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Abstract
DNAmethylation is one of the most important components of epigenetics, which plays essential roles in maintaining genome stability
and regulating gene expression. In recent years, DNAmethylation measuringmethods have been continuously optimized. Combined
with next generation sequencing technologies, these approaches have enabled the detection of genome-wide cytosine methylation
at single-base resolution. In this paper, we review the development of 5-methylcytosine and its oxidized derivatives measuring
methods, and recent advancement of single-cell epigenome sequencing technologies, offering more referable information for the
selection and optimization of DNA methylation sequencing technologies and related research.
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1. INTRODUCTION

DNAmethylation refers to the process of adding amethyl group
to the fifth carbon atom of cytosine covalently, under the catalysis
of DNAmethyltransferase (DNMTs) with S-adenosyl-methionine
(SAM) as themethyl donor. This processmainly occurs at the CpG
or CpHpG (H=A, T, C) sites of DNA.1 In 1950s, scientists
discovered this phenomenon in the DNA of calf thymus.2 In 1975,
Holliday et al first proposed that DNA methylation plays an
important role in epigenetic modification during vertebrate
development.3 As oneof the epigeneticmarkers,DNAmethylation
is widely believed to be reversible and inheritable.4

In eukaryotes, CpG sites usually exist in 2 forms: one is
randomly dispersed in DNA sequences, the other is highly
aggregated, called CpG islands (CGI). In normal tissues, around
80% of the dispersive CpG sites are methylated, while CGIs are
often unmethylated (except for some special regions or genes,
such as genes located on the inactivated X chromosome and
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imprinted genes). CGIs are often located near the transcriptional
regulatory regions and overlapped with the transcription start
sites (TSS).5

1.1. Functions of DNA methylation
In transcriptional regulatory regions of the genome, DNA

methylation levels controls gene expression: DNA hypermethy-
lation can inactivate genes, while demethylation can induce gene
reactivation.6 DNA methylation can affect the interaction
between DNA and proteins, block the binding of transcription
factors and reduce the level of gene expression7; it can also
destabilize nucleosomes and change DNA conformation, result-
ing in chromatin structure remodeling and transcriptional
repression states.8 Moreover, studies have shown that DNA
methylation involved in the regulation of gene expression is also
distributed in control regions outside TSS, repetitive DNA
sequences and gene bodies.9 DNAmethylation helpsmaintain the
stability of imprinted genes and the genome as well. However,
abnormal DNAmethylation may cause a variety of diseases, such
as tumors, vascular diseases, neurological diseases and so on. In
the process of tumorigenesis, genomic hypomethylation and
regional hypermethylation will activate proto-oncogenes and
inactivate tumor suppressor genes and DNA repair genes, leading
to the occurrence of tumors eventually.10

During the hierarchical differentiation as described in Wad-
dington’s epigenetic landscape,11 taking hematopoiesis as an
example, the bifurcations from stem cells to lineage-committed
progenitors on this road are similar to the cell fate decision, all of
which are inseparable from the rigid and subtle regulation by
epigenetics.12 DNAmethylation plays a vital role in establishment
and maintenance of cell identity, lineage commitment, transcrip-
tion factor expression, as well as the regulation of mammalian
embryonic development and other biological processes.13

1.2. DNA methylation related enzymes and 5mC
derivatives
In eukaryotic genomes, DNAmethylation modification related

enzymes mainly include DNMT and ten-eleven translocation
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(TET) families. DNA methylation is mainly catalyzed by a series
of highly conserved DNMTs, including DNMT3A, DNMT3B
for regulating de novo DNA methylation, DNMT1 for
maintaining methylation status,14 The TET family, containing
TET1, TET2 and TET3, catalyzes the oxidation of 5-methyl-
cytosine (5mC) to 5-hydroxymethylcytosine (5hmC), 5-formyl-
cytosine (5fC) and 5-carboxylcytosine (5caC), all of which are
key intermediates in the DNA demethylation processes.15 Studies
have shown that 5hmC is a stable epigenetic modification whose
quantity is far less than 5mC in adult mammals.16 The
distribution of 5hmC is tissue-specific: it is abundant in
embryonic stem cells and nervous systems, but significantly
reduced in many types of cancer cells.17 It has been revealed that
5hmC was highly concentrated in exons and near TSS in mouse
embryonic stem cells, suggesting its potential impact on
regulating transcriptional activation.18

