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Abstract

Multiple types of non-canonical nucleic acid structures play essential roles in DNA recombination and replication, transcription,
and genomic instability and have been associated with several human diseases. Thus, an increasing number of experimental and
bioinformatics methods have been developed to identify these structures. To date, most reviews have focused on the features of
non-canonical DNA/RNA structure formation, experimental approaches to mapping these structures, and the association of these
structures with diseases. In addition, two reviews of computational algorithms for the prediction of non-canonical nucleic acid
structures have been published. One of these reviews focused only on computational approaches for G4 detection until 2020. The
other mainly summarized the computational tools for predicting cruciform, H-DNA and Z-DNA, in which the algorithms discussed
were published before 2012. Since then, several experimental and computational methods have been developed. However, a systematic
review including the conformation, sequencing mapping methods and computational prediction strategies for these structures has not
yet been published. The purpose of this review is to provide an updated overview of conformation, current sequencing technologies
and computational identification methods for non-canonical nucleic acid structures, as well as their strengths and weaknesses. We
expect that this review will aid in understanding how these structures are characterised and how they contribute to related biological
processes and diseases.
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Introduction
The canonical right-handed double-helical structure of B-DNA
has been well recognized to play essential role in determining
DNA function [1]. However, multiple types of motif sequences,
such as direct repeats (DR), inverted repeats (IR), mirror repeats
(MR) (H-DNA), tetraplexes and short tandem repeats (STR), are
prone to form non-canonical nucleic acid structures at different
loci in the genome [2, 3]. Since the late 1950s, many non-canonical
nucleic acid structures, containing Z-DNA, hairpin/cruciform,
DNA unwinding element (DUE)/base unpairing regions (BURs),
triplex DNA, slipped strand DNA, sticky DNA, G-quadruplex
DNA (G4), G-quadruplex RNA (rG4) and R-loop/DNA:RNA hybrids
have been discovered, and their biological functions have been

partially elucidated [4, 5]. The abundance and distribution of these
structural sequences varies across the genomes of the species.
Eukaryotes have more non-canonical nucleic acid structural
motif sequences than prokaryotes [6]. It has been documented
that these non-canonical structures play vital roles in DNA
metabolism, DNA damage and repair, and genomic instability
[7]. Furthermore, numerous studies have reported the association
of these structures with various types of neurodevelopmental
diseases and cancers, such as G4 in frontotemporal dementi-
a/amyotrophic lateral sclerosis as well as R-loop in breast cancer
[2, 8–13].

Experimental approaches for mapping two forms of non-
canonical nucleic acid structures, G4/rG4 and R-loops, have been
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detailed in earlier reviews [8, 14–19]. With regard to sequencing
strategies for G4/rG4 mapping, antibody-based pull-down and
chain-extension stalling [8, 14–16] are the two major approaches.
To date, two in vitro and two in vivo updated sequencing
techniques to identify G4s/rG4s have not been reviewed [20–23].
L1H1-7OTD whole-genome amplification (WGA) sequencing and
G4-RNA-specific precipitation (G4RP) with sequencing using G4-
specific small-molecule ligand/probe BioTASQ are two methods
to identify G4s and G4-RNAs in vitro [21, 22]. SHALiPE-seq and G4P-
ChIP are in vivo genome-wide rG4s and G4s profiling methods [20,
23]. Thus, they have been included in the present review. Although
three types of techniques for R-loop structure identification,
including S9.6 antibody-based methods, RNase H1 IP methods
and Single-Molecule R-loop Footprinting (SMRF-seq) have been
discussed in previous reviews [17–19], antibody-based method of
qDRIP-Seq [24] and a most recent approach of R-loop CUT&Tag
published in 2021 [25] have not been included; therefore, we have
comprehensively summarized these techniques in our review.

Dozens of computational programs have been developed to
identify these structures, and two reviews of these bioinformatics
approaches have been reported to predict putative non-canonical
DNA/RNA structures on a whole-genome scale [26, 27]. One of
these two reviews summarized strategies for identifying four
types of non-B DNA motifs, including G4, Z-DNA, cruciform and H-
DNA. Nevertheless, only algorithms for predicting non-canonical
nucleic acid structures, except for G4 published before 2012,
were provided, while the published methods since then were not
included [26]. Another review focused on only four types of G4
prediction algorithms [27]. Given that five bioinformatic tools
for G4/rG4 motif prediction reported recently and the related
computational prediction strategies of the R-loop were also not
included in these two reviews [28–35], we overviewed the updated
computational methods related to non-canonical nucleic acid
structures in this review. Overall, the present review includes
not only databases and web servers containing non-canonical
DNA/RNA-forming sequences but also the independent software
for detecting non-canonical structures, which are mostly based
on regular expression (regex), scoring and machine learning. This
review provides a comprehensive overview of all updated exper-
imental and computational methods related to non-canonical
nucleic acid structures.

Herein, we describe the basic classification of non-canonical
nucleic acid structures, high-throughput methods to identify
these structures, and computational approaches to predict puta-
tive structures. The structures and discovery timelines of various
non-canonical structures are shown in Figure 1A. In addition,
the merits and demerits of sequencing and computational
strategies to predict non-canonical nucleic acid structures are
briefly discussed. A summary of the features of sequencing
and computational methods to identify non-canonical nucleic
acid structures can deepen our understanding of the formation
and function of these structures, thereby facilitating further
studies on the functions of these structures in different biological
processes and related diseases, as well as the application of these
structures in basic and applied biosciences.

The classification of non-canonical nucleic
acid structures
DNA/RNA G-quadruplex (G4/rG4)
In 1910, Bang reported that concentrated solutions of guanylic
acid could form a gel, indicating that guanine-rich DNA sequences
could form ‘secondary’ structures (Figure 1B) [36]. Later, the G4

structure was analysed in vitro using X-ray crystal structure
diffraction in 1962 [37]. Since then, a large number of biochemical
and structural analyses have confirmed that guanine tetrad-
forming sequence motifs, including intramolecular DNA and
RNA, even intermolecular RNA, spontaneously fold into G4 and
rG4 structure in vitro [37–40]. In 2001, scientists used antibodies
in immunofluorescence experiments to prove the existence of G4
structures in vivo [41]. G4/rG4 are bound together by four guanines
via Hoogsteen-type hydrogen bonds and are further stabilised
by monovalent cations (usually K+ or Na+). G-quadruplexes are
located in gene promoters, the borders between introns and
exons, immunoglobulin heavy chain switch regions, transcription
start sites and chromosomal telomeres [9, 42–44]. The role of
G4/rG4 in biological functions has been well comprehensively
summarized, including telomere maintenance, DNA replication,
genome rearrangements, DNA damage response, chromatin
structure formation, RNA processing and transcriptional or
translational regulation [27]. In addition, the development of
sequencing methods and bioinformatics algorithms for G4 has
been extensively reviewed [45]. Thus, two sequencing techniques
and three computational methods for G4/rG4 developed most
recently are evaluated in our review.

R-loop/DNA:RNA hybrid
The R-loop is a non-canonical nucleic acid structure that is
formed during transcription. When the nascent RNA transcript
segment was annealed to the template DNA strand, a fragment of
the displaced non-template DNA was formed. The nascent RNA
and its DNA template form DNA:RNA hybrids, whereas the single-
strand non-template DNA is displaced (Figure 1C). The R-loop was
first reported in 1976 in in vitro studies [46]. Twenty years later,
this structure was discovered in in vivo studies [47]. Genome-wide
analysis showed that the R-loops in normal cells occupied more
regions than expected [48]. The proportion of this structure in the
genome regions of different species shows as follows: about 8% in
yeast, 10% in arabidopsis and 5% in human cells [49–51]. A recent
review reported that the R-loop structure was more frequently
located in highly transcribed genes as well as some centromeres
and telomeres, transposable elements and antisense-RNAs or
ncRNA regions [48]. It also illustrated that the length of gene
regions identified as R-loop-prone was distributed around 100 bp
to 2 kb, depending on experimental methods [52–54]. Moreover,
the R-loop plays different regulatory roles in different gene
regions in the human genome. For example, R-loops at promoters
can prevent DNA methylation and promote TF binding, whereas
R-loops located in transcription termination sites are required
for transcription termination. In addition, R-loops located at gene
bodies can block transcriptional elongation [11]. Furthermore, R-
loops in genomic regions regulate downstream cellular processes
in a sequence-specific manner including telomere maintenance,
DNA replication, MMR (DNA mismatch repair), DNA double strand
break repair such as Non Homologous End Joining, transcriptional
regulation etc. [13].

Regarding the relationship of G4s and R-loops, it has been
found that there is a great overlap between the genome-wide
map of R-loops in human embryonic kidney cells with G4-forming
sequences identified by G4-seq [55]. It has been suggested that the
formation of G4s and R-loops is beneficial to similar aspects of
DNA structure through stabilizing each other’s structures, such
as G abundance of displacement chain and negative torsional
tension [56].. For example, a study by Yang Zhao et al. [57] reported
that the R-loop structure could retard the unfolding of G4 by
preventing the annealing of double strands of DNA. Meanwhile,
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Figure 1. The structures and discovery timelines of various non-canonical structures. (A) The discovery timelines of non-canonical DNA/RNA structures.
(B, C, F–K) Schematic of various non-canonical structures (G-quadruplexes (B), R-loop (C), hairpin (F), H-DNA (I), cruciform (G), slipped strand DNA (J),
DNA unwinding element (H) and sticky DNA (K)). (D) The right-handed helical configuration of human DNA (B-DNA). (E) The left-handed helix structure
of human DNA (Z-DNA).
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the R-loop formation and/or stability in vivo may also be affected
by the G content or G-quartets in displaced single stranded
DNA (ssDNA), as observed by electron microscopy [58, 59].
Furthermore, G4 stabilisation by pyridostatin could be prevented
by R-loop overexpression, indicating that the R-loop is necessary
for G4 ligand-induced DNA damage [56].

