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SUMMARY

RNA G-quadruplex (rG4) secondary structures are proposed to play key roles in fundamental
biological processes that include the modulation of transcriptional, co-transcriptional, and
posttranscriptional events. Recent methodological developments that include predictive
algorithms and structure-based sequencing have enabled the detection and mapping of rG4
structures on a transcriptome-wide scale at high sensitivity and resolution. The data generated
by these studies provide valuable insights into the potentially diverse roles of rG4s in biology
and open up a number of mechanistic hypotheses. Herein we highlight these methodologies
and discuss the associated findings in relation to rG4-related biological mechanisms.
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1 INTRODUCTION

In 1910 Bang reported that guanylic acid (GMP) could form
a gel, suggestive of a self-assembly phenomenon (Bang
1910). Some 50 years later, Gellert and coworkers revealed
that the fibers obtained from the dried GMP gel comprised
what became known as the G-quartet motif (Gellert et al.
1962). A G-quartet involves four guanine bases interacting
with each other via H-bonding, further stabilized by a
central monovalent cation, such as K" or Na" (Fig. 1).
The biological relevance of such non-Watson-Crick nucleic
acid structures was largely ignored until in the late 1980s,
when it was shown that G-rich sequences based on either
the telomeric region of DNA or immunoglobulin switch
region of DNA could form four-stranded structural motifs
(Sen and Gilbert 1988), which became referred to as
G-quadruplexes (G4s) (Fig. 1).

Cellular visualization of DNA G4s was reported in 2001
for the ciliate Stylonychia lemnae, by immunostaining the
telomeric G4 (Schaffitzel et al. 2001). In 2013, a G4-specific
single-chain antibody, blood group antigen H1 (BG4), was
generated by phage display and used to visualize DNA G4s
in the nuclei of human cells by immunofluorescence (Biffi
et al. 2013). Shortly afterward, RNA G4s (rG4s) were visu-
alized in the cytoplasm of human cells using BG4 and were
also shown to be selectively stabilized by an rG4-specific
ligand carboxypyridostatin (cPDS) (Biffi et al. 2014).

Sequence-based prediction approaches have enabled
exploration of sequence and structural features characteris-
tic of G4s in vitro at the level of the whole genome or
transcriptome for a range of organisms. Early predictors
(Huppert and Balasubramanian 2005; Todd et al. 2005)
were informed by biophysical measurements conducted
on G4 DNA oligonucleotides, and it has been largely as-
sumed that rG4s conform to the same “rules.” However,
biophysical measurements have highlighted important
differences between DNA and RNA G4s. The presence of
the 2’-hydroxyl (2’-OH) group in the ribose can enable ad-

ditional intramolecular interactions within the loops of rG4s
and with water molecules, providing the rG4 with greater
stability than the corresponding DNA G4 (Zhang et al.
2010). Furthermore, the 2’-OH causes a C3’-endo rather
than a C2'-endo sugar pucker, generally favoring a parallel
rG4 folding topology, whereas DNA G4s can fold into par-
allel, antiparallel, and mixed conformations (Zhang et al.
2010). These issues are described in detail elsewhere (Fay
etal. 2017; Kwok and Merrick 2017). The higher propensity
of RNA to fold into other single-strand secondary structures
such as stem-loops and pseudoknots is a key feature for
considering G4 formation in the context of transcripts.
Numerous studies suggest that rG4s may play signifi-
cant roles in a myriad of biological processes (Bugaut and
Balasubramanian 2012; Fay et al. 2017) and are linked to
human diseases (Simone et al. 2015; Cammas and Millevoi
2017). rG4s in the 5" untranslated region (UTR) of messen-
ger RNA (mRNA) have been shown to impede translation
(Kumari et al. 2007), and rG4s at 3’ UTR can suppress
translation (Arora and Suess 2011; Crenshaw et al. 2015)
and affect microRNA targeting (Stefanovic et al. 2015; Rou-
leau et al. 2017), alternative polyadenylation (Beaudoin and
Perreault 2013), and RNA localization (Subramanian et al.
2011). rG4s in the coding DNA sequence (CDS) can sup-
press translation (Endoh et al. 2013) and stimulate ribo-
somal frameshifting (Endoh and Sugimoto 2013; Yu et al.
2014), whereas rG4 near splice junctions can influence al-
ternative splicing (Marcel et al. 2011; Weldon et al. 2018),
suggesting a co-transcriptional role. In addition, rG4 has
also been shown to act like the canonical hairpin loop in the
p-independent pathway and stimulate mitochondrial tran-
scription termination (Wanrooij et al. 2010). It has also
been shown that rG4 has stronger binding affinity to Poly-
comb repressive complex 2 (PRC2) than unstructured G-
rich motif or duplex RNA (Wang et al. 2017). Recently, it
has been reported that rG4s have potential to form in pri-
mary and precursor microRNAs (Mirihana Arachchilage
et al. 2015; Kwok et al. 2016b; Rouleau et al. 2018), as well
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Figure 1. RNA G-quadruplex (rG4) structure. A G-quartet showing the hydrogen bonding and stabilizing cation.
Three stacked G-quartet planes with connecting loop sequences form a canonical G-quadruplex (G4) (i.e., G3 L1-7).
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as in long-noncoding RNA (Matsumura et al. 2017), sug-
gesting roles of rG4 in the noncoding RNA transcriptome.