In short, the acquisition of the above-mentioned DNA
methylation related information requires corresponding methyla-
tionmeasuringmethods. In the past decades,methylationdetection
technologies have made great progress. Till now, the widely used
next generation sequencing (NGS)-based methylation measuring
methods have achieved quantitative detection of genome-wide
methylation and generated a large amount of sequence informa-
tion. The revolution of DNAmethylation sequencing technologies
has offered us a more comprehensive understanding of biological
growth, development, health, and disease.
2. DNA METHYLATION MEASURING METHODS

2.1. Development of DNA methylation sequencing
technologies
As an early DNA methylation detection technique, liquid

chromatograph (LC) was used to quantitatively detect the global
DNA methylation levels.19 Combined with fluorescence, ultravi-
olet (UV) and mass spectrometry (MS), the sensitivity of LC for
DNA methylation was greatly enhanced. However, due to their
inability to obtain detailed methylation information at specific
sites, these methods gradually faded out. Later, electrophoresis-
based techniques enabled the detection of DNA methylated
regions and specific sites on a genomic scale. Methylation-specific
PCR (MSP) is a classic method for detecting DNA methylation
quickly and qualitatively. It used 2 pairs of primers, correspond-
ing to the methylated and unmethylated DNA sequences
respectively, to conduct PCR amplification on the bisulfite-
converted DNA sequences and then analyzed DNA methylation
by gel electrophoresis.20 Besides, In the 1990s, restriction
landmark genomic scanning (RLGS) adopted methylation
sensitive restriction enzymes (MRE) to perform multiple
endonuclease digestion, followed by isotope labeling, 2-dimen-
sional electrophoresis, and scanning analysis of genomic DNA
(gDNA). Then, sites on the scanned maps were compared with
related DNA databases to gain the DNA methylation informa-
tion.21 However, because of the high labor intensity, technical
requirements and relatively low resolution, electrophoresis-based
techniques were gradually replaced by microarray hybridization
techniques with better resolution and throughput. Combined
with endonuclease digestion—immunoprecipitation—and bisul-
fite conversion-based methods respectively, microarray hybrid-
ization techniques have contributed to a broader understanding
of DNA methylation patterns.22

Currently, high-throughput sequencing technologies are
undergoing rapid development with a tendency to replace
microarrays gradually. In 1984, based on Sanger sequencing
www.blood-science.org
technologies, researchers proposed to measure DNAmethylation
levels according to the reactivity difference between unmethy-
lated and methylated cytosines with hydrazine (N2H4).

23 Since
2005, by converting the release of pyrophosphate (PPi) into light
signals during the synthesis, pyrosequencing has increased several
orders of magnitude per run based on sequencing-by-synthesis
(SBS) techniques.24 The advanced third-generation sequencing
technologies hybridize single molecule fluorescence and nano-
pores to achieve single-molecule real-time (SMRT) sequencing.25

However, due to the technical instability and high error rates of
SMRT sequencing at the moment, the second-generation
sequencing technologies still occupy the dominant position.
Since PCR amplification cannot retain DNA methylation

information, currently, most sequencing-based DNAmethylation
detection methods rely on various pretreatments of DNA
samples. Depending on different pretreatment methods, NGS-
based DNA methylation technologies can be mainly divided into
3 categories: endonuclease digestion, affinity enrichment, and
base conversion. This paper mainly introduces the principles,
applications, advantages, and disadvantages of these methods;
and further discusses the DNA methylation detection methods
related to 5mC derivatives, and single-cell multi-omics.

