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Apart from the four canonical nucleobases, DNA molecules carry a number of natural modifications.
Substantial evidence shows that DNA modifications can regulate diverse biological processes. Dynamic
and reversible modifications of DNA are critical for cell differentiation and development. Dysregulation
of DNA modifications is closely related to many human diseases. The research of DNA modifications is a
rapidly expanding area and has been significantly stimulated by the innovations of analytical methods.
With the recent advances in methods and techniques, a series of new DNA modifications have been
discovered in the genomes of prokaryotes and eukaryotes. Deciphering the biological roles of DNA
modifications depends on the sensitive detection, accurate quantification, and genome-wide mapping
of modifications in genomic DNA. This review provides an overview of the recent advances in analytical

methods and techniques for both the quantification and genome-wide mapping of natural DNA
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DOI: 10.1039/d1cb00022e modifications. We discuss the principles, advantages, and limitations of these developed methods. It is

anticipated that new methods and techniques will resolve the current challenges in this burgeoning
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1 Introduction

DNA molecules employ four canonical nucleobases, adenine
(A), thymine (T), cytosine (C), and guanine (G), to encode
genetic information in living organisms.” In addition to these
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research field and expedite the elucidation of the functions of DNA modifications.

four nucleobases, recent years have witnessed the discovery of a
variety of modified nucleobases in genomes.>® DNA cytosine
methylation (5-methylcytosine, 5mC) is the most extensively
characterized epigenetic modification, and it plays sophisti-
cated roles in regulating gene expression in mammalian cells.*
The formation of 5mC by DNA methyltransferases (DNMTs)
and oxidation by ten-eleven translocation (TET) proteins diver-
sify the genomes and shape the chromatin landscape.>® TET
proteins catalyze the oxidation of 5mC to 5-hydroxymethyl-
cytosine (5hmC) and 5-formylcytosine (5fC), and finally to
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5-carboxycytosine (5caC).” The 5fC and 5caC undergo base
excision repair to restore the unmodified cytosines.® Apart from
being intermediates in the active demethylation pathway,
5hmC, 5fC, and 5caC are also considered to function as
epigenetic modifications with potential regulatory roles in gene
expression.’

In addition to DNA cytosine modifications, many other types of
modifications also exist in the genomes of living organisms.'**
N°Methyladenosine (6mA) is a natural DNA modification existing
in both prokaryotes and eukaryotes."> 6mA functions in the
restriction-modification (RM) systems and gene regulatory
processes in prokaryotes.'® In 2015, it was reported that 6mA
was presented in the genomes of Chlamydomonas reinhardtii,**
Caenorhabditis elegans,"®> and Drosophila melanogaster.*® Later
on, 6mA was detected in a variety of living organisms of
vertebrates and mammals."” ' The most recent studies demon-
strated that 6mA mainly existed in the mitochondrial DNA** and
originated from the degraded RNA nucleoside of N°-methyl-
adenosine (m°A), which was further processed through the
nucleotide-salvage pathway and incorporated into genomic DNA
by DNA polymerases.**>*

5-Hydroxymethyluracil (5hmU) is a thymine modification
existing in the genomes of many living organisms, such as
leishmania,®® bacteriophages,”® dinoflagellates,>” and eukar-
yotes.”® TET enzymes can oxidize thymine to form 5hmU and
5-formyluracil (5fU) in mammalian genomic DNA.>® In some
parasite genomes, the TET homologue of JBP (J-binding pro-
tein) can oxidize thymine to 5hmU, which is further converted
to a new nucleobase B-p-glucosyl-5-hydroxymethyluracil (base ])
through J-GT (base ] glycosyltransferase).>**° Recently, another
TET homologue of the 5mC-modifying enzyme (CMD1) from
the alga Chlamydomonas reinhardtii has been reported to
catalyze the conversion of 5mC to generate a new modified
nucleobase, ie., 5-glyceryl-methylcytosine (5-glyceryl-mC),
which played critical roles in the photoprotective process.**

Reactive oxygen species (ROS) produced by cellular aerobic
metabolism can oxidize DNA, and 8-oxo-7,8-dihydroguanine
(OG) is the main oxidation product.>” OG could lead to G-to-T
transversion mutation.>*?* OG in genomes can be repaired
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through the base excision repair (BER) mechanism.>> However,
OG has recently been considered to have regulatory and epige-
netic properties in modulating gene expression.*®*” For example,
the increased OG level in genomes was closely related to the
increased gene expression through the BER pathway.*® OG could
also activate mRNA synthesis by promoting the formation of
G-quadruplex in the DNA promoter.*

Phosphorothioate (PT) modification on DNA has been dis-
covered in bacteria and archaea.*® So far, PT modification has
not been discovered in the DNA of eukaryotes. In PT modifica-
tion, the non-bridging oxygen in the phosphate group of
DNA strands is replaced by sulfur. For PT modifications, the
dndABCDE genes function as part of RM systems.*' The PT
modifications in the DNA of bacteria and archaea involve
regulating gene expression and cellular stress response, and
maintaining cellular redox homeostasis.”* In addition, some
7-deazaguanine modifications, such as 2’-deoxy-7-amido-7-deaza-
guanosine (dADG), 2/-deoxy-7-cyano-7-deazaguanine (dPreQ,) and
2/-deoxy-7-aminomethyl-7-deazaguanine (dPreQ,), were found to
be present in the DNA of bacteria and phage.**** These DNA
modifications are considered to function in protecting the phage
DNA from cleavage by host restriction enzymes.

The innovation of analytical methods has greatly stimulated
the research of DNA modifications. In the past few decades, a
variety of methods have been developed for the genome-wide
quantification and mapping of DNA modifications. With the
recent advances in analytical methods and techniques, a series
of new endogenous DNA modifications have been discovered.
In addition, many previously discovered DNA modifications
have been endowed with epigenetic-like properties in regula-
ting biological processes. These methods have enabled the
establishment of the correlation between the dynamic changes
of DNA modifications and various human diseases, including
cancers, imprinting disorders, neurological disorders, cardio-
vascular diseases, and developmental diseases.*** In addition,
the interplay between the epigenetic DNA modifications and
metabolism emerges as a new research direction by virtue of
these sophisticated analytical methods.***”

Revealing the functions of DNA modifications depends on
the sensitive detection, accurate quantification, and mapping
of these modifications in genomes.*®*>° Here, we review the
recent advances in analytical methods for the quantification
and mapping of DNA modifications, including 5mC, 5hmC,
5fC, 5caC, 6mA, 5hmU, 5fU, base ], 5-glyceryl-mC, N*-methyl-
cytosine (4mC), N®-hydroxymethyladenosine (6hmaA), OG, PT, and
7-deazaguanine modifications (Fig. 1). We discuss the principles,
advantages, and limitations of these established methods.

2 Methods for quantification of DNA
modifications

The reported methods for the detection of overall DNA modi-
fications mainly include liquid chromatography (LC), liquid chro-

matography/mass spectrometry (LC/MS), gas chromatography/
mass spectrometry (GC/MS), chemical derivatization-mass
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Fig. 1 Schematic illustration for the overall detection and mapping of DNA modifications. The chemical structures shown in DNA strand represent 5mC,
5hmC, 5fC, 5caC, 6mA, 5hmU, 5fU, base J, 5-glyceryl-mC, 4mC, 6hmA, OG, dADG, dPreQq and dPreQ;.

spectrometry, capillary electrophoresis (CE), thin layer chroma-
tography (TLC), immunostaining-based detection, fluorescence
labeling-based detection, and electrochemical detection.

