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1. Introduction

1.1. DNA methylation and its oxidized derivatives

DNA methylation is one of the most extensively characterized
epigenetic modifications that plays an essential role in the reg-

ulation of gene expression in mammalian cells. Transfer of the

methyl group to the fifth carbon of cytosine results in the gen-
eration of 5-methylcytosine (5mC). The reaction is catalyzed by

DNA methyltransferases (DNMTs) and prefers to occur within
CpG dinucleotides.[1] In the genome of mammalian somatic tis-

sues, 70 to 80 % of CpG cytosines are methylated.[2] The influ-
ence of DNA methylation on gene regulation was initially stud-

ied by analyzing CpG islands (CGIs), which are regions of DNA

sequence enriched in CpG dinucleotides and found at the
majority of mammalian promoters.[1b] The presence of 5mC at

CGIs hinders the binding of transcriptional factors to DNA, and
thus, is usually associated with gene repression.[3] In addition

to the influence on transcription regulation, DNA methylation
also plays important biological roles in genomic imprinting, X-
chromosome inactivation (XCI), RNA splicing, and so forth.[4]

Apart from 5mC, other modifications also exist in mammali-
an genomic DNA. In the 1970s, two papers suggested that
mammals contained high levels of 5-hydroxymethylcytosine
(5hmC),[5] whereas others could not repeat these results and

5hmC was regarded as potential DNA damage as a result of
oxidation of the 5-methyl group.[6] In 2009, Tahiliani et al.

showed that the ten–eleven translocation 1 (TET1) catalyzed
the conversion of 5mC into 5hmC,[7] and another paper pub-

lished at the same time also demonstrated the presence of

5hmC in the mouse brain.[8] In 2011, two groups demonstrated
that, similar to thymidine hydroxylase, TET was capable of iter-

ative oxidation, producing 5-formylcytosine (5fC) and 5-carbox-

ylcytosine (5caC).[9] Once 5fC and 5caC are formed, they can
be actively removed by thymine DNA glycosylase (TDG)

through base excision repair (BER); thus resulting in active
DNA demethylation in mammals[9b] (Scheme 1). Emerging evi-

dence indicates that these DNA demethylation intermediates
are stable and play distinct epigenetic roles.[10]

1.2. Bisulfite-dependent DNA modification analysis and
challenges

Bisulfite sequencing (BS-seq), which is regarded as the gold

standard for 5mC detection, has been widely used for
genome-wide DNA methylation analysis.[11] Bisulfite treatment

transforms cytosine (C) into uracil (U) ; this was first discovered
independently by two groups in 1970.[12] Later studies in 1980

demonstrated much lower reactivity of 5mC in bisulfite treat-
ment than that of C, due to inhibition of sulfonate adduct for-

Over the past few decades, various DNA modification detec-
tion methods have been developed; many of the high-resolu-

tion methods are based on bisulfite treatment, which leads to

DNA degradation, to a degree. Thus, novel bisulfite-free
approaches have been developed in recent years and shown

to be useful for epigenome analysis in otherwise difficult-to-
handle, but important, DNA samples, such as hmC-seal and

hmC-CATCH. Herein, an overview of advances in the develop-

ment of epigenome sequencing methods for these important
DNA modifications is provided.

Scheme 1. The dynamic regulation of DNA methylation.
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mation because of the electronic effect of the methyl group
on the 5’-carbon of 5mC.[13] In subsequent PCR amplification

and sequencing, all of the unmodified cytosine sites are read
as T, whereas 5mC remains as C. This differential reactivity

between 5mC and C during bisulfite treatment is the basis of
BS-seq. The presence of 5mC oxidation derivatives complicates

BS-seq, because 5hmC is read as C, similarly to 5mC, whereas
5fC and 5caC are read as T, similarly to C, in BS-seq.[9, 14] To ad-
dress this problem, additional chemical treatments have been

coupled to BS-seq, leading to BS-dependent sequencing meth-
ods capable of distinguishing different types of cytosine modi-
fications. For instance, oxidative bisulfite sequencing (oxBS-
seq) and TET-assisted bisulfite sequencing (TAB-Seq) can distin-
guish 5hmC from 5mC and detect 5hmC at single-base resolu-
tion in the genome.[15] In addition, chemical-assisted bisulfite

sequencing for 5fC (fCAB-seq) and reduced bisulfite sequenc-

ing (redBS-seq) can distinguish 5fC from C and 5caC and are of
single-base resolution as well.[16] For 5caC, chemical-modifica-

tion-assisted bisulfite sequencing (CAB-seq) was developed.[17]