Herein, we describe recent methodological advances to
detect rG4s in the transcriptome.

2 COMPUTATIONAL APPROACHES FOR
SEARCHING RNA G-QUADRUPLEXES

2.1 Early Predictors

Biophysical data led to a motif for unimolecular G4s com-
prising stretches of guanines (G runs) separated by linker
sequences (loops) of limited length. The algorithm Quad-
parser (Fig. 2A) (Huppert and Balasubramanian 2005) was
used to search the motif (G3,N;_,G3,N;_,G3,N;_-G3,)
predicted to fold into stable G4s under near-physiological

Detecting RNA G-Quadruplexes

conditions (Hazel et al. 2004). A parallel study using the
same consensus motif (Todd et al. 2005) analyzed the spe-
cific sequence and loop lengths within G4s to illuminate
preferred structural and sequence features in the human
genome. Whereas sequences that form G4s and escape
this rule were known (Patel and Hosur 1999), a conservative
choice of parameters initially provided more than 360,000
predicted G4s in the human genome. Lower stringency—
for example, allowing two quartets (G,, instead of G3,)—
gave more than 8.5 million predicted G4s. A limitation of
Quadparser was the fixed motif definition and the binary
nature of the G4 prediction, whereas biophysics would
suggest a variation in thermal stability between different
G4s (Hazel et al. 2004). Other G4 predictors were described
at about the same time. The quadruplex-forming G-rich
sequence (QGRS) mapper (Fig. 2) (D’Antonio and Bagga

A
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Figure 2. Computational prediction of G4s. (A) General appoaches: Approaches originally developed for DNA G4s.
Key features are indicated below each method: Tolerance to structural “imperfections™ (e.g., bulges, incomplete
guanine run), with higher gray bar indicating more tolerance; if the method returns a score indicating the propensity
to form a G4; if the method takes into account sequence features. Red cross, feature absent; orange tick, feature
partially present; green tick, feature present. (B) RNA approaches: Approaches specifically developed for rG4s.

Features and legend as for A.
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2004) used an algorithm comprising a more flexible motif
definition (G,N,; G.N,, G,N,3 G, in which x>2) and a
ranking of predicted G4s according to the G score, defined
as the likelihood to form a stable G4 based on favoring short
loops, equal loop lengths, and a higher number of quartets.
An alternative approach using a sliding window strategy
was implemented in G-quadruplex potential (G4P) calcu-
lator (Eddy and Maizels 2006): The program computed the
G4 DNA potential based on the density of G runs in a given
sequence window and calculating the percentage that meets
the searched criteria, returning a score independent of
sequence length.

All such computational approaches have limitations.
First, they did not use a large-scale experimental data set
to validate the algorithm or optimize the critical parameters
for scoring G4s. Rather, these decisions were based on
extrapolating from a small number of biophysical studies
with limited scope. Second, scoring functions are used in-
terchangeably for DNA and RNA, ignoring critical differ-
ences between the respective G4s.

2.2 Recent Predictors

Most recent approaches allow greater motif flexibility, such
as longer loops, bulges, or mismatches in the G4 motif (see
Pgsfinder in Fig. 2A) (Hon et al. 2017) as supported by few
experimentally validated structures (Mukundan and Phan
2013). Others penalized the presence of Cs proximal to or
within the G4 motif (see G4-Hunter in Fig. 2A) (Bedrat
et al. 2016), because Cs had been experimentally shown to
base-pair with Gs to compete with G4 formation (Beaudoin
et al. 2014). Quadron (Sahakyan et al. 2017) takes into
account more than 200 sequence-based and structural fea-
tures to classify via machine learning putative G4s into
forming and nonforming ones. pgsfinder was trained using
392 in vitro experimentally validated sequences and vali-
dated using the larger G4-sequencing (G4-seq) data set
generated by high-throughput sequencing (Chambers
et al. 2015). G4-Hunter was also tested on these 392 se-
quences, plus experimental validation on the entire human
mitochondrial genome, in which 165 potential G4s were
tested in vitro. Quadron was instead trained on the entire
G4-seq data set and assessed through a complex cross-
validation scheme. Those recent approaches provided im-
proved accuracy in predicting nonstandard G4 motifs for a
more comprehensive identification of G4s in the genome.

