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RNA structure plays key roles in plant growth, development, and adaptation. One of the
complex RNA structures is the RNA G-quadruplex (RG4) where guanine-rich sequences
are folded into two or more layers of G-quartets. Previous computational predictions
of RG4 revealed that it is widespread across the whole transcriptomes in many plant
species, raising the hypothesis that RG4 is likely to be an important regulatory motif in
plants. Recently, with the advances in both high-throughput sequencing and cell imaging
technologies, RG4 can be detected in living cells as well as at the genome-wide scale.
Here, we provide a comprehensive review of recent developments in new methods for
detecting RG4 in plants. We also summarize the new functions of RG4 in regulating
plant growth and development. We then discuss the possible role of RG4 in adapting to
environmental conditions along with evolutionary perspectives.

Keywords: RNA structure, RNA G-quadruplex structure, gene expression, plant growth and development,
evolution

INTRODUCTION

A fundamental question of plant science is to decode the mechanisms of gene regulation that
determine plant phenotypes. As a key molecule in the flux of gene expression, RNA not only carries
the genetic blueprint for protein translation but also plays a fundamental role in regulating gene
expression (Morris and Mattick, 2014). Accumulating evidence has shown that RNA structure
dictates gene regulation at many post-transcriptional levels (Klaff et al., 1996; Wan et al., 2011;
Yang X. et al,, 2018). Through base-pairing between the nucleotides, RNA molecules can form
into diverse structures, including both the canonical RNA structure elements, such as stem-loop
and noncanonical RNA structure elements, such as RNA Guanine (G)-quadruplex (RG4) (Taylor
and Sobczak, 2020). For decades, much effort has been attracted to studying the canonical RNA
structures, while less is known about noncanonical RNA structures.

One of the famous noncanonical RNA structures is RG4, which is formed by a G-rich motif
and consists of two or more layers of G-quartets involving both Hoogsteen and Watson-Crick
base pairs (Figure 1A) (Varshney et al., 2020). The RG4 structure shows strong thermostability
in vitro (Kwok et al., 2015; Kharel et al., 2020), proposing the high possibility that RG4 is folded
in vivo. In mammalian cells and yeast, the in vivo folding of RG4 was originally denied (Guo and
Bartel, 2016). However, in vivo folding had been recently confirmed in Arabidopsis and rice (Yang
et al,, 2020). Up to date, only a few cases have shown a potential link between RG4 structure and
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FIGURE 1 | Schematic illustration of RNA G-quadruplex structure and its molecular function in plants. (A) The schematic depicts the guanine, G-quartet, and
G-quadruplex respectively. The chemical structure illustrates the hydrogen bonds of Watson-Crick face and Hoogesteen face of guanine forming G-quartet.
G-quadruplex with two layers of G-quartet was further illustrated, with a monovalent cation between the G-quartets stabilizing the G-quadruplex. (B) The versatile
post-transcriptional regulatory functions of RNA G-quadruplex in plants. 5’'UTR-located RNA G-quadruplex (ATR, SMXL4/5, HIRD11) represses translation,
CDS-located RNA G-quadruplex (SHR) triggers phase separation, 3'UTR-located RNA G-quadruplex (CORGT) represses mRNA decay.

plant development (Cho et al., 2018; Yang et al., 2020). Since
hundreds of RG4s are found in both dicots and monocots (Yang
etal., 2020), they may have a broad functionality in plants.

The goal of this review is to summarize the knowledge
of the intrinsic and extrinsic features affecting RG4 folding,
the methods of prediction and detection of RG4 structure,
the molecular functions of RG4 in gene regulation, and their
biological significance, and to propose possible studies in future.