An additional bisulfite-dependent method, termed M.SssI

methylase-assisted bisulfite sequencing (MAB-seq), can distin-
guish 5fC and 5caC from C within the context of CpG dinu-

cleotides and provide a mapping method for 5fC/5caC simulta-

neously.[18] The readout of cytosine and modified cytosines in
these bisulfite-dependent sequencing methods is summarized

in Table 1.
A key limitation of these bisulfite-dependent sequencing

methods is the high degree of DNA degradation caused by
bisulfite treatment. A previous study reported that more than

99 % of the input genomic DNA was degraded during a con-
ventional 16 h long bisulfite treatment reaction.[19] Although

recent efforts have been made to reduce such severe degrada-
tion,[20] large quantities of initial DNA input are generally

required for the detection of 5mC oxidized derivatives, which
significantly limits their applications to precious biological and

clinical DNA samples. Moreover, because unmethylated cyto-
sine is converted into thymine, bisulfite treatment reduces the

sequence complexity of template DNA, which often compli-

cates the design of efficient primers for PCR amplification.
Therefore, bisulfite-free techniques for DNA modification de-

tection are desired and indeed have been actively pursued in
the community. Herein, we highlight developments and appli-

cations of these alternative bisulfite-free sequencing methods.

2. Protein-Based Discrimination Methods

These methods involve several different kinds of DNA-binding

proteins/enzymes and take advantage of their differential reac-
tivity towards different DNA modifications to achieve selective

detection.

2.1. Antibodies

Methylated DNA immunoprecipitation (MeDIP) is a widely used

strategy for 5mC detection that uses antibodies to specifically
enrich methylated DNA fragments for sequencing.[21] Through

this method, genomic DNA is fragmented and denatured; the
resulting single-stranded DNA (ssDNA) fragments containing

5mC are then immunoprecipitated by using 5mC antibodies

(Scheme 2). The enriched fragments are decoded by high-
throughput sequencing. Similar to MeDIP, oxidized derivatives

of 5mC containing DNA can also be enriched by using com-
mercial antibodies with well-characterized specificities.[22] Al-

though immunoprecipitation-dependent methods are straight-
forward for the detection of DNA modifications, they are not

quantitative, and their resolution is dependent on the size of

the DNA fragments of the prepared DNA library, which are
generally several hundreds of base pairs. In addition, antibody-
based enrichment methods are highly dependent on the quali-
ty of the antibody. Low specificity of the antibody used or

cross-reactivity with off-target sites leads to high background
noise. The lot-to-lot inconsistency of the antibody is also a dis-

advantage.

2.2. Methyl CpG binding domains (MBDs)

The MBD has a strong affinity towards methylated DNA se-

quences[23] and can also be used for DNA methylation analy-
sis.[24] Four proteins, namely, MBD1, MBD2, MBD3, and MeCP2,

which share a similar structural domain, can recognize sym-

metric methyl groups in CpG dinucleotides of double-stranded
DNA (dsDNA).[23c, e] Based on MBD proteins, some genome-wide

detection DNA methylation methods, termed MBD-seq, MIGS,
and MethylCap-seq, have been developed (Scheme 2).[25]

Similar drawbacks exist for such methods in comparison with
MeDIP.
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Table 1. Readout of cytosine modifications in bisulfite-dependent meth-
ods.

Method C 5mC 5hmC 5fC 5caC

BS-seq T C C T T
oxBS-seq T C T T T
TAB-seq T T C T T
fCAB-seq T C C C T
redBS-seq T C C C T
CAB-seq T C C T C
MAB-seq C C C T T
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2.3. Restriction endonucleases

Restriction enzymes are useful tools in DNA modification de-
tection, owing to their highly sequence-specific endonuclease
activity.[26] The DNA cleavage activity of restriction endonu-

cleases can be inhibited in the presence of DNA modifications
in the recognition site.[27] By using restriction endonucleases
that are sensitive to methylation states in their recognition

sites, several DNA methylation detection methods have been
developed (Scheme 2).[25e, 28] Recently, combining restriction

enzyme digestion with enzymatic glucosylation of 5hmC, base-
resolution 5hmC sequencing methods for both bulk samples

and single-cell samples have been developed (Scheme 2).[28e, 29]

Restriction enzymes provide a cost-effective way for accurately
quantifying DNA modifications, whereas these methods are

limited by the restriction sites of the endonucleases.