2.3 RNA G-Quadruplex-Specific Predictors

The approaches described in the previous section are not
RNA-specific and were not based on experimentally vali-
dated rG4-forming sequences. RNA-specific features in-

clude the 2’-OH, which confers higher stability, a preference
for parallel conformation (Zhang et al. 2010), and the pro-
pensity for competing, alternative RNA secondary structures,
and also long-range interactions. These key differences from
DNA should be considered.

2.4 cG/cC Skew Approach

Cytosines proximal to guanines within the G4 motif can
base-pair (C:G) and compete with the Hoogsteen base-pair-
ing required for G-quartet formation (Beaudoin et al. 2014).
An approach proposed to address this uses the ¢G/cC
scoring scheme (Beaudoin et al. 2014), which penalizes
the presence of Cs to account for their negative effect on
G4 stability. This method calculates the ratio between two
different factors, the c¢G and the cC score, each proportional
to the number of G (or C) stretches, progressively weighted
more for longer stretches, according to the formula

cG(s) = Xn: (1Gs(D] * 10 * 1),
i=1

and similarly for the ¢C score (Fig. 2B). The experimental
validation used two sets of more than 10 G4 sequences and
led to an empirical threshold of 2-3 as ¢G/cC score for the
formation of stable G4s. This scoring scheme overcomes the
limitation of using rigid sequence motifs (i.e., two or three Gs
andaloop of definedlength). However, the parameterization
is arbitrary: Both the scoring threshold and the multiplica-
tive factors in the formulas are chosen based on heuristics
that have not been rigorously justified. Another limitation
is that only Gs and Cs are taken into account explicitly,
whereas other nucleotides (A or T) or more complex se-
quence motifs (dinucleotides, k-mers) are not considered.

2.5 G-Quadruplex RNAfold

A thermodynamically based approach was introduced
within the RNAfold tool of the Vienna package (Fig. 2B)
(Lorenz et al. 2013). This approach aims to explicitly
address the issue of competing alternative secondary struc-
tures by calculating the energy function due to the rG4 and
estimating the overall minimal energy (i.e., higher stability)
structure for a given RNA sequence. This approach essen-
tially models the AG as a logarithmic function of the total
length of linkers between G runs and incorporates this term
into a simplified energy function. The investigators found
that the majority of putative quadruplex-forming sequences
in the human genome are likely to fold into non-G4
secondary structures instead. This is not in agreement
with recent experimental reports showing rG4 formation
in transcripts in vitro (Guo and Bartel 2016; Kwok et al.
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2016a). This is perhaps attributable to the folding algorithm
having limited knowledge of the energy function for
longer or asymmetric loops and to the limited training
set. Moreover, kinetically trapped structures may be missed
by a thermodynamic approach, especially if the Cs are
downstream from the Gs.

2.6 G4RNA Screener

A recent data mining approach, G4RNA screener (see
G4NN in Fig. 2B) (Garant et al. 2017), is based on training
an artificial neural network on a compendium of RNA
sequences (149 G4 and 179 non-G4), investigated by the
literature for G4 folding, plus 200 sequences randomly
taken from the transcriptome. The approach was tested
on nearly 4000 in vitro detected rG4s (Kwok et al. 2016a),
considered as a positive set, and compared for classification
performance with the ¢G/cC and the G4-Hunter algo-
rithms, yielding comparable or better outcomes. This
approach paves the way to more comprehensive approaches
in which complex sequence features other than just C
stretches can be factored in the prediction. However, the
neural network predictor is a black box, which does not
readily provide insights into the predictive features deter-
mining G4 formation.