2.2. Endonuclease digestion-based methods
Before high-throughput sequencing technologies were avail-

able, MREs were used to gain methylation information about
certain specific sites in combination with electrophoresis or PCR.
The endonuclease digestion methods mainly utilize MREs,
insensitive to DNAmethylation sites, to cut DNA double-strands
into fragments. Then, NGS is applied to clarify the DNA
methylation status.26 Classical enzyme pairs available in these
methods mainly include MspI and HpaII, a group of iso-
schizomers with different CpG methylation sensitivity, where
MspI recognizes CCGG sites, and HpaII identifies whether these
sequences are methylated.27

In 2010, aimed at exploring the function of intragenic DNA
methylation, Maunakea et al developed methylation sensitive
restriction enzyme sequencing (MRE-seq) (Fig. 1), which could
cover approximately 30% of the genome.28,29 Combining 3
endonucleases (HpaII, Hin6I and AciI), MRE-seq inferred the
DNA methylation status from the inverse relationship between
methylation ofMRE targets andMRE-seq readouts. In this work,
authors also proposed methylated DNA immunoprecipitation
and sequencing (MeDIP-seq) as an appropriate supplement to
MRE-seq. Combination operation with MeDIP-seq and MRE-
seq generated high-resolution methylome maps of human brain
frontal cortex grey matter.
MRE-seq provides estimates of DNA methylation at single

base resolution, but its dependence on different kinds of
endonucleases limits the genomic coverage (Table 1). Researchers
attempted to improve the coverage of CpG sites by increasing the
number of endonucleases. Methyl-MAPS (methylation mapping
analysis by paired-end sequencing) adopted 5 MREs and a
methylation-dependent endonuclease McrBC complex to divide
the genome into methylated and unmethylated fragments. The
methylated compartment of the genome was isolated by limit
digest with 5 MREs, while the unmethylated compartment was
isolated by digestion with the McrBC complex. Researchers
could then evaluate the DNAmethylation status by analyzing the
resistance or sensitivity of CpG sites to McrBC complex and
MREs,30 This method provides high coverage of DNA
methylation status at single-copies and repeated sequences with
relatively low cost.
9
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Figure 1. Evolution of NGS-based techniques applied to DNA methylation profiling. Different background colors indicate different categories of DNA methylation
measuring methods (bottom). ACE-seq: APOBEC-coupled epigenetic sequencing, EM-seq = Enzymatic Methyl-seq, hMeDIP = hydroxymethylated DNA
immunoprecipitation, hMe-Seal = 5hmC-selective chemical labeling method, MBD-seq = methyl-CpG-binding domain protein sequencing, MeDIP-seq =
methylated DNA immunoprecipitation sequencing, Methyl-MAPS = methylation mapping analysis by paired-end sequencing, MRE-seq = methylation sensitive
restriction enzyme sequencing, oxBS-seq: oxidative bisulfite sequencing, PBAT = post-bisulfite adaptor tagging, RRBS = reduced representation bisulfite
sequencing, scBS-seq = single cell bisulfite sequencing, scCOOL-seq = single-cell Chromatin Overall Omic-scale Landscape Sequencing, scM&T-seq = single-
cell methylome and transcriptome sequencing, scNOMe-seq = single-cell Nucleosome Occupancy and Methylome Sequencing, SCRAM = single-cell restriction
analysis of methylation, scRRBS = single-cell reduced representation bisulfite sequencing, scTrio-seq = single-cell triple omics sequencing, scWGBS = single cell
whole genome bisulfite sequencing, TAB-seq = Tet-assisted bisulfite sequencing, TAPS = TET-assisted pyridine borane sequencing, TAPSb = TAPS with
b-glucosyltransferase (b-GT) blocking, T-WGBS = Tagmentation based WGBS, WGBS = whole-genome bisulfite sequencing.
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Another disadvantage of the endonuclease digestion-based
technologies is the incomplete digestion of MREs, which may
lead to false positive results. Considering that the fragments
produced by endonuclease digestion may still contain some
important methylation information, bisulfite conversion fol-
Table 1

Comparison of different DNA Methylation measuring methods.