2.1 Liquid chromatography

Determination of DNA modifications by liquid chromatography
(LC) is based on the detection of different nucleobases, 2’-deoxy-
nucleosides or 2'-deoxynucleotides, which are obtained from the
enzymatic or chemical hydrolysis of DNA. These DNA components
are typically separated by reversed-phase LC,”* and then detected
using a photometric or electrochemical detector. Thus, the baseline
separation of the DNA components is essential since the deter-
mination relies on the chromatographic separation to distin-
guish analytes.

It should be noted that if DNA is hydrolyzed by formic acid
to release nucleobases for LC detection, the complete elimina-
tion of RNA contamination in isolated DNA is required because
the nucleobases released from RNA, such as 5-methylcytosine
and N°-methyladenine, will affect the accurate quantification
of the corresponding DNA modifications. As for the LC-based

1098 | RSC Chem. Biol., 2021, 2,1096-1114

detection of DNA modifications, a relatively large amount of
genomic DNA (~1-50 pg) is typically needed owing to the low
detection sensitivity of the method. Moreover, the LC-based
detection of DNA modifications is less confirmative than the
mass spectrometry-based detection.

2.2 Liquid chromatography/mass spectrometry

Mass spectrometry (MS) has been widely used to detect and
quantify nucleic acid modifications as MS exhibits high detection
sensitivity and good capability to identify compounds.>*™® LC/MS
is the preferred method for the sensitive detection and quantifica-
tion of the global levels of modifications in genomic DNA.
Typically, DNA is enzymatically digested into 2'-deoxynucleosides
or 2'-deoxynucleotides and then determined by LC/MS. LC/MS
now plays a central role in the discovery, identification and
quantification of DNA modifications across different cells, tissues
and organisms.>**® LC/MS provides the nucleoside composition
but not the sequence context of DNA modifications in genomes.
2.2.1 LC/MS. LC/MS with the multiple reaction monitoring
(MRM) detection mode is frequently employed to detect DNA

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cb00022e

Open Access Article. Published on 21 May 2021. Downloaded on 2/27/2026 11:11:40 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

modifications due to the inherent high sensitivity of this detec-
tion mode. LC/MS with MRM detection can usually achieve a
sub-femtomole level of limit of detection (LOD) towards DNA
modifications. We realized the analysis of 5mC in a single cell
using liquid chromatography tandem mass spectrometry
(LC-MS/MS) with the MRM detection mode.®' The PT modifica-
tions in prokaryotic and eukaryotic genomes were quantita-
tively measured by LC-MS/MS. The results showed that the PT
modifications were as low as 1 per 10° nt for d(TpsT) and 2 per
10® nt for d(CpsT).***® The LC-MS/MS analysis showed that
dADG, dPreQ,, and dPreQ; modifications were in the range of
6-790 (per 10° nt).** Ultra-performance liquid chromatography
(UPLC) has also been employed in the LC-MS/MS analysis, thus
enabling short chromatographic runs in the analysis of 5mC
and 6mA in DNA.'®®*® Using a stable isotope labeled (SIL)
analogue of the nucleoside as an internal standard can cali-
brate the detection variation caused by the matrix effect and
sample pretreatment during the measurements of DNA modi-
fications. Stable isotope labeling coupled with LC/MS methods
has been developed for the accurate measurement of DNA
modifications, such as 5mC, 5hmC (LOD, 0.056 fmol), 5fC
(LOD, 0.098 fmol), 5caC (LOD, 0.14 fmol), 5hmU (LOD, 80 fmol),
base J, 6mA (LOQ, 1.6 fmol), PT and 6hmA.°®”"" In addition,
stable isotope labeling also benefits the qualitative analysis of
DNA modifications.

A vitamin-C-derived DNA modification (5-glyceryl-mC) has
been recently discovered in the genome of the green alga
Chlamydomonas reinhardtii by LC/MS analysis.>" The measured
level of 5-glyceryl-mC was about 10 modifications per 10° dC in
the genomic DNA of wild-type Chlamydomonas reinhardtii. The
discovery of a new modification of 5-glyceryl-mC highlights the
structural diversity of DNA associated with environmental
adaptation.

2.2.2 High-resolution mass spectrometry analysis. High-
resolution mass spectrometry (HRMS) can provide accurate
mass measurements and plays an important role in deciphering
the structural information of compounds. LC coupled with
HRMS (LC-HRMS) has been frequently used in the determina-
tion of DNA modifications. For example, LC-HRMS enabled the
discovery of 5fC and 5caC in the DNA of mouse embryonic stem
cells,”>”* providing confirmatory evidence of the 5mC oxidative
demethylation via 5fC and 5caC. Using high-resolution quadru-
pole TOF MS (qTOF-MS), 5mC and 5hmC in genomic DNA can
be simultaneously detected,”* which allowed the sensitive deter-
mination of low contents of 5mC and 5hmC with 2 ng of DNA.
This study demonstrated that the content of 5hmC in hepato-
cellular carcinoma (HCC) tumor tissues was decreased com-
pared to that of the tumor adjacent tissues. The dysregulation
of 5hmC in cancer tissues has now become a common pheno-
menon in a variety of cancers.”>”®

2.2.3 Inductively coupled plasma mass spectrometry ana-
lysis. The use of external elemental tags and inductively
coupled plasma-mass spectrometry (ICP-MS) detection has
become a new strategy in analytical chemistry.”® This method
is based on the exceptional features of elemental mass spectro-
metry in terms of sensitivity, selectivity, and multi-elemental

© 2021 The Author(s). Published by the Royal Society of Chemistry
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and isotopic capabilities, which can enhance the quantifi-
cation of labeled biomolecules. The hyphenation of LC with
ICP-MS (LC-ICP-MS) has been developed for evaluating DNA
methylation.®® The reversed-phase separation of 5-methyl-2’-
deoxycytidine-3’-monophosphate (5SmCMP) with specific ICP-MS
detection on *'P was established to detect 5mC.%° In addition,
potassium acid (K,OsO,) was used to selectively label 5mC in
single-stranded DNA (ssDNA) in the presence of strong oxidant
K;Fe(CN), and N,N,N’,N'-tetramethylethylenediamine (TEMED).*
Then, size-exclusion chromatography-ICP-MS was used to
detect *'P (proportional to the total amount of DNA) and
%905 (equivalent to 5mC). These methods were successfully
applied in analyzing 5mC from the DNA of salmon testes and
commercial oligonucleotides, which provided a proof-of-concept
that ICP-MS was a useful and complementary platform to the
LC/MS in the detection of DNA modifications.