2.4. Cytosine deaminases

Members of the AID/APOBEC family are known as cytosine de-
aminases, which catalyze the deamination reaction in ssDNA
and are involved in innate and adaptive immunity.[30] Kohli

et al. showed that the catalytic activity of several members
could discriminate between different cytosine modifications.[31]

Recently, by using a human-specific deaminase, APOBEC3A

(A3A), the authors further developed a bisulfite-free and base-
resolution 5hmC sequencing method, termed ACE-seq[32]

(Scheme 2). Owing to its non-destructive feature, it can use
1000-fold less DNA input than bisulfite treatment based meth-

ods and may be possible to detect 5hmC signals in long se-

quencing reads.

3. Bisulfite-Free Chemical Labeling Methods

Novel chemical reactions are invaluable for the development
of innovative epigenome sequencing tools, and in this section

Scheme 2. Protein-based discrimination techniques for DNA modification detection. The procedures involve fragmentation, treatment, library construction,
and sequencing. MRE-seq, methylation restriction enzyme sequencing; RRHP, reduced representation 5hmC profiling; Aba-seq, DNA-modification-dependent
restriction endonuclease AbaSI coupled with sequencing; DIP-seq, DNA immunoprecipitation and shotgun sequencing; MeDIP-seq, methylated DNA immuno-
precipitation and sequencing; MBD-seq, methyl-CpG binding domain (MBD) protein-enriched genome sequencing; MethylCap-seq, methylation DNA capture
sequencing; MiGS, MBD-isolated genome sequencing; ACE-seq, APOBEC-coupled epigenetic sequencing.
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we focus on chemical approaches for the detection of DNA
modifications.[33]

3.1. Chemical-based profiling methods

Many chemical profiling methods have been developed in

recent years. For instance, Song et al. developed a chemical

profiling 5hmC detection method termed hmC-seal.[34] The
method took advantage of the b-glucosyltransferase (bGT)-

catalyzed 5hmC glucosylation reaction that transferred an
azide-modified glucose onto the hydroxyl moiety of 5hmC

(Scheme 3 A). A biotin can be subsequently installed onto the
azido group through copper-free click chemistry. The biotin–

streptavidin interaction, which is extremely tight and specific,

can then be used to perform selective pull-down for genome-
wide profiling of 5hmC distribution and has virtually no modifi-

cation density bias. Using hmC-seal, researchers have per-
formed genome-wide profiling of 5hmC in various cell lines
and brain tissues, and found a distinct age-dependent distribu-
tion of 5hmC in brain tissues relative to embryonic stem (ES)

cell lines.[34, 35] Taking advantage of this highly sensitive and se-

lective chemical labeling approach, several groups have per-
formed genome-wide profiling of 5hmC in circulating cell-free

DNA (cfDNA) to explore the diagnostic potential of 5hmC.[36]

Their results showed that 5hmC signatures in cfDNA could be

diagnostic biomarkers for human cancers. Nano-hmC-Seal,
which combines the selective 5hmC chemical labeling of hmC-

seal with an engineered Tn5 transposase-based library con-

struction strategy, is able to generate genome-wide 5hmC
maps from ultralow starting genomic DNA samples.[37] Another

biotin-based 5hmC-profiling method, termed GLIB, used bGT
to transfer an unmodified glucose to 5hmC, followed by

sodium periodate treatment to generate reactive aldehyde
groups.[38] The aldehydes can then react with an ARP, which

can be used for further enrichment (Scheme 3 B).
In the case of 5fC, the aldehyde group on the modified

bases can be exploited to react with a hydroxylamine–biotin
probe (Scheme 4 A). Using this strategy, Raiber et al. performed

genome-wide mapping of 5fC in mouse ES cells and their re-

sults suggested that 5fC was involved in epigenetic reprog-

ramming within specific genomic regions.[39] Song et al.
extended their hmC-seal method and developed another 5fC-

profiling method termed fC-seal.[16b] To enrich 5fC-containing
DNA, they first blocked endogenous 5hmC with unmodified

UDP-Glc by using bGT, and then they reduced 5fC to 5hmC
with NaBH4 and glucosylated the newly generated 5hmC with

an azide-modified glucose (Scheme 4 B). The azide group was

coupled to a biotin-containing probe through click chemistry,
which allowed pull-down and enrichment of 5fC-containing
DNA. Using this approach, they also performed genome-wide
mapping of 5fC in mouse ES cells and their results revealed

that 5fC preferentially occurred at poised enhancers.

