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ABSTRACT

The controlled and stepwise oxidation of 5mC to
5hmC, 5fC and 5caC by Tet enzymes is influenc-
ing the chemical and biological properties of cyto-
sine. Besides direct effects on gene regulation, oxi-
dised forms influence the dynamics of demethylation
and re-methylation processes. So far, no combined
methods exist which allow to precisely determine the
strand specific localisation of cytosine modifications
along with their CpG symmetric distribution. Here we
describe a comprehensive protocol combining con-
ventional hairpin bisulfite with oxidative bisulfite se-
quencing (HPoxBS) to determine the strand specific
distribution of 5mC and 5hmC at base resolution. We
apply this method to analyse the contribution of local
oxidative effects on DNA demethylation in mouse ES
cells. Our method includes the HPoxBS workflow and
subsequent data analysis using our developed soft-
ware tools. Besides a precise estimation and display
of strand specific 5mC and 5hmC levels at base res-
olution we apply the data to predict region specific
activities of Dnmt and Tet enzymes. Our experimental
and computational workflow provides a precise dou-
ble strand display of 5mC and 5hmC modifications
at single base resolution. Based on our data we pre-
dict region specific Tet and Dnmt enzyme efficien-
cies shaping the distinct locus levels and patterns of
5hmC and 5mC.

INTRODUCTION

In mammals, DNA methylation is restricted to the C5 po-
sition of cytosine and is predominantly found in a CpG
context (1–3). The precise control of its establishment and
maintenance is tightly controlled by the DNA methyl-
transferases Dnmt1, Dnmt3a and Dnmt3b. All three en-

zymes catalyse the transfer of a methyl group from s-
adenosyl methionine to cytosine.

Dnmt1 is associated with the replication machinery by
directly interacting with Uhrf1 and PCNA (4–7). The pro-
tein complex modulates the preferred recognition of Dnmt1
for hemimethylated CpGs, such that Dnmt1 acts as a copy-
ing enzyme for existing methylation patterns from the old
to the newly synthesised DNA strand, maintaining original
methylation patterns across cell divisions (8,9). This process
is one of the key mechanisms of epigenetic inheritance.

On the other hand, Dnmt3a and Dnmt3b are the key
enzymes to methylate CpG dinucleotides in the first place.
They are called ‘de novo’ methyltransferases and mainly
act on unmethylated DNA during epigenetic programming
phases of development and differentiation (10,11). How-
ever, there are numerous indications that the strict separa-
tion of de novo and maintenance methylation functions be-
tween Dnmt1 and Dnmt3a/Dnmt3b is not definite. Instead,
under certain conditions, these enzymes exhibit overlapping
functions (12–14).

Moreover, 5-methyl cytosine (5mC) can be oxidised by a
group of oxigenases called ten-eleven translocation enzymes
(Tets) (15,16). Under consumption of oxygen and 2-oxo-
glutarate, these Fe(II) dependent dioxigenases oxidise 5mC
in a first reaction to 5-hydroxymethyl cytosine (5hmC), fol-
lowed by 5-formyl cytosine (5fC) and finally 5-carboxy cy-
tosine (5caC) (17–19). The most abundant form of these ox-
idised cytosine variants is 5hmC. Recent publications show
that 5hmC can be found in numerous cell types such as em-
bryonic stem cells (ESC), neurons or liver cells (20–22). The
current knowledge suggests that 5hmC, like 5mC, imposes
an epigenetic regulatory function through the recognition
of specific reader proteins.

In zygotes 5mC is extensively converted into 5hmC
mainly on the paternal (sperm derived) chromosomes
(23,24). Furthermore, in subsequent cell divisions, DNA
methylation decreases, suggesting that 5hmC under certain
conditions promotes genome wide DNA methylation re-
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programming (25,26). Based on this, and other observa-
tions, several mechanisms have been proposed how 5hmC
contributes to a passive (replication dependent) and active
(non-replicative) loss of DNA methylation (26–31).

In order to better understand and comprehensively fol-
low such processes over cell divisions, accurate base resolu-
tion detection methods discriminating 5mC and 5hmC are
essential.

One such method is the oxidative bisulfite conversion
(oxBS). In addition to a standard bisulfite treatment, where
both 5mC and 5hmC remain unconverted and indistin-
guishable as cytosine after sequencing, a pre-bisulfite oxi-
dation reaction converts 5hmC to 5fC, which will be con-
verted by bisulfite to 5f-uracil and to thymine in the sub-
sequent PCR (32,33). By comparing the readout of stan-
dard bisulfite sequencing (BS) and oxBS, one can determine
the amount of 5mC and 5hmC for each modified cytosine
within the DNA.