2.2.4 Metabolic isotope tracing by mass spectrometry.
Metabolic isotope tracing is a useful strategy that has been
widely used in the detection and confirmation of endogenous
biomolecules.®! The in vivo metabolic pathways and dynamics
of DNA modifications can be revealed by the combination
of isotope tracing and LC-MS/MS analysis. It has been known
that ATP and r-methionine could be converted to S-adenosyl-L-
methionine (SAM) by methionine adenosyltransferase, and
SAM is a universal reagent for the methylation of nucleic acids.
Therefore, by feeding cells with SIL L-methionine, the source of
methyl groups for DNA methylation and the dynamics of 5mC
and 5hmC were uncovered.®” Similarly, various isotopologues
of modified bases have been utilized to elucidate the mechan-
isms of the formation and removal of modifications, such as
5fC,% 5hmU,*® 6mA,** and 5caC.%>%°

2.3 Gas chromatography/mass spectrometry

Compared to LC/MS, gas chromatography/mass spectrometry
(GC/MS) has the advantage of providing better chromato-
graphic separation. Nevertheless, GC/MS requires the conver-
sion of analytes into volatile derivatives before separation.?” In
this regard, nucleobases can only be analyzed after converting
them into volatile counterparts through derivatization.

For the GC/MS analysis of 5mC, DNA is typically hydrolyzed
using aqueous formic acid (88%), and the resulting nucleo-
bases are then derivatized with appropriate reagents, such as
N-methyl-N-(tert-butyldimethylsilyl)trifluoroacetamide with 1%
tert-butyldimethyl-chlorosilane®® and N,O0-bis-(trimethylsilyl)-
trifluoroacetamide (BSTFA) with 1% cholorotrimethylsilane.®
The results showed that the LOD value of 5mC was as low as
0.8 pg (6.4 fmol).*® GC/MS was also used to detect OG from
human breast tissues and lymphocytes.”® However, it was found
that the OG content measured by GC/MS was higher than that by
other methods. The gas-phase derivatization step could cause the
oxidation of guanine, which may lead to increased OG due to the
artificially formed OG during sample preparation.

2.4 Chemical derivatization-mass spectrometry

DNA modifications typically present in low abundance in vivo,
and it is a challenging task to detect some rare DNA modifications

RSC Chem. Biol., 2021, 2,1096-1114 | 1099
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Table 1 Summary of the detection sensitivities of various DNA modifications analyzed by chemical derivatization-mass spectrometry. LOD, limit of

detection
Derivatization reagents Modifications LOD (fmol) Ref.
2-Bromo-1-(4-dimethyl aminophenyl)-ethanone (BDAPE) 5mC 0.10 98
5hmC 0.06
5fC 0.11
5caC 0.23
2-Bromo-1-(4-diethylaminophenyl)-ethanone (BDEPE) 5mC 0.06 99
5hmC 0.07
5fC 0.10
5caC 0.08
2-Bromo-1-(4-1-pyrrolidinylphenyl)-ethanone (BPPE) 5mC 0.43
5hmC 0.69
5fC 0.79
5caC 1.21
3-Bromoacetonyltrimethylammonium bromide (BTA) 5mC 2.20
5hmC 4.72
5fC 6.22
5caC 0.53
o-Bromoacetonylpyridinium bromide (BPB) 5mC 5.25
5hmC 2.72
5fC 16.59
5caC 4.41
4-(Dimethylamino) benzoic anhydride 5mC 2.24 100
5hmC 2.53
5fC 2.54
5caC 1.27
Uridine diphosphoglucose (UDP-glucose) 5hmC 6.7 102
5gmC 1.5
Girard’s T reagent 5fU 3.3 103
5fC 0.09 104
5caC 0.77
5fC 0.08 105
5fU 0.14
Girard’s D reagent 5fC 0.15 104
5caC 0.42
Girard’s P reagent 5fC 0.03 104
5caC 0.75
5fC 0.03 105
5fU 0.05
4-(2-(Trimethylammonio)ethoxy)benzenaminium halide (4-APC) 5fC 0.05 105
5fU 0.09
Hydrazino-s-triazine based glycan labelling reagents i-Pr,N 5fC 0.01 106
5caC 0.025
Hydrazino-s-triazine based glycan labelling reagents Me,N 5fC 0.05
Hydrazino-s-triazine based glycan labelling reagents Et,N 5fC 0.0125
Dansylhydrazine (DNSH) 5hmC 0.04 107
2-Bromoacetophenone 5mC 22.7 131

by direct LC/MS analysis. In this respect, the approaches based on
chemical labeling in conjugation with LC/MS analysis were devel-
oped to analyze the low levels of compounds.”’™” The tagged
group that was added to the target modifications from labeling
reagents can endow the desired properties of DNA modifications,
which can be utilized to achieve the improved ionization efficien-
cies of DNA modifications during mass spectrometry analysis
(summarized in Table 1).

We and others previously utilized 2-bromo-1-(4-dimethyl-
aminophenyl)-ethanone (BDAPE), 2-bromo-1-(4-diethylamino-
phenyl)-ethanone (BDEPE), and 4-(dimethylamino) benzoic
anhydride to simultaneously label 5mC, 5hmC, 5fC, and 5caC
in DNA,%®*% which led to a 313-fold increase of the detection
sensitivities of DNA modifications. Similarly, some other chemical
derivatization strategies were developed to enable the sensitive
detection of DNA modifications, such as the glycosylation of
5hmC by T4 B-glucosyltransferase,'®” derivatization of 5fC,

100 | RSC Chem. Biol., 2021, 2,1096-1114

5caC and 5fU by Girard’s reagents (Girard D, T, and P)'®*%
and hydrazine reagents (Me,N, Et,N, and i-Pr,N),'* and deri-
vatization of 5fC by dansylhydrazine (DNSH).'®” In addition,
8-(diazomethyl)quinoline (8-DMQ) was used to derivatize the
phosphate group of NTPs and modified NTPs, which resulted
in the discovery of a series of new modifications occurring in
NTPs.'%®

2.5 Capillary electrophoresis

The separation of analytes by capillary electrophoresis (CE) is
mainly based on the equilibrium of charged analytes between
the stationary phase and the mobile phase. Several detection
techniques, including UV-absorbance, MS, and laser-induced
fluorescence (LIF) detection, can be coupled with CE to deter-
mine the DNA modifications from clinical samples and plant
tissues. CE-LIF and CE-MS generally can offer better detection
sensitivity than CE-UV in detecting 5mC and 5hmC in genomic

© 2021 The Author(s). Published by the Royal Society of Chemistry
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DNA. CE-MS usually provides better detection sensitivity than
CE-UV, and 5mC and 5hmC could be easily detected using only
subnanogram DNA samples.’®® CE-LIF has been used to quan-
tify 6mA, with the detection limit being as low as 1.4 amol.**°
Our group developed a sensitive 5mC detection method based
on capillary liquid chromatography using a hyper-cross-linked
polymer monolithic column carrying phenyl and quaternary
ammonium groups.'** The LOD of 5mC was 0.014 pmol, which
is comparable to that obtained by MS analysis.

The CE method has been used to address many interesting
questions, including the examination of DNA methylation in
cancer cell lines,""” the investigation of the association between
the DNA methylation and clinicopathological data from leukemia
patients,"? and the evaluation of the in vivo activity of mamma-
lian DNA methyltransferases.''* In the above-described studies,
the typical sample amounts required were in the range of
0.1-10 pg of genomic DNA. Although the CE method provides
higher separation efficiency than the LC method, the separa-
tion reproducibility can be affected by slight variations.