3.2. Chemical-labeling-enabled single-base-resolution
sequencing methods

Bisulfite-free and single-base-resolution DNA modification se-
quencing methods have recently been developed. Xia et al. re-

ported the first genome-wide bisulfite-free and base-resolution
5fC sequencing method termed cyclization-enabled C-to-T

transition of 5fC (fC-CET).[40] This method is based on selective

labeling of 5fC by using an azido derivative of 1,3-indandione
(Scheme 5). The azide group in the labeling adduct enabled

the enrichment of 5fC-containing DNA fragments before
sequencing. This greatly reduced the sequencing cost for

genome-wide 5fC detection compared with the two bisulfite-
based methods redBS-seq and fCAB-seq, considering the limit-

Scheme 3. Chemical labeling strategy for 5hmC genome-wide profiling.
A) By using UDP-6-N3-Glu, an azide group can be installed onto the hydroxyl
group of 5hmC by b-GT. B) The glucosylation, periodate oxidation, and bio-
tinylation (GLIB) method. The 5hmC site conjugated two biotins after the
GLIB reaction. T4 phage BGT: T4 phage b-glucosyltransferase, ARP: alde-
hyde-reactive probe.

Scheme 4. Chemical labeling strategies for 5fC genome-wide profiling.
A) Biotin-labeling of 5fC by using oxyamino-labeled biotin. B) 5fC was
selectively reduced to 5hmC and then glucosylated with UDP-6-N3-Glu.

ChemBioChem 2019, 20, 1898 – 1905 www.chembiochem.org T 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1901

Minireviews

http://www.chembiochem.org


ed abundance of 5fC in the genome. Based on another bio-

compatible and selective chemical labeling of 5fC with malo-
nonitrile (Scheme 5), we further developed a single-cell and

single-base-resolution 5fC sequencing method, termed chemi-
cal-labeling-enabled C-to-T conversion sequencing (CLEVER-

seq).[41] Using this approach, we identified the dynamic 5fC

landscapes in mouse gametes and early embryos at single-
base resolution and the results revealed that promoter 5fC
production preceded the upregulation of corresponding gene
expression during mouse preimplantation development. Fol-

lowing a similar concept of fC-CET, Liu et al. reported a differ-
ent chemical, namely, 2(5chlorobenzo[d]thiazol2yl)acetonitrile

(CBAN), to label 5fC[42] (Scheme 5). The fluorescence of the la-
beling adduct enables the quantification of 5fC levels in DNA.
Similarly, 5fC was labeled with another reagent termed aziBP

(Scheme 5).[43]

Bisulfite-free and base-resolution 5hmC sequencing methods

have also been reported. Hayashi et al. developed a chemical
5hmC detection method in which peroxotungstate was used

to selectively oxidize and deaminate 5hmC.[44] The oxidized

product, trihydroxylated thymine (thT), tolerated the incorpora-
tion of an adenine instead of a guanine in the process of DNA

polymerase amplification (Scheme 6); thus enabling the detec-
tion of 5hmC at single-base resolution. However, its utility in

detecting genome-wide 5hmC was not demonstrated. We re-
cently developed a bisulfite-free, genome-wide, and base-reso-

lution 5hmC sequencing method termed chemical-assisted C-
to-T conversion of 5hmC sequencing (hmC-CATCH).[45] hmC-

CATCH is based on the selective oxidation of 5hmC to 5fC, and
subsequent labeling of newly generated 5fC by using deriva-

tives of 1,3-indandione (Scheme 6); endogenous 5fC is first

blocked before the oxidation reaction. Importantly, we showed
that K2RuO4, but not KRuO4, mediated very mild oxidation of

DNA. The labeling adduct causes C-to-T transition during DNA
amplification and enables base-resolution detection of 5hmC.

In addition, the azido group allowed enrichment of 5hmC-con-
taining DNA for detection. Compared with several existing

base-resolution 5hmC methods (e.g. , TAB-seq and oxBS-seq),

hmC-CATCH causes minimal DNA degradation, is cost-effective,
and is suitable for applications with limited starting DNA mate-

rials. The bisulfite-free nature of hmC-CATCH has enabled the
first genome-wide detection of 5hmC in cfDNA isolated from

the blood of healthy individuals and cancer patients.
Aside from BSseq, other novel chemical strategies for 5mC

detection have been developed. Derivatization of DNA with O-

allylhydroxylamine was able to discriminate between C and
5mC because the adducts had different basepairing selectivi-

ty.[46] Recently, Liu et al. reported a bisulfite-free and base-reso-
lution cytosine modification sequencing method, termed TET

assisted 2-picoline borane (pic-borane) sequencing (TAPS).[47]

The approach was based on 5caC-to-T transition chemistry,

which was enabled by the conversion of 5caC to dihydrouracil
(DHU) using pic-borane. Combining the 5caC-to-T transition
chemistry with TET oxidation of 5mC, the method realized

whole-genome, base-resolution detection of 5mC
(Scheme 7 A). The reaction can also be used to detect 5hmC

because pic-borane can also convert 5fC into DHU and 5hmC
can be oxidized to 5fC (Scheme 7 B).[47]

4. Direct Sequencing of Unamplified DNA

Currently, developments in third-generation sequencing tech-

nologies, such as single-molecule, real-time sequencing (SMRT)
and nanopore-based sequencing, have allowed new opportu-

Scheme 5. Chemical labeling methods for single-base-resolution detection
of 5-5fC.