Other non-canonical nucleic acid structures
except G4/rG4 and R-loop
Z-DNA
Z-DNA was first identified in dsDNA using circular dichroism
in 1979 [60]. In 2005, the crystal structure of the B-to-Z-DNA
junction was analysed (Figure 1D and E) [61]. The Z-DNA contains
extruded base pair on each side of the DNA duplex, which is
susceptible to DNA modification. When topoisomerase activity
increases, negative relaxation of supercoiled DNA is induced,
which promotes the transition from Z to B [62]. Recently, a review
of Z-DNA suggested that Z-DNA-binding proteins that interact
with B-DNA could directly induce and stabilise Z-DNA [12]. Z-DNA
plays an essential role in several biological processes. For example,
they are formed during transcription in prokaryotic systems or
human cells [63, 64]. The importance of Z-DNA in cellular activi-
ties, including regulating gene expression, eliciting immunogenic
responses, recruitment of specific proteins/transcription activa-
tors or repressors and control of genome instability, has also
been mentioned [12]. For instance, the presence of Z-DNA-forming
sequences at the breakpoints of human tumour chromosomes
suggests that Z-DNA may cause genomic instability by inducing
double-strand breaks and large deletions [65].

Hairpin/cruciform (inverted repeats)
Hairpin and cruciform structures were hypothesised to exist soon
after Watson and Crick’s discovery (Figure 1F and G) [66]. Their
existence was experimentally (for example, two-dimensional gel
electrophoresis [67]) assessed in vitro under natural superhelical
densities in the 1980s [68]. Later, a technology for revealing the
cruciform in vivo was developed, and the biological functions
involved in this type of DNA secondary structure were discovered
[69–71]. Hairpin/cruciform structures can form by IR [72], also
termed palindromes. In somatic and germ cells, the distribu-
tion of hairpin/cruciform motifs often overlaps with chromosome
regions that are prone to produce large rearrangements [73]. In
cell replication and transcription, double-stranded DNA often
unrolls into a single strand, and the repeated sequences may
be allowed to fold back or form alternative base pairs on the
same DNA strand [3]. The expansion and deletion of repeats may
be caused by the hairpin structure owing to the stability of the
intermediates [3]. A review of hairpins in prokaryotes summarized
their functions in many biological processes, including replication
origins, transcription, conjugation and recombination [74].

DNA unwinding element (DUE)/base unpairing region
(BUR)
The DUE structure was first reported in 1988 (Figure 1H) [75].
When there is a high A + T content feature of DNA sequences
that will form unpaired structures under superhelix tension—for
instance, (ATTCT)n•(AGAAT)n unique repeats among expanding
repeat sequences—and is unavailable for these sequences to form
other non-B DNAs such as hairpins, intramolecular triplexes,
quadruplexes or slipped-strand DNA, the A + T-rich sequences
usually form DUEs or BURs [75–77], which are usually related to
the origin of replication and the attachment sites of the chromo-
some matrix [78]. Recent studies have indicated an association

between DUEs and aberrant DNA replication [79], suggesting a
potential role of DUEs in sequence instability [3].

Triplex DNA (H-DNA, mirror repeats)
Triple-helical nucleic acids were first reported in 1957 [80], in
which a stable complex of polyuridylic acids and polyadenylic
acid strands with a ratio of 2:1 was demonstrated. In 1986, a short
triplex-forming oligonucleotide formed a stable specific triple-
helical DNA complex was described (Figure 1I) [81]. In 1988, triplex
DNA was reported to include intermolecular triplex and naturally
intramolecular triplex [82]. For intramolecular triplex, according
to whether the third chain interacts with the purine chain in the
double bond through Hoogsteen or reverse Hoogsteen base pairs,
triplex DNA can be divided into two types: Hoogsteen and reverse
Hoogsteen [83], where the reverse-Hoogsteen structure referring
to ‘H-DNA’. In the H-palindrome, H-DNA and canonical B-DNA
structure are in a state of dynamic equilibrium, which is prone to
change into H-DNA with an increase in the negative superhelix.
A previous study found that motif sequences prone to form H-
DNA occurred more frequently in the promoters of genes than
any other random distribution of bases in eukaryotic genomes
[84]. A review reported that H-DNAs are important in regulating
DNA metabolism, including transcription regulation and gene
function. They are inherently mutagenic and have a potential role
in gene targeting strategies [10].

Slipped strand DNA (direct repeats)
Slipped-strand DNA structures are composed of DR of comple-
mentary strands along the DNA helix axis in a misaligned or
slipped manner (Figure 1J). Most slipped chains are found in short
DR, termed unstable DNA repeats. After knowing that slipped
strand DNA structures exist, (CTG)n•(CAG)n and (CGG)n•(CCG)n

repeats were reported as the first characterization of these struc-
tures in 1996 [85], which were associated with myotonic dystrophy
(DM) and fragile X syndrome, respectively. The DM2 (myotonic
dystrophy types 2) (CCTG)n•(CAGG)n repeats can also form slipped
strand DNA structures, as illustrated by experiments [86]. There
are two possible isomers of slipped DNA strands. Under these two
isomers, loops are located at the 5′ and 3′ ends of the DR. This
alternative DNA structure or similar intermediate DNA formed
during DNA replication or repair may be one of the reasons for
the instability of the DNA sequences that form these structures
[86]. Slipped strand DNA structures play potential roles in several
biological processes, including DNA repair, DNA replication and
genomic instability [86].

Sticky DNA (direct repeats)
Sticky DNA is a novel non-B DNA structure formed from GAA•TTC
repeats, which is associated with Friedreich ataxia [87] (Figure 1K).
It is an intramolecular structure of two long repeat chains of
GAA•TTC in the DNA molecule, forming a dumbbell-like confor-
mation in the bacterial plasmid. The formation of sticky DNA
has special requirements, including two DR of the GAA•TTC
chain in the same molecule, a neutral pH environment, a neg-
ative superhelix state and Mg2+ [3]. Meanwhile, sticky DNA can
only be formed by intramolecular reactions and does not easily
dissociate even when heated to 80◦C for 60 min [88]. Moreover,
researchers have found that in E. coli, yeast and eukaryotic cells,
long fragments of the GAA•TTC sequence inhibit replication and
transcription, suggesting that sticky DNA might regulate gene
expression and DNA metabolism [89, 90]. Furthermore, a study
showed that the decrease in homologous recombination (HR) was
related to an increase in the length of GAA•TTC, indicating that
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the formation of sticky DNA may contribute to the decrease in HR
frequency [91].

High-throughput experimental methods to
map non-canonical nucleic acid structure
To the best of our knowledge, only a few high-throughput
sequencing approach for other non-canonical DNA/RNA struc-
tures except for G4/rG4 and R-loop has been reported; therefore,
we mainly focused on sequencing methods for identifying G4/rG4
and R-loop structures (Table 1).

DNA/RNA G-quadruplex (G4/rG4)
For sequencing technologies of G4/rG4 mapping, two approaches
have been designed to identify DNA and RNA G4s summarized
in published reviews [14–16]. These were antibody-based pull-
down and chain-extension stalling methods, respectively. For
antibody-based pull-down methods, DNA G4s were first predicted
by indirect chromatin immunoprecipitation and next-generation
sequencing (ChIP-seq) of phosphorylation of histone H2AX on
Ser-139 (γ H2AX) in 2012. γ H2AX is a marker indicating the
activation of DNA damage response (DDR) after treatment with
pyridostatin, a highly selective G4 binding small molecule [92].
Then, ChIP-seq methods based on specific single-chain variable
fragment antibodies of hf2, D1 and BG4 have been performed
to map G4s in the genome [93–96]. In solution, hf2 could pull
down the DNA G-quadruplex structure formed by synthetic
DNA oligonucleotides [96]. D1 antibody had a high affinity for
parallel G4 DNA but not antiparallel G4 DNA and hybrid G4
DNA based on the high level of conformational polymorphisms
of G4 [95]. Antibody-based methods used G4 antibodies (e.g.
the single-chain variable fragment antibody BG4) together with
fluorescently bound secondary or tertiary antibodies to pull down
G4s in the nucleus and cytoplasm by ChIP-seq [16]. Moreover,
the location of G4 binding proteins (XPB and XPD, transcription-
associated helicases) by ChIP-seq could indirectly infer the
formation of DNA G4 [97]. G4 clusters could be identified by high-
throughput sequencing of genomic DNA amplified via whole-
genome amplification in the presence of telomestatin derivative
L1H1-7OTD ligand of G4 [21]. However, all of the mentioned
approaches rely on antibody specificity, targeted accessibility and
cell population averaging. Given that the formation extent of rG4s
in human cells is controversial, G4-RNA-specific precipitation
(G4RP) with sequencing (G4RP-seq) was designed for capturing
transient rG4s in the human transcriptome. It requires chemical
crosslinking step followed by affinity capture with G4 ligand of
BioTASQ [22].