INTRINSIC AND EXTRINSIC FEATURES
AFFECTING RNA G-QUADRUPLEX
FOLDING

A typical G-rich motif competent to fold into RNA G-quadruplex
consists of four clusters of G-tract and loops separating the
G-tracts (Figure 1A). The Watson-Crick and Hoogsteen base-
pairing between four G-nucleotides enables the formation of the
G-quartet (Figure 1A). Stacking of more than two layers of G-
quartet drives the folding of RNA G-quadruplex, with the loops
connecting G-tracts outside the stacked G-quartets. Both the
number of G-quartet layers and loop length have a profound
impact on the thermostability of RG4 (Pandey et al., 2013; Kwok
and Merrick, 2017; Jana and Weisz, 2021). The most common
RG4s are constituted with two layers of G-quartet (G2-RG4) or
three layers of G-quartet (G3-RG4). In general, an increase of the
G-quartet layers is likely to stabilize the RG4 structure, leading to
higher stability of G3-RG4 over G2-RG4. In contrast to a strong
enrichment of G3-RG4 in human cells (Kwok et al., 2016a), G2-
RG4 is preferably enriched in Arabidopsis transcriptome (Mullen
et al.,, 2010; Yang et al., 2020), suggesting a species-dependent
selection on the RG4 structures. Besides the G-quartet layer, loop

length provides another important layer of effect contributing to
RG4 stability, an increase in the loop length has a negative impact
on RG4 stability. In plants, there are more RG4s with longer loops
than that with shorter loops (Garg et al., 2016; Yang et al., 2020).

RG4 formation is not only affected by the sequences
inside the G-rich motif itself, but also by the sequences
flanking the motif. The folding possibility of RG4 can
be strongly declined by the presence of high C content
inside and outside the motif, which could be explained
by the competition of G-C Watson-Crick base-pairing
over G-G base-pairing (Beaudoin et al,, 2013; Kwok et al,
2016a). Different combination of sequences inside and
outside the G-motif provides various patterns of sequence
selection constraining RG4 folding possibility in a given
genetic context.

In vitro folding of RG4s is strongly dependent on the
conditions, such as temperature and cations. RG4 folding is
stabilized by lower temperatures but destabilized by higher
temperatures (Pandey et al, 2013; Kwok et al., 2015). RG4
formation could be promoted by the coordination of larger
cations such as K rather than the smaller cations such as
Lit, with their stabilizing effect in the following order: KT >
Nat >> LiT (Kwok et al., 2015; Kharel et al., 2020). Cations
are not necessarily required for RG4 folding in vitro, in the
absence of K¥, the presence of RNA binding proteins (RBP)
JULGI can promote RG4 formation of its target transcript
SUPPRESSOR OF MAX2 1-LIKE4/5 (SMXL4/5) (Cho et al,
2018). This study highlights the strong impact of RBPs affecting
RG4 folding, other RBPs in plants affecting RG4 folding need to
be identified.

Whether RG4 can fold in vivo has been a long-standing
question. Quantitative measurement of the folding status

Frontiers in Plant Science | www.frontiersin.org

June 2022 | Volume 13 | Article 926953


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Liu et al.

RNA G-Quadruplex in Plants

reveals low folding scores close to 0 in mammalian cells
and yeast cells, suggesting RG4 is generally unfolded
(Guo and Bartel, 2016). In contrast, the folding scores in
both monocot rice and dicot Arabidopsis are high, with a
median value of 0.9 or 0.7 respectively, suggesting RG4 is
folded in plants (Yang et al, 2020). Therefore, RG4 folding
status is likely to be different in one species from another.
Although the factors that affect RG4 folding in living cells are
to be identified, the cellular conditions may be a key factor.
Two recent studies have revealed that RG4 folding in both
mammalian cells and plants was strongly promoted by stress,
such as cold stress (Kharel et al., 2022; Yang et al., 2022). The
growth temperature seems to be a key factor affecting RG4
folding in cells, a lower growth temperature of Arabidopsis and
rice than that in mammalian cells (22°C in Arabidopsis and
28°C in rice vs. 37°C in mouse cells) may have contributed
to the stronger folding status of RG4 in plants. Incubation
of RG4-specific ligands, such as pyridostatin (PDS) promotes
the RG4 folding in mammalian cells (Guo and Bartel, 2016;
Weng et al, 2020), further supporting the pivotal impact
of cellular conditions in affecting RG4 folding in vivo. The
key feature of condition-dependent folding of RG4s may
have enabled RG4 to function as a general molecular sensor
for environments.