Since bisulfite modification based methods only work ef-
ficiently on single stranded DNA, the subsequent sequenc-
ing information only covers the methylation status of one
DNA strand. It is therefore impossible to deduce the sym-
metry of modifications at CpG dyads in double stranded
(ds) DNA. To overcome this limitation, Laird et al. devel-
oped a method of bisulfite sequencing which physically links
DNA strands by the addition of a hairpin linker, in other
words a short hairpin oligo nucleotide is attached onto the
DNA to prevent a physical separation of the upper (Wat-
son) and lower (Crick) strand during bisulfite treatment
(34–36).

In order to monitor the distribution of 5mC and 5hmC in
ds-DNA, we here describe a protocol which combines con-
ventional hairpin bisulfite sequencing (HPBS) with oxBS
(30).

MATERIALS AND METHODS

Hairpin oxidative bisulfite sequencing (HPoxBS) comprises
a series of biochemical reaction and purification steps. First,
fragmented genomic DNA is ligated to a synthetic hairpin
linker (37). The ligated DNA is then used for BS and oxBS
treatment, sequence specific PCR amplification and finally
next generation based sequencing (NGS). Figure 1 provides
a general outline of the individual steps of the method.

Digestion of genomic DNA

The first step of the experimental procedure is the diges-
tion of genomic DNA (Figure 2). The optimal restriction
enzyme (RE) used for HPoxBS should fulfill the following
conditions: The restriction site should be in close proxim-
ity to the CpGs of interest, as it provides the anchor for the
hairpin linker ligation. The distance between restriction site
and region of interest should be ≤250 bp when using a 2×
300 bp paired sequencing mode on an Illumina MiSeq plat-
form.

We recommend the usage of type II REs generating 3′ or
5′ overhangs to increase the ligation efficiency of the hairpin
linker. Alternatively, blunt end DNA can be A-tailed using
Klenow Fragment (3

′ → 5
′

exo-). The RE should not be
sensitive against both 5mC and 5hmC, thereby avoiding a

Figure 1. HPoxBS pipeline. Individual steps of HPoxBS starting from
DNA quality assessment to 5hmC prediction and enzyme efficiency es-
timation.

Figure 2. Experimental workflow of HPoxBS. (1) Genomic DNA is en-
zymaticaly digested; (2) DNA strands are linked covalently by ligation of
a hairpin linker; (3) after ligation the reaction is split and treated with BS
or oxBS; (4) region of interest is amplified and sequencing adapters are
introduced; (5) multiplexed enrichment PCR including ID tagging

bias of the analysis by blocked restriction. Ideally, no CpG
should be present within the restriction site. We have suc-
cessfully used the enzymes R.BsaWI, R.DdeI and R.TaqI.

Following DNA preparation and hairpin linker ligation,
the oxBS treatment includes two harsh chemical modifica-
tions, which strongly increase the risk of damaging the input
DNA. It is recommended to use sufficient amounts of high
quality (desalted, pure) DNA to compensate for the loss of
amplifiable DNA, inevitably caused by chemical fragmen-
tation and depurination.
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Figure 3. Hairpin linker structure. Example of a hairpin linker in unfolded
(left) and annealed (right) conformation matching a 5′-overhang created
by the restriction enzyme R.TaqI. (1) green = restriction enzyme comple-
mentary 5′-CG overhang; (2) = stem structure facilitating the folding; (3)
= loop structure with unique molecular identifier sequence; M = 5mC, H
= 5hmC, D = A, T or G.

We recommend to start with 300–500 ng genomic DNA
digested in a buffered 20 �l reaction using a 5–10× excess of
RE (units/�g). To ensure complete digestion of the DNA,
the incubation should be performed overnight (12 h). After
digestion is complete, the enzyme must be inactivated. We
only use temperature and no chemical inactivation, as in our
experience this negatively affected the ligation of the hair-
pin linker. The amount of DNA might be reduced in case
the DNA has sufficient quality and integrity. Alternatively,
when operating with very low cell numbers, HPoxBS can be
applied using a ‘one tube’ reaction without prior DNA iso-
lation. We demonstrate this application for the analysis of
primordial germ cells (see supplement sections S.2 and S.3).
However, if possible, we advice the use of sufficient amount
of isolated high quality DNA to obtain optimal results.

Hairpin linker design and ligation

The hairpin linker contains a single stranded overhang com-
plementary to the genomic DNA overhangs generated by
the RE. Figure 3 shows an example with a two base 5′-CpG
overhang generated by the RE R.TaqI.

