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Modification on nucleic acid plays a pivotal role in controlling gene expression. Various kinds of modifi-
cations greatly increase the information-encoding capacity of DNA and RNA by introducing extra chem-
ical group to existing bases instead of altering the genetic sequences. As a marker on DNA or RNA, nucleic
acid modification can be recognized by specific proteins, leading to versatile regulation of gene expres-
sion. However, modified and regular bases are often indistinguishable by most conventional molecular
methods, impeding detailed functional studies that require the information of genomic location.
Recently, new technologies are emerging to resolve the positions of varied modifications on both DNA
and RNA. Intriguingly, by integrating regional targeting tools and effector proteins, researchers begin
to actively control the modification status of desired gene in vivo. In this review, we summarize the char-
acteristics of DNA and RNA modifications, the available mapping and editing tools, and the potential
application as well as deficiency of these technologies in basic and translational researches.
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1. Introduction

Genetic information flows from DNA to RNA, and then express
as proteins. However, nucleic acid has other tricks to expand its
information-encoding capacity. Beyond the genetic code, there is
another hidden layer of complexity, usually mediated by chemical
modifications [1]. These so-called epigenetic markers play a pivotal
role in numerous biological processes by tuning gene expression
network [2]. Instead of altering the genetic code, DNA and RNA
modifications regulate gene expression via ‘reader’ proteins and
relevant effectors (‘writer’ and ‘eraser’ proteins) [3]. To date, doz-
ens of distinct DNA modifications and even more RNA modifica-
tions have been characterized (the main types are illustrated in
Fig. 1) [4,5]. These modifications are installed or removed by writer
or eraser proteins, and serve as functional markers specifically rec-
ognized by reader proteins [6]. Recent studies revealed variety of
DNA and RNA modifications actively participate in diverse biolog-
ical processes, including embryonic development, organ differenti-
ation, or even human diseases if dysregulated [7]. Along with the
detailed characterizing of relevant effector proteins such as writer
or eraser, researchers attempt to establish or eliminate modifica-
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Fig. 1. Diverse modifications on nucleic acids and their possible functions. Panel A, DNA modifications. Panel B, RNA modifications. Leaves of different colors represent
different types of modifications on DNA or RNA bases.
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tions at desired loci through novel molecular tools, and study the
biological function and related regulatory mechanisms of these
modifications [8].

For years, the studying of nucleotide modification had been
impeded by several reasons. Given the relatively low abundance,
most modifications are difficult to detect and study. For instance,
as the most abundant DNA modification in mammals, 5mC
accounts for ~1% of the total DNA bases [9], while m6A, the most
abundant modification on mRNA, accounts for 0.1–0.4% in all ade-
nosine bases [10]. The proportion of other types of modifications
are even lower [5]. Moreover, these minority bases are highly
dynamic and sometimes reversable, varying from different physio-
logical conditions or developmental stages [11]. As the first step to
study these elusive gadgets, researchers dedicated to develop inno-
vating methods to detect and locate the precise loci across the gen-
ome [12]. However, each type of modification has its unique
properties, preventing the invent of a universal method. With the
fast development of advanced technologies such as high-
throughput sequencing, the positions of each type of modification
had been mapped to genome or transcriptome one by one [13].
Meanwhile, another group of researchers began to look for novel
tools which can alter the modification status of desired location,
although the effectors for each modification vary and lack detailed
characterization [14,15]. To better understand the diversity and
complexity of nucleic acid modifications, we summarize the cur-
rent knowledge of representative type of modifications on nucleic
acid and relevant technologies, highlighting the importance of
mapping and editing tools for this research field.

2. Nucleotide modifications and effector proteins

2.1. DNA modifications

DNA modification mediated biological processes had been
extensively studied over the past decades [16]. As indicated in
Fig. 1, each of the four bases may have corresponding modifica-
tions, among which 5-methylcytosine (5mC) is best characterized
as the most abundant one in mammals. As an epigenetic mark,
5mC tightly associates with other chromatin elements, exerting
widespread effects on gene expression during multiple develop-
mental and physiological processes, or even human diseases [17].
The enzymes responsible for 5mC deposition and removal have
been well defined in mammals, including DNMT1/3A/3B proteins
as methyltransferases, and TET1/2/3 as demethylases [17]. These
effectors so-called ‘‘writer” and ‘‘eraser” provide effective tools to
manipulate the modification status of DNA, and result in potential
targets for therapeutic purpose. Other modifications such as 5-
hydroxymethylcytosine (5hmC), 5-formyl cytosine (5fC) and 5-
carboxyl cytosine (5caC), though much less abundant, have also
been considered as functional regulators but need further investi-
gation [18].