In terms of chain-extension stalling methods, as G4/rG4 plays
a role in the process of stalling DNA polymerase or reverse tran-
scriptase in DNA or RNA [98, 99], the 5′ end of G4/rG4 can be
detected in vitro by comparing the polymerase pause sites under
stable and unstable conditions of G4/rG4. Based on this principle,
researchers have proposed technologies to predict G4/rG4 struc-
ture, followed by high-throughput sequencing. For experimental
procedure of chain-extension stalling methods, G4-seq first pro-
vides a reference under non-G4-forming conditions (Read 1) and
then determines the locations of G4-dependent DNA polymerase
stalling under G4-stabilizing conditions (e.g. in the presence of K+

or the G4-stabilizing ligand pyridostatin (PDS; Read 2)). In rG4-seq,
poly(A)-enriched RNA was used as a reference in the presence of
Li+ under non-G4-forming condition and reverse transcribed with
K+ or PDS to make the RNA G4-dependent reverse transcriptase

stalling. Overall, more than 700 000 DNA G4s in human genome
as well as thousands of RNA G4s in human HeLa cells have been
detected by G4-seq and rG4-seq, respectively [100–103]. The chain-
extension stalling approach can map the G4-forming sequences in
the genome (G4-seq) or transcriptome (rG4-seq) in vitro. However,
it should be noted that the effect of the cellular environment
(for instance, protein or chromatin structure) on G4 was not
considered because of DNA or RNA extraction.

Mapping G4/rG4s from living cells can solve the problem men-
tioned above, in which the cellular environment was ignored.
However, there are still few methods for detecting G4/rG4s in
living cells for two major reasons. First, the reducing environment
in living cells is not conducive to forming disulfide bonds of anti-
bodies. Second, in the process of formaldehyde fixation, perme-
abilisation or lysis of cells for detection of G4/rG4s by antibodies,
the intracellular environment that maintains the G-quadruplex
is usually destroyed, and very few G-quadruplexes can be bound
and detected by antibodies as formaldehyde crosslinks the G-
quadruplex with endogenous G-quadruplex binding protein. The
lack of methods to quantitatively detect the structure of G4
and RNA G4 in living cells greatly limits the in-depth study of
the biological function of G4 and RNA G4. To overcome these
difficulties, in September 2020, taking advantage of the unique
chemical labelling characteristics of RNA G4, Yang et al. proposed
the first in vivo genome-wide RNA G4s profiling method, Selective
2′-hydroxyl acylation with lithium ion-based primer extension
(SHALiPE-seq). They designed a set of standard procedures for
RNA G4s in vivo labelling and quantitative calculation, to realize
the quantitative evaluation of the RNA G4s in the whole transcrip-
tome. Hundreds of RNA G4s with strong folding were detected
in rice and Arabidopsis thaliana by SHALiPE-seq [23]. Meanwhile,
in October 2020, Tan Zheng et al. screened G-quadruplex-binding
peptides from natural G-quadruplex binding proteins and com-
posed an artificial protein (G4P) with high affinity and speci-
ficity, which only contains 64 amino acids to recognise the G-
quadruplex. G4P contains two short peptides derived from the
natural protein RHAU, which can bind to the upper and lower
guanine planes of the G-quadruplex, respectively. In their study,
G-quadruplex maps on chromosomes of living human, mouse
and chicken cells were drawn using G4P with the ChIP-Seq tech-
nique, and the existence of G-quadruplexes in cells was further
confirmed [20]. Although G4P can detect G-quadruplexes in living
cells, some atypical G4 structures, which G4P cannot recognise,
may not be detected using this small artificial protein.

For the above methods of identifying G4/rG4 in vivo, the anti-
body/ligand/probe approaches may induce structure formation
by perturbing the G4 fold balance in cells or binding G-rich
sequence motifs [8, 104]. Therefore, it is important to effectively
rule out the possibility of G4 structure being recognized during
cell fixation, permeation or staining. Then, because the folding
of G4 structure is different in various growth environments and
organisms [102], how to accurately identify the diverse folded
G4 structures in vivo and distinguish the typical and atypical G4
structures are also tremendous challenge. In addition, hundreds
of RNA G4s have been found in plant species [23]. How to accu-
rately depict G4 profiling in vivo in animal cells at low cost as
in vitro sequencing methods is also the development trend of
identifying G4 structure in vivo.

R-loop/DNA:RNA hybrid
For R-loop structure sequencing technologies, three categories of
approaches to characterise and map R-loop-forming sequences
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Table 1. List of sequencing methods for G4 and R-loop prediction

Structure Method Year Advantages and disadvantages Reference

Reviewed

G4 Antibody-based pull-down methods

Indirect ChIP: histone
variant γ H2AX

2012 The first method to predict DNA G4s in human cancer cells. The wide distribution
of histone markers in damage sites leads to large sequence domains enriched in
quadruplex-forming sequences. The location of G4 binding proteins by ChIP-seq
can indirectly infer the formation of DNA G4.

[92]

scFv hf2 G4 pull-down
sequencing

2013 G4 ChIP-seq can be used to identify genome-wide DNA G4s. However, it relies on
antibody specificity, targeted accessibility and cell population averaging.

[96]

scFv D1 ChIP-seq 2016 [95]
scFv BG4 ChIP-seq 2016 [93]

2018 [94]
G4BPs ChIP-seq 2014 [97]

Chain-extension stalling methods

G4-seq 2015 The 5′ end of G4/rG4 can be detected in vitro by comparing the polymerase pause
sites under stable and unstable conditions of G4/rG4. G4-seq has been applied to
the human genome (more than 700 000 DNA G4s have been identified) and other
model organisms. RNA G4s can be predicted in human HeLa cells using rG4-seq
(thousands of RNA G4s have been detected). The chain-extension stalling
approach can map the G4-forming sequences in the genome (G4-seq) or
transcriptome (rG4-seq) in vitro. In contrast, the effect of the cellular environment
(for instance, protein or chromatin structure) on G4 was not considered because of
DNA or RNA extraction.

[100, 101]

rG4-seq 2016 [102, 103]

R-loop S9.6 antibody-based methods

DRIP-seq 2012 Commonly used on the population-average scale. The resolution of R-loop
mapping has been improved to near-nucleotides in bisDRIP-seq. S9.6
antibody-based methods are highly antibody-dependent and whether these
sequencing approaches can accurately map and quantify the R-loop has been
challenged because the binding affinity of the S9.6 antibody varies greatly among
different sequencing methods.

[105]

DRIPc-seq 2016 [51]
S1-DRIP-seq 2016 [49]
ssDRIP-seq 2017 [50]
bisDRIP-seq 2017 [106]

RNase H1 IP method

R-ChIP-seq 2017 Commonly used on the population-average scale. It relies on RNase H1, which can
recognise but not process DNA:RNA hybrids. The bias in chromatin fragmentation
and digestion efficiency of restriction enzymes may influence the resolution of
R-loop mapping.

[55]

MapR 2019 [108]
SMRF-seq
(Single-Molecule R-loop
Footprinting)

2020 It is suitable for R-loop characterisation of single-molecule amplicons with
multi-kilobase size at ultra-deep coverage in human genome, but the
genome-wide profiling of R-loop was not supported.

[109]

Updated

G4 L1H1-7OTD
whole-genome
amplification (WGA)
sequencing

2018 G4 clusters could be identified in human genome based on genomic DNA via
whole-genome amplification in the presence of telomestatin derivative
L1H1-7OTD ligand of G4.

[21]

G4RP-seq
(G4-RNA-specific
precipitation (G4RP) with
sequencing)

2018 It can capture transient rG4s in the human transcriptome. Sequencing using
G4-specific small-molecule ligand/probe BioTASQ to identify G4-RNAs.

[22]

SHALiPE-seq 2020 The first in vivo genome-wide RNA G4s profiling method, Selective 2′-hydroxyl
acylation with lithium ion-based primer extension (SHALiPE-seq).

[23]

G4P-ChIP 2020 This method screened G-quadruplex-binding peptides from natural G-quadruplex
binding proteins and composed a small artificial protein (G4P) with high affinity
and specificity, which only contains 64 amino acids to recognise the G-quadruplex.
Although it can detect G-quadruplexes in living human, mouse and chicken cells,
some atypical G4 structures that G4P cannot recognise may not be detected.

[20]

(continue)
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Table 1. Continued.

Structure Method Year Advantages and disadvantages Reference

R-loop qDRIP-seq 2020 It combines internal standards human cells for synthetic RNA–DNA
hybridisation with high-resolution, strand-specific sequencing. It allows
accurate standardisation in the case of interference with the R-loops
and allows quantitative measurements.

[24]

R-loop CUT&Tag 2021 Using Tn5 to tag DNA and DNA:RNA hybrids provides the possibility of
avoiding fragmentation bias caused by RNase H1. It only requires fewer
cells (half of a million) and is easier and more straightforward, so it can
save time in library preparation. Furthermore, it can more specifically
identify the R-loop structure in the promoter region and can more
sensitively detect the transient R-loop in the gene body and enhancer
regions in human genome.

[25]

Other
non-canonical
nucleic acid
structures

ChIP-seq to detect
Z-DNA

2016 The ChIP-seq experiment for detection of Z-DNA-forming sites
genome-wide in HeLa cells using Zaa probe for the first time. There are
391 Z-DNA-forming sites were found totally, which have been
functionally examined in vivo. In addition, Z-DNA-forming sites were
related to H3K4me3 and H3K9ac, indicating that the Z-DNA site was
associated with active transcription.

[64]

Potassium
permanganate
footprinting combined
with high-throughput
sequencing

2017 The first method is based on Potassium permanganate footprinting.
The second method is based on kethoxal-assisted single-stranded DNA
sequencing. The first method found abundant formation of Z-DNA,
G-quadruplex and H-DNA. The second method found G-quadruplex,
Z-DNA, hairpin, H-DNA and cruciform structures. They generate single
stranded DNA (ssDNA) first and then find the computational predicted
non-B DNA structures near the ssDNA regions. They revealed the
existence of multitude of non-B DNA structures in human genome, but
the limitation lies in their dependence on non-B DNA structure
prediction algorithms.