The hairpin linker comprises the following features: (i) A
unique sequence (molecular) identifier (UMI) which allows
to identify individual original ligation events and to bioin-
formatically remove clonal PCR amplificates from the pool
of sequences (35). (ii) Unmodified cytosines at defined po-
sitions allowing to determine the overall C to T (G to A)
bisulfite conversion rates. (iii) 5mC and 5hmC to deduce the
rates of unwanted conversion of both modified bases due
to either BS or oxBS treatment. Note that this could be ex-
panded by including 5fC and 5caC modified bases for e.g.
fCAB or MAB-Seq analysis (38–40).

Ligation of the hairpin linker, will generate closed DNA
fragments (Figure 2). To minimise self-ligation of DNA
fragments, hairpin linker is given in excess. The ligation re-
action occurs for >4 h (or overnight) at 16◦C.

Bisulfite and oxidative bisulfite treatment

The oxBS conversion includes an oxidation step prior to
the bisulfite treatment. For this oxidation (which we per-
form according to the manufacturer’s manual (Cambridge
Epigenetix (CEGX)) the purity of the sample is of great
importance as traces of salt or ethanol will cause the reac-
tion to fail. For this reason, it is essential to purify (and de-
salt) the sample after the ligation reaction. We then continue
with a bisulfite reaction using the TrueMethyl Kit provided

Figure 4. Conversion during BS and oxBS. Conversions of cytosine and
its modified derivatives (upper row) during BS and oxBS (middle row) as
well as their appearance after sequencing (lower row). Black straight ar-
rows indicate the intended conversion reaction; red dashed arrows indicate
possible conversion errors.

by Cambridge Epigenetix (CEGX). We usually perform the
following protocol:

(1) After ligation, transfer the solution into a 1.5 ml reac-
tion tube and adjust the volume to 50 �l using ddH2O.

(2) Add 100 �l (2×) AMPure XP beads and incubate for
15 min at room temperature (RT).

(3) Place the tube onto a magnetic stand and incubate for
10 min at RT.

(4) Carefully discard the supernatant without disturbing
the beads.

(5) Keep on the magnetic stand and add 1 ml freshly pre-
pared 80% acetonitrile and wait for 30 s. Then care-
fully remove and discard the supernatant.

(6) Repeat the wash step from (5) three more times for a
total of four wash steps.

(7) Let the beads dry for 5min on the magnetic stand.
(8) Without removing the tube from the magnet, add 20

�l 0.05 M NaOH.
(9) Remove the reaction from the magnetic stand and re-

suspend the beads completely by pipetting. Incubate
for 10 min at RT to elute the DNA.

(10) Place the tube back onto the magnetic stand and incu-
bate for 5 min until the suspension becomes clear.

(11) Without disturbing the beads, remove 9 �l of the su-
pernatant for BS and 9 �l for oxBS and put each into
a new reaction tube. Proceed with the oxBS workflow
according to Booth et al.

Note, for the preparation of 80% Acetonitrile and 0.05M
NaOH ensure high purity of the used ddH2O.

For each purified DNA we then perform two separate
conversion reactions: (i) a conventional bisulfite conver-
sion reaction and (ii) a combined oxidation and bisulfite
reaction (Figure 2) and Figure 4. The single treatment
with sodium bisulfite allows to simultaneously detect 5mC
and 5hmC. All unmodified cytosines (as well as 5fC and
5caC, see below) are converted into uracils, while 5mC and
5hmC are not converted. In the subsequent PCR ampli-
fication and sequencing, converted cytosines will be read
as thymine instead of cytosine. In the case of oxBS, 5fC
will be oxidised to 5fU and converted to 5fU during bisul-
fite treatment. Following subsequent PCR, 5hmC will ap-
pear as thymine after sequencing. We recommend to use the
TrueMethyl Kit (CEGX) to perform the bisulfite treatment.
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Table 1. Typical ligation reaction for HPoxBS

20 �l Digested chromosomal DNA (15–25 ng/�l)
2.5 �l 10 mM ATP
1.0 �l 100 pmol/�l hairpin linker
0.5 �l 400 U/�l T4 DNA ligase (New England Biolabs)
1.0 �l ddH2O

Table 2. Typical PCR protocol for HPoxBS using HOT FIREPol®

PCR protocol PCR conditions

2.0 �l BS/oxBS hairpin sample
3.0 �l 10× Buffer BD 95◦C 15 min
3.0 �l 25mM MgCl2 95◦C 1 min
2.4 �l 10mM dNTPs X◦C X min 40x
0.5 �l Forward Primer 72◦C 1 min
0.5 �l Reverse Primer 72◦C 7 min
0.7 �l HOT FIREPol®

19.1 �l ddH2O

Table 3. Multiplex-PCR protocol for sequencing preparation

PCR protocol PCR conditions

25.0 �l BS/oxBS hairpin sample
5.0 �l 10× Buffer HotStarTaq 95◦C 15 min
2.0 �l 25 mM MgCl2 95◦C 30 s
4.0 �l 10 mM dNTPs 60◦C 30 s 5×
2.5 �l Forward Primer 72◦C 30 s
2.5 �l Reverse Primer 72◦C 5 min
0.6 �l HotStarTaq®

8.4 �l ddH2O

Note, when using other bisulfite protocols, ensure that the
method achieves a complete conversion of 5fC and 5caC.