2.6 Thin layer chromatography

Thin layer chromatography (TLC) is based on the differences in
net charge, polarity, and hydrophobicity between analytes."*”
The genomic DNA is enzymatically hydrolyzed to nucleosides
and then labeled with [**P]ATP by T4 polynucleotide kinase,
followed by separation on cellulose TLC plates. The relative
intensity of the spots can be determined using a phosphorimager.
Many DNA modifications, such as 5hmC"**""” and 5caC,® were
initially discovered in the genomic DNA of mammalian cells by
TLC and then further confirmed by HRMS.

Compared to one-dimensional (1D) chromatography, two-
dimensional (2D) separation can effectively improve the separa-
tion capability. 2D-TLC has been widely utilized to detect
various DNA modifications such as 5mC,**® base J,**° and
0G."*° It is simple to identify and quantify **P-labeled modified
nucleotides down to the femtomole level. For the TLC-based
detection of DNA modifications, there is no need for sophisti-
cated instrumentation. However, the analytical procedure with
radioactive labeling by TLC is relatively time-consuming.

2.7 Immunostaining-based detection

Immunostaining has been widely used to evaluate the global
levels of various DNA modifications. Specific antibodies can
recognize 5mC,"** 5hmc,"** 5fC,"** 5caC,'*® 6mA,"** base J'**°
and OG'*® for visualization. Although this method is simple, it
has the disadvantages of potential low antibody specificity and
bias towards DNA modifications. Immunostaining methods
generally provide semi-quantitative information.
Enzyme-linked immunosorbent assay (ELISA) coupled with
electrochemiluminescence (ECL) detection was used to detect
5mC*®” and 0G."?® The developed method employed an anti-
5mC antibody labeled with acetylcholinesterase, which can
convert acetylthiocholine (substrate) to thiocholine (product).
The thiocholine was accumulated on a gold electrode surface,
making it possible to observe bright and distinctive ECL by

© 2021 The Author(s). Published by the Royal Society of Chemistry
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applying a potential to the gold electrode. The detection limit of
5mC was 0.18 pmol.

2.8 Fluorescence labeling-based detection

Fluorescence labeling is a well-established strategy in the
detection of DNA modifications. High detection sensitivity
can be achieved by selecting suitable fluorescent reagents.'>*'*°
For example, 2-bromoacetophenone was used to selectively label
cytosine moieties from the DNA of salmon testes and nucleic
acids from plants, human blood, and earthworms, followed by the
detection of these derivatives using LC with a spectrofluorimetric
detector.”*' The LOD of 5mC can reach 16.6 fmol. In general,
the fluorescent moiety can be efficiently attached to aldehyde-
containing modifications (such as 5fC and 5fU) by amine
hydrazine or hydroxylamine through aldol-type condensation
reactions,"**7'%® or by the direct condensation of aminobenzal-
dehyde with cyano reagents.'**™*° In addition, by the chemical
conversion of hydroxymethyl group to an aldehyde group, the
quantitative detection of 5hmC in different mouse tissues has
been achieved using a similar strategy.'** The linear correlation
between the concentration of labeled modifications and the
fluorescence intensity allows us to quantitatively determine the
levels of DNA modifications. It should be noted that some
developed methods have been successfully used to analyze
the DNA modifications of biological samples;'?>!3%138:139142
however, some methods were established using synthesized
DNA cartying modifications,'?3713%137,140

2.9 Electrochemical detection

Electrochemical biosensing strategies can offer fast and sensitive
detection towards DNA modifications.'**'** Based on the decrease
in charge density between the C-G base pairs caused by DNA
methylation, a simple electrochemical strategy was reported for
the continuous monitoring of the dynamic DNA methylation
process.'*> Although most of the studies can only detect the overall
level of 5mC in DNA, the analysis of single DNA methylation sites
also has been successfully accomplished."*®

Signal amplification is a prevalent strategy to increase the
detection sensitivity of electrochemical biosensors. The signal
amplification technologies based on enzymatic amplification'*”
or redox cycles*® were reported to realize the sensitive quanti-
fication of 5mC and 5hmC in genomic DNA. Additionally,
analytical approaches for signal amplification through carbon
nanocomposite materials,"*® new nano-microspheres,"° gold
nanoparticles,"" and other novel nanomaterials*>> were devel-
oped for the analysis of DNA modifications of various biological
samples. Using these methods, the detection limit of 5hmC
was as low as 9.06 fM,**® while the detection limit of OG was
1 I31\/[.151

3 Methods for mapping DNA
modifications

Methods for the overall detection of DNA modifications require
the digestion or release of modifications from DNA before
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measurements, which will not provide information of the
positions of modifications within the DNA sequence. Rapidly
improving technologies, especially the next-generation DNA
sequencing, revolutionize the study of genome-wide mapping
of DNA modifications, allowing us to study the site-specific
dynamic changes of epigenetic modifications.'>® A variety of
methods have been established for the genome-wide mapping
of DNA modifications, which is essential and critical to reveal
the biological functions of DNA modifications (Table 2).

3.1 Immunoprecipitation enrichment-sequencing

A number of immunoprecipitation-based enrichment strategies
combined with sequencing have been developed for mapping
DNA modifications in genomes.’” These methods typically
include the enrichment of DNA fragments that contain the
modified base, sequencing of the enriched fragments, and
aligning of the sequence reads to the reference genomes. The
position of a modification in genomic DNA can be approxi-
mately mapped by fragmenting the DNA into short pieces, and
the peak analysis could improve the mapping resolution for
modifications.

The immunoprecipitation-mediated enrichment of DNA
fragments using antibodies or specific affinity binding proteins
has been demonstrated to be very useful for mapping DNA
modifications. The immunoprecipitation of methylated DNA is
commonly achieved by the isolation of methylated DNA frag-
ments using antibodies for 5mC (MeDIP-seq)"** or the isolation
of DNA fragments containing methylated CpG dinucleotides
using methyl-CpG binding domain (MBD) proteins (MBD-
seq).'>>'%® A secondary antibody captures the methylated DNA-
antibody/protein complex (MethylCap-seq, MIRA-seq),"*”""®
which can then be further analyzed using PCR, array-based
methods, or sequencing technologies. Similarly, affinity-based
enrichment of 5hmC,"*° 5fC,**® 6mA,'*"'** base J,'** and 0G,'**
followed by sequencing, were also developed to map these modi-
fications in genomes of various species.

Although immunoprecipitation-mediated sequencing is
straightforward, it does not offer base-resolution information
of DNA modifications. In addition, the results of independent
DIP-seq studies often show considerable variations between the
profiles of the identical genomes and between the profiles
obtained by alternative methods, which might be attributed
to the low specificity of antibodies and the intrinsic affinity of
IgG for short unmodified DNA repeats.'®

3.2 Chemical conversion-sequencing

Specific conversion of modified nucleosides or unmodified
nucleosides by chemical treatments can lead to the subsequent
characteristic sequencing events for modifications, which
therefore can be employed for mapping modified nucleosides
in DNA. The selective and efficient chemical conversion is the
critical issue in this method.