[113]

Kethoxal-assisted
single-stranded DNA
sequencing

2020 [114]

RNA SHAPE-seq 2011/2012/2014 It can obtain the quantitative and single nucleotide analysis of
secondary and tertiary structure information of hundreds of arbitrary
sequence RNA molecules. It has higher sensitivity with approximately
0.1 pmol of RNA needed. It can resolve RNA structural changes due to
point mutations with bar coding. It is not limited by the environment
required for enzyme function and is usually used for variable buffer
and temperature conditions. An automated and rigorous pipeline was
designed due to the digital characteristic of direct cDNA sequencing.

[115–117]

in vitro have been reviewed so far: S9.6 antibody-based meth-
ods, RNase H1-based methods and SMRF-seq [18, 19]. However,
another independent R-loop CUT&Tag method that has been
recently published has not been reviewed until now [25]. S9.6
antibody-based and RNase H1-based methods are the two main
types of strategies commonly used to provide the distribution
and abundance of R-loops on the population-average scale. The
first approach is mostly carried out through DNA:RNA immuno-
precipitation (DRIP) to predict the R-loop structure [105]. The R-
loop structure can be profiled by sequencing the DNA strand
(DRIP-seq) [105] or RNA strand of the R-loop after cDNA synthesis
(DRIPc-seq) [45], as well as by degrading the displaced ssDNA
of an R-loop using S1-nuclease (S1-DRIP-Seq) [49] and identify-
ing single strands of DNA:RNA hybrids by strand-specific R-loop
maps [50]. Meanwhile, unpaired cytosines in the displaced DNA
strand could be deaminated by combining the S9.6 antibody with
sodium bisulfite treatment using bisDRIP-seq, which improved
the resolution of R-loop mapping to near-nucleotides [106]. More-
over, qDRIP combines internal standards for synthetic RNA–DNA
hybridisation with high-resolution, strand-specific sequencing.

It allows accurate standardisation in the case of interference
with the R-loops and allows quantitative measurements, thus
providing biological insights that were unattainable before [24].
The second approach relies on RNase H1, which can recognise but
not process DNA:RNA hybrids [107]. For example, R-ChIP uses an
RNase H1 mutant with catalytic death for immunoprecipitation
[55]. Meanwhile, defective RNase H1 (dRNase H1) has also been
applied in a CUT&RUN-based method termed ‘MapR’ [108]. The
third technology, SMRF-seq, is suitable for R-loop characterisation
of single-molecule amplicons with multi-kilobase size at ultra-
deep coverage, but the genome-wide profiling of R-loop was not
supported [109].

The two types of R-loop mapping methods mentioned above
revealed that the R-loop is mainly formed at various sites. For
example, using the S9.6 antibody-based method, the main forma-
tion sites of the R-loop structure included transcribed gene bodies,
GC-skewed CpG island promoters and terminal genic regions.
However, the RNase H1-based method showed that the R-loop
was mainly formed in G-rich genes related to the promoter-
proximal pausing of RNA polymerase II. Even in the loci identified
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by these two strategies, there is a significant disparity in the
location of the signal, which may be attributed to the difference
in the formation position of the R-loop structure under different
mapping methods [19]. Therefore, improving the rigor and repro-
ducibility of these methods and how to evaluate the inconsistency
of sequencing quality effectively is one of the research trends in
high-throughput sequencing methods for R-loop identification.

Although these techniques have been widely discussed, they
have limitations that need to be addressed. For RNase H1
IP-based methods, the bias in chromatin fragmentation and
digestion efficiency of restriction enzymes may influence the
resolution of R-loop mapping [110]. In addition, sequencing
strategies based on the S9.6 antibody are highly antibody-
dependent, and the binding affinity of the S9.6 antibody varies
greatly among different sequencing methods, so whether these
sequencing approaches can accurately map and quantify the
R-loop has been challenged [111, 112]. Given these issues, the
R-loop Tn5-based cleavage under targets and tagmentation
(CUT&Tag) method, which combines CUT&Tag and glutathione S-
transferase–hexahistidine–2× hybrid-binding domain (GST-His6–
2 × HBD), was proposed, in which HBD can specifically recognise
DNA:RNA hybrids [25]. Based on the fact that Tn5 transposase
can combine with DNA:RNA hybrids randomly and transpose
the adaptor to two strands of DNA:RNA hybrids, and transposed
products can displace the strand, researchers have used Tn5 to
tag DNA and DNA:RNA hybrids, which provides the possibility
of avoiding fragmentation bias caused by RNase H1. Compared
with MapR, R-ChIP or DRIPc-seq, the R-loop CUT&Tag method
only requires fewer cells (half of a million) and is easier and
more straightforward, so it can save time in library preparation.
Furthermore, it can more specifically identify the R-loop structure
in the promoter region and can more sensitively detect the
transient R-loop in the gene body and enhancer regions.

Other non-canonical nucleic acid structures
For other non-canonical nucleic acid structures, three high-
throughput sequencing approaches to map Z-DNA, hairpin, H-
DNA or cruciform have been reported [64, 113, 114]. In 2016,
the ChIP-seq experiment for detection of Z-DNAs genome-wide
in HeLa cells using Zaa probe (containing two Za copies) was
published for the first time [64]. The Zaa can be generated
by replacing Zβ with Zα that has a much higher affinity and
specificity to Z-DNA, where Zα and Zβ are the Z-DNA-binding
domain motifs of the N-terminal region of human RNA adenosine
deaminase (hADAR1). A total of 391 Z-DNAs have been identified
in vivo. Most of 10 randomly selected Z-DNAs were verified by Zaa
ChIP-qPCR and in vitro Z-DNA cleavage assay. Most of detected
Z-DNAs were located in the promoter region. In addition, Z-DNAs
were related to H3K4me3 and H3K9ac, indicating that the Z-DNA
site was associated with active transcription.

Since then, two similar techniques of detecting non-B DNAs
were reported. The first one was published in 2017 by combining
potassium permanganate footprinting with high-throughput
sequencing [113], whereas another approach based on kethoxal-
assisted single-stranded DNA sequencing was published in 2020
[114]. Both techniques generate ssDNA first, and then find the
computational predicted non-B DNA structures near the ssDNA
regions. Both of these two approaches revealed the existence
of multitude of non-B DNA structures in human genome, but
the limitation of these methods lies in their dependence on
non-B DNA structure prediction algorithms. The difference
between these two methods is that in the first method, Z-
DNA, G-quadruplex and H-DNA could be identified, whereas the

second technique could found hairpin and cruciform structures
in addition to the structures detected in the first one.

Regarding that there is no specific high-throughput sequenc-
ing method for other non-canonical RNA structures, a method
named SHAPE-seq, which could obtain the quantitative and single
nucleotide analysis of secondary and tertiary structure informa-
tion of hundreds of arbitrary sequence RNA molecules, was devel-
oped [115–117]. SHAPE-seq combines selective 2′-hydroxyl acyla-
tion analysed by primer extension (SHAPE) chemistry and deep
sequencing of primer extension products with multiple paired
ends, resulting higher sensitivity with approximately 0.1 pmol
of RNA needed. It can resolve RNA structural changes due to
point mutations with bar coding. In addition, SHAPE-seq is not
limited by the environment required for enzyme function, and
is usually used for variable buffer and temperature conditions.
Furthermore, an automated and rigorous pipeline was designed
due to the digital characteristic of direct cDNA sequencing.

In general, it is difficult to detect the non-canonical nucleic acid
structures in genome-wide by experimental sequencing methods.
Because these structures are in the process of dynamic formation,
which usually perform specific functions and then decompose.
The existing experimental methods are only limited to identifying
these structures that are still active at the time of the experiment.

Computational methods to predict the
non-canonical nucleic acid structure
The computational methods for analysing other non-canonical
nucleic acid structures, except for G4/rG4 and the R-loop,
reviewed [24], are listed in Table 2. Herein, we focused on recently
published computational methods for the identification of
G4/rG4, R-loop and other non-canonical DNA/RNA structures
(Table 3). We divided these bioinformatics methods into two
classes, including the integration resources of databases and web
servers as well as the standalone tools for the identification of
putative non-canonical nucleic acid structures, which are mostly
based on regex, scoring and machine learning.

DNA/RNA G-quadruplex (G4/rG4)
In January 2020, a review of open-source computational methods
for the prediction and implementation of G4 was published. The
description of the architecture as well as the merits and draw-
backs of three types of models (regex-based, scoring-based and
machine learning-based methods) have been discussed [27]. The
classical method of regular expression matching algorithms ini-
tially use consensus sequence, which usually has a strict pattern
to identify potential non-canonical DNA/RNA structures from the
primary sequence. Nevertheless, the variable structures of regular
expression-based approaches often ignore the nonstandard motif
of non-canonical structures. The principle of the scoring-based
method is to score and rank each possible sequence to predict
the sequence most likely to form non-canonical DNA/RNA struc-
tures when there are multiple alternatives. Compared with reg-
ular expression-based algorithms, scoring-based methods have
less strict criteria, which provide more possibilities for predicting
the results. Regular expression and scoring-based methods are
based on biophysical and biochemical data or known observed
structures, which may not be suitable for predicting novel con-
formations or sequences purely through computational research.
Therefore, algorithms based on machine learning, data-driven
predictions have been developed. The main drawback of machine-
learning-based algorithms is that they rely on the quality and
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Table 2. List of computational methods for the prediction of H-DNA, Z-DNA and cruciform reviewed in current bioinformatics

Method Structure URL Year Reference

_ cruciform/H-DNA not provided 1995 [155]
_ cruciform not provided 2012 [156]
UNAFold cruciform http://www.unafold.org/ (accessible) 2008 [157]
TRACTS H-DNA http://bioportal.weizmann.ac.il/tracts/tracts.html (no update/not

accessible)
2003 [158]

TFO H-DNA spi.mdanderson.org/tfo (no update/not accessible) 2006 [159]
TTS mapping H-DNA/G4 http://ggeda.bii.a-star.edu.sg/~piroonj/TTS_mapping/TTS_mapping.php

(under maintenance)
2009 [160]

_ H-DNA http://www.fi.muni.cz/lexa/triplex (no update/not accessible) 2011 [161]
Z-hunt Z-DNA not provided 1986 [162]
Z-Hunt-II Z-DNA not provided 1992 [163]

quantity of available training datasets. After this review, five
updated programs of PENGUINN, G4detector, DeepG4, rG4-seeker
and G4-miner for G4 and rG4 exploration were published [28, 29,
33–35].