Amplification of target genes

After BS and oxBS treatment, the targeted regions are am-
plified by PCR in which also the first part of the sequencing
adapters are introduced (Table 2 and Figure 2). The PCR
uses gene specific primers to amplify a specific target re-
gion ligated to the hairpin linker. For PCR we use the HOT
FIREPol® DNA Polymerase from Solis BioDyne, which
performs well on uracil containing bisulfite templates.

After incubation, the amplified product needs to be pu-
rified to remove PCR residues, such as nucleotides, salt and
primers which would interfere with downstream processes.
Routinely, we perform purification using AMPure XP beads
in a ratio of 1:1 (�l PCR : �l beads) or agarose gel purifi-
cation using Geneaid ‘Gel/PCR DNA Fragments Kit’ fol-
lowing manufacturer’s instructions.

Amplicon preparation and sequencing

Amplicon preparation for sequencing is finalised by sub-
jecting the purified product to a second PCR (Table 3 and
Figure 2). In this amplification, primers are not gene spe-
cific, but bind to the adapter part introduced during the first
PCR. The second primer pair provides the adapter sequence
which facilitates the binding to the sequencing platform and
in addition carries a sample specific ID. The Reaction can be
performed as a multiplex PCR, where several distinct am-
plicons can be flagged with the same ID.

In our case, subsequent sequencing is performed on an
Illumina MiSeq platform using a multiplexed 2× 300 bp
paired-end sequencing. For this, the products of the second
PCR are again purified using AMPure XP beads with a ra-
tio of 1:1.1 (�l PCR : �l beads). All amplicon pools are then
adjusted to a concentration of 5 nM and joined for mul-
tiplexed sequencing. Following manufacture’s instructions,
the pooled library is further diluted to a final concentration
of 18 pM.

Sequence alignment and methylation calling

Following demultiplexing and quality control, sequence
alignment and extraction of methylation information is
performed using BiQAnalyzer HT (BiQHT) (http://biq-
analyzer-ht.bioinf.mpi-inf.mpg.de/). BiQHT is a Java based
tool with graphical user interface which has been developed
for locus specific DNA methylation analysis (41). The pro-
gram aligns the sequencing reads against a given reference
sequence and determines the methylation state for each cy-
tosine.

To exploit all the information contained in the hairpin
amplicon, four individual analysis steps have to be per-
formed:

CpG methylation analysis. CpG methylation is analysed
by providing a genomic reference sequence without for each
locus, consisting of the unconverted DNA sequence from
top and bottom strand with the converted (C replaced by T)
hairpin linker sequence in between (Supplement S.8 Hairpin
reference sequences). Cytosines of the hairpin linker will be
analysed independently and therefore have to be replaced by
Ts. The analysed methylation context has to be set to ‘CpG’.
BiQHT provides several filter options to dispose unwanted
sequencing reads. Routinely, we use a sequence identity of
≥0.9 for single copy genes and ≥0.8 for repetitive elements
due to their sequence variability. However, filtering might
be optimised for individual amplicons by including addi-
tional parameters such as conversion rate, alignment score
or fraction of unrecognized sites.

nonCpG methylation analysis. For an unbiased detection
of nonCpG methylation, all CpGs in the reference file and
also in the sequencing read file must be replaced by NpNs.
Furthermore, to allow nonCpG methylation detection, the
analysed methylation context has to be changed to ‘C’. Usu-
ally, the filter conditions from the CpG methylation analysis
can be applied.

Linker conversion rate. The unmodified cytosines in the
hairpin linker allow the determination of cytosine conver-
sion, unbiased by nonCpG methylation. To extract the in-
formation, sequencing reads are aligned to the genomic se-
quence of the hairpin linker (Supplement S.6 Linker se-
quences). The variable loop sequence creates UMIs which
cannot be described by one reference sequence alone. There-
fore, the sequencing identity filter must be reduced to ≥0.6
in order to prevent the loss of sequencing reads. Analysed
methylation context has to be set to ‘C’.