METHODS FOR RNA G-QUADRUPLEX
DETECTION

RG4 structure folding requires specific features of G-rich
sequence, and several sequence-based algorithms have been
developed to predict putative RG4 structure, which has been well
summarized by other publications (Table 1; Puig Lombardi and
Londono-Vallejo, 2020). The first type of tool, such as Quadparser
(Huppert and Balasubramanian, 2005), was developed based
on regular expression matching for the putative G4 motif,
G¢N GxN1GxNy Gy, where G represents G and N represents
A, C, G or U, x denotes the number of G-quartet layers
while L denotes the length of loops connecting G-tracts.
Using Quadparser, a high prevalence of RG4s was found in
both dicots and monocots (Mullen et al., 2010; Garg et al,
2016). The hit of the G4 feature is largely dependent on
the artificial settings on the x and L parameters. While the
setting on x is generally 2 to 3, the setting on L is much
more variable, for example, 1 to 7 nt in Quadparser. Although
an increase in loop length can strongly decrease the RG4
stability, RG4 with a longer loop is likely to form, the longest
loop up to 15 nt for G3-RG4s and longest loop up to 9
nt for G2-RG4s was applicable with experimental validation
when detecting RG4 folding in vitro (Kwok et al, 2016a;
Yang et al., 2020). The second type of tools, such as QGRS
Mapper and G4Hunter predict putative G4s using a scoring
system based on the features that stabilize or destabilize G4
formation (Kikin et al., 2006; Bedrat et al, 2016). QGRS
mapper mainly concerns the number of G-quartet layers and
the loop lengths: A G-rich sequence with more G-quartet layers

TABLE 1 | Methods to study RG4.

Method Characterization on RG4 References
NMR 3D structure in vitro Smith and Feigon, 1992
CD Topology in vitro Vorlickova et al., 2012

UV-thermal melting
QGRS mapper
Quadparser

Thermostability in vitro Mergny et al., 1998
Kikin et al., 2006

Huppert and
Balasubramanian, 2005

Huang et al., 2014

Prediction in silico

Prediction in silico

Intrinsic fluorescence  Detection in vitro

BG4 Visualization in fixed cells Biffi et al., 2014

G4Hunter Prediction in silico Bedrat et al., 2016

rG4-seq Single motif in vitro Kwok et al., 2016a

DMS based seq Quantitative measurement at Guo and Bartel, 2016
single motif in vivo

QUMA-1 Visualization in living cells Chen et al., 2018

SHALIPE-seq Quantitative measurement at Yang et al., 2020
single motif in vivo

Keth-seq Detection at single motif in vivo  Weng et al., 2020

Summation of the key methods for RNA G-quadruplex prediction and detection. The
method names, their application, and references are listed.

and shorter loop lengths is likely to generate a high G4-
score, suggesting a higher possibility of G4 formation (Kikin
et al., 2006). G4Hunter takes into account G-richness and
G-skewness represented by G4Hscore, the G4Hscores for A,
U, C, and G were denoted as 0, 0,—1, and 1, respectively
(Bedrat et al., 2016). Therefore, the presence of G or C could
strongly increase or decrease the G4Hscore of a given sequence.
Higher G4Hscore suggests a higher possibility of G4 formation
while a lower G4Hscore suggests a lower possibility of G4
formation. Since G4Hunter scores C as negative, a richness on
C is likely to decrease the G4Hscore and proposes the folding
of canonical RNA structure such as stem-loop through G-C
base-pairing. Therefore, a competition effect between canonical
RNA structure and G4 structure is potentially embedded in
G4Hunter theoretically. Regarding the competition between G4
and alternative RNA secondary structures, a comparison of the
folding energy of different structures was applied to estimate
the folding possibility of RG4 in Vienna RNAfold (Lorenz et al,,
2013).