Category Endonuclease digestion Affinity enrichment

Methods MRE-seq MeDIP-seq MBD-seq
Resolution Single-base 150–300 bp
Coverage – +/–
DNA input + +
Cost – –

Application Site-specific studies Low-resolution, large-scale studie
Pros Cost-effective, user-friendly High sensitivity, low cost
Cons Enzyme-dependent methylation

detection; incomplete digestion
Low resolution; biased towards
highly methylated regions

EM-seq = Enzymatic Methyl-seq, MBD = methyl-CpG-binding domain protein, MeDIP = methylated DNA i
bisulfite sequencing, -seq = sequencingg, TAPS = TET-assisted pyridine borane sequencing, WGBS =
Coverage, DNA input and cost in table 1 are divided into 5 levels, followed by + + > + > +/– > –

10
lowed by MRE treatment (MREBS) added a bisulfite conversion
step to detect the methyl groups at CpG sites within DNA
fragments after MRE treatment. This approach enables a
significant increase in the coverage of genome-wide DNA
methylation.31
Base conversion

Bisulfite-dependent Bisulfite-free

RRBS WGBS TAPS EM-seq
Single-base

+ +
+ + –

+ + –

s High resolution, whole-genome studies
Detect whole-genome methylation at single-base

DNA degradation; high
cost; reduced sequence complexity

Unsuitable for single
cells; Large investment

mmunoprecipitation, MRE = methylation sensitive restriction enzyme, RRBS = reduced representation
whole-genome bisulfite sequencin.
> – –.
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2.3. Affinity enrichment-based methods
Given the related shortcomings of endonuclease digestion-

based methods, in 2005, Weber et al established methylated
DNA immune precipitation (MeDIP), that isolated and detected
CpG sites based on the interaction between proteins and
methylated DNA.32 MeDIP captured single-strand methylated
DNA fragments with 5mC specific antibodies. By changing
specific antibodies, MeDIP could detect different DNA methyl-
ation intermediates, like 5hmC.33 Subsequently, researchers
combined MeDIP with NGS, named MeDIP-seq, which could
achieve an approximate 100 to 300bp resolution at genomic
level.
In addition to MeDIP-seq, Methyl-CpG-binding domain

sequencing (MBD-seq) is another DNA methylation detection
method based on affinity enrichment.34 The MBD domain
contained in MBD protein family is capable of binding to the
single symmetrically methylated CpG dinucleotides, which is
essential for the regulation of epigenome. In MBD-seq, Methyl-
CpG Binding Domain Protein 2 (MBD2) was used to capture
CpG sites on double-stranded DNA (dsDNA). After enrichment
of methylated DNA with different CpG densities through a
stepwise elution method, high-throughput sequencing was
performed with prepared libraries on NGS platforms. The
resolution of this method depends on the size of the sonicated
DNA fragments. Methylated DNA capture by affinity purifica-
tion (MethylCap-seq) utilizes the MBD domain of Methyl-CpG
Binding Protein 2 (MeCP2) to capture methylated DNA, which
can attain higher sequence coverage with lower CpG densities.35

Compared with the single-stranded DNA (ssDNA) methylated
fragments captured by MeDIP-seq, dsDNA methylated regions
enriched byMBD-seq andMethylCap-seq are more conducive to
subsequent library construction. However, methylated-CpG-
binding proteins are unable to cover unmethylated CpG sites,
which limits their access to CGIs (hypomethylation) and other
related information. Furthermore, neither of the above methods
can attain a single-base resolution of genome. Nowadays, MBD-
seq has been widely employed in the studies of genome-wide
DNA methylation due to its low cost, high sensitivity, and strong
specificity.

2.4. Base conversion-based methods
2.4.1. Bisulfite-dependent base conversion. In the 1990s,
Hayatsu et al discovered that unmethylated cytosine residues and
methylated cytosines in denatured gDNA exhibited different
reactivity to bisulfite treatment: the former was deaminated and
converted to thymine faster than the latter. This phenomenon
transformed the epigenetic differences into changes of DNA
sequences, which promoted another revolution in DNA methyl-
ation detectionmethods.36 Sequencing technologies, especially the
current popular NGS techniques, possess good compatibility with
bisulfite-treated DNA samples. Hence, the DNA methylation
Table 2