Another kind of DNA modification, N6-methyladenine (6mA),
had been originally known as the most prevalent DNAmodification
in bacteria [19,20]. It was also found recently in certain kinds of
eukaryotes with much less abundance [21]. Besides 6mA, N4-
methylcytosine (4mC) is exclusively present in bacteria [22]. Most
DNA methyltransferases in bacteria belong to the restriction-
modification (RM) systems which defense invading nucleic acid
such as virus [23], while certain ‘solitary’ DNA methyltransferases
are probably derived from ancestral RM systems but lose their
restriction enzyme partner. An example of solitary DNA methyl-
transferase is the Dam enzyme, which methylates adenosine to
6mA on the 50-GATC-30 motif and can be recognized as the writer
protein in bacteria [24]. Besides Dam, there is a large class of
DNA methyltransferases working on specific sequence motifs,
whereas demethylase is supposed not to exist in bacteria [22].

2.2. RNA modifications

Though it has been determined decades earlier that RNA espe-
cially noncoding RNAs need various chemical modifications to be
fully functional, modifications on mRNA are spotlighted only
recently and discovered to be involved in key processes of RNA
metabolism [3]. Among the ~150 types of RNA modifications,
m6A is of the most abundant one on mRNA with important roles
in the regulation of gene expression, thus affecting multiple biolog-
ical processes such as embryonic development, neuronal regula-
tion and oncogenesis [7,25]. The proportion of m6A is estimated
to be 0.1%–0.4% of total adenosine residues in cellular mRNA,
accounting for 2–3 sites per transcript [10]. Although the presence
of m6A in eukaryotes has been discovered for years, determining
the locations in mRNA was delayed due to the absence of accurate
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mapping methods until recently [10,26,27]. With the development
of m6A-specific antibody, researchers started to interrogate the
distribution and relative effector proteins in the genome-wide
view [28]. To date, the key participants involved in m6A pathway
have been well-characterized in mammals, including METTL3/14
and supporting proteins as the ‘‘writer” to deposit methyl group
at desired positions, FTO/ALKBH5 as the ‘‘eraser” to remove modi-
fication, and YTH family proteins and associated proteins as the
‘‘reader” to decode modification [3]. However, in bacteria, mRNA
seems not to contain modification though sporadic studies
reported trace level in certain strains [29]. Stimulated by the pro-
gress of m6A studies, other modifications also began to catch much
attention and research interests. For example, m6Am, a companion
modification to m6A, was reported to destabilize mRNA and con-
trolled by the writer protein PCIF1 and eraser protein FTO [30].

3. Methods to map nucleotide modifications

Resolving the genomic localization of nucleotide modifications
is essential to study their functions. Owing to the different chemi-
cal properties of modified bases, the methods used to map each
type of modification diverged significantly [31]. Take m6A for
example, it is not distinguishable from regular A base by base-
pairing strategy. Thus, new methods are proliferating in recent
years to map variety of modifications across the genome or tran-
scriptome. We generally attribute these methods to 3 classes and
will highlight 5mC in DNA and m6A in RNA as exemplified objec-
tives (Fig. 2).

Strategy 1: antibody enrichment. Well-characterized antibody
usually has high specificity and affinity to bind DNA or RNA frag-
Fig. 2. Schematic diagram of mapping methods for nucleic acid modifications. Various me
antibody enrichment [28], chemical reaction [36,37,50] and enzyme recognition [43,44]
strategies then resolved by sequencing.
ments with specific modification, thus will be suitable for the fol-
lowing pull-down experiment. After immunoprecipitation, the
enriched fragments are supposed to have much more modifica-
tions than the background sequences (input). By high-throughput
sequencing and bioinformatic comparing of fragments from the
enriched portion versus the background portion, the modification
sites can be estimated to locate in the ‘‘peak” region, where the
enriched sequence reads are significantly more than the back-
ground sequence reads. These enrichment-based methods have
been widely used for the initial profiling of various modification,
including 5mC in DNA (MeDIP-seq) [32] and m6A in RNA
(MeRIP-seq) [33]. However, these methods are limited by the low
resolution that can only locate the modification to a range of
~100 nt length, but not the exact site. More complicated, some-
times it is the stoichiometry but not the existence determines
the function [10,27], however, the IP-based methods are powerless
to detect the modification intensity in different conditions. To
solve these problems, researchers further optimized the IP-based
detection methods, trying to achieve better precision. For example,
PA-m6A-seq increases the resolution of m6A signature from ~100
nt to ~30 nt by introducing exonuclease trimming [34]; the miCLIP
and m6ACE-seq exploit photo-crosslinking to generate mutation or
truncation near m6A site during reverse transcription [34,35].