In vitro folding of RG4 can be detected using biophysical
methods (Table 1). Circular dichroism (CD) spectra characterize
parallel RG4 folding with a positive peak near 260nm
while a negative peak near 245nm (Vorlickova et al., 2012).
While using UV-thermal melting analysis, the characteristic
peak associated with the G4 structure appears at 295nm
(Mergny et al., 1998). Besides, intrinsic fluorescence of nucleic
acids with a peak around 390nm represents the formation
of RG4 in vitro (Kwok et al, 2013). Nuclear magnetic
resonance (NMR) spectroscopy is widely used, which allows the
determination of RG4 structure at atomic resolution (Smith and
Feigon, 1992; Webba da Silva, 2007). The methods mentioned
above are commonly used to validate RG4 formation in
a complementary way, and can only determine RG4 with
low throughput.
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High-throughput methods rG4-seq and profiling of reverse
transcription (RT) stalling determine RG4 formation in vitro
at transcriptome-wide (Table 1; Balasubramanian and Neidle,
2009; Kwok et al, 2016a; Yang et al., 2020). rG4-seq was
developed based on the two facts: (1) RG4 formation is
strongly dependent on the cation, Lit destabilizes while
K" stabilizes RG4, ligands such as PDS preferably stabilize
RG4 in the presence of Kt (Bugaut et al, 2010); and
(2) RG4 folding with high stability can cause RT stalling
(Kwok and Balasubramanian, 2015). Therefore, RT stalling
dependent on KT or KT+PDS represents RG4 formation
in vitro. rG4-seq enabled the identification of thousands of
RG4 structures in human and Arabidopsis transcriptomes
(Kwok et al., 2016a; Yang et al, 2020). Notably, the vast
majority of Arabidopsis G2-RG4s detected in the presence
of KT+PDS were not identified when in the presence of
only KT, especially for the G2-RG4s with long loops (Yang
et al, 2020). This could be explained by the relatively low
stability of G2-RG4, which is not strong enough to cause
RT stalling. As such, in addition to the detection of RT
stalling by K, detection of RT stalling by K*+PDS is strongly
recommended when performing rG4-seq to generate a full map
of RG4 structures.

RG4-specific antibodies and fluorescent probes allowed the
visualization of RG4 in cells (Table 1; Biffi et al., 2014; Huang
et al., 2014). Through a phage display with a library of over
100 antibody clones, an antibody showing high affinity to
G4 structures was selected. This antibody, termed BG4, was
broadly used to visualize both DNA G-quadruplex and RNA
G-quadruplex in cells (Biffi et al., 2013, 2014). Since BG4-
based visualization can only detect RG4 structure in fixed cells,
an effort was paid to develop the methods for visualization
of RG4 in living cells. The RG4-specific fluorescent probe,
QUMA-1, which can penetrate the cells, allows the visualization
of RG4 in a selective, continuous, and real-time way (Chen
et al., 2018). These methods are particularly powerful for
RG4 visualization at the cellular level, and competent for
quantitatively measuring RG4 intensity in single cells. Concerns
have been raised on the robustness of these methods in
terms of side effects, such as triggering RG4 formation in
cells. Given these methods have been originally developed in
mammalian cells, necessary modification should be evaluated
when applying these methods to plants as plant cell walls
may cause additional difficulties for these ligands penetrating
the cells.

To evaluate RG4 folding at a single transcript, a method
combining  G4-RNA-specific  precipitation (G4RP) and
sequencing was developed, termed G4RP-seq (Yang S. Y.
etal., 2018). After crosslinking by formaldehyde, transcripts with
RG4 folding were enriched by a G4-specific ligand BioTASQ and
subjected to sequencing. G4RP-seq can quantify the enrichment
index on an individual transcript, which represents the RG4
folding strength on the mRNAs. One major drawback for
G4RP-seq is that ligand-binding affinity on individual G4 may
be different, therefore causing uncertainties in the enrichment

analysis. Other uncertainties could be also brought by the side
effect of crosslinking with formaldehyde, which is likely to cause
RNA degradation. Therefore, optimization of experimental
procedures may be required when applying G4RP-seq
in plants.