Comparison of the conversion of C, 5mC, 5hmC in different DNA me

Base WGBS TAPS TAPSb

C T C C
5mC C T T
5hmC C T C

ACE-seq = APOBEC-coupled epigenetic sequencing, EM-seq = Enzymatic Methyl-seq, oxBS-seq = oxida
borane sequencing, TAPSb = TAPS with b-glucosyltransferase (b-GT) blocking, WGBS = whole-geno
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measuring methods based on bisulfite treatment occupy a
dominant position in DNA methylome profiling.
In 2005, Reduced representation bisulfite sequencing (RRBS),

developed by Meissner et al, employed endonuclease MspI to the
genome to generateDNAfragments for adaptor ligation.Then, the
amplification products were purified and sequenced after bisulfite
treatment.37 RRBS is mainly suitable for the detection of
representative high-density DNA methylation regions. Despite
the small number of readouts produced, this method is able to
achieve a broader coverage of CGIs, promoters, and enhancer
regions with less DNA inputs (generally 10–300ng). Nevertheless,
due to theapplicationof restriction enzymes,RRBScouldnot cover
all CpG sites in the genome. Overall, RRBS is a time-saving, cost-
effective and accurate DNA methylation detection method.
Whole genome bisulfite sequencing (WGBS) detects the whole-

genome DNA methylation at a single base resolution. In this
protocol, DNA was fragmented, end-repaired and ligated to the
adapters first. After bisulfite treatment, the unmethylated C bases
were converted to U bases and then transformed into T bases by
PCR amplification, distinguished from the methylated C bases
(Table 2). Finally, the PCR products were subjected to high-
throughput sequencing.38 In 2008, Cokus and his colleagues
first applied this method to obtain the DNA methylation
landscape of Arabidopsis thaliana.39 Nowadays, WGBS has
become the “gold standard” for DNA methylation detection
because of its single-base resolution, less time consumption, high
throughput, and genomic coverage. However, WGBS is most
expensive and requires a large amount of DNA inputs
(minimum 200–500 ng, maximum 5mg). In addition, the acidic
and thermal environment during the bisulfite conversion may
lead to DNA degradation, resulting in quantities of DNA loss.
Besides, the complexity of the DNA sequences is reduced after
bisulfite treatment, which increases the redundancy in sequenc-
ing process. These problems were shared by series of methods
based on bisulfite conversion.
To circumvent these limitations, after many attempts,

researchers developed post-bisulfite adaptor tagging (PBAT)
and Tagmentation based WGBS (T-WGBS) which have become
the main alternative to WGBS. T-WGBS fragmented gDNA by
the active Tn5 transposase, and then added sequencing adapters
to the amplification products. This improvement brought the
required amount of DNA inputs below 20 ng.40 PBAT was a
PCR-free WGBS method which put the bisulfite treatment step
ahead of adapter ligation, avoiding bisulfite-induced degradation
of the DNA adapter templates. It could generate a large quantity
of unamplified reads just from a small amount of DNA inputs.41

ComparedwithWGBS, PBAT does not need to utilize Covaris for
fragmentation, which can simplify purification steps, shorten
operating time, and lower product loss, but it is necessary to
consider issues such as the low efficiency of adapter ligation of
ssDNA fragments.
thylation profiling methods.

EM-seq ACE-seq TAB-seq oxBS-seq

T T T T
C T T C
C C C T

tive bisulfite sequencing, TAB-seq = Tet-assisted bisulfite sequencing, TAPS = TET-assisted pyridine
me bisulfite sequencing.
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2.4.2. Bisulfite-free base conversion. Given the shortcom-
ings of bisulfite treatment such as massive DNA degradation and
sequence complexity reduction, scientists have developed a
variety of bisulfite-free DNA methylation detection methods.
Among them, the electrochemical oxidation-based assays depend
on the direct oxidation of different DNA bases on various
electrodes to distinguish C from 5mC. In 2010, Wang et al
developed a choline chloride monolayer supported multiwalled
carbon nanotubes film modified glassy carbon electrode
(MWNTs/Ch/GCE), which could clearly identify all purine
and pyrimidine bases of adenine (A), guanine (G), thymine (T), C
and 5mC.42 In addition, since the C5–C6 double bond of
pyrimidine bases of 5mC can be oxidized more easily than that of
cytosine, many chemical labelling-based methods take advantage
of this phenomenon to distinguish between cytosine and 5mC. In
2006, Okamoto et al employed osmium complexes to oxidize
5mC. Combined with bipyridine derivative functionalized
fluorescent dyes labelling 5mC in DNA, they could further
detect the 5mC through fluorescence spectra, fluorescence
resonance energy transfer (FRET), and an electrochemical
assay.43 However, these methods described above cannot detect
the DNA methylation profiling of the whole genome. Besides,
they are not compatible withNGSwhich limits their applications.
In 2019, Liu et al developed a mild DNAmethylation detection