SNP detection. BiQHT annotates single nucleotide poly-
morphisms (SNPs), if specified in the reference sequence.

http://biq-analyzer-ht.bioinf.mpi-inf.mpg.de/
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This function can also be used to determine the state of
5mC and 5hmC within the hairpin linker. Both cytosines
have to be replaced by ‘N’ in the reference sequence for the
analysis. BiQHT then annotates the occurring base (C or
T) for both cyotsines in each read. The output can be used
to calculate the conversion rate of 5mC and 5hmC during
BS and oxBS (Figure 4). Applied are the same settings as
in the CpG methylation analysis but in addition the option
‘output results of the SNP analysis’ must be selected.

Restoration of double strand information

Subsequently to BiQHT, we use Hairpinanalyzer to restore
the ds information. The Hairpinanalyzer is a python based
script which accepts the output of BiQHT, restores the ds
information and generates the following output:

(1) A map of methylation pattern in form of a portable net-
work graphic (png).

(2) A text file for each sample containing the CpG methy-
lation information of each read and in addition, posi-
tion specific nonCpG methylation, conversion rates and
SNPs.

(3) A text summary file for all samples related to the same
reference sequence.

Note that the results of BS and oxBS are stored as in-
dividual files and the level of 5hmC must be calculated by
comparing both outputs. The most simple calculation is the
subtraction of the mean methylation level of oxBS from
BS results. Additionally, to also gain the distribution of
5hmC, this calculation has to be done for fully methylated
CpGs, hemimethylated CpG on the top- and hemimethy-
lated CpGs on the bottom strand, respectively. The script of
the Hairpinanalyzer is available on GitHub https://github.
com.

Estimation of 5hmC and enzyme efficiency

The conversion scheme in Figure 4 suggests that 5hmC lev-
els are simply determined by subtracting mean methyla-
tion levels of BS reactions from those of oxBS reactions.
We observe that this may lead to inaccurate estimates due
to random sampling of different cells and the omission
of conversion errors. Therefore, we propose a more accu-
rate approach by combining two Hidden Markov Models
(HMMs), one for BS and one for oxBS, that take into ac-
count all possible conversions as outlined in Figure 4. We
then link the two HMMs and calibrate the model’s pa-
rameters, such that they simultaneously fit the results of
BS and oxBS. By this, we can accurately estimate 5hmC
levels. For this purpose we developed H(O)TA, a MAT-
LAB based tool which uses ds information for such calcu-
lations https://mosi.uni-saarland.de/HOTA (42). H(O)TA
works with classical HPBS data, but also with data from
HPoxBS experiments. Based on the information provided,
H(O)TA considers the ds information and conversion rates
to estimate accurate 5mC and 5hmC level as well as their ds
distribution. In addition, it predicts the efficiencies of Dn-
mts and Tets. Furthermore, based on the ds information,

H(O)TA provides a more accurate discrimination of main-
tenance and de novo methylation compared to single strand
based models.

All tools come with detailed instruction for easy use. In
addition, we included a test data set to the supplement in-
formation, which includes raw data from MiSeq sequenc-
ing, BiQHT and Hairpinanalyzer output as well as the input
files and the results of the H(O)TA analysis.

RESULTS

In this section, we outline the complete HPoxBS workflow
(including a H(O)TA analysis) for the analysis of demethy-
lation dynamics in mouse embryonic stem cells (ESCs). This
section is followed by a brief summary of use cases on
mouse primordial germ cells and human monocytes, respec-
tively. A full description for the additional data can be found
in supplement sections S.3 and S.4.

Mouse ESCs have a high genome wide methylation sta-
tus when cultivated on serum/LIF, while loosing DNA-
methylation in a replication dependent manner under 2i
conditional medium (43–46). We analysed ESCs under
Serum/LIF (day0) conditions as well as after their transi-
tion into 2i after 24h (day1), 72h (day3) and 144h (day6).
Our goal was to monitor the progressive changes in DNA-
methylation and DNA-hydroxymethylation levels at three
single- (Afp, Ttc25 and Zim3) and five multi copy loci (IAP,
L1mdA, L1mdT, mSat and MuERVL) using HPoxBS. Fol-
lowing the method outlined in Figure 2 we sequenced PCR
products on an Illumina MiSeq platform obtaining a mean
read coverage of 5188 per locus. Figure 5 shows the CpG
methylation maps for ESCs, generated after BiQHT align-
ment and Hairpinanalyzer refolding for BS and oxBS sam-
ples separately. Each column represents one CpG position
and each row one unique sequence read, which corresponds
to the region specific pattern of one chromosome. CpG po-
sitions modified on both DNA strands are shown in red,
hemimethylated CpGs in green and unmodified CpG po-
sitions in blue. The Hairpinanalyzer script also generates
a text file for each sample, containing the read ID, CpG
methylation pattern, nonCpG Methylation and, if provided
in the BiQHT reference sequence, information on SNPs.