3 DETECTING RNA G-QUADRUPLEXES IN THE
TRANSCRIPTOME IN VITRO

Broadly, three categories of transcript-specific methods
have been developed for the detection of rG4s (Kwok and
Merrick 2017): (i) biophysics on short synthetic oligos, in-
cluding circular dichroism (CD) spectroscopy (Paramasi-
van et al. 2007), ultraviolet (UV) or fluorescence resonance
energy transfer (FRET) thermal melting analysis (Mergny
et al. 1998; Mergny et al. 2001), structural analysis by nu-
clear magnetic resonance (NMR) spectroscopy (Webba da
Silva 2007), and fluorescence assay (Kwok et al. 2013c;
Renaud de la Faverie et al. 2014); (ii) chemical approaches
on longer in vitro transcribed transcripts, including in-line
probing (Beaudoin et al. 2013), selective 2’-OH acylation
with lithium ion-based primer extension (SHALIiPE) (Kwok
et al. 2016b), dimethyl sulfate with lithium ion-based primer
extension (DMSLIiPE) (Kwok et al. 2016b), footprinting of
long 7-deazaguanine-substituted RNAs (FOLDeR) (Weldon
et al. 2017); and (iii) approaches on transcripts extracted
from cells, including reverse transcriptase stalling (RTS)
and RTS-ligation mediated polymerase chain reaction
(PCR) (Kwok and Balasubramanian 2015).

These approaches collectively provide insights into
the structure and folding of rG4s for candidate sequences;
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however, they are low-throughput and preclude a global,
transcriptome-wide analysis of rG4s.

The pausing by a DNA/RNA polymerase has been
exploited to detect nucleic acid secondary structures, in-
cluding G4s (Woodford et al. 1994). To clarify whether
the structure is a G4, one can compare polymerase pausing
under conditions that differentially stabilize folded G4
structures, for example physiological K™ conditions (that
help stabilize folded G4s) versus Li* or Na" conditions of
the same ionic strength (which lead to less stable G4s). This
principle has been adapted for high-throughput sequencing
(G4-seq) to generate a map of DNA G4s in the human
genome (Chambers et al. 2015). Sequencing rG4s was en-
abled by detecting RTS at rG4 structures under K* condi-
tions, which is not observable under Li* conditions. There is
also the option of extending the principle to strong RTS at
rG4s on the inclusion of an rG4 stabilizing small molecule
(Kwok and Balasubramanian 2015). This general approach
was developed into an in vitro transcriptome-wide rG4
profiling method called rG4-sequencing (rG4-seq) and ap-
plied to purified poly(A)-enriched HeLa RNAs (Kwok et al.
2016a). Here, complementary DNA (cDNA) fragments
are prepared into libraries for next-generation sequencing
(Fig. 3A). Atasimilar time an in vitro method called reverse
transcriptase (RT) stop profiling was reported (Fig. 3B),
which used similar concepts to obtain an in vitro rG4
map in purified poly(A)-enriched RNAs from mouse em-
bryonic stem cells, as well as human HEK293T and HeLa
cells (Guo and Bartel 2016). This map was then used as
reference in the rest of their study to assess rG4 formation
in vivo via chemical mapping (Guo and Bartel 2016), which
will be discussed later.

Here, we discuss the experimental workflows and bio-
informatics pipelines for the rG4-seq and RT stop profiling
(see also Fig. 3), and then we summarize biological impli-
cations of the in vitro studies. Although the two methods
are conceptually similar and share some steps, they differ in
aspects of the experimental design, as discussed in the next
section.

3.1 Comparison of Experimental Procedures in
rG4-seq and RT Stop Profiling

A key difference is that for RT stop profiling, 60-80-nt RNA
fragments were selected, whereas for rG4-seq, an average
size of 250-nt RNA was obtained. Given canonical rG4s
(G3L1-7) are ~25-nt-long, the length of the flanking se-
quences can affect the rG4 folding propensity (Beaudoin
et al. 2014). As evidence suggests that RNA can have long-
range intramolecular base-pairing (Sugimoto et al. 2015), as
well as rG4 motifs that cover a long range (Jodoin et al.
2014), the use of a longer flanking sequence may help reveal
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transcriptase (RT) stop profiling (right, purple). Key steps are shown. (Bottom) The step-by-step bioinformatics
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such interactions and better reflect the natural sequence
context.

The second difference is that for rG4-seq, an rG4 stabi-
lizing ligand, pyridostatin (PDS), was used, which can
increase the RTS (Kwok and Balasubramanian 2015). For
RT stop profiling, dimethyl sulfate (DMS) was used under
denaturing conditions (95°C, 0 mm K*). Under such con-
ditions the N7 position of Gs, which would otherwise
be hydrogen-bonded in an intact G4, is methylated to
m7G, which is typically not inhibitory to the RT (Wells
et al. 2000). After methylation of Gs, it is assumed that
rG4s cannot be refolded.

The third major difference is the single-stranded DNA
(ssDNA) ligation strategy used. For RT stop profiling,
CircLigase-mediated intramolecular ssDNA ligation was
performed. For rG4-seq, a T4 DNA ligase-mediated inter-
molecular ssDNA ligation was performed. The latter ap-
proach showed less bias in nucleotide preference and is
more cost efficient than the CircLigase approach (Kwok
et al. 2013a; Ritchey et al. 2017).