method, named TET-assisted pyridine borane sequencing
(TAPS). This method is independent of bisulfite conversion,
and has achieved whole-genome detection of methylated
cytosines at a single-base resolution. In this protocol, 5hmC
and 5mC were oxidized to 5caC by TET, and then reduced to
dihydrouridine (DHU) by pyridine borane. The subsequent PCR
amplification converted DHU to T bases, thereby realizing the
conversion from C to T. Combined with high-throughput
sequencing, TAPS could quantitatively detect the DNA methyl-
ation levels of the whole genome.44 As a reductant, pyridine
borane is inactive against the unmethylated cytosines. In 2021,
based on TAPS, TAPS with b-glucosyltransferase blocking
(TAPSb) employed b-glucosyltransferase (b-GT) to glycosylate
5hmC to protect it from TET oxidation and pyridine borane
reduction, thereby achieving 5mC specific sequencing. TAPSb is a
bisulfite-free, single-base resolution method with high sensitivity
and specificity.45 It has overcome the disadvantages of bisulfite
conversion, and can retain DNA fragments over 10 kilobases
while improving the sequencing quality, comparison rate and
average genome coverage. Since this method has just been
proposed and not widely applied to academic research and
clinical diagnosis, more detailed tests are required for the
construction of specific chemical processes and the usage of
reagent components. Besides, TAPSb has not been adopted to
single-cell analysis yet, which is the direction of further research.
In addition, Enzymatic Methyl-seq (EM-seq) developed by

Vaisvila et al is another bisulfite-free method.46 It first employed
TET2 and T4-bGT to convert 5mC and 5hmC into substrates
that cannot be deaminated by APOBEC3A (A3A). Then A3A
catalyzed the deamination of unmodified cytosines to U bases
which were then converted into T bases by PCR amplification.
Combined with high-throughput sequencing, EM-seq has
realized the detection of DNA methylation levels of the whole
genome. A3A is a DNA deaminase with high activity and a
particular proficiency for 5mC deamination. It can distinguish
different cytosine modification states effectively, and then
preform deaminization through enzymatic reaction instead of
chemical reaction, thereby greatly reducing the amount of DNA
loss.47 APOBEC-coupled epigenetic sequencing (ACE-seq)
12
applied b-GT to glycosylate 5hmC to protect it from the
deamination of A3A, which could localize 5hmC at a single-base
resolution.48 Comparing the sequencing results of DNA samples
processed by EM-seq and ACE-seq, we can figure out the
distribution of 5mC at single-base resolution specifically. The
DNA libraries processed by EM-seq were superior to the bisulfite
treated libraries in terms of coverage, repeatability, sensitivity,
and base composition. Meanwhile, the requirement of DNA
inputs for EM-seq could be as low as 100pg, which offered a new
way for the research and clinical applications. However, A3A
modification has severely reduced the sequence complexity,
which will lead to low mapping rates, poor base quality, and
uneven genome coverage.
3. 5mC DERIVATIVES RELATED DNA
METHYLATION DETECTION METHODS