To quantitatively measure the folding status of individual
RG4-motif, three chemical profiling methods have been
developed, based on the small molecules dimethyl sulfate (DMS)
(Guo and Bartel, 2016), 1,1-dihydroxy-3-ethoxy-2-butanone
(kethoxal) (Weng et al, 2020), and 2-methylnicotinic acid
imidazolide (NAI) (Kwok et al, 2016b), respectively. The
DMS method was developed based on its modification of
the N7G when RG4 is unfolded. Therefore, if RG4 is folded
in vivo, the N7G position (marked by number 7 in orange
in Figure 1A) is protected against modification under high
DMS concentration and RNA can fold into RG4 structure in
vitro again in the presence of K™ when performing reverse
transcription, and subsequently cause strong RT stalling.
However, the DMS-based method is unlikely to work with
high performance in plants due to two reasons: (1) high
concentration of DMS to promise an over-modification will
cause significant browning of plants and RNA degradation
(Wang et al.,, 2019); (2) most Arabidopsis G2-RG4s are unlikely
to fold into structures stable enough to cause strong RT stalling
at a temperature over 37°C, as such, these RG4s may be always
“unfolded” in detection no matter if they fold or not in vivo.
Kethoxal modifies the N1G and N2G positions, therefore,
when RG4 is folded, the NIG and N2G positions (marked
by numbers 1 and 2, respectively in orange in Figure 1A) are
likely to be stronger modified and cause RT stalling (keth-seq).
Notably, while the DMS-based method quantifies RG4 generally
unfolded in mouse embryonic stem cells (mESCs) (Guo and
Bartel, 2016), keth-seq argues a small proportion of RG4s can
fold in situ in mESCs (Weng et al.,, 2020). Due to the recent
development of SHAPE-seq, there have been published studies
showing the performance of SHAPE-seq in RG4 detection
in plants (Kwok et al., 2016b; Yang et al., 2020). The SHAPE
reagent NAI shows specific modification on folded RG4s, that
strongly acylates the 2-OH of ribose on the last G of G-tracts
rather than the first G of G-tracts. This NAI modification can
further result in strong RT stalling in the presence of Li¥,
termed as SHALiPE-seq. Reverse transcription with Lit won’t
trigger RG4 folding and additional RT stalling, therefore it
can robustly detect the signal caused by NAI modification
in vitro or in vivo. SHALIPE-seq quantitatively measured the
RG4 folding status in plants and detected hundreds of RG4s
folded in both Arabidopsis and rice (Yang et al., 2020). Since
SHALIPE-seq doesn’t require a refolding of RG4 in vitro when
performing reverse transcription, it can measure the folding
status of different types of RG4s regardless of their stability.
Moreover, SHALIPE-seq probes RNA structure under a relatively
low concentration without over-modification, it won’t cause
significant harm to plants. Therefore, SHALIPE-seq is likely to
provide the most robust result of RG4 detection in plants up
to date.

Frontiers in Plant Science | www.frontiersin.org

June 2022 | Volume 13 | Article 926953


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Liu et al.

RNA G-Quadruplex in Plants

THE MOLECULAR FUNCTIONS OF RG4 IN
GENE REGULATION

Due to its high stability, RG4 has been suggested to play key
roles in gene regulation for a long time. The most prevalent
regulatory role suggested is translational inhibition, in both
mammalian cells and plants (Frees et al., 2014; Dumas et al,,
2021). A lower translation efficiency on transcripts with RG4s
than that without RG4s at the transcriptome level reveals a
general effect of RG4 in repressing translation (Yang et al,
2020). The first complete demonstration of plant RG4 was
shown within the 5-UTR of the ATAXIA TELANGIECTASIA-
MUTATED AND RAD3-RELATED (ATR), and the formation of
G3 type RG4 strongly represses ATR translation in Arabidopsis
(Figure 1B) (Kwok et al., 2015). This RG4 is conserved in plants,
suggesting a similar role of this RG4 in other plants. A link
between RG4 and plant physiological significance was revealed
by RG4-mediated translational control in phloem development
(Cho et al., 2018). An RNA binding protein (RBP) JULGI can
promote RG4 formation in vitro, and subsequently represses
translation of downstream genes, such as SUPPRESSOR OF
MAX2 1-LIKE4/5 (SMXL4/5) (Cho et al., 2018). Knock-down
of JULGI or SMXL4/5 caused significant changes in phloem
development compared to wild-type plants in both Arabidopsis
and tobacco. Although this study lacks the in vivo proof of
RG4 formation, it highlights the complex regulation of RG4
formation and its functionality in gene regulation and phenotypic
contribution. Disruption of the in vivo folded RG4 on Hird11
resulted in a higher translation of HIRD11 and longer root length
in Arabidopsis, showing the first proof of phenotypic effect by a
single RG4 structure in vivo in eukaryotes (Yang et al., 2020).

