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RNA G-quadruplexes (rG4s) are non-canonical secondary structures that are formed by the self-
association of guanine quartets and that are stabilized by monovalent cations (e.g. potassium). rG4s
are key elements in several post-transcriptional regulation mechanisms, including both messenger RNA
(mRNA) and microRNA processing, mRNA transport and translation, to name but a few examples. Over
the past few years, multiple high-throughput approaches have been developed in order to identify rG4s,
including bioinformatic prediction, in vitro assays and affinity capture experiments coupled to RNA
sequencing. Each individual approach had its limits, and thus yielded only a fraction of the potential rG4
that are further confirmed (i.e., there is a significant level of false positive). This report aims to benefit
from the strengths of several existing approaches to identify rG4s with a high potential of being folded in
cells. Briefly, rG4s were pulled-down from cell lysates using the biotinylated biomimetic G4 ligand
BioTASQ and the sequences thus isolated were then identified by RNA sequencing. Then, a novel bio-
informatic pipeline that included DESeq2 to identify rG4 enriched transcripts, MACS2 to identify rG4
peaks, rG4-seq to increase rG4 formation probability and G4RNA Screener to detect putative rG4s was
performed. This workflow uncovers new rG4 candidates whose rG4-folding was then confirmed in vitro
using an array of established biophysical methods. Clearly, this workflow led to the identification of novel
rG4s in a highly specific and reliable manner.

© 2023 Published by Elsevier B.V.
1. Introduction

An RNA G-quadruplex (RNA G4 or rG4) structure is a secondary
structure that is found in guanine rich RNA. It is formed when the
guanines self-assemble into quartets which then self-stack in the
presence of monovalent cations (typically potassium (Kþ)). The
minimal canonical motif is « 50-G3N1-7G3N1-7G3N1-7G3-3’ », where
N can be any ribonucleotide [1]. However, multiple examples of
non-canonical G4s present in RNA, as well as in DNA, are found in
the literature where bulges, long-loops, missing guanines and tri-
ads are all part of the G4 [2]. These non-canonical G4s are usually
rejected after classical bioinformatic sequence based analysis,
which implies that substantially more G4s could be identified than
was initially predicted [3]. Moreover, since patternmatching search
e.ca (J.-P. Perreault).
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methodology does not consider neighboring sequences that can
prevent formation of rG4 by favoring alternative Watson-Crick-
based structures, its use led to many false-positive predictions.
Second generation of G4 prediction algorithms, based on an alter-
native to pattern matching search, permit the prediction of signif-
icantly more potential rG4 motifs (see below).

rG4s are of interest as genetic targets because of their implica-
tion in multiple post-transcriptional regulation mechanisms such
as microRNA (miRNA) maturation, messenger RNA (mRNA) poly-
adenylation, alternative splicing, translation and protein seques-
tration, to name just a few of them [4e8]. Given this growing
interest, several high-throughput techniques have been developed
in order to identify new G4s on both the genome and the tran-
scriptome scales [9]. First, the folding probability of a putative G-
quadruplex-forming sequence (or pG4) can be determined exclu-
sively on the basis of its nucleotide sequence. Among the reported
tools, some of them rely solely on the presence of a G4motif, on the
elopment of a highly optimized procedure for the discovery of RNAG-
/10.1016/j.biochi.2023.07.014
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List of abbreviations

CDS Coding sequence
CD Circular dichroism
G4 G-quadruplex
Kþ Potassium
Liþ Lithium
MACS2 Model-based Analysis of ChIP-Seq 2
mRNA Messenger RNA
miRNA Micro RNA
ncRNA Non-coding RNA
NMM N-methyl mesoporphyrin
scRNA Small-cytoplasmic RNA
snRNA Small-nucleolar RNA
PDS Pyridostatin
pG4 Putative G-quadruplex-forming sequence
rG4 RNA G-quadruplex
RTS Reverse transcription stalling
TDS Thermal difference spectra
UTR Untranslated regions
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calculation of consecutive guanines as compared to cytosines and
on neural networks developed with confirmed positive and nega-
tive G4 sequences [10e16]. Neural network techniques are partic-
ularly interesting since the scores are not human-based [14].
Secondly, purified nucleic acids can be incubated under different
conditions and the presence of putative rG4s can then be detected
by various techniques, including RT-qPCR and sequencing. The
well-known G4-seq and rG4-seq techniques belong to this class
[17,18]. These techniques rely on either the polymerase's (G4-seq)
or the reverse transcriptase's (rG4-seq) stalling in order to detect
G4 sites via differential analyses performed under Lithium (Liþ)-
versus Kþ-rich conditions, and in either the absence or the presence
of the G4 binding ligand pyridostatin (PDS). In vitro, properly folded
G4s can also be identified via their precipitation using G4-specific
antibodies, such as hf2 and BG4, followed by either RT-qPCR (hf2
for DNA G4s, BG4 for RNA G4s) or sequencing (BG4 for DNA G4s)
[19e22]. Thirdly, higher-order nucleic acid structures can be fixed
live prior to being extracted from the cells, pulled down by G4s-
specific molecular tools and identified by either RT-qPCR or
sequencing. Examples include the immunoprecipitation of DNA
G4s with BG4 (G4 ChIP-seq), the precipitation of DNAG4s using the
engineered protein G4P (G4P ChIP-seq) and the chemo-
precipitation of both DNA and RNA G4s with BioTASQ (G4DP-seq
and G4RP-seq) [23e27]. BioTASQ is a biomimetic G4 ligand that
interacts with both DNA and RNAG4s, and its biotin handle permits
the isolation of the resulting G4/ligand complex via streptavidin-
based precipitation [28]. The main advantage of the G4RP-seq
technique is the capacity of the BioTASQ ligand to precipitated
RNA from fixed cells, ensuring no change in G4 fold during the
sample preparation. It has been used to isolate and identify both
DNA and RNA G4s, both in vitro and in vivo.