5hmC, 5fC and 5caC are obtained after the oxidation of 5mC
by TET proteins. Identifying these DNA modifications provides
important clues for studying DNA demethylation and its
potential functions in gene expression.49 Since 5mC and 5hmC
are recognized as C bases, whereas 5fC, 5caC, and unmodified C
bases are converted into T bases after bisulfite treatment, the
bisulfite-dependent DNA methylation methods cannot distin-
guish 5mC from 5hmC.
Hydroxymethylated DNA immuneprecipitation (hMeDIP)

adopted specific antibodies to carry out the specific detection
of 5hmC, providing a cost-effective strategy for understanding
thewhole-genome distribution of 5hmC, but it cannot achieve the
quantitative detection of 5hmC. Tet-assisted bisulfite sequencing
(TAB-seq) used b-GT to catalyze the glycosylation of 5hmCwhile
converting 5mC to 5caC by TET-mediated oxidation, and then
coupled with bisulfite treatment and DNA sequencing to obtain
the methylation status of 5hmC sites.50 In 2011, hMe-Seal
(5hmC-selective chemical labeling method) employed b-GT of T4
phage to transfer the designed azide-containing glucose, which
can be chemically modified by biotin, to the hydroxyl group of
5hmC. Then 5hmC was pulled down by the tight binding
between biotin and streptavidin to attain the methylation
detection of DNA fragments.51

Potassium perrhenate (KRuO4) can selectively oxidize 5hmC to
5fC. The oxidative bisulfite sequencing (oxBS-seq) took advantage
of this phenomenon to oxidize 5hmC to 5fC while keeping 5mC
unchanged. Comparing the methylation levels of the oxidized and
unoxidized samples enabled us to distinguish 5hmC from 5mC at
single-base resolution. Since oxidative conditions may result in
serious degradation and damage of gDNA, this method needs a
relatively large amount of DNA inputs.52

In recent years, the detection methods of DNA methylation
derivatives have extended to single-cell areas. The scAba-seq,
established in 2016, applied restriction enzyme AbaSI to identify
the glycosylated 5hmC sites. Afterwards, the digested gDNAwere
used for an end-repair reaction and ligated to adapters, and then
the linear amplification was performed by in vitro transcription,
greatly increasing the throughput of single-cell analysis.53

4. SINGLE-CELL DNA METHYLATION SEQUENCING
TECHNOLOGIES

Generally, cells in different cell types have different epigenetic
characteristics, while cells within a given cell type also exhibit
inherent epigenetic heterogeneity due to the inaccurate definition
of cellular identity and their differences in cell cycle as well as
www.blood-science.org
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microenvironment. In recent years, with the rapid development of
single-cell transcriptome sequencing technologies, single-cell
epigenome sequencing technologies have been emerging rapidly,
and studies of epigenetics have undergone the transition from
bulk cells to single cells.54

In 2013, based on RRBS mentioned above, Guo et al
established single-cell reduced representation bisulfite sequencing
(scRRBS). By concentrating the reaction steps into a small tube
before PCR amplification, this method minimized the gDNA loss
in single cells caused by purification, which is suitable for the
detection of high-density DNA methylated regions.55 Single cell
whole genome bisulfite sequencing (scWGBS) and single cell
bisulfite sequencing (scBS-seq) were 2 PABT-based methods.
scWGBS lysed cells through bisulfite treatment directly, and then
used the labeled random hexamer primers that can bind to the 3’
end of the DNA fragments to extend the DNA strands.56 In terms
of scBS-seq, after bisulfite conversion, 5 rounds of DNA pre-
amplification were added to increase the number of labeled DNA
strands, which could generate more DNA copies and increase the
genomic coverage.57 Compared with scBS-seq, scWGBS does not
require any DNA pre-amplification, which can reduce reagent
costs, operation time and amplification biases, but the complexity
of the DNA libraries generated by this method is relatively low.
scBS-seq has higher genomic coverage than scWGBS, which can
accurately measure up to 48.4% of CpG sites. Other methods
reported recently, like single-nucleus methyl-cytosine sequenc-
ing58 (snmC-seq) and single-cell combinatorial indexing for
methylation analysis59 (sci-MET), could further improve the
throughput of single-cell methylation sequencing.
In 2015, single-cell restriction analysis of methylation