In line with our previous findings, we observe that the
overall level of 5mC/5hmC decreases with region specific
dynamics upon prolonged culturing of ESCs in 2i medium.
This decrease occurs at retrotransposable (repetitive) ele-
ments (IAP, L1MdA, LmdT, mSat, MuERVL), as well as
at single copy genes (Afp, Tct25, Zim3) (Figure 5). Using
H(O)TA, we find considerable levels of 5hmC at CpG posi-
tions in most of these regions (Figure 6).

Concerning conversion quality of the oxBS reactions, we
determined the conversion rate of the known C, 5mC and
5hmC positions within the hairpin linker (Figure 3). The
conversion rates were calculated by dividing the number of
sequenced thymines at given cytosine positions by the total
number of obtained reads (Table 4 and Table 5).

Conversion Rate = Number of T at C Positions
Number of Reads at C Positions

https://github.com
https://mosi.uni-saarland.de/HOTA
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Figure 5. Hairpin Methylation Pattern Maps. Methylation patterns for the single copy genes Afp, Ttc25 and Zim3, as well as the retrotransposable elements
IAP, L1mdT, L1mdA, mSat and MuERVL for BS and oxBS of ECS cultivated under Serum/LIF (d0) and 2i medium (d1 = 24 h 2i, d3 = 72 h 2i, d6 =
144 h 2i). Each column represents one CpG dyad, each row one sequenced chromosome. The very left column gives the mean methylation pattern over all
analysed CpGs. Red = CpG dyad is modified on both DNA strands (BS = 5mC or 5hmC; oxBS = 5mC only); Dark green = CpG dyad is only modified
on the plus strand (BS = 5mC or 5hmC; oxBS = 5mC only); Light green = CpG dyad is only modified on the lower strand (BS = 5mC or 5hmC; oxBS =
5mC only); Blue = CpG dyad is unmodified on both strands (BS = C only; oxBS = C or 5hmC); White = CpG dyad was not analysable.

Figure 6. Average modification level. Mean methylation level of BS (upper panel) and oxBS (middle panel) samples as well as the predicted 5hmC amount
and distribution (lower panel). x-axis = days; y-axis = 5mC/5hmC level; red = CpG dyad is modified on both DNA strands (BS = 5mC or 5hmC; oxBS =
5mC only); dark green = CpG dyad is only modified on the plus strand (BS = 5mC or 5hmC; oxBS = 5mC only); light green = CpG dyad is only modified
on the lower strand(BS = 5mC or 5hmC; oxBS = 5mC only); blue = CpG dyad is unmodified on both strands (BS = C only; oxBS = C or 5hmC).

Table 4. Conversion rates of C, 5mC and 5hmC of BS samples

Afp IAP L1mdA L1mdT mSat MuERVL Ttc25 Zim3

C 0.996 0.999 0.995 0.993 0.996 0.993 0.994 0.995
5mC 0.0674 0.0628 0.084 0.088 0.0685 0.0819 0.0813 0.0763
5hmC 0.0765 0.0721 0.0736 0.0703 0.0642 0.0662 0.0785 0.0696
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Table 5. Conversion rates of C, 5mC and 5hmC of oxBS samples

Afp IAP L1mdA L1mdT mSat MuERVL Ttc25 Zim3

C 0.996 0.999 0.996 0.994 0.997 0.997 0.996 0.996
5mC 0.0636 0.0900 0.0795 0.0758 0.0685 0.0808 0.1078 0.0773
5hmC 0.920 0.9095 0.909 0.9323 0.93693 0.922 0.942 0.9315

Conversion of C during BS and oxBS was found to be
highly efficient with a conversion rate of ≥99% (Table 4 and
Table 5). However, this almost complete conversion comes
at the expense of an unwanted conversion of 5mC/5hmC
in the range of ∼5–10% due to the harsh bisulfite reaction
conditions. Conversion of 5hmC after oxBS was 93%.

Based on the rates, individual conversion erros for BS
and oxBS were calculated. A scheme of all possible conver-
sions and conversion errors are given in Figure 4. The pre-
cise BS/oxBS values including conversion errors were then
used for HMM as described in our H(O)TA tool to predict
the level and distribution of 5hmC, as well as the enzyme ef-
ficiencies. H(O)TA allows to perform these predictions for
individual CpGs. However, for simplicity, we here predicted
the mean levels over all CpGs across one amplicon.