Each of these approaches has been used with success to identify
novel G4/rG4 structures. That said, in each casewhen looking at the
rG4s’ folding one by one, there was a relatively large number of
false-positive candidates identified at the validation step. This step
is time-demanding and can be expensive. In order to overcome this
hurdle, it was decided to combine some of these techniques with
the aim of identifying rG4s with high specificity. More specifically,
G4 isolation and sequencing (G4RP) and in silico analysis (rG4-seq
and G4RNA Screener) were implemented to uncover new rG4s
(Fig. 1).
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2. Material and methods

2.1. G-quadruplex RNA precipitation (G4RP)

In order to identify new rG4s, G4RP was performed as described
previously, with minor modifications [24,25]. Briefly, a confluent
15 cm Petri dish of U87MG cells was washed once at room tem-
perature with sterile Phosphate Buffered Saline (PBS) and then
incubated for 5minwith 25mL of 1% formaldehyde/PBS on a rocker
at room temperature. The reaction was then quenched by the
addition of 3.75 mL of 0.125 M glycine, and the sample was then
incubated on a rocker for 5 min at room temperature. The solution
was removed, and the cells were washed once with PBS and then
scraped with 2 mL of PBS. The cells were then harvested by
centrifugation at 400�g for 3 min at room temperature. The su-
pernatant was removed, and another wash was performed with
2 mL of PBS. The cells were then resuspended in 1 mL of sterile
G4RP buffer (25 mM Tris-HCl pH 7.4, 150 mM KCl, 5 mM EDTA,
1 mM DTT, 0.5% NP-40 and 2000 U/mL of homemade RNase in-
hibitor). The sample was then sonicated on ice at 20% amplitude for
180 cycles of 1 s ON e 3 s OFF using a Branson Digital Sonifier 450.
The resulting solution was centrifuged at 17 000�g for 10 min at
4 �C. The supernatant was separated into 2 tubes, 450 mL for the
BioTASQ incubation and 50 mL for the input. The BioTASQ ligandwas
then added to the cellular extract (50 mL of 1 mM BioTASQ) and the
sample was incubated overnight on a rotor at 4 �C. The input was
kept at 4 �C. The next morning, 40 mg of PBS-washed Streptavidin-
magnetic beads (Promega) were added to the 500 mL solution and
the entire mix was incubated for 2 h at 4 �C on a rotor. The beads
were then separated using a magnet for 2 min. They were then
washed 3 times for 5minwith G4RP buffer and once for 2 min with
PBS, all at room temperature. The washed beads were then resus-
pended in 100 mL of PBS, while 50 mL of PBS was added to the input.
Both solutions were reverse cross-linked for 1.5 h at 70 �C. The RNA
was then isolated using QIAzol according to the manufacturer's
protocol (Qiagen), ethanol precipitated and dissolved in sterile
water. A DNAse incubation was then performed on both samples
using the Illustra RNA Spin Mini RNA kit according to the manu-
facturer's protocol (General Electric). Ribosomal RNAs were
removed using the NEBNext rRNA Depletion kit Human/Mouse/Rat
according to the manufacturer's protocol (New England Biolabs).

2.2. Libraries and sequencing

Libraries and sequencing were performed at the Laboratoire de
G�enomique Fonctionnelle de Universit�e de Sherbrooke. The li-
braries were performed using the NEBNext Ultra II Directional RNA
Library Prep Kit for Illumina (New England Biolabs) as recom-
mended by the manufacturer. The triplicate was sequenced on a
NEXT-Seq 500 (Illumina) sequencer at 2 � 45 bp. A minimum of 35
million reads were detected in each sample.

2.3. Reverse transcription and digital PCR

RNAs were quantified by digital RT-PCR at the Laboratoire de
G�enomique Fonctionnel de Universit�e de Sherbrooke. For each
reverse transcription, 100 ng of RNAs were used. The primers used
for the digital PCR are listed in Supp. File S5. For the biotin condi-
tion, the BioTASQ was replaced with biotin in the G4RP protocol.