In 2020, a machine learning-based software, PENGUINN, was
reported by using convolutional neural network (CNN) to detect
G4 forming sequences in the nucleus [28]. PENGUINN is a CNN-
based approach that provides an independent tool for imple-
menting the training model and a web source that can measure
the potential of a sequence to form G4. It identifies G4s from
raw DNA sequence data. The input data of PENGUINN could
be a single sequence, FASTA format or multiple sequences in
multiple lines. In terms of the length of the input sequence,
the web application can accept a sequence from 20 to 200 nt.
After evaluated the sequence, the score and threshold evaluation
were be outputted finally. Using human G4-seq data as a training
set, they proved that PENGUINN is superior to state-of-the-art
approaches [118–121] in simulating high background testing sets
with high genomic variation. G4s in other species could also be
predicted by human trained model of PENGUINN, such as the
nematode Cenorhabditis elegans and the plant A. thaliana, but the
performance of this model in these species is lower than that
expected by human or mouse. In addition, when intersecting
PENGUINN detections against G4detector and the regular expres-
sion method predictions. PENGUINN detected 3818 ‘unique’ G4s
with a threshold of 0.5, which was more than the G4detector
(440 G4s) [34] and regular expression (24 G4s). Compared to the
regular expression method, PENGUINN offers a scoring system for
priority ranking sequences, although the former method is widely
used.

Similarly, G4detector is also a machine learning-based software
to predict G4 based on CNN. G4detector improves the detec-
tion accuracy by adding RNA secondary structure information to
the sequence information. It shows excellent performance when
benchmarked against novel G4-seq datasets of multiple species
genomes. It can predict the whole genome G4s with high accuracy,
and can extrapolate the measurement results of human-trained
to various non-human species. Moreover, to better interpreting the
‘black boxes’ prediction, G4detector visualizes the most important
features in a given input sequence by integrating gradient and
mutation maps. However, it does not integrate RNA structure
information into G4 prediction task well [34].

DeepG4 is also a CNN-based method to map DNA motifs pre-
dicting G4 region activity and cell-type specific active G4 regions
accurately at 201-bp resolution (with AUC (area under the receiver
operating characteristic curve) > 0.98). G4 activity can be used

for assessing the ability of G4 sequences to form in vivo. The
combination dataset of G4-seq, G4 ChIP-seq and ATAC-seq has
been used for training set. DeepG4 focuses on predicting specific
motifs in the active G4 region rather than G4 sequences with
flexible patterns. In addition, it has been used to identify active
G4 regions in a tremendous amount of tissues and cancers, thus
representing a resource for the G4 community. However, DeepG4
requires several hundred bases to map G4, thereby limiting the
resolution of G4 mapping. Moreover, the dependence on training
set of machine learning-based methods will restrict their perfor-
mance. Using human data as training set, G4 detection of DeepG4
on non-mammalian genomes seems to be less accurate [35].

In addition to directly using the DNA sequence data to predict
the motif that can form G4, Chow et al. proposed an rG4-seeker
to identify rG4 motifs from rG4-seq experimental data to improve
the experimental result and false-positive identification [29]. In
order to infer the biological function of rG4 in vivo based on
association analysis, the relationship between the preparation
chemistry of rG4-seq library and the attributes of sequencing
data was established. rG4-seeker was then employed to mitigate
local sampling errors and background noise in rG4 sequences. In
order to screen rG4 candidates with high confidence in functional
research, the replication independence of rG4-seeker would sig-
nificantly reduce the cost of rG4 screening in rG4-seq dataset.
Compared with previous method [103], rG4-seeker could better
discriminate false-positive, and its sensitivity to non-canonical
rG4s is also improved. rG4-seeker could also be incorporated into
the bioinformatic pipeline of other RNA-seq technologies, which
can improve analysis results. Based on the approach, some novel
features missed in the HeLa rG4-seq dataset were recognised
using the rG4-seeker with experimental validation.

In contrast to existing methods that need to change the
sequencing environment, G4-miner, reported in 2021, use the
conventional sequencing process and sequencing data based
on the often-neglected sequencing quality information in the
sequencing data [33]. G4-miner is a user-friendly and portable
genome-wide DNA G-quadruplex (G4) map analysis method,
which can identify G4 structures from ordinary genome-
wide resequencing data by determining slight fluctuations in
sequencing quality. 736 689 G4 structures were identified in
the human genome using this approach. More than 89% of the
detected typical G4 were identified by polymerase termination
analysis and next-generation sequencing. The predicted detection
rates of the typical tetrads for different species (Homo sapiens,
Mus musculus, Drosophila melanogaster, A. thaliana, Caenorhabditis
elegans and Saccharomyces cerevisiae) ranged from 32% to 58%,
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Table 3. The methods and databases for non-canonical nucleic acid structures identification

Method URL Description Advantages and disadvantages/greater detail explanation of
databases

Year Reference

G4 (updated)

PENGUINN https://github.com/ML-
Bioinfo-CEITEC/
penguinn(accessible)

A machine learning
method based on
Convolutional
neural networks to
explore nuclear
G-Quadruplexes.

It is a CNN based approach, which implements the training model
and a web source, and can measure the potential of a sequence to
form G4. The input data of PENGUINN could be raw DNA sequence
data including a single sequence, FASTA format or multiple
sequences in multiple lines with the length from 20 to 200 nt. The
final output is the sequence score. It is superior to state-of-the-art
approaches [114–117] in simulating high background testing sets with
high genomic variation. It supports the nematode Cenorhabditis elegan
and the plant Arabidopsis thaliana, but the performance of this model
in these species is lower than that expected by human or mouse.

2020 [28]

G4detector https://github.com/
OrensteinLab/G4
detector(accessible)

A machine learning
method based on
Convolutional
neural networks to
explore
genome-wide
G-Quadruplexes.

G4detector uses a multi-kernel CNN to classify DNA sequences that
tend to form G4. It allows the use of the raw DNA sequence as input.
It outperforms pqsfinder, G4hunter, and Quadron in predicting G4s. It
can predict the whole genome G4s with high accuracy, and can
extrapolate the measurement results of human-trained to various
non-human species. However, it does not integrate RNA structure
information into G4 prediction task well. When intersecting
PENGUINN detections against G4detector and the regular expression
method predictions. PENGUINN detected 3818 ‘unique’ G4s with a
threshold of 0.5, which was more than the G4detector (440 G4s) and
regular expression (24 G4s).

2022 [34]

DeepG4 https://github.com/
raphaelmourad/
DeepG4(accessible)

A deep learning
approach to predict
cell-type specific
active G-quadruplex
regions.

DeepG4 is also a CNN-based method to map DNA motifs predicting
G4 region activity and active G4 regions in the cell at 201-bp
resolution from the DNA sequence and chromatin accessibility
accurately. It is firstly designed to assess the ability of G4 sequences to
form in vivo. It focuses on predicting specific motifs in the active G4
region rather than G4 sequences with flexible patterns. In addition, it
has been used to identify active G4 regions in a tremendous amount
of tissues and cancers. However, the resolution of G4 mapping for
DeepG4 is limited. Using human data as training set, G4 detection of
DeepG4 on non-mammalian genomes seems to be less accurate.

2021 [35]

rG4-seeker https://github.com/TF-
Chan-Lab/rG4-seeker
(accessible)

A pipeline used
tailored noise
models to predict
non-canonical rG4s
from rG4-seq data.

rG4-seeker mitigates local sampling errors and background noise in
rG4 sequences. It screens rG4 candidates with high confidence.
Compared with previous method [100], rG4-seeker could better
discriminate false-positive, with improved sensitivity. rG4-seeker
could also be incorporated into the bioinformatic pipeline of other
RNA-seq technologies such as SHAPE-seq and eCLIP, which can
improve analysis results. It recognised some novel features missed
in the HeLa rG4-seq.

2020 [29]

G4-miner https://github.com/
tulabcode/G4-miner
(accessible)

Direct genome-wide
identification of
G-quadruplex
structures by
whole-genome
resequencing.

It supports G4 structure identification in the human genome and
other species including Mus musculus, Drosophila melanogaster, A.
thaliana, Caenorhabditis elegans and Saccharomyces cerevisiae, which
demonstrated that G4-miner is widely applicable. It can be used to
identify and characterize genome-wide G4s of specific individuals.
G4-seq tends to detect bulges, while G4-miner tends to detect two
quartets.