3.2.1 Bisulfite sequencing. Bisulfite sequencing (BS-seq) is
the gold standard for the genome-wide mapping of 5mC at
single-base resolution."®® In BS-seq, cytosine, 5fC, and 5caC
undergo deamination by bisulfite treatment and are read as
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thymines, while both 5mC and 5hmC are resistant to deamina-
tion by bisulfite treatment and are read as cytosines.'®”'
Therefore, traditional bisulfite sequencing cannot distinguish
5fC or 5caC from cytosine, nor can it differentiate 5hmC
from 5mC.

Some methods have been developed by combining chemical
labeling and bisulfite treatment to achieve the genome-wide
mapping of 5hmC, 5fC, and 5caC (Fig. 2A). Oxidative bisulfite
sequencing (oxBS-seq)'®” and TET-assisted bisulfite sequencing
(TAB-Seq)"®® methods were established to map 5hmC in geno-
mic DNA. The oxBS-seq approach is based on the specific
oxidation of 5hmC by KRuO, to produce 5fC, which can be
converted to uracil under bisulfite treatment."®” With the oxBS-
seq approach, 5hmC is read as thymine, but 5mC is read as
cytosine in DNA. In the TAB-seq approach, B-GT specifically
transfers a glycosyl group to 5hmC to produce B-glucosyl-5-
hydroxymethylcytosine (5gmC), which resists the oxidation by
TET proteins.'®® But TET proteins oxidize 5mC to 5fC and 5caC,
both of which are read as thymines by bisulfite sequencing. The
remaining cytosine signals come from the glycosylated 5hmC,
offering a strategy for the single-base resolution mapping of
5hmC. A mirror bisulfite sequencing for 5ShmC detection at a
single CpG site with glycosylation by B-GT, methylation by
M.SssI methylase and bisulfite conversion also achieved the
site-specific analysis of 5hmC at the CpG sites of DNA.'®°

Reduced bisulfite sequencing (redBS-seq)'”® was developed
to map 5fC based on the selective reduction of 5fC to 5hmC by
sodium borohydride combined with bisulfite sequencing. 5fC
sites could be detected by comparing the bisulfite-treated
reduced and non-reduced DNA. In addition, the fCAB-seq
approach'”" used O-ethylhydroxylamine (EtONH,) to convert
5fC to oxime, which resists deamination by bisulfite treatment.
Comparing the results of fCAB-seq (where 5fC is read as C) with
those of BS-seq (where 5fC is read as T) enables the mapping of
5fC at single-base resolution. For 5caC mapping analysis, a
chemical modification-assisted bisulfite sequencing (CAB-seq)
method was established."”” The carboxyl group of 5caC reacts
with the primary amine group, thereby protecting the labeled
5caC from deamination by bisulfite treatment. Based on
CAB-Seq, a DNA immunoprecipitation-coupled CAB-Seq (DIP-
CAB-Seq) was further developed and successfully used in the
mapping of 5fC and 5caC in the genomes of mouse embryonic
stem cells.’”® In addition, the combination of bisulfite treat-
ment with the use of M.SssI methyltransferase could achieve
the base-resolution mapping of 5fC and 5caC in DNA (MAB-seq
and caMAB-seq)."”*'”*

In addition to the 5-substituted cytosine modifications, 4mC
was also found to be present in the DNA of thermophilic
bacteria and many bacterial mesophiles.'”® Traditional bisulfite
sequencing cannot distinguish 4mC from 5mC because both 4mC
and 5mC resist deamination and will then be read as cytosines.
A 4mC-Tet-assisted-bisulfite-sequencing (4mC-TAB-seq) approach
was established for the genome-wide mapping of 4mC."”” This
4mC-TAB-seq approach can accurately identify the 4mC sites
without interference from 5mcC. By coupling the oxidation of all
5mC to 5caC mediated by excessive TET proteins under optimized

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Modifications Methods Treatment Resolution Principles of sequencing Ref.

5mC, 5hmC BS-seq Bisulfite treatment Single- C, 5fC and 5caC undergo deamination and all of them 166
base are read as T, while 5mC and 5hmC are resistant to
resolution  deamination and are read as C.

TAPS Oxidation of 5mC, 5hmC and 5fC by TET oxidizes 5mC, 5hmC and 5fC to 5caC, then pyridine 182
TET proteins; reduction of 5caC by borane reduces 5caC to DHU, which is read as T in PCR
pyridine borane and thereby realize the C-to-T conversion of 5mC and

5hmC.

EM-seq  Oxidation of 5mC by TET2 and TET2 oxidation and B-GT glycosylation protect 5mcC, 204
glycosylation of 5hmC by B-GT; 5hmC and 5fC from APOBEC3A deamination; only C is
deamination of C by APOBEC3A converted to U, which is read as T in sequencing. 5mC,

5hmC and 5fC are read as C.
5mC TAPSf Glycosylation of 5hmC by B-GT; TET  Single- B-GT glycosylation protects 5hmC from TET oxidation 182
oxidation and pyridine borane base and pyridine borane reduction; only 5mC is converted
reduction of 5mC resolution  to DHU, which is read as T in sequencing.
5hmC oxBS-seq  Oxidation of 5hmC by KRuO, Single- KRuO, oxidizes 5hmC to 5fC, which is read as T in BS- 167
base seq, while 5mC is read as C.
resolution

TAB-seq  Glycosylation of 5ShmC by B-GT and Glycosylation of 5hmC to 5¢mC by B-GT; TET oxidizes 168

oxidation of 5mC by TET proteins 5mC to 5fC and 5caC, both of which are read as T in
BS-seq, while the original 5ShmC is read as C.

hmcC- Labeling of 5fC by EtONH,; oxidation Protection of 5fC by EtONH,; K,RuO, oxidizes 5ShmC to 178

CATCH  of 5hmC by K,RuO, and labeling by 5fC followed by AI labeling, which induces a C-to-T
1,3-indandione (AI) transition in sequencing.

CAM- KRuO, oxidation and azi-BP labeling Protection of 5fC by hydroxylamine; KRuO, oxidizes 180

Seq of 5hmC 5hmC to 5fC followed by azi-BP labeling, which induces

C-to-T conversion in sequencing.

CAPS Oxidation of 5hmC by KRuO, and KRuO, oxidizes 5hmC to 5fC, then is reduced to DHU by 182
reduction by pyridine borane pyridine borane. DHU is read as T in sequencing.

hmC-seq Oxidation of 5ShmC by peroxotungstate Peroxotungstate converts 5hmC to trihydroxylated 181

thymine ("T), leading to a C-to-T transition in poly-
merase extension.

AMD- Glycosylation of 5hmC by B-GT; B-GT glycosylation protects 5hmC from APOBEC3A 202

seq, deamination of C by APOBEC3A deamination and 5gmcC is read as C; C and 5mC are and

ACE-seq read as T. 203

hmC-seq Glycosylation of 5hmC by B-GT and Genome- B-GT converts 5hmC to 5¢gmC that can be pulled down 195
precipitation by JBP1 wide by J-binding protein 1 coupled to magnetic beads.

nano- Glycosylation of 5hmC by B-GT Labeling of 5ShmC to 6-N;-B-glucosyl-5hmC by B-GT, 197

hmC- then a biotin tag is installed onto the azido group for

Seal pull down using click chemistry.