3.2 Comparison of Bioinformatics Procedures in
rG4-seq and RT Stop Profiling

In rG4-seq, reads are aligned to the genome and significant
stalling sites are later assigned to the most abundant iso-
form, an assignment that can introduce uncertainty. In
RT stop profiling, transcriptome alignment is performed
and ambiguous reads mapping to multiple isoforms are
removed, potentially introducing coverage biases. For these
reasons, both methods could suffer from false positives/
negatives.

rG4-seq (Fig. 3A) computes RT stops with a two-step
procedure: Coverage signal is processed by convolutional
filters to identify candidate stalling positions, which are
then statistically assessed using a linear model that contrasts
the positive condition (i.e., K" or K" + PDS) against the Li"
negative control. This approach is able to reduce false
positives and identify bona fide G4 motifs but has the draw-
back that a small number of structures displaying high
stability also under Li* conditions (estimated 72 putative
rG4s) could be false negatives.

RT stop profiling (Fig. 3B) examines the nucleotide
immediately adjacent to the stalling by calculating a fold
enrichment value between the number of reads stalled and
the background read density. RT-stalling sites specific to K*
(the rG4-stabilizing condition) were identified by compar-
ing to conditions using less rG4-stabilizing cations (Na*
and Li"). Independently, extracted RNA was treated with
DMS under in vitro denaturing conditions (i.e., 95°C, 0 mm
K"), followed by RT with K", providing another diagnostic
feature for rG4 presence, because Gs will not easily meth-
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ylate within a rG4. The combination of these two approach-
es identified bona fide rG4 structures in vitro; however, the
lack of replicates and the choice of an arbitrary threshold
could potentially hamper confident detection.

3.3 Biological Validation and Findings

To support the approaches in the two methods, both labo-
ratories have reported enrichment in Gs in the sequence
immediately upstream of the RTS site, which would be
expected for rG4-based stalling. In addition, for rG4-seq,
in vitro SHALIPE was performed to verify several individual
candidates, and for RT stop profiling, CD spectroscopic
experiments were used to confirm selected rG4 candidates.
Although the two methods use different experimental and
bioinformatics steps, both appear to be robust.

Together, both methods identified thousands of rG4
structures in the human transcriptome, in vitro, for the first
time. The rG4s in human mRNAs were enriched in UTRs,
suggestive of role(s) in translation consistent with a number
of publications on specific transcripts (Kumari et al. 2007;
Arora and Suess 2011; Crenshaw et al. 2015). Also, rG4s
were enriched near microRNA (miRNA) target sites and
polyadenylation sites, suggesting potential roles in miRNA-
mediated regulation and alternative polyadenylation, which
is in agreement with recent findings on individual tran-
scripts (Beaudoin and Perreault 2013; Stefanovic et al.
2015; Rouleau et al. 2017). Notably, rG4-seq revealed a
cluster of G4 sequences that are conserved among eukary-
otes and are overrepresented in genes that are annotated
with RNA processing and RNA stability, which warrant
further investigation. For RT stop profiling, 7852 nonover-
lapping rG4 regions were detected in at least one of the two
human cell lines (HEK293T and HeLa), and 4935 were
identified in both. Factors such as sequencing coverage of
transcripts, differences in natural RNA abundance, se-
quence difference in HEK293T and HeLa transcriptomes,
in addition to technical variability could explain differences
in rG4 detected across cell lines. The overlap between the
HelLa sites and those identified by rG4-seq in the same cell
line was ~45% when compared with K" in rG4-seq and
>65% when compared with the larger rG4 data set gener-
ated on further stabilization in the K" + PDS conditions.
This constitutes a reasonable overlap of rG4s measured in
vitro considering the studies were performed in different
laboratories using different experimental approaches and
computational analyses.

The in vitro experimental rG4 maps provide a resource
to further investigate rG4 structure and function in vivo.
The main limitations in these data sets arise from rG4s
that cannot yet be detected, such as those that are insuffi-
ciently stable or extremely stable, those that form from long-
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range rG4 interactions, and those in low abundance
RNAs. It will also be interesting to go beyond the transcrip-
tomes of mouse and human and map rG4s in other
organisms to expand the repertoire of rG4s identified
in vitro, which may enhance our ability to understand
and predict the relationship between sequence and rG4
folding.