Scheme 6. Chemical labeling methods for single-base-resolution detection
of 5-5hmC.
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nities to directly detect modifications at single-base resolution
without prior amplification steps.

4.1. SMRT sequencing

The method exploits the pausing of DNA polymerases due to
the presence of modifications.[48] The circularized DNA tem-

plates pass through a DNA polymerase and the instrument will
obtain the sequencing information. Because the polymerase is

immobilized in the zeromode waveguide (ZMW), the method
can detect a signal from a single molecule by using a camera,

which records the color and duration of emitted light during

the incorporation of a fluorescently labeled deoxyribonucleo-
side triphosphate (dNTP). The system can detect not only the

sequence information, but also the DNA modification status by
monitoring changes of the duration of the fluorescent pulse

and the time interval between successive pulses. Reports have
shown the kinetics of the polymerase influenced by DNA

modifications, such as 5mC, 5hmC, N4-methylcytosine (4mC),

N6-methyladenine (6mA), and other types of DNA modifica-
tions.[48b, 49] SMRT sequencing has different sensitivities for dif-
ferent modifications, and thus, each modification type has a
specific signal-to-noise ratio. Detection of DNA methylation re-

quires a high sequencing depth, and additional labeling steps
can help to improve the signal confidence. By using Tet1 to

convert 5mC into 5caC[50] and two T-even bacteriophage

enzymes to convert 5hmC into a diglucosylated adduct,[51] the
signal-to-noise ratios for the detection of these two important

epigenetic markers can be improved.

4.2. Nanopore sequencing

Nanopore sequencing has been developed for decades, and

the nanopore sequencer became commercially available in
2014 from Oxford Nanopore Technologies.[52] Recently, new in-

struments named GridION and PromethION were released. The
approach also shows promise for DNA modification detection.

With this technology, ssDNA travels through nanopores, which
are proteins inserted in a synthetic polymer barrier.[52h] Shifts in

voltage and the changing of these charges reflect the features
of a specific DNA sequence, which is called a k-mer.[53]

In the early stages, nanopore sequencing attempted to
detect methylation in eukaryotic cells by using different engi-

neered protein nanopore constructs and experimental condi-
tions. Accordingly, only 5mC and 5hmC could be detecte-

d.[52a, f, h, 54] However, recently, the development of the MinION
device opened up the way to characterize prokaryotic methyl-
omes.[55] Meanwhile, researchers have reported a DNA methyla-
tion mapping workflow, which uses a variable-order hidden
Markov model (HMM) with a hierarchical Dirichlet process
(HDP) to decipher the ionic signal.[55b] This research has illus-
trated the probability of direct DNA methylation detection by

using nanopores.[56] Engineering improved poreforming pro-
teins or improving the statistical models will promote the ac-

curacy of nanopore sequencing, and this may stimulate broad

applications in epigenetics research. Aside from protein-based
nanopores, pores formed by carbon nanotubes and solidstate

nanopores have also been used in DNA modification detec-
tion.[57]

5. Summary and Outlook

The discovery of oxidized cytosine modifications in the mam-

malian genome stimulated new interest in epigenetics. The

development of DNA modification detection methods has en-
abled a growth in knowledge of DNA base modifications and

genome functions. Table 2 lists the features of these mapping
techniques. Most of the earlier DNA modification sequencing

methods are based on bisulfite treatment, which is very pow-
erful, but also has unavoidable shortcomings. Herein, we

mainly described epigenome sequencing technologies without

bisulfite conversion. The prominent advantage of these bisul-
fite-free methods is minimal DNA degradation, and thus, is

very helpful for DNA modification detection with low input
samples. Some of these bisulfite-free methods have even real-

ized genome-wide DNA modification detection for single-cell
samples. The advantages of bisulfite-free approaches also ena-

bled their application for limited clinical DNA samples. Despite

the advantages, several challenges of bisulfite-free approaches
still need to be addressed, such as low resolution and the loss

of absolute-level information. The endonuclease-dependent bi-
sulfite-free method can only detect DNA modifications in the

recognition sites, which will lead to high type-I errors. For the
direct sequencing of unamplified DNA approaches, the rela-

tively high errors rates are also of major concern. We envision

that further advances in the detection of DNA modifications
will drive a more complete understanding of their roles in de-

velopment and diseases.
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