5fC redBS- Reduction of 5fC by NaBH, Single- NaBH, reduces 5fC to 5hmC, which is converted to CMS 170
seq base by bisulfite treatment. The 5fC site is identified by
resolution  comparing the output of redBS-seq (where 5fC is read as
C) with that of BS-seq (where 5fC is read as T).

fCAB- Conversion of 5fC to oxime by EtONH, EtONH, converts 5fC to oxime, which resists deamina- 171

seq tion by bisulfite treatment. The 5fC site is identified by

comparing the output of fCAB-seq (where 5fC is read as
C) with that of BS-seq (where 5fC is read as T).

fC-CET  Labeling of 5fC by 1,3-indandione (AI) Labeling of 5fC by AlI enables a subsequent C-to-T 191

transition in PCR.

CLEVER- Labeling of 5fC by malononitrile Labeling of 5fC by malononitrile induces a C-to-T con- 192

seq version in sequencing.

fC-seq Labeling of 5fC by 2-(5-chlorobenzo[d] CBAN or azi-BP reacts with 5fC to generate an intra- 142
thiazol-2-yl)acetonitrile (CBAN) or molecular cyclization nucleobase, leading to a C-to-T and
azi-BP conversion in polymerase extension. 193

fC-seq Labeling of 5fC by O-(biotinylcarba- Genome- Labeling of 5fC by ARP to form a biotinylated 5fC, which 160
zoylmethyl) hydroxylamine (ARP) wide can be enriched by streptavidin-coated magnetic beads

and then sequenced.
5caC CAB-seq Labeling of 5caC by EDC-catalyzed Single- Labeling of 5caC with xylene-based primary amine, 172
xylene-based primary amine base which protects 5caC from deamination. The labeled
resolution  5caC is read as C in BS-seq.
caMAB-  Reduction of 5fC by NaBH,; methyla- 5fC is reduced to 5hmC by NaBH,; methylation of C by 174
seq tion of C by M.SssI enzyme M.Sssl. 5caC is sequenced as T in BS-seq, whereas C,
5mC, 5hmC and 5fC are read as C.

5fC, 5caC MAB-seq Methylation of C by M.SssI enzyme Single- Methylation of CpG by M.SssI protects unmodified C 175
base from bisulfite conversion to U. 5fC/5caC is read as T in
resolution  sequencing.

4mC 4mC- Oxidation of 5mC by TET proteins Single- Oxidation of 5mC to 5caC by TET proteins followed by 177

TAB-seq base bisulfite treatment; 5mC is read as thymine, while 4mC

resolution  is read as cytosine in sequencing.
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Table 2 (continued)
Modifications Methods Treatment Resolution Principles of sequencing Ref.
5hmU hmU- Oxidation of 5hmU by KRuO, Single- Oxidation of 5hmU to 5fU by KRuO, induces a T-to-C 179
seq base base transition in polymerase extension.
resolution
hmU- Glycosylation of 5hmU by base J Genome- Labeling of 5ShmU with Nj-glucose by J-GT followed by 199
seq glucosyltransferase (J-GT) wide adding biotin tag and enrichment with streptavidin-
coupled beads.
5fU fU-seq Labeling of 5fU by azi-BIAN Genome-  Azi-BIAN labeling of 5fU enables pull down of 188
wide 5fU-containing DNA fragments for sequencing.
oG OG-seq Oxidation of OG by K,IrBrg Genome- K,IrBrg oxidizes OG to a covalent adduct of a primary- 189
wide amine-terminated biotin, allowing for enrichment and
sequencing.
6mA 6mA-seq Deamination of adenine by sodium Single- NaNO, deaminates unmethylated adenines to hypox- 194
nitrite (NaNO,) base anthine bases, which are read as guanine by polymerase
resolution  and reverse transcriptase. 6mA site resists deamination

bisulfite treatment conditions, 5caC is read as T. At the same time,
4mC is partially deaminated by bisulfite treatment, and about half
of the 4mC sites are read as C. With this 4mC-TAB-seq approach,
three 4mC-containing motifs were identified in the genomes of
Caldicellulosiruptor kristjanssonii.

3.2.2 Bisulfite-free sequencing. The treatment condition by
bisulfite is harsh, which could cause the degradation of the
majority of input DNA. Thus, mild chemical treatment could
provide an advantage in processing a small amount of DNA
samples. In addition, bisulfite treatment converts abundant
unmodified cytosines to thymines rather than non-canonical
modifications, which reduces the sequence complexity of tem-
plate DNA. Thus, BS-seq often involves low hybridization and
mapping selectivity in sequencing. In this respect, bisulfite-free
sequencing methods were developed for mapping DNA modi-
fications (Fig. 2B).

The hmC-CATCH approach combines the EtONH, protec-
tion of endogenous 5fC with the selective oxidation of 5hmC to
5fC using K,RuO,.'”® 1,3-Indandione (AI) was used for the
selective labeling of the converted 5fC, which would lead to a
C-to-T transition in the subsequent PCR amplification and
sequencing.'”® Similarly, the oxidation of 5hmU to form 5fU
by KRuO, was used for the mapping of 5hmU."”° In this
approach, the chemical conversion of 5hmU to 5fU induced a
T-to-C base transition in the subsequent polymerase extension,
which was utilized to map 5hmU at single-base resolution.
KRuO, was also used to transform 5hmC to 5fC followed by azi-
BP labeling. The C-to-T transition was induced because the
labeled 5fC lost the exocyclic 4-amino group, enabling the
mapping of 5hmC in DNA."®® Similarly, peroxotungstate can
convert 5hmC to trihydroxylated thymine (thT), leading to a
C-to-T transition during the polymerase extension and single-
base resolution mapping of 5hmC.'®"

TET-assisted pyridine borane sequencing (TAPS
includes the TET-mediated oxidation of 5mC, 5hmC and 5fC
to 5caC and the pyridine borane reduction of 5caC to dihy-
drouracil (DHU). DHU was read as thymine in PCR, thereby
realizing the C-to-T conversion of 5mC and 5hmC, while
unmodified cytosines still were read as C. Thus, 5mC and
5hmC can be differentiated from cytosines, but 5mC and

)132,133
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and is read as adenine.

5hmC cannot be differentiated from each other by TAPS. In this
respect, 5hmC was glycosylated using B-GT, and the formed 5gmC
resisted the TET oxidation and pyridine borane reduction. Thus,
5hmC was read as C, while 5mC was read as T, realizing the
differentiation of 5mC and 5hmC (TAPSP assay)."®>

Iodine shows high selectivity in the cleavage of PT modifica-
tions in DNA.'® Thus, iodine-induced cleavage quantitative
real-time PCR (IC-qPCR) has been developed to evaluate the
frequency of PT modifications at a given site in bacterial
DNA.'® The high sensitivity of the IC-qPCR method with
a LOQ of 5 copies or 10 copies per reaction suggested that
the IC-qPCR method was suitable for quantifying PT modifica-
tions at low frequencies. In addition, the PT-IC-seq method was
based on the iodine-induced selective cleavage at the PT sites,
and a high-throughput sequencing was developed to map
the PT modifications in genomic DNA."*®'®” In PT-IC-seq,
iodine treatment could selectively induce DNA cleavage at the
modified phosphodiester linkage, which produces the charac-
teristic signatures. The PT sites can then be obtained from the
cleavage sites that are examined by sequencing analysis. The
mapping results for PT modifications indicated a remarkable
target selection by the PT-modification proteins, and PT
modifications could function in epigenetic control.