4 DETECTING RNA G-QUADRUPLEXES IN VIVO

The folding propensity of rG4s in cells has been recently
explored by two methods (Guo and Bartel 2016). The first
uses methylation by DMS, followed by RT stop profiling
under K" conditions, and then next-generation sequencing.
The second uses selective 2’-OH acylation analyzed by
primer extension (SHAPE) using 2-methylnicotinic acid
imidazolide (NAI), followed by RT stop profiling under
Na® conditions, and then next-generation sequencing.
Here, we discuss the experimental details of both methods
(see also Fig. 4A,B), the bioinformatics pipelines applied to
the data, and finally the biological findings.

4.1 Experimental Pipeline and Assessment
of DMS-seq + RT Stop Profiling

To probe rG4 formation, mouse embryonic stem cell
(mESC) cells were treated with ~800 mm (8%) DMS
for 5 min at 37°C to methylate the N7 position of Gs (see
Table 1 for comparison with related studies). For any rG4s
folded in cells, Gs involved in 1G4 G-quartet formation are
protected from methylation, thus when RT profiling is per-
formed on the extracted RNA under K" conditions bona
fide rG4 structures will form, causing RTS. Conversely, if
the rG4 motif is unfolded in cells, the associated Gs are
methylated, and subsequently the extracted RNA does not
form rG4 or cause RTS (Guo and Bartel 2016).

DMS can also methylate N1 of A and N3 of C causing
rG4-independent RTS at those sites (Wells et al. 2000) and
~70% of global RT stops were at A or C for in vitro and in
vivo DMS-treated samples. An individual rG4 exemplar
that was ectopically expressed (G3A2) also showed similar
A and C modification induced by DMS between in vitro and
in vivo conditions along the gel. Given the RT stop signal at
an rG4 site in vitro, at 0 mm K*, was diminished (although
not quite baseline) compared with in vitro, at 150 mm K™,
the in vitro DMS assay was deemed to be within the exper-
imental dynamic range (i.e., not overmethylated). As RT
stop at A and C was comparable in vitro and in vivo the
in vivo DMS probing was also considered to be within the
dynamic range of the assay (i.e., not overmethylated by
DMS). It should be noted that the RT stop at G, primarily
caused by rG4s stalling, constitutes 20% of all RT stops for

in vitro DMS reaction (at both 0 mm K" and 150 mm KV),
whereas in vivo the RT stop at G is <10% of total, suggesting
that the Gs are methylated to a greater extent in vivo, leading
to less rG4-mediated RT stalling. As DMS methylation of
N7 of G has much faster kinetics than methylation of N1 of
A or N3 of C (Lawley and Brookes 1963). RNA structure
probing should ideally be performed under single-hit ki-
netics conditions (see Table 1). Thus, the dynamic range of
the DMS assay and the condition of single-hit kinetics
should ideally be carefully balanced for each cell line and
species under study. On considering reaction conditions
used for in vivo RNA structurome experiments, the DMS
concentration used by Guo and Bartel was relatively high
leaving open the possibility of some overmethylation in that
study (Table 1).

4.2 Experimental Pipeline and Assessment
NAl-seq + RT Stop Profiling

Another in-cell structure-probing method involves the use
of SHAPE reagents that acylate the RNA 2'-OH group with
reaction kinetics influenced by its local flexibility (Wilkin-
son et al. 2006). Typically, unpaired and unconstrained nu-
cleotides are kinetically more susceptible to 2" acylation
(Weeks 2010). As the SHAPE reagent reacts with all four
nucleotides, it provides structural information on RNA at
single-nucleotide resolution. One of the SHAPE reagents,
NAI was developed for in vivo probing of RNA structure
(Kwok et al. 2013b; Spitale et al. 2013). Recently, we
developed SHALIPE that used NAI followed by lithium
ion-mediated reverse transcription to probe rG4 in vitro
(Kwok et al. 2016b). Interestingly, unlike Watson-Crick
base pairs that typically lower the SHAPE reactivity, the in
vitro formation of rG4 increased the SHAPE reactivity at the
3’ G position of the first three G-tracts (Kwok et al. 2016b).