Figure 6 shows the mean methylation level of BS and
oxBS together with the predicted 5hmC levels. The ds in-
formation demonstrates that 5hmC in most cases occurs in
an asymmetric pattern paired either with C (Figure 6, lower
diagram, light green) or 5mC (Figure 6, lower diagram, dark
green). Only the minority of CpGs contain 5hmC in a sym-
metrical state (Figure 6, lower diagram, yellow).

In addition to the 5hmC distribution, H(O)TA calculates
the enzyme efficiencies for Dnmts (maintenance and de novo
methylation) and Tets (hydroxylation) for each time point.
Our analysis shows that the efficiencies differ clearly be-
tween the distinct regions. In general, we can observe a loss
in maintenance and de novo methylation activity together
with an increase in hydroxylation activity. For some regions
de novo methylation/hydroxylation efficiency is almost zero.

As a second use case we present our HPoxBS analy-
sis of rare PGCs and nonPGC control cells, isolated from
embryos at E10.5 and E11.5 of development. At this time
point, PGCs are known to undergo a rapid replication de-
pendent demethylation, probably supported by Tet medi-
ated oxidation (47). We performed HPoxBS on repeat re-
gions and indeed find indications for the presence of 5hmC
in PGCs albeit at low levels. Our analysis demonstrates that
it is possible to downscale the amount of sample material
(in our case 50-80 cells/sample).

Finally, as a third application we demonstrate the anal-
ysis of human monocytes/macrophages following the dy-
namics of 5hmC during an ‘active’ demethylation process.
In previous work we identified several deferentially methy-
lated regions (DMRs) derived from such active demethyla-
tion and showed that the loss of 5mC is likely to be caused
by Tet mediated oxidation (48). Here, we show HPoxBS re-
sults for two DMRs along a time course of 24 h (0, 12 and
after 24 h) following an established differentiation protocol
(49) (Supplement Section S.4). We indeed detect a region
specific presence and dynamic change of 5hmC during this
time course (Supplement Section 4).

DISCUSSION

The understanding of dynamic changes of DNA methyla-
tion during development and disease is a major research
area in the field of epigenetics. Such a task can only
be realised if DNA modifications can be measured accu-
rately.This is especially challenging for oxidative derivatives
of 5mC considering their low abundance and unequal distri-
bution in the genome. Furthermore there is a clear lack of
reproducible and easy-to-handle assays for determination
of their distribution at single base resolution. The precise
knowledge however would allow to model their presumed
influence on epigenetic inheritance and temporal stability.
In addition, most chemical assays only allow measuring
DNA methylation on one DNA strand, making it impos-
sible to determine the precise rates of symmetric methyla-
tion and its consequences. HPoxBS is the first method to
combine HPBS and oxBS for the simultaneous detection of
5mC and 5hmC levels and their distribution at both com-
plementary DNA strands.

Our workflow not only describes the generation of se-
quencing data, but also bioinformatic tools applicable for
data analysis and modelling. A key element in our method
is the ligation of a hairpin linker to ‘fix Watson and Crick’
strands to be able to simultaneously monitor modifications
in CpG dyads. In addition, we combine this approach with
a double bisulfite chemistry, allowing the discrimination be-
tween 5mC and 5hmC in the DNA (32,33). We also in-
troduce the novel concept to incorporate 5mC and 5hmC
nucleotides into the hairpin linker. This allows us to di-
rectly measure their conversion rates following BS and oxBS
treatment, respectively. Typically, conversion rates are de-
termined using spike ins, i.e. small ds oligos. Such oligos are
difficult to titrate and frequently perform with a different
conversion efficiency. As an integrated part of the analysed
DNA region, the ligated hairpin linker improves the sam-
ple specific conversion rate detection and at the same time
serves as a UMI.

Demonstrating the strength of HPoxBS, we analysed
the DNA methylation of several multi- and single copy
sequences in embryonic stem cells (ESCs) under growth
conditions in which the ESCs strongly demethylate their
genome (43,45,46).

We show that HPoxBS represents a unique novel method
to determine the distribution of 5mC and 5hmC as fully or
hemimethylated CpG dyads. Such ds data provide a new re-
source for mathematic modelling of proposed DNA methy-
lation maintenance and de novo methylation activities as
well as active processes of DNA demethylation. More im-
portantly, ds information allows a more accurate discrimi-
nation of maintenance and de novo methylation compared
to singe strand data.