3.3 Chemical labeling-sequencing

3.3.1 Chemical labeling-assisted enrichment. In addition
to the immunoprecipitation-mediated sequencing, chemical
labeling-based strategies have been developed for the efficient
enrichment of DNA fragments with modifications followed by
sequencing. The critical point of chemical pull-down is the
efficiency and selectivity of the chemical labeling reaction.

The reagent of (2-benzimidazolyl)-acetonitrile (azi-BIAN) was
used to selectively label 5fU followed by the enrichment and
genome-wide mapping of 5fU in human and mouse tissues
(Fig. 3A)."®® The mapping results indicated that most of the 5fU
sites mainly exist in the intergenic regions and introns. Simi-
larly, aldehyde-reactive reagents of O-(biotinylcarbazoylmethyl)
hydroxylamine (ARP)'®° and amine-terminal biotin'®® could
achieve the selective labeling of 5fC and OG in DNA, respectively,
which can be further enriched by streptavidin (Fig. 3B and C).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic illustration of the chemical conversion-sequencing methods for mapping DNA modifications. (A) Bisulfite sequencing. (B) Bisulfite-

free sequencing.

The ARP labeling-assisted enrichment and sequencing of 5fC
showed that 5fC mainly occurred in the CpG islands (CGIs),"*°
supporting the role of 5fC in the maintenance of hypomethyla-
tion at CGIs in the ES cells. However, abasic sites as off-target
aldehydes could also be labeled by ARP,"° which may lead to
the inaccurate mapping of 5fC. As for the OG-seq approach,'® a
mild one-electron oxidant (K,IrBrs) was used to selectively
oxidize OG to form a covalent adduct of primary-amine termi-
nated biotin (Fig. 3C). The resolution of OG-seq was 0.15 kb.

© 2021 The Author(s). Published by the Royal Society of Chemistry

The genome-wide mapping through OG-seq demonstrated that
OG was mainly enriched in the promoter and UTR regulatory
regions flanking protein-coding sequences.

3.3.2 Chemical labeling-mediated base transition. Chemical
labeling of DNA modifications may affect their base pairing
property, which can be utilized to distinguish DNA modifica-
tions from other nucleobases during sequencing. Yi’s group
developed an approach termed fC-CET sequencing for the
genome-wide mapping of 5fC based on the 1,3-indandione (AI)
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Fig. 3 Reaction of the chemical labeling-assisted enrichment sequencing of fU-seq (A), fC-seq (B) and OG-seq (C) for mapping DNA modifications.

selective labeling of 5fC (Fig. 4A)."°" The Al-labeled 5fC enabled
the subsequent C-to-T transition during PCR. However, Al is not
an ideal reagent due to its poor solubility. In a recent approach
of CLEVER-seq, malononitrile (M) was employed for 5fC labeling
(Fig. 4B)."*? Similar to 5fC-Al, 5fC-M enables a C-to-T conversion
during sequencing. In this approach, malononitrile showed
good solubility, high reactivity, and good biocompatibility.
In addition, 2-(5-chlorobenzo[d]thiazol-2-yl)acetonitrile (CBAN)'*?
and its functional derivative of azi-BP'*> were also demonstrated
to be suitable reagents for 5fC labeling (Fig. 4C and D).

A single-nucleotide resolution mapping analysis of 6mA
in DNA and RNA has been recently conducted using nitrite
labeling-mediated sequencing (Fig. 4E)."** In this study, treat-
ment of DNA or RNA by sodium nitrite under acidic conditions
led to the chemoselective deamination of unmethylated ade-
nines, but not the 6mA. The deamination of adenines resulted
in hypoxanthine bases, which were read as guanine during
replication and reverse transcription, while 6mA resisted
deamination and was read as adenine. The approach coupled
with high-throughput sequencing enabled the identification of
6mA sites in DNA within various sequence contexts.

3.4 Enzyme-mediated labeling-sequencing

Enzyme-mediated labeling methods have been developed to
achieve the efficient enrichment of DNA fragments that carry
certain modifications. A typical example is the selective glyco-
sylation of 5ShmC by B-GT to produce 5gmC (Fig. 5A)."*° In this
respect, an engineered glucose moiety containing an azido group
can be labeled to the hydroxyl group of 5hmC (Fig. 5B).*9%*’
The azido group on the glucose was then utilized to attach
a dibenzocyclooctyne-PEG3-biotin through bioorthogonal
chemistry for subsequent affinity enrichment and sequencing.
Moreover, the combination of the glycosylation of 5hmC by

106 | RSC Chem. Biol., 2021, 2,1096-1114

B-GT, oxidation by sodium periodate, and biotinylation by an
aldehyde-reactive probe (GLIB approach) enabled the enrich-
ment and sequencing of 5hmC (Fig. 5C)."°® In addition to B-GT,
base J glucosyltransferase (J-GT) was also used to label and
enrich 5hmU in genomic DNA (Fig. 5D)."*° J-GT can selectively
glycosylate 5hmU to produce glucosylhydroxymethyluracil
(base J), which can be pulled down by an antibody against base
J or J-binding protein 1. The enriched DNA was then subjected
to sequencing analysis.

Deciphering the biological impact of OG requires the single-
base resolution sequencing of OG in genomes. Recently, the
click-code-seq strategy has been established to enable the base-
resolution mapping of OG by coupling the use of repair
enzymes with a click DNA ligation reaction to insert a biocom-
patible locator code.”® In this approach, DNA was treated with
the base excision repair proteins, formamidopyrimidine DNA
glycosylase and apurinic/apyrimidinic endonuclease (APE1), to
remove OG and yield a gap. The gap was filled with a synthetic
0-3'-propargyl-modified nucleotide, which was labeled with a
code sequence suitable for sequencing the location of the
original OG site. With this approach, thousands of OG sites
were discovered with distinct patterns related to transcription,
chromatin architecture, and chemical oxidation potential.

3.5 Deamination-mediated sequencing

Some natural enzymes can selectively recognize specific nucleo-
sides and convert them into other nucleosides, which can be
utilized to map modifications in genomic DNA. For example,
APOBEC3A (apolipoprotein B mRNA-editing catalytic polypeptide-
like 3A) can efficiently deaminate cytosine, 5mC, and 5hmC, but
shows no observable deamination activity toward glycosylated
5hmC.**" Using this unique property of APOBEC3A, we and others
reported the APOBEC3A-mediated deamination sequencing

© 2021 The Author(s). Published by the Royal Society of Chemistry
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mapping DNA modifications.