In the study of Guo and Bartel (Guo and Bartel 2016),
mESC cells were treated with 80 mm NAI for 15 min at 37°C
(single-hit conditions, see Table 1), followed by RT stop
profiling under Na" conditions, and then compared with
in vitro NAI conditions (at both 0 mm K* and 150 mm K*).
Given Na' can also stabilize rG4, reverse transcription
under Li" conditions would have been more optimal. Based
on observations under rG4-forming conditions in vitro
(150 mM K¥; Guo and Bartel 2016; Kwok et al. 2016b), if
rG4 folding in cells is similar to in vitro, under the NAI
reaction conditions (150 mm K"), it would be expected that
the 3’ G of each G-tract in rG4 and the loop residues of rG4s
would be susceptible to modification, whereas the other Gs
involved in rG4 formation would be modified to a lower
degree. Guo and Bartel provided an explanation for the
ectopically expressed rG4 examples by analysis of the crystal
structure of the rG4 formed by telomeric repeat-containing
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Figure 4. Chemical probing sequencing approach to map rG4s. (Top) Experimental flowchart of processes and results
for (A) dimethyl sulfate sequencing (DMS-seq) + RT stop profiling (K*) (left, red) and for (B) 2-methylnicotinic acid
imidazolide sequencing (NAI-seq) + RT stop profiling (Na*) (right, green). (Bottom left) Graphical representation of
the scoring procedure for DMS-seq followed by RT stop profiling, with the formulas to calculate the fold enrichment
score (f) at each nucleotide (i) and the in vivo folding scores (S), as indicated by the red arrow and red dashed box.
(Bottom right) Graphical representation of the scoring procedure for NAI-seq followed by RT stop profiling, with the
formulas to calculate the Gini index for a window (w) of size 60 upstream of stalling sites over putative rG4s previously
detected by RT stop in vitro, as indicated by the red arrow and red dashed box below the DMS-seq one.
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Table 1. Chemical probes and reaction conditions used in in vivo transcriptome-wide RNA structure probing studies

In vivo Single-hit

probe Reaction conditions (Conc., time, temp.) System kinetics?® Reference
DMS 75 mM, 15 min, 22°C Arabidopsis thaliana Yes Ding et al. 2014
DMS 200-400 mM, 2-4 min, 30°C; 260 mM, 40 min, 10°C Saccharomyces cerevisiae No Rouskin et al. 2014
DMS 200-260 mm, 4 min, 37°C Human K562, fibroblast No

DMS 100 mm, 2 min, 30°C S. cerevisiae Yes Talkish et al. 2014
NAI-N3 100 mM, 15 min, 37°C mESC Yes Spitale et al. 2015
DMS 500 mM, 4 min, 30°C S. cerevisiae No Zubradt et al. 2017
DMS 200 mM, 4-5 min, 37°C HEK293T No

DMS 5 M, 5 min, 26°C Drosophila melanogaster No

DMS 800 mwm, 5 min, 37°C mESC, HEK293T, Escherichia coli No Guo and Bartel 2016
DMS 800 mm, 5 min, 30°C S. cerevisiae No

NAI 80 mm, 15 min, 37°C mESC Yes

NAI 80 mm, 15 min, 30°C S. cerevisiae Yes

DMS 75 mM, 10 min, 22°C Oryza sativa Yes Ritchey et al. 2017
DMS 340 mm, 5 min, 37°C HEK293T No Wu and Bartel 2017
NAI 100 mu, 10 min, 22°C S. cerevisiae Yes Selega et al. 2017
DMS 25 mu, 15 min, 28°C O. sativa Yes Deng et al. 2018

DMS, dimethyl sulfate; NAI 2-methylnicotinic acid imidazolide; Conc., concentration; temp., temperature; mESC, mouse embryonic stem cell.

*One modification every ~300 nt RNA region (McGinnis et al. 2009) or 75%-90% unmodified RNA (Wan et al. 2013; Ding et al. 2015). With chemical-based
RNA structure probing experiments, single-hit kinetics is preferred as the modification of the first nucleotide/site that can induce conformational changes that can
cause modification of non-native nucleotides/sites and, therefore, lead to experimental artifacts and inaccurate data interpretation. 100% DMS is ~10 M.

RNA (TERRA) (Collie et al. 2010), and found that the 2’'-
OH group of the 3’ G of the G-tracts was exposed (Guo and
Bartel 2016). Conversely, if the rG4 is fully unfolded in cells,
the Gs associated with the sequence motif will be modified
more evenly by NAIL

4.3 Bioinformatic Pipeline of DMS-seq + RT Stop
Profiling and NAl-seq + RT Stop Profiling

The computational analysis of the DMS-seq profiling is
very similar to RT stop profiling (Fig. 4A). For the NAI-
seq analysis, Gini coefficients were calculated for rG4-
containing regions (Fig. 4B). Essentially, the Gini index
measures inequality within a distribution: A value of 0 ex-
presses perfect equality (e.g., nucleotides have the same
stalling frequency), whereas a value of 1 expresses maximal
inequality (i.e., nucleotide-specific stalling). However, out-
liers due to experimental noise could affect Gini estimates,
and transcripts with vastly different reactivity profiles might
have the same coefficient, making it difficult to use it as a
comparative feature (Choudhary et al. 2017).
General-purpose methods and metrics for analyzing RT
stop profiling data exist (Aviran and Pachter 2014; Choud-
haryetal. 2017; Li et al. 2017). These approaches use libraries
from unmodified transcripts to distinguish RT drop-off noise
from chemical incorporation and estimate of reactivity at
single-nucleotide level. It may be worth revisiting rG4 map-
ping by chemical mapping using these methods and analyses.