2021 [33]

R-loop

R-loopDB http://rloop.bii.a-star.
edu.sg/ (accessible)

An integrated
database; The first
bioinformatics tool
for RLFS search and
visualization; All
RLFS identified in
more than half of
human genes were
collected; A variety
of bioinformatics
sources were
integrated.

The first R-loop related database that contain R-loop information. It
contains 245 181 RLFSs in more than half of human genes. A
computational tool for RLFS search and visualization has been
developed. Many oncogenes, tumour suppressor genes and
neurodegenerative disease-related genes have been suggested to
prone to form R-loop. Users can enter the name of the coding gene
and the website will predict the possibility of R-loop formation based
on the sequence of the gene. The RLFS in human genes could be
visualised. As the first edition of the R-loop-related database,
R-loopDB provides researchers with the first comprehensive RLFS
catalogue and inspires to predict the selective R-loop structure using
the RLFS model. However, it only integrates the gene sequence from
UCSC, so the quantity and quality of R-loop structures on different
genes in the genome are limited. In addition, it only supports
detection in human genome.

2012 [30]

(continue)
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Table 3. Continued.

Method URL Description Advantages and disadvantages/greater detail explanation of
databases

Year Reference

QmRLFS-
finder

http://rloop.bii.a-star.
edu.sg/?pg=qmrlfs-
finder (accessible)

A web server or a
tool support
command line; The
first open source
software for R-loop
prediction; RLFS
coordinates
identification and
visualization; Any
DNA or RNA
sequence is
supported.

It is used for detecting and analysing the structure and
sequence coordinates of RLFS. It supports the input data of
DNA/RNA sequence as R-loopDB of 2012. All RLFS tables,
FASTA, BED and CUSTOM TRACK can be obtained as outputs.
The overlapped RLFS regions from DRIP-seq and
QmRLFS-finder confirmed its sensitivity of 79.2%.
QmRLFS-finder is the first open-sourced R-loop prediction tool.

2015 [32]

R-loopDB http://rloop.bii.a-star.
edu.sg (accessible)

The updated
R-loopDB; Support
accessing to
experimental data;
genome-scale
prediction of RLFSs
for humans, mouse,
rat, chimpanzee,
chicken, frog, fruit
fly and yeast.

It is the renewed R-loopDB combined RLFS strand, GC skew
value and experimental R-loop detection data based on the
predicted RLFSs by QmRLFS-finder. It includes experimental
data compared with R-loopDB in 2012. It supports searching for
RLFSs in the 2 kb upstream and downstream flanking
sequences of the entire gene and any gene. Chromosome
coordinates, sequences and genomic data of 1 565 795 RLFSs
across 121 056 genes from eight species (human, chimp,
mouse, rat, chicken, frog, fruit fly and yeast) were collected. It
provides the scientific community with a tool that integrates
RLFS query and prediction analysis on one platform with
strong interactivity.

2017 [31]

R-loopBase https://rloopbase.nju.
edu.cn (accessible)

A database
systematic
integrating R-loop
regulators in human,
mouse, yeast and
Escherichia coli; the
functional
relationship between
individual R-loops
and their putative
regulators were
deduce.

It is the first database integrating R-loop distribution and
regulation. To systematically combing and annotating R-loop
regulatory proteins, corresponding information integration and
visual presentation have been made.
First, the author collected 107 sets of high-quality
genome-wide R-loop detection data from 11 R-loop detection
technologies and 26 human tissues and cells that have been
published so far. After strict quality control and standardized
analysis, the basic supporting data of R-loopBase was finally
formed.
Secondly, the authors integrated all the known 1293 R-loop
regulatory proteins in human, mouse, yeast and E. coli and
annotated their molecular functions and gene expression
profiles in detail.
Finally, in order to facilitate R-loop researchers to make full use
of the above information, the author further integrates rich
multi-omics data resources and constructs an interactive
R-loop expert database interface R-loopBase. Users can retrieve
the R-loop formation of their region of interest by gene name,
location coordinates and sequence; The interested proteins can
be retrieved to understand their regulatory information and
regulatory regions related to R-loop; In addition, users can
visualize the above data through the genome browser of
R-loopBase.

2021 [127]

Other non-canonical nucleic acid structures

Databases and web servers

Non-B DB
v2.0

https://nonb-abcc.
ncifcrf.gov/apps/site/
default(accessible)

A database
integrating complete
categories of motifs
prone to form non-B
DNAs.

It integrates Z-DNA, G4, DR, IR, MR, STR and a phased repeat.
Non-B DB has established search criteria for each type of motif
according to the sequence characteristics. It supports non-B
DNA motif identification in humans, chimps, dogs, macaques
and mice. As a curation database, Non-B DB provides data on
known non-B DNA motifs across multiple species but lacks
tools for the identification of novel non-B DNA. In 2013, Non-B
DB was updated into Non-B DB v2.0, which deepened the non-B
DNA forming motif coverage, added visualisation tools and
increased seven organisms, including orangutans, rats, cows,
pigs, horses, platypus and A. thaliana.

2011/2013 [128–129]

(continue)
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Table 3. Continued.

Method URL Description Advantages and disadvantages/greater detail explanation of
databases

Year Reference

nBMST http://nonb.abcc.ncifcrf.
gov/apps/nBMST/
(noupdate/notaccessible)

A Web server that
allows customizing
analyse and detect
non-B DNA motifs.

It supports graphical user interface, batch processing
capability, dynamic visualization, result storage for up to
6 months, various downloadable file formats for further
analysis and FAQs content. A method for adjusting the
trade-off between false negatives and false positives to meet
the needs of users is provided. It supports various types of
genome-wide analyses. Its PolyBrowse function includes the
possible association between predicted non-B DNA forming
motifs and pathogenic effects. It is widely used without
bioinformatics skills. It can be applied to any type of DNA
sequence, including viral and bacterial genomes, up to 20 MB.
It can be used combined with other bioinformatics tools for
non-B structure motif prediction.

2012 [130]

DNA
structure
search

http://www.utexas.edu/
pharmacy/dnastructure/
(no update/not
accessible)

A new web-based
search engine to
detect
H-DNA-forming and
Z-DNA-forming
sequences in whole
genomes or at
selected sequences
of interest.

The search parameters and the identified potential H-DNA or
Z-DNA forming sequences and their positions in the genes
will be displayed on the search results page. In the result,
each sequence will also get a score to indicate the
possibility/stability of each non-B DNA conformation.

2013 [131]

Palindrome
analyser

http://bioinformatics.
ibp.cz(accessible)

A web-based server
for predicting and
evaluating inverted
repeats.

It supports the circular genomes as input data. In this
web-based server, it allows easy sorting according to the
characteristics of IRs and compares all IRs through similarity
analysis in the sequence. It supports different genomes. The
distribution and localization of IRs can be visualized and the
types and frequencies of different IRs from various species
can be compared. The comparison of the probability of
cruciform formation is supported.

2016 [132]

3D-NuS http://iith.ac.in/3dnus/
(accessible)

A web server for
automated
modelling and
visualization of
nucleic acid
structures. Overall,
80 types of triplexes
including 6
homomers and 4
hetermers as well
as 64 types of G4s
are generated.

The constructed 3D structures included: RNA–DNA hybrid
duplexes, intra/intermolecular DNA/RNA duplexes, triplexes,
Z-DNAs and G-quadruplexes. 3D-NuS does not support
mismatch base triplets. After obtaining the provided sequence
information, 3D-NuS can display whether there is a mismatch
and the location of the mismatch.

2017 [133]

Software
Emboss http://www.sanger.ac.

uk/Software/EMBOSS/
(noupdate/notaccessible)

Cruciform detection. Because there is no any visualization function in Emboss, it
requires a higher level of computing skills.

2000 [134]

MFOLD http://www.unafold.org/
(accessible)

Cruciform detection. MFOLD was developed to detect secondary structures from
RNA or ssDNA. The MFOLD server is limited to predict a
secondary structure under specific conditions, which can be
useful for cruciform identification within the input sequence
of up to 9000 bases, but it could be used together with other
tools or integrated in pipelines.

2003 [135]

IRF
(Inverted
Repeats
Finder)

http://tandem.bu.edu
(accessible)

Inverted repeats
prediction.

A command line algorithm used to predict inverted repeat
structure. It needs a higher level of computer skills to achieve
applications.

2004 [136]

BioPHP -
Find Palin-
dromic
sequences

http://www.biophp.org/
minitools/find_
palindromes/
(accessible)

Find Palindromic
sequences.

It is a webpage that could search the sequence to find
palindromic subsequences. It allows selection of minimum
and maximum size of palindromic subsequences.

2011 /

SHAPE-seq not provided Nucleotide-
resolution RNA
structure prediction.

The output of this pipeline can be immediately used in RNA
folding tools to predict the structure of each RNA molecule.

2011/2012/
2014

[115–117]

(continue)
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Table 3. Continued.

Method URL Description Advantages and disadvantages/greater detail explanation of
databases

Year Reference

findIR http://bioinfolab.
miamioh.edu/bioinfolab/
palindrome.php
(accessible)

A MATLAB-based
program for perfect
inverted repeats
prediction.

It allows genome-scale input data while only supports perfect
inverted repeat identification. In comparison with existing IR
detection tools including EMBOSS [126] and BioPHP (http://
www.biophp.org/minitools/find_palindromes/), findIR
demonstrates a high accuracy in detecting nested and
overlapping IRs. It is available for download but it used the
commercial software package, MATLAB.

2014 [137]

detectIR https://sourceforge.net/
projects/detectir
(accessible)

A MATLAB-based
program for the
perfect and
imperfect inverted
repeat prediction.

