ Detect C to T mutations using the reads from the opposite strand
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3. Coverage filtering

▶ CpG sites with extremely high coverages within each sample removed to avoid PCR
duplicates in RRBS (although some number of overlaps are expected)

▶ For example, low-coverage CpG sites, i.e. with coverage < 10 reads in more than 50 % of
the samples removed
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RRBS data analysis workflow example
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5. Interpretation after the differential methylation analysis

Could the differentially methylated sites/regions have an impact on the expression of some
gene?

▶ Nearest genes
▶ E.g. some GO terms enriched in the nearest genes?

▶ Genomic parts: intron/exon/promoter/intergenic
▶ R package genomation

▶ Enhancer regions
▶ GeneHancer database

▶ Transcription factor binding sites
▶ TRANSFAC (a manually curated database of transcription factor binding sites)

▶ mQTL and eQTM
▶ For human whole blood e.g. GoDMC mQTLdb (mqtldb.godmc.org.uk) or BIOS QTL

browser (genenetwork.nl)
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mQTL (methylation quantitative trait loci) and eQTM (expression
quantitative trait methylation)

Figure from (Bonder et al. 2017)
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