(AMD-seq)*®* and APOBEC-coupled epigenetic sequencing (ACE-
seq)*® for the mapping of 5hmC in DNA at single-base resolution.
In these approaches, the original C and 5mC in DNA were
deaminated by APOBEC3A to form U and T, respectively, both
of which were read as T during sequencing, while the glycosy-
lated 5hmC was resistant to deamination and read as C during
sequencing. Therefore, the remaining C in the sequence con-
text came from the original 5hmC, which offered the single-
base resolution analysis of 5hmC in DNA. These methods based
on the unique property of DNA deaminase enzymes can effec-
tively distinguish the modified state of cytosine, and enabled
the mapping of 5ShmC from 2 ng of input genomic DNA.?%*2%*

3.6 Polymerase-mediated sequencing

We recently developed an approach for the single-base resolu-
tion mapping of OG in DNA using the differential coding
properties of Tth and Bsu DNA polymerases.>®® The anti and
syn conformations of OG led to the dual coding property,
i.e., the anti-conformation of OG engages in Watson—-Crick base
pairs with cytosine, while the syn-conformation of OG allows
stable Hoogsteen base pairs with adenine.>*® We found that Bsu

© 2021 The Author(s). Published by the Royal Society of Chemistry

DNA polymerase incorporated adenine opposite OG while
Tth DNA polymerase incorporated cytosine opposite OG. The
comparison of the primer extension products by Bsu and Tth
polymerases followed by sequencing provided single-base reso-
lution site information of OG in DNA. The analytical strategy
was simple, and the analysis of sequencing data was relatively
easy to perform.

3.7 Nuclease digestion-mediated sequencing

The nuclease digestion-mediated sequencing method is based
on the fact that certain enzymes can specifically recognize
specific DNA modifications. Therefore, by combining with
various detection methods (such as gel electrophoresis, PCR,
and sequencing), the resulting pattern can provide readouts of
DNA modifications.

Some restriction enzymes are inhibited by 5mC in the
sequence context CpG, so the cutting patterns by such enzymes
can provide a readout of DNA methylation. The frequently used
methylation-sensitive restriction enzymes for the DNA methyla-
tion studies are Hpall and Smal, because they each have an
isoschizomer (MspI for Hpall) or neoschizomer (Xmal for Smal)

RSC Chem. Biol., 2021, 2,1096-1114 | 1107
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that is not inhibited by CpG methylation.>®” Similarly, the

methods of DNA-modification-dependent restriction endo-
nuclease AbaSI coupled with sequencing (Aba-seq*®® and
scAba-seq®®®) were developed to map 5hmC, and the assay of
restriction endonuclease PvuRts1l coupled with sequencing
(Pvu-Seal-seq) was created to map 5hmC and 5fC.>"°

Dpnl-assisted N®-methyladenine sequencing (DA-6mA-seq)
used Dpnl to cleave methylated adenine sites (5-G6mATC-3') in
duplex DNA.*"" The cutting pattern was then employed to
realize the base-resolution mapping of 6mA in sequencing.
6mA cross-linking exonuclease sequencing (6mACE-seq) uti-
lized 6mA-specific antibodies cross-linked to protect the 6mA-
DNA fragments from subsequent exonuclease treatment.>'>**?
In addition, the 6mA-CLIP-exo combines the immunoprecipita-
tion enrichment, photo-crosslinking, and exonuclease digestion
to map the 6mA sites.'* However, 6mA can only be detected at the
sites recognized by these enzymes, and the 6mA site information
may be lost if 6mA exists in other motifs.”**

3.8 Nanopore sequencing

The third-generation sequencing technology of nanopore sequen-
cing has become a promising approach in DNA sequencing.>'* '
In nanopore sequencing, different nucleotides passing through
nanopores generate different electric currents, which are mea-
sured and designated to the corresponding nucleotides or

108 | RSC Chem. Biol,, 2021, 2,1096-1114

hmC-seal (B), GLIB (C) and hmU-seq (D) for mapping DNA

modified nucleotides. Nanopore sequencing technology has
been employed to successfully distinguish 5mC from cytosine
of human DNA,**° and 5mC from 5hmC in synthesized DNA
strands,?*! thus leading to the mapping of these modifications
at single-base resolution. Besides, the 5hmC base was chemi-
cally labeled by thiolation in a synthesized single-stranded DNA
under bisulfite treatment conditions and detected using nano-
pore sequencing.*** Nanopore-based sequencing was also suc-
cessfully established to distinguish the five known C5-cytosine
bases using synthesized DNA.>** In addition, the a-hemolysin
(e-HL) nanopore was employed to map OG in ssDNA. In this
work, OG was coupled with 1,12-dodecanediamine and then
incubated with cucurbit[7]uril to form a host-guest complex-
modified DNA hybrid. Translocation of this DNA hybrid
generates current signatures reflective of the presence of OG in
DNA.>**

3.9 Single-molecule real-time sequencing

In addition to nanopore sequencing, single-molecule real-time
(SMRT) sequencing is another promising third-generation
sequencing technology.””> SMRT sequencing is performed by
continuously observing the incorporation of a fluorescently
labeled nucleotide with DNA polymerase. On the basis of the
differences in the duration of nucleotide incorporation between
the unmodified bases and the modified bases, SMRT sequencing

© 2021 The Author(s). Published by the Royal Society of Chemistry
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can detect the positions and types of base modifications. SMRT
sequencing has been applied to the direct detection of 5mC,**®
6mA,**”722° 5hmC,**° and PT.'®® The detection of DNA modifica-
tions depends on the magnitude of the effect of the modification
on polymerase kinetics. Because the methyl group of 5mC does
not directly contribute to base pairing, 5mC shows a subtler
impact on nucleotide incorporation than 6mA.>*' Therefore, the
detection of 5mC requires relatively high-coverage sequencing or
oxidation of 5mC to 5caC using TET1 for signal enhancement.>**

The emergence of third-generation sequencing technology
provides complementary methods for mapping DNA modifica-
tions in genomes. Nevertheless, a recent report showed that
this method usually overestimates the number of 6mA mod-
ifications measured in eukaryotic genomes.>** SMRT sequen-
cing is also expensive, which impedes its extensive application
to larger eukaryotic genomes.

4 Conclusions

The existing modifications in genomes broaden our views of the
structures and functions of DNA. Elucidation of the biological
roles of the modifications in genomes is critical for epigenetic-
orientated biological sciences. We highlight the advances in the
methods for the quantification and mapping of DNA modifica-
tions across prokaryotes and eukaryotes. The development of
sensitive analytical methods and techniques in future studies will
promote the discovery of new modifications and expand the list
of natural modifications in genomes. The knowledge of DNA
modifications is still growing, and deciphering the functions of
DNA modifications remains an ongoing challenge. Developing
appropriate and straightforward sequencing methods for map-
ping modifications in genomes and elucidating their dynamic
changes will facilitate the study of their functions in human
diseases, potentially leading to new strategies for therapies.
Moreover, the determination of DNA modifications is also valu-
able in clinical diagnostics and forensics.

Although cells in living organisms have the same DNA
sequence context, they can function differently. Single-cell
epigenetic studies will provide insights into how heterogeneous
DNA modifications may affect the transcriptional output and
consequently their functions. The study of DNA modifications
in individual cells will offer a new understanding of cell fate
decisions, cell development, and disease progression. Mapping
DNA modifications in a single cell is particularly valuable in
embryos, which may uncover the mystery of epigenetic regula-
tion in embryonic development. Current assays for single-cell
DNA modifications frequently suffer from high false-discovery
rates, low mapping rates and low detection sensitivity. There is
still an urgent need for developing new methods to effectively
decipher single-cell DNA modifications, especially for rare DNA
modifications.
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