(SCRAM), developed by Cheow et al, combined single-cell
MSRE digestion with multiplex PCR analyses to detect the
methylation status of multiple CpG sites in single cells, avoiding
the massive degradation of DNA molecules during the bisulfite
conversion. Within a relatively short time (<2 days), this method
could reliably and accurately finish the detection of DNA
methylation status in single cells at a low cost.60 Nevertheless, as
it was based on targeted amplification, multiple PCR primers
were required to obtain each CpG site. Therefore, SCRAM was
not suitable for genome-wide DNA methylation detection. Since
only CpG sites distributed in the enzyme recognition regions can
be detected at single-base resolution, the coverage of SCRAM is
lower than other single cell DNA methylation detection methods
based on bisulfite conversion.
With the rapid advances of single-cell sequencing technologies,

single cell multi-omics sequencing methods have come into
reality, which provide a unique opportunity to study the
associations among different layers of omics directly. While
exploring gDNA methylation, researchers can directly observe
the relationships between different omics (genome, epigenome,
and transcriptome) within an individual cell. In these methods,
firstly, gDNA and mRNA within a single cell are separated, and
then genome and transcriptome sequencing are performed
simultaneously. Combined with scBS-seq, single-cell methylome
and transcriptome sequencing (scM&T-seq) used biotinylated
oligo-dT primers conjugated to the magnetic beads to separate
mRNA and gDNA for single cell profiling respectively.61 Single-
cell triple omics sequencing (scTrio-seq) slightly lysed cells first,
released cytoplasmic RNA while keeping the nucleus intact, and
then the nucleus is recovered by centrifugation to separate gDNA
and mRNA.62 Subsequently, combined with scRRBS, it could
detect the transcriptome and epigenome levels within an
www.blood-science.org
individual cell. Since cancer cells show strong heterogeneity in
these 3 omics, multi-omics methods, like scTrio-seq, are
especially crucial for cancer research.
Additionally, many methods can also analyze the chromatin

accessibility while studying DNA methylation status: single-
cell Nucleosome Occupancy and Methylome Sequencing
(scNOMe-seq) can not only determine the DNA methylation
status in single cells, but also locate the nucleosome footprint
on high resolution63; single-cell Chromatin Overall Omic-scale
Landscape Sequencing (scCOOL-seq) combines NOMe-seq
with PBAT to estimate gDNA methylation, chromatin open
states and copy number variations (CNVs).64 At present, as the
latest and most cutting-edge analysis methods, single-cell
epigenome sequencing technologies have relatively low cover-
age and throughput, and there is still much room for
improvement.
5. PERSPECTIVES

The above-mentioned NGS-based DNA methylation detection
methods have their own advantages and disadvantages respec-
tively. In order to choose a suitable DNA methylation detection
method, factors such as quantity and quality of DNA samples,
required resolution and coverage, accuracy and reproducibility of
the methods need to be taken into consideration.
The endonuclease digestion methods depend on endonucleases

which limits their coverage of the genome. The affinity
enrichment methods are cost-effective with low requirements
for DNA purity and integrity; however, they are not suitable for
low methylation detection and unable to achieve single-base
resolution. Compared with the former 2 methods, the bisulfite
conversion methods improve the sensitivity, coverage, and
resolution of DNA methylation detection. Nevertheless, the
coverage, sensitivity, and accuracy of sequencing might also be
compromised by severe DNA degradation caused by excessive
reaction conditions, low efficiency of adapter ligation, and loss of
DNA fragments resulted from subsequent PCR amplification
biases. Bisulfite-free DNA methylation detection methods, like
TAPS, can better circumvent these shortcomings above, but
require significant investment in the development and application
of new analysis tools for data analysis.
Single-cell sequencing technologies can eliminate the heteroge-

neity of cells within the same cell type; single-cell multi-omics
sequencing methods reveal the connection of different omics and
provide a universal and fundamental solution for studying
epigenetic regulation such as DNA methylation. However, the
amount of DNAprovided by individual cells is relatively low, and
single cell epigenome sequencing technologies have relatively low
coverage, accuracy, and throughput. Furthermore, there is also a
problem of the loss of spatial information. Additionally, how to
fully exploit the information in the large number of omics data
has become a new challenge in the investigation of DNA
methylation. In short, there is still much room for improvement in
DNA methylation measuring methods. We anticipate that more
high-quality DNA methylation detection technologies and
analysis methods will be developed in the future, which will
pave the way for in-depth epigenetic research.
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