Besides translational control, other molecular functions
of RG4 such as alternative polyadenylation (Beaudoin and
Perreault, 2013), telomere maintenance (Takahama et al., 2013)
and miRNA binding (Stefanovic et al., 2015) have been revealed.
In human cells, RG4 is suggested to promote exon inclusion,
therefore plays a role in regulating alternative splicing (Huang
et al,, 2017; Weldon et al., 2018). Although there is still a lack of
knowledge about whether RG4 may regulate mRNA processing
in plants, it’s of great interest to explore.

The RG4 structure, but not a mutant RG4 in the CDS of the
SHORT ROOT (SHR) mRNA triggers the liquid-liquid phase
separation of SHR mRNA (Figure 1B) (Zhang et al., 2019).
RG4 mediated phase separation results in the formation of
membrane-less granules which may have greatly contributed to
the movement of SHR mRNA. Notably, the RG4-mediated phase
separation is influenced by the intrinsic features of RG4s, such
as the number of G-quartets and the length of loops, more G-
quartets and longer loops provide a better trigger for RNA phase
separation. Since thousands of mRNAs are mobile (Thieme et al.,
2015), different intrinsic features of RG4s may have been adopted
to contribute to mRNA movement.

The novel function of RG4 in regulating mRNA decay has
been revealed recently. Plant RG4s in 3'UTRs are especially
sensitive to cold temperature and are associated with the higher
stability of mRNAs (Figure 1B) (Yang et al., 2022). Disruption of

RG4s significantly decreased mRNA stability in cold, therefore
affecting plant phenotypic response to cold temperature. This
study, along with the other study in human cells (Kharel et al.,
2022), highlights the new molecular functions of RG4s that were
largely unacknowledged before in eukaryotes.

The genetic regions competent to fold into RNA are
satisfied with the sequence requirement of folding into DNA
G4 structures. The vast majority of studies have shown that
while RG4 structures mostly regulate gene expression at
post-transcriptional levels, DNA G4 structures play key roles
in genome instability, telomere biology, and transcriptional
regulation, a comprehensive comparison between the
functionality of RG4 structures and that of DNA G4 structures
is summarized by the other literature (Varshney et al., 2020).
Notably, emerging evidence has shown that the functionality
of RG4 at the transcriptional level, for example, RG4 structure
can be converted to DNA:RNA hybrid R-loop (de Almeida
et al, 2018; Caterino and Paeschke, 2021), emphasizing G4
structure may have enabled coupling regulation between DNA
and RNA.

CONCLUSION AND PERSPECTIVE

Although it's been decades since the characterization of G4
structure by nucleic acids chemistry, the knowledge of RNA
G-quadruplex has been significantly lagging behind the DNA
G-quadruplex. Different tools predicting RG4 have significantly
promoted the discovery of RG4s in kinds of species, yet the
prediction still suffers from considerable false-positive rates and
false-negative rates. Sensitive and effective methods of detecting
RG4 in vivo are to be developed to advance our knowledge of RG4
in vivo, which may be applied to improve the predictive power of
RG4 folding in living organisms (Chen et al., 2018; Yang S. Y.
et al., 2018; Yang et al., 2020). The dynamics of RG4 folding and
the factors affecting RG4 folding are of particular interest, which
may tightly link with plant physiology. For example, the cations
such as K, and NH4 ™" that can stabilize RG4 formation may be
adopted by plants to control RG4 formation in vivo to regulate
plant nutrient utilization. Given the strong impact of temperature
on RG4 folding, RG4 may have been also widely adopted for plant
sensing a broad range of temperature fluctuations. Selection of
the key RG4s on specific genes, within specific regions, and in
specific plants may have strongly contributed to plant evolution
and adaptation. Key RG4s regulating plant development and
environmental adaptation may be applied in future breeding for
crop improvement.
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