It allows genome-scale input data and supports the prediction
of both perfect and imperfect IR. detectIR has been proven to
have higher accuracy and efficiency. It is available for
download but it used the commercial software package,
MATLAB.

2014 [138]

NeSSie https://github.com/B3
rse/nessie (accessible)

An algorithm for
imperfection-
tolerant search of
DNA palindromes,
mirrors, potential
triplex forming
patterns and
symmetrical DNA
sequence patterns.

It does not support the prediction of many non-B DNA types in
databases and web servers. The results of NeSSie need to be
transformed using Python tools to make it more readable. It
needs higher level of computational skills.

2018 [141]

DeepZ https://github.com/
Nazar1997/DeepZ
(accessible)

Z-DNA prediction. DeepZ is not only used to verify the Z-DNA in the experiment,
but also used to annotate the entire genome and found some
new Z-DNA that has not been found in the experiment.

2020 [143]

which demonstrated that G4-miner is widely applicable. Because
single-nucleotide variations (SNVs) affects the formation of G4
structures and has individual differences, this method can be
used to identify and characterize genome-wide G4s of specific
individuals. By comparing the detected G4 sequences of optimized
G4-seq [101] and G4-miner, they are reliable to detect canonical
G4, but have a preference when detecting noncanonical G4s. G4-
seq tends to detect bulges, while G4-miner tends to detect two
quartets.

R-loop/DNA:RNA hybrid
Unlike computational algorithms for identifying G4, to date, only
a few bioinformatics strategies to identify R-loop structures in the
genome have been reported. In 2012, Kuznetsov et al. constructed
a database of R-loopDB [30]. Using 66 803 USCS reference genes
in FASTA format from the UCSC Genome Browser [122], they
defined the R-loop forming sequence (RLFS) as the configuration
of three segments: the R-loop initiation zone (RIZ), linker and
R-loop elongation zone (REZ). The R-loopDB database contains
245 181 RLFSs from 39 720 known UCSC gene sequences. The RLFS
for a specific gene can be visualised for the database interface. As
the first edition of the R-loop-related database, R-loopDB provides
researchers with the first comprehensive RLFS catalogue and
inspires to predict the selective R-loop structure using the RLFS
model. However, it only integrates the gene sequence from UCSC,
so the quantity and quality of R-loop structures on different genes
in the genome are limited.

In 2015, based on the R-loopDB of 2012, the Quantitative Model
of RLFS finder (QmRLFS-finder) for detecting and analysing the
structure and sequence coordinates of RLFS was reported [32]. The
RIZ-Linker-REZ model is also implemented in the QmRLFS-finder,
which is based on regular expression matching. Moreover, the
RIZ in the QmRLFS-finder supports the emergence of two linked
G-clusters and increases the number of adjacent G-clusters to

four guanines, based on an empirical R-loop sequence model [58].
Using the same input DNA/RNA sequence as R-loopDB of 2012, all
RLFS tables, FASTA, BED and CUSTOM TRACK can be obtained as
outputs. To evaluate the performance of the QmRLFS-finder, the
authors compared the experimentally verified R-loop and DRIP-
seq data [123] with RLFS detected by the QmRLFS-finder. The 3311
RLFS regions overlapped from 4181 DRIP-seq defined regions and
QmRLFS-finder predicted regions, with a sensitivity of 79.2%. The
QmRLFS-finder introduces the first R-loop prediction tool open
to the public. Compared with R-loopDB 2012, QmRLFS-finder has
been confirmed to possess a higher confidence [124].

With the development of DNA:RNA immunoprecipitation
coupled with high-throughput sequencing (DRIP-seq) [105, 123],
Kuznetsov et al. integrated the experimental data [51, 123,
125, 126] into the updated R-loopDB in 2017 [31]. In addition
to humans, the database supports genome-scale detection
of RLFS in seven additional organisms, including mouse, rat,
chimpanzee, chicken, frog, fruit fly and yeast using QmRLFS-
finder. Chromosome coordinates, sequences and genomic data
of 1 565 795 RLFSs across 121 056 genes from eight species were
collected in R-loopDB 2017. The renewed R-loopDB provides the
scientific community with a tool that integrates RLFS query and
prediction analysis on one platform with strong interactivity.

To deepen the understanding R-loop genome localisation and
its regulatory network, the database of R-loopBase integrating R-
loop distribution and regulation was developed in 2021 [127].
Through the integration of genomics and literature data, the
following were included in the database: 107 high-quality
genome-wide R-loop mapping datasets generated based on 11
different technologies. To date, the most comprehensive R-loop
regulatory proteins and their targeted R-loops in multiple species,
billion functional genome annotations and interactive interfaces
have been developed to search, visualise, download and analyse
R-loops and R-loop regulators in the context of well-annotated

D
ow

nloaded from
 https://academ

ic.oup.com
/bib/article/23/6/bbac441/6751149 by guest on 24 Septem

ber 2023

http://bioinfolab.miamioh.edu/bioinfolab/palindrome.php
http://bioinfolab.miamioh.edu/bioinfolab/palindrome.php
http://bioinfolab.miamioh.edu/bioinfolab/palindrome.php
http://www.biophp.org/minitools/find_palindromes/
http://www.biophp.org/minitools/find_palindromes/
https://sourceforge.net/projects/detectir
https://sourceforge.net/projects/detectir
https://github.com/B3rse/nessie
https://github.com/B3rse/nessie
https://github.com/Nazar1997/DeepZ
https://github.com/Nazar1997/DeepZ


14 | Shi et al.

genomes. R-loopBase was used to identify R-loop-forming regions
with high confidence by unifying the commonness of different
detection technologies. In addition, the database integrates
and visualises information on the systematic combination
and annotation of R-loop regulatory proteins. This provides
convenient data resources for scholars and researchers in the
field.

It is very important to consider the dynamic changes in the cell
environment in R-loop formation when developing the algorithm
because the formation of the R-loop is spatiotemporally specific.
Meanwhile, the published R-loop map data have obvious technical
preferences due to the significant differences in the principles and
experimental processes of different R-loop identification tech-
nologies. The effective integration of published experimental data
of the R-loop into the software or database for RLFS detection is
an urgent problem to be solved. Furthermore, the innovation of
the RLFS identification algorithm also provides the possibility for
a more accurate prediction of the R-loop structure.

Other non-canonical nucleic acid structures
(except for G4/rG4 and R-loop)
Databases and web servers for identification of other
non-canonical nucleic acid structures
The databases and web servers of non-canonical nucleic acid
structure-forming sequences curated most categories of non-
canonical structures. For example, non-B DB is one of the
most comprehensive databases for non-B DNA prediction in
mammalian genomes, which was reported in 2011 by Stephens
et al. [128]. It integrates a relatively complete type of non-B
DNA motif, including Z-DNA motifs, G4 motifs, DR, IR, MR and
phased repeats, which are prone to form their corresponding non-
canonical nucleic acid structures, including Z-DNA, G4, sticky
DNA and slipped strand DNA, hairpin and cruciform, triplex DNA
and H-DNA and static bending, respectively. Meanwhile, the non-B
DB also collects motifs that tend to form STR, which are related to
disease. For each type of motif prone to form non-B DNA, the Non-
B DB has established search criteria according to their sequence
characteristics. Furthermore, five organisms, humans, chimps,
dogs, macaques and mice, were included to support non-B DNA
motif identification. The database also lists the number of non-B
DNA-forming motifs across five species. For humans, each type
of motif is between 0.1 and 1 million, even more than one million
for G4 and MR. As a curation database, Non-B DB provides data
on known non-B DNA motifs across multiple species but lacks
tools for the identification of novel non-B DNA. In 2013, Non-B DB
was updated into Non-B DB v2.0, which deepened the non-B DNA
forming motif coverage, added visualisation tools and increased
seven organisms, including orangutans, rats, cows, pigs, horses,
platypus and A. thaliana [129]. By using search criteria for perfect
repeats, imperfect repeats have been ignored, but these should be
considered in the future.

Similar studies were conducted by the team of Robert M.
Stephens. In 2012, nBMST (non-B DNA motif search tool), a web
server used for searching non-B DNA motifs, was published
[130]. Similar to Non-B DB, the program of nBMST can recognize
several types of non-B DNA motifs. However, unlike the Non-B
DB, which only supports queries, it allows customising analysis
and detecting unknown non-B DNA motifs using user-submitted
nucleotide sequences.

In 2013, a web-based engine titled ‘DNA structure search’
was reported to predict H-DNA formation and Z-DNA forming
sequences in whole genomes or at selected sequences of interest.
[131]. Using nucleotide sequence or gene name information as

input files, they developed algorithms to identify H-DNA and Z-
DNA motifs based on their sequence features. This search engine
supports users in customising parameters to specify the length
range of mirrored arms and spacers and allows a mismatch in
the number of arms. At the same time, each sequence is scored
according to the possibility and stability of non-B DNA conforma-
tion. Compared to nBMST [130], this search engine contains fewer
types of non-B DNA motifs for prediction.

In 2016, the Palindrome analyser, a web-based server for
detecting and evaluating IR only and especially for longer
nucleotide sequences, was published [132]. It supports the
input data of genome sequences and oligonucleotides, and the
results of the Palindrome analyser provide information on the
length, sequence, coordinates and energy required for cruciform
formation. Moreover, the Palindrome analyser can display
inverted repeat sequences both interactively and graphically
and supports a variety of filtering options. In 2017, 3D-NuS, a
web server for automated modelling and visualisation of non-
canonical 3-Dimensional Nucleic acid Structures, was reported.
This can support the simultaneous prediction of triplexes, G4s,
Z-DNA/RNA and DNA–RNA hybrid double strands [133].