Strategy 2: chemical reaction. According to some unique char-
acteristics of modification, certain chemical reaction can be specif-
ically applied to modified or unmodified bases. During PCR or
reverse transcription, the chemically reacted/labeled positions will
cause polymerase or reverse-transcriptase (RT) stop, or introduce
nucleotide transition, thus can be derived by the following
sequencing. The most successful and extensive application of this
thods could be roughly divided into three types according to different mechanisms:
. The modification signal can be captured by preprocessing using one or combined
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strategy in modification mapping might be bisulfite sequencing
(BS-seq) for 5mC [36,37]. After treatment by the chemical reagent
bisulfite, the cytosine residues will be converted to uracil that read
as T, but leave 5mC unaffected. Another example is the PSI-seq for
pseudouridine (W), which uses N-Cyclohexyl-N0-(2-morpholinoe
thyl)carbodiimide (CMC) to selectively modify pseudouridines
and generate RT stop [38]. Similar to antibody enrichment strategy,
chemistry-mediated pull-down can also be applied to enrich the
modified DNA or RNA fragments. Take m7G-seq method for exam-
ple, it first converts m7G into abasic site, then label the site with
biotin to facilitate pulldown enrichment [39]. The disadvantage
of chemical reaction is also obvious: the chemical treatment is usu-
ally harsh and tend to destroy the chain of nucleic acid. And the
specificity is sometimes a problem since the difference between
modified and regular bases is not sufficient enough for the chemi-
cal reagent to distinguish and react specifically.

Strategy 3: enzyme recognition. Some naturally occurring
enzymes recognize modification to function in vivo. For instance,
restriction enzymes belonging to the restriction-modification sys-
tem (RM system) exploit modification as the signature to distin-
guish native DNA and foreign invaders. Taking this advantage,
methods to map 5mC and 6mA have been well established based
on certain modification-sensitive restriction enzyme [40,41]. Sim-
ilarly, by screening the endonucleases, researchers found the MazF
and ChpBK enzyme belonging to the toxin-antitoxin (TA) system,
can be blocked by m6A, but cut the RNA with unmodified sequence
motif [42]. The m6A-REF-seq/MASTER-seq method leveraged this
feature to resolve the m6A map in single-base resolution [43,44].
Recently developed bisulfite-free method, EM-seq, utilizes TET
and bGT to oxidize 5mC and 5hmC to 5gmC, then uses deaminase
APOBEC next to deaminate unmodified C to U [45]. TET and bGT
enzymes are also used in TAB-seq method which maps 5hmC in
single-base resolution across the genome [46]. Another method
for 5hmC mapping, ACE-seq, uses deaminase APOBEC to convert
unmodified C and 5mC to U, leaving 5hmC intact by bGT treatment
[47]. After comparing converted versus unconverted sequences,
the 5hmC signature can be derived by bioinformatic analysis. Com-
paring to chemical-based methods, enzymes usually have higher
specificity and sensitivity, but depend on the searching of appro-
priate enzyme in nature and the innate characters of the tool pro-
tein. Directed evolution may accelerate the searching process or
even creates novel enzyme with enhanced activity.

It is worth noting that the 3rd-generaton sequencing provides
an alternative but promising strategy to map DNA and RNA modi-
fications that modified bases could be directly detected while base
calling. Nevertheless, due to high error rate and limited discrimina-
tion of modified bases, this method is waiting to be practicable in
future research [48].