2.4. Bioinformatic analysis

The sequenced reads were analyzed using FastQC, trimmed
using Trimmomatic and mapped on the reference genome
GRCh38.p13 (GENCODE) using STAR [29e32]. Read distributions in



Fig. 1. Overview of the protocol used to identify rG4s with high fidelity. rG4s were detected by peak-calling using the sequencing results from the BioTASQ ligand condition as
compared to those obtained from the input condition. In order to compensate for the possible non-specificity of the BioTASQ ligand, filters were added. First, the peaks were
compared with the rG4s identified using a high-throughput technique, rG4-seq, under either the Kþ or the PDS conditions. Secondly, the hits were compared with potential G4s
identified using G4RNA Screener.
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the 50UTR, the CDS and the 30UTR, and the G4 densities, were
analyzed according to a protocol reported previously [3]. In order to
perform the gene differential expression analysis between the
BioTASQ and the input condition, the reads mapped by STAR were
counted for exons and were annotated using FeatureCount [33].
The normalization and differential expressions were performed
using DESeq2 in R [34]. Further analyses were performed using
Excel. Genes with a base mean of 0, a negative log2FC and an
adjusted p-value greater than 0.05 were removed from the analysis.
In order to perform the peak calling, the reads mapped by STAR
were extended to generate fragments using BamCoverage with the
following options: -of bigwig; -bs 1; –effectiveGenomeSize
2913022398; and, -e 125 [35]. Then, the bigwig files were con-
verted with bigWigToBedGraph into BedGraph files [36]. Next, one
replicate at a time, MACS2 bdgcmp was used with the option « -m
ppois » to deduct the noise of each input from the BioTASQ con-
dition. Peaks were found using MACS2 bdgpeakcall with the
following options: –cutoff 5; –min-length 50; and, emax-gap
0 [37]. The peaks with scores over 200 were kept for further
analysis. The peaks present in each triplicate were found using
bedtools Intersect intervals [36]. Reads and peaks were intersected
with 50UTR, CDS and 30UTR regions from the GRCh38.p13 gff file.
The GC content for the G4RP-seq MACS2 peaks was found by
extracting the peaks sequences with the tool Extract genomic DNA
in Galaxy and then calculating the different nucleotide content
with Excel. Bedtools was also used for the determination of the
intersection of the triplicate, the rG4-seq data and the pG4 [3,18].
G4 density were found in the Vannutelli manuscript [3]. The se-
lection of random genes to evaluated random density was repeated
100 times. Data were visualized on IGV [38]. The sequencing data
have been deposited into NCBI's BioProject and are accessible at
PRJNA833051.

2.5. Fluorescence assays

In order to evaluate G4 formation, the RNAs were dissolved at a
concentration of 2 mM in a solution containing 100mMof either KCl
or LiCl and 20 mM of Li-cacodylate (pH 7.5). The samples were then
heated at 70 �C for 5 min and slowly cooled down at room tem-
perature over a period of 1 h. N-methyl mesoporphyrin (NMM)was
then added to a final concentration of 4 mM (2:1 ratio). The fluo-
rescence was then evaluated as described previously [39]. All ex-
periments were performed in duplicate.

2.6. Circular dichroism (CD) and thermal denaturation spectra
(TDS)

In order to evaluate the RNAs' structures, the RNAs were
3

dissolved at a concentration of 4 mM in a solution containing
100 mM of either KCl or LiCl and 20 mM of Li-cacodylate (pH 7.5).
The samples were then heated at 70 �C for 5 min and slowly cooled
down to room temperature over a period of 1 h. The experiments
were performed in a quartz cell with a path length of 1 mm on a
Jasco J-810 spectropolarimeter. Data were recorded from 350 to
210 nm, at a rate of 50 nm per minwith a 2 s response time, 0.1 nm
pitch and 1 nm bandwidth [40]. The CD experiments were per-
formed at 20 �C, and the TDS at both 20 and 90 �C. All CD spectrums
were smoothed. TDS spectrums were obtained by subtracting the
90 �C absorbance spectrum from the 20 �C absorbance spectrum
and normalizing the highest value to 1 [41].

3. Results

3.1. Protein coding RNAs are enriched with the G4RP protocol

In order to identify novel rG4s, the G4RP protocol was applied to
the glioblastoma cell line U87MG, a cell line that is often used in
both neuroscience and immuno-oncology research [25,42]. Briefly,
the cells were fixed with formaldehyde before being lysed and the
nucleic acids fragmented by sonication. These extracts were then
incubated with BioTASQ and the resulting nucleic acids/BioTASQ
complexes were pulled-down using streptavidin-coated magnetic
beads. After separation from the beads and reversal of the cross-
linking by heat treatment, the RNA fragments were then isolated
by phenol-based extraction. After two additional treatments
(DNAse and ribodepletion), the purified RNAswere then ready to be
sequenced and analyzed.

The read counts obtained from the sequencing data derived
from the various conditions were similar, except for the second of
the three replicates, in which more reads were found to be present
in the BioTASQ condition as compared to the input one (Fig. S1 and
see the further discussion below). This could be explained by the
fact that a different batch of BioTASQ has been used for each
replicate to reduce the variability that one batch could have. The
efficiency of the protocol was verified via RT-ddPCR amplifications,
which showed a notable pull-down of the G4-