Software for identification of other non-canonical nucleic
acid structures
In addition to databases and web servers, several standalone
software packages have been developed for methods that can
be used to detect other types of non-B DNA. In 2000, Emboss
software used for cruciform detection was reported [134]. Because
there is no any visualization function in Emboss, it requires a
higher level of computing skills. After that, MFOLD was devel-
oped to detect secondary structures (such as stem-loop struc-
tures) from RNA or ssDNA in 2003 [135]. The MFOLD server is
limited to predict a secondary structure under specific condi-
tions, which can be useful for cruciform identification within
the input sequence of up to 9000 bases, but it could be used
together with other tools or integrated in pipelines. Furthermore,
IRF (Inverted Repeats Finder), a command line algorithm used to
predict inverted repeat structure was developed in 2004 [136]. It
also needs a higher level of computer skills to achieve applica-
tions. BioPHP - Find Palindromic sequences is a webpage that can
search the sequence to find palindromic subsequences. It allows
selection of minimum and maximum size of palindromic sub-
sequences (http://www.biophp.org/minitools/find_palindromes/).
Sequentially, based on published high-throughput sequencing
method of SHAPE-seq, a pipeline for analysing its data was devel-
oped [115–117]. The output of this pipeline can be immediately
used in RNA folding tools to predict the structure of each RNA
molecule.

For the prediction of IR that are prone to form hairpins and
cruciform repeats, two similar MATLAB-based programs, findIR
and detectIR, which allow genome-scale input data, were reported
in 2014 [137, 138]. In terms of the algorithm, both transform the
sequence search into a numerical calculation and operate with
complex numbers. The two software have a common inconve-
nience, that is, although they are open source and downloadable,
they both used the commercial software package, MATLAB. As
previous studies have suggested, IR can be classified into perfect
and imperfect based on whether the two halves are perfectly
complementary [72, 139, 140]. The difference between these two
tools is that the former only supports perfect inverted repeat iden-
tification, whereas the latter supports the prediction of both per-
fect and imperfect IR. In addition, in comparison with existing IR
detection tools including EMBOSS [134] and BioPHP (http://www.
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biophp.org/minitools/find_palindromes/), findIR demonstrates a
high accuracy in detecting nested and overlapping IRs. Mean-
while, detectIR has been proven to have higher accuracy and
efficiency.

Several softwares are available that can detect more than
one specific non-canonical structure. Nucleic acid elements of
Sequence Symmetry identification (NeSSie), a dynamic program-
ming C/C++ 64-bit library for imperfection-tolerant searches of
DNA palindromes, mirrors and symmetrical DNA sequence pat-
terns, was published in 2018 [141]. NeSSie was inspired by the
phenomenon that although there are diverse basic characteristics
in the primary sequences that form different types of non-B DNA,
experimental evidence suggests that the features of non-B DNA-
forming sequences may be provided with high polymorphism and
instability [142]. For example, the genome of Mycobacterium bovis
was analysed by NeSSie as a case study. However, it does not
support the prediction of many non-B DNA types in databases
and web servers. Moreover, the results of NeSSie need to be
transformed using Python tools to make it more readable.

Given that the deep learning method could analyse and extract
information from a large number of molecular biology data, a
machine learning strategy of DeepZ was designed for Z-DNA
detection [143]. This approach aggregated information from epige-
netic markers, transcription factor and RNA polymerase binding
sites and chromosome accessibility maps. The authors of DeepZ
not only used the model to verify the Z-DNA in the experiment,
but also annotated the whole genome and found some new Z-
DNA regions that have not yet been found in the experiments.
These regions may arouse the interest of researchers in various
fields.

In general, for software to detect non-canonical DNA/RNA
structures, memory consumption is a key factor that needs to be
considered for computation and time saving. Moreover, as data
from high-throughput sequencing can be used for the develop-
ment of machine learning-based algorithms, one of the trends
in this field is the prediction of other potential non-canonical
DNA/RNA structures, except for G4/rG4 and R-loop, with machine
learning algorithms on the premise that there are relevant high-
throughput sequencing methods to map them.

Summary and outlook
Nucleic acid structure is an essential element in determining the
function of nucleic acids. Because non-canonical DNA and RNA
structures are dynamic in the human genome, their formation
is influenced by several molecular players. Biological reactions,
such as replication, transcription and reverse transcription con-
trolled by non-canonical DNA/RNA structures, provide therapeu-
tic opportunities for targeting non-canonical nucleic acid struc-
tures [8, 10, 44, 144–146]. Although there have been many studies
on the structural characteristics and biological functions of non-B
DNA and RNA structures, our understanding is still in its infancy
and further research is warranted.

Dozens of experimental approaches have been designed to
predict these structures, including nuclease cleavage, polyacry-
lamide gel electrophoresis, NMR, chemical probing, electron
microscopy, circular dichroism, atomic force microscopy, ultra-
violet absorption and crystallography (reviewed in [46]). For
sequencing strategies, to the best of our knowledge, the majority
of approaches are for G4/rG4 and R-loop mapping (Table 1)
(reviewed in [8, 14–19], with several updated methods reviewed in
this overview). To date, there is only a few sequencing technology
for other non-canonical nucleic acid structures (other than

G4/rG4 and R-loop). This may be attributed to the fact that other
non-canonical nucleic acid structures account for a relatively
small proportion of the genome [140, 147, 148] and they are often
dynamic in biological processes. Therefore, the development of
sequencing technologies to identify other non-canonical nucleic
acid structures, especially non-canonical RNA structures, is a
potential research hotspot in the future. In addition, studies
have found that RNA binding proteins (RBPs) are key factors in
regulating gene expression. In order to study the mechanism of
RBPs regulating RNA, a variety of research technologies have been
developed, such as RIP-seq, MeRIP-seq, iCLIP-seq and eCLIP-seq
[149–152]. However, the approach to detect the relationship of
non-canonical RNAs and proteins has not been designed. This
may be a potential interest in this area.

Although an increasing number of computational prediction
approaches for non-B DNA/RNA structures have been developed,
accurate detection of the formation, presence, genomic locations
and target of non-canonical nucleic acid structures is still
one of the obstacles that need to be overcome in the field of
non-canonical DNA/RNA structures. Because most algorithms
were designed based on known knowledge of the formation of
DNA/RNA secondary structures, the dynamic conditions that
affect the formation of non-B DNA/RNA structures (such as
negative superhelices, binding proteins, chromatin structures,
epigenetic modifications and DNA transactions) are usually not
included in the search criteria. Therefore, some software packages
may yield inaccurate results [153, 154]. Thus, only a known
structure can provide preliminary prediction guidance based on
non-canonical structure identification approaches. Furthermore,
the biological effects of complex and dynamic regions in the
genome must be carefully considered before developing a direct
and conclusive method to detect specific DNA/RNA structures
within multiple regions of non-B DNA/RNA formation sequences.
Moreover, no computational method that can simultaneously
identify multiple types of non-canonical nucleic acid structures
has been developed. It is imperative to integrate the software
for identifying various non-canonical nucleic acid structures
into a comprehensive tool box for analysing these structures
simultaneously. Most notably, although we cover the updated
computational methods of non-canonical nucleic acid structures,
our review lacks an evaluation of their performance. On one hand,
the inconsistency between different sequencing technologies
leads to the missing of a ‘gold standard’ for non-B DNAs, on the
other, the unavailability of consistent input DNA data increases
the difficulty of evaluating these software, which makes it
challenging to obtain the test data set for evaluation.

In general, more G4s/rG4s were screened out by the com-
putational approaches compared with those by experimental
methods. Thus, the experimental prediction was considered
more reliable. This is mainly because the screening criteria
of the computational methods are not strict enough. The
computational methods are difficult to evaluate, which makes
these computational approaches more complicated and difficult
to choose. Using the experimental data set as the benchmark set
to evaluate similar algorithms can improve the accuracy of the
computational methods. To a certain extent, this can improve the
problem of large divergence between computational prediction
and experimental prediction of G4/rG4. In short, effective filtering
of the noise in the experimental process can obtain high confi-
dence experimental verification results, and then matching the
corresponding computational methods and doing experimental
verification can better solve the problem of huge divergence
between experimental techniques and computational methods.
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Given that non-canonical DNA/RNA structures play an
important role in genomic instability, analysing what genes/path-
ways/proteins participate in the non-canonical structures related
to genome instability or repair is important for understanding
the life activities mediated by the central dogma, studying the
mechanisms involved in genome instability, and developing
potential methods to reduce or stimulate non-B DNA/RNA-
induced replication-transcription conflicts in healthy cells or
diseased cells. Moreover, the contributors of non-B DNA/RNA-
induced mutations, epigenetic modifications and gene fusion
to diseases warrant further study. Furthermore, an important
direction of future efforts for non-canonical nucleic acid
structures includes identifying the proteins binding to these
non-canonical structures, stabilising or unwinding structures and
cleaving or repairing structures. Environmental conditions that
can affect the formation of these structures are also essential.

Key Points

• We firstly comprehensively review all updated exper-
imental and computational methods related to non-
canonical nucleic acid structures.

• The updated experimental methods related to non-
canonical nucleic acid structures including L1H1-7OTD
WGA sequencing and G4P-ChIP for G4s identification,
G4RP-seq and SHALiPE-seq for identifying rG4s, as well
as an antibody-based method of qDRIP-Seq and the
most recent approach of R-loop CUT&Tag for R-loops
published in 2021.

• The updated computational methods of non-canonical
nucleic acid structures, including databases and web
servers to integrate non-canonical DNA/RNA-forming
sequences as well as the independent software for
detecting non-canonical structures.
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