10

4.4 Biological Validation and Findings

The most noteworthy outcome from the DMS-seq + RT
stop profiling method in mouse, human, and yeast was
that the RT stop profile for most rG4 motif regions was
similar to what was observed at 0 mm K" in vitro (assumed,
rG4-unfolded state), as opposed to what was observed at
150 mm K™ in vitro (assumed, rG4-folded state), suggesting
either that most rG4 regions are unfolded in these eukary-
otes (Guo and Bartel 2016), or that the method samples
the unfolded state during the time course of the reaction.
In experiments intended to perturb rG4 folding, the rG4-
stabilizing ligand PDS caused a small, but detectable in-
crease in global rG4 folding, and the deletion of a known
rG4 helicase, DEAH box protein 36 (DHX36), caused little
detectable change in global rG4 folding. The absence of a
“positive control” in the context of these experiments,
despite several rational attempts to perturb the system or
introduce rG4s exogenously, does leave open the possibility
that rG4 structures in the transcript population may exist
but were undetectable under the experimental conditions
used, DMS and SHAPE structural probing assays (Guo and
Bartel 2016) measure whole-cell, ensemble RNA structural
conformations within the reaction time frame. Information
on the structural conformation of individual RNAs and the
dynamic structural interconversion, subpopulation, and
heterogeneity within and across cells may be lost.

Previous computational analyses predicted a role of
DNA G4 motifs in Escherichia coli gene regulation (Rawal
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etal. 2006) and a conserved DNA G4-hairpin-duplex-switch
with a potential regulatory role, in the same species (Kaplan
et al. 2016). In the study by Guo and Bartel (Guo and Bartel
2016) a bioinformatics search over several bacteria transcrip-
tomes such as E. coli, Pseudomonas putida, and Synechococ-
cus indicated that rG4 regions are generally depleted in
bacteria, although this may reflect that bacteria do not com-
prise much noncoding RNA (UTRs, introns, IncRNA),
whereas rG4s are typically enriched in mammals. As endog-
enous rG4 is rare, G4-forming RNAs comprising G3A2
(GGGAAGGGAAGGGAAGGG) or G3U (UUUGGGU
GGGUGGGUGGG) were appended to the 3’ UTR of
mCherry CDS and the PCR product was inserted to the
expression vector plasmid (pCR2.1 backbone), and ectopi-
cally introduced to E. coli. The investigators showed that, in
contrast to eukaryotes, ectopically introduced rG4s can be
folded in E. coli.

4.5 Concluding Remarks

These recent approaches to detect and map rG4 structures
have provided maps of rG4s that can form from in vitro
refolded cellular transcripts. The global picture emerging
from the initial in-cell mapping experiments suggest that
rG4s are generally unfolded within a cellular context in
mammalian cells, with a G4-stabilizing ligand and also
knockdown of the G4-specific helicase not causing a de-
tectable shift in global rG4 formation. This initial picture
actually closely mirrors what has been observed for DNA
G4s in the human genome for which of the totality of G4
structures mapped in vitro by sequencing (Chambers
et al. 2015) only a very small minority (~1%) were de-
tected in chromatin by chromatin immunoprecipitation
(ChIP) using a G4-antibody (Hansel-Hertsch et al.
2016). Careful control of the global formation of rG4
structures, by protein binding or catalytic function, would
be consistent with the various regulatory functions pro-
posed for rG4s, that would logically require dynamic con-
trol between folded and unfolded states. There exists the
possibility of heterogeneity between cells and also within
transcript copies in a given cell, with regard to rG4 fold-
ing. While chemical mapping provides a useful means to
assess the global picture, an approach with improved tem-
poral resolution may be required to observe dynamic
structures, and enrichment approaches might be neces-
sary to select/detect structures that exist as subpopula-
tions. Recent disclosures (Murat et al. 2017; Sauer et al.
2017) have reported measureable cellular effects of knock-
ing down expression of rG4-targeting helicase DHX36 on
translation and usage of alternative upstream open read-
ing frames. A greater acknowledgment of rG4s as dynam-
ic structures coupled with an improved understanding of
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functionally important protein-rG4 interactions is now
needed for advancement of this area.
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