Using our recently developed HMM based H(O)TA tool
we predict the enzyme efficiencies in discrete regions of
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Figure 7. Enzyme efficiencies. Predicted enzyme efficiencies for Dnmts and Tets. Dark red = total methylation activity of Dnmts at hemimethylated CpG
dyads (maintenance plus de novo); red = maintenance methylation of Dnmts at hemimethylated CpG dyads; blue = de novo activity of Dnmts at CpG
dyads; yellow = hydroxylation efficiency of Tet enzymes at methylated CpG dyads. X-axis = days; Y-axis = efficiency.

the genome. We observe that indeed individual loci display
individual combinations of enzyme efficiencies and DNA
demethylation dynamics. During the ESC culturing, i.e. the
transition from serum to 2i medium, we detect a general re-
duction of de novo methylation, accompanied by an increase
in hydroxylation activity (Figure 7). This observation is in
concordance with the loss of Dnmt3a/3b protein and the
simultaneous increase in the expression of Tet enzymes in
the presence of 2i (43).

In addition, the analysis of PGCs evidences that HPoxBS
can be used in experiments, where only limited amounts
of cells or DNA is available, e.g. when analysing repro-
gramming events during early embryonic or germ cell de-
velopment (Supplement S.2). Here, both active and pas-
sive demethylation processes are known to take place but
the exact involvement of oxidation processes is still debated
(47,49).

Rapid locus specific demethylation can also be found
in somatic cells and are likewise thought to be Tet medi-
ated. One such example is the generation of region spe-
cific demethylation during monocyte-to-macrophage mat-
uration. Our analysis shows that indeed the active loss of
5mC clearly relies on a strong increase of 5hmC level (Sup-
plement Section S.4).

All three examples show the broad application possibil-
ities for HPoxBS. Moreover, these three examples demon-
strate possible variations in design (DNA vs cells), molecu-
lar performance (high or low amount of material) and data
analysis (and modeling).

CONCLUSION

Taken together, we present a step by step protocol of
HPoxBS which allows the detection and distribution of
both 5mC and 5hmC. Overall, the outlined procedures can
be modified and implemented for a number of biological
questions, e.g. to understand and model the dynamic loss
and gain of DNA methylation in non dividing aging cells,
to characterise the heterogeneity of epihaplotypes (epige-
netic chromosomal patterns) and most importantly to un-
derstand changes occurring during development and differ-
entiation with and without DNA replication. Ultimately,
in combination with new detection methods, our pipeline
could easily be adjusted to likewise, describe the distribu-
tion and the behavior 5fC or 5caC (38–40,50,51).

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We thank Jasmine Kirch for the technical assistance con-
cerning next generation sequencing using the Illumina
MiSeq system, Mathias Bader for programming the Hair-
pinanalyzer, Gilles Gasparoni for the Hairpinizer v2.0 R
script, Karl Nordström for his support by GitHub and Ju-
dith Gottfreund for careful reading of the manuscript.

FUNDING

DFG [SFB1027]; German Epigenome Programme (DEEP)
of the Federal Ministry of Education and Research in Ger-
many (BMBF) [01KU1216 to J.W. and S.W.]. Funding for
open access charge: Grant money.
Conflict of interest statement. None declared.

REFERENCES
1. Ramsahoye,B.H., Biniszkiewicz,D., Lyko,F., Clark,V., Bird,A.P. and

Jaenisch,R. (2000) Non-CpG methylation is prevalent in embryonic
stem cells and may be mediated by DNA methyltransferase 3a. Proc.
Natl. Acad. Sci. U.S.A., 97, 5237–5242.

2. Ziller,M.J., Müller,F., Liao,J., Zhang,Y., Gu,H., Bock,C., Boyle,P.,
Epstein,C.B., Bernstein,B.E., Lengauer,T. et al. (2011) Non-CpG
methylation is prevalent in embryonic stem cells and may be mediated
by DNA methyltransferase 3a. PLoS Genet., 7, e1002389.

3. Lister,R., Pelizzola,M., Dowen,R.H., Hawkins,R.D., Hon,G.,
Tonti-Filippini,J., Nery,J.R., Lee,L., Ye,Z., Ngo,Q.-M. et al. (2009)
Human DNA methylomes at base resolution show widespread
epigenomic differences. Nature, 462, 315.

4. Leonhardt,H., Page,A.W., Weier,H.-U. and Bestor,T.H. (1992) A
targeting sequence directs DNA methyltransferase to sites of DNA
replication in mammalian nuclei. Cell, 71, 865–873.

5. Chuang,L.S.-H., Ian,H.-I., Koh,T.-W., Ng,H.-H., Xu,G. and
Li,B.F.L. (2009) Human DNA-(cytosine-5) methyltransferase-PCNA
complex as a target for p21WAF1. Science, 277, 1996–2000.
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