These above-mentioned methods are usually joint used or inte-
grated to supplement their respective advances and achieve more
reliable results. For example, the newly developed method TAPS
utilize enzyme TET to oxidize 5mC to 5caC first, then chemically
reduce 5caC to dihydrouracil (DHU) with pyridine borane. The
DHU will be readout as T by DNA polymerase [49]. Ideally,
researchers expect a method can map the modifications in
single-base resolution, and quantify the stoichiometry of the mod-
ified base versus unmodified at each site. In addition, this method
should detect every modification locus across the genome, but
needs minimal input material, or even works on single cell. To
achieve this, innovative method is still needed.
4. Tools to edit nucleotide modifications

Though massive researches have been conducted to show the
significance of DNA or RNA modifications by perturbing the effec-
tor proteins which elevate or suppress the global modification
level, direct evidence elucidating the function of site-specific mod-
ification is still lacking. Meanwhile, safe and effective tools for
modification editing are considered of great promise in clinical
applications. Therefore, new tools and technologies targeting
specific genomic region with the capacity to edit the modification
status are urgently needed [14,51,52]. Along with the advancement
of CRISPR-Cas system in genetic editing, researches attempted to
transform the Cas protein for epigenetic editing purpose. Shortly
after the application of Cas9 in human genome editing, several
groups succeeded to edit the DNA methylation by adapting Cas9
protein in various systems such as cancers and embryonic stem
cells [14,53]. They combined the 5mC methyltransferase DNMT3A
with dCas9 (a mutated Cas9 without endonuclease activity), mak-
ing it a reality to add 5mC modification to the target site directed
by guide RNA [53]. They proved that targeted de novo methylation
of a CTCF loop anchor site by DNMT3A-dCas9 blocked CTCF binding
and interfered with DNA looping, resulting in regulation of gene
expression in the neighboring region. In order to enhance the edit-
ing efficiency, dCas9 was fused to repetitive peptide epitopes (Sun-
Tag), which recruited multiple copies of antibody-fused DNMT3A
to amplify the local concentration of effector and methylate the
target region [51]. The targeted demethylation was carried out
by the effector protein TET, which oxidized 5mC and then the prod-
ucts were recognized by the endogenous DNA-repair mechanism
and substituted with regular cytosine [54,55]. It is worth noting
that the DNA methylation is tightly associated with other epige-
netic signals, such as histone modifications and chromatin archi-
tecture, thus editing the DNA modification will ultimately
remodel the transcription environment and potentially control
gene expression [56].

Comparing to DNA, RNA is more dynamic and structured. To
efficiently adding or removing modifications to RNA, advanced
tools are needed. With the continuous understanding and
improvement of dCas9 system, an antisense oligonucleotide
(PAMer) was supplied to assist dCas9 protein targeting RNA and
edited the related modifications by the similar strategy working
on DNA [57,58]. By fusing the dCas9 to m6A writer proteins, Liu
et al. developed a molecular tool to target specific sequence on
transcript and modulate m6A modification to desired site. They
showed that the directed modification on the 50 UTR of Hsp70
mRNA promotes translation efficiency under stress conditions
[59]. The guide RNA directed site-specific demethylation was also
realized by tethering dCas9 to the m6A eraser FTO [57,60]. Mean-
while, the discovery of Cas13 family proteins intrinsically targeting
RNA provided new opportunity. Tethering catalytically inactive
Cas13b (dCas13b) and effector protein, Li et al. had successfully
edit the m6A modification on specific genes and tune the mRNA
stability through demethylation (Fig. 3) [61].

Though the CRISPR-Cas system is currently the most widely
used tool to target specific DNA or RNA sequence, other program-
able tools are also being developed. Cpf1 is another RNA-guided
endonuclease which had been widely used in genome editing but
yet to be accommodated for modification editing [62]. Engineered
zinc finger (ZF) and transcription activator-like effectors (TALEs)
system can be linked to epigenetic effectors to exert the modifica-
tion manipulation purpose as well [63]. Taking advantage of
endogenous RNA binding proteins, the CRISPR-Cas-inspired RNA
targeting system (CIRTS) uses engineered fusion protein composed
of ssRNA binding protein, RNA hairpin binding protein and effector
protein to target specific RNA sequence by the assistant of a guide
RNA [64]. This tool is built entirely from human protein parts, and
potentially avoids immune issues when applied to diseases thera-
pies. In addition, PUF protein is another choice to target RNA,
which can be modulated to bind specific nucleotides by substitut-
ing the amino acids in its particular structural repeats [65].



Fig. 3. Schematic diagram of CRISPR-based DNA and RNA modification editing system. Inside the nucleus, DNA modification 5mC can be added or removed by dCas9 fused
effectors DNMT3 (writer) or TET (eraser), resulting in transcription regulation. In the cytoplasm, RNAmodification m6A can be deposited or removed by dCas13 fused effector
proteins, leading to modification mediated post-transcriptional regulation, such as mRNA degradation or translational repression via the reader proteins.
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5. Prospective and deficiency

As an additional layer of information beyond sequences, DNA
and RNA modifications emerge to revolutionize our comprehen-
sion of gene regulation, while determining the causal relationship
remain a big challenge. To interrogate the mechanism behind,
mapping the exact position of each type of modifications across
the genome would be the first step. With the rapid development
of novel technologies, especially the high-throughput sequencing
facilitated methods combined with other biological or chemical
approaches, mapping the main types of modifications such as
5mC and m6A is not a barrier any more, however, given that
~150 RNA modifications and ~100 DNA modifications in total, it
is still a great challenge to map them precisely in the genome-
wide [34,35]. As our understanding of the modifications deepens,
editing tools are desired to alter the modification status of a given
target, correcting the falsely modified base in disease or interfering
the regular modification in basic research. In turn, the directed tar-
geting of DNA and RNA modifications provides new tool to study
the mechanism and function of regional modification on a specific
gene. For example, Liu et al. demonstrated that artificially deposit-
ing m6A on the 30 UTR of Actb mRNA resulted in fast degradation,
whereas editing the 50 UTR of the same gene did not show such
effect [57]. Although previous studies based on transcriptome-
wide bioinformatic analysis had already proposed that the function
of m6A modification was region-dependent, this work provided
direct evidence for the first time supporting the hypothesis. In this
review, we mainly take 5mC m6A as examples to introduce the rel-
evant tools and technologies, since these two modifications are
most well-documented in DNA and RNA. Nevertheless, the rele-
vant methods described above can be easily adapted and applied
to other modifications, as long as the effector proteins responsible
to that specific modification had been characterized.

The advancement of these tools also provides brand new
choices for basic and clinical researches. For example, numerous
studies using epigenetic editing tools have been conducted in the
complex diseases, especially cancers [14]. A dCas9-TET1CD fusion
protein was created to modulate the activity of tumor-suppressor
genes by demethylating the target regions [54]. In addition, these
kinds of tools had been used to explore the mechanisms by which
tumor cells hijack enhancers by dysregulating MYC, upregulate
homeobox oncogenes via site-specific hypomethylation, or facili-
tate tumor initiation by preventing senescence entry via hit-and-
run epigenetic events [66]. With fast development of these manip-
ulating technologies, the application scope has largely expanded to
explore novel treatment strategy for more diverse diseases. For
example, Kantoret et al. proposed a new approach to treat Parkin-
son’s disease through dCas9-DNMT3A system, which established
the hypermethylation pattern in first intron of SNCA, with the goal
of repressing its expression [67]. Similar studies focusing on the
treatment of neurodegenerative diseases and muscular dystrophy
had been reported as well [68].

On the other hand, it is undeniable that these tools may inherit
the innate shortcomings of CRISPR system. The greatest concern is
off-target effect, which introduces unintended genetic or epige-
netic changes at inappropriate locations [69,70]. Substantial efforts
had been undertaken to estimate and minimize the mistakes in dif-
ferent systems. According to recent studies, off-target effect varies
in different species in which the tool applied and the subtype of
CRISPR system [71,72]. These studies proposed several possible
ways to avoid this problem: 1. Modulate the effective concentra-
tion and delivery of sgRNA-Cas9 complexes; 2. Rational design
and modify the sgRNA molecules; 3. Screen for new variants of
CRISPR proteins or engineer the current version [73]. Benefit from
the fast development of genome editing technologies, the DNA/
RNA modification editing tools based on reconstructed CRISPR-
Cas systems would undoubtedly keep improving in parallel. How-
ever, the introduction of effector protein might generate extra off-
targeting. In a single-base editor system, the main source of the off-
target effect does not come from CRISPR system, but from the



666 L.-Q. Chen et al. / Computational and Structural Biotechnology Journal 18 (2020) 661–667
effector protein deaminase: high activity of the enzyme results in
excessive modification all through the genome, failing to resolve
the signals of the intended loci from background [74]. Therefore,
careful evaluation of the effector protein activity is highly recom-
mended before designing an editing tool for DNA/RNA modifica-
tions. Rational adjustment or even protein evolution of the
effector would be necessary in some cases.

The new technologies have armed us to better depict and
understand the appearance, mechanics and functions of nucleic
acids modifications. Intriguingly, the advancement of this field will
very likely to make great contribution to both fundamental and
translational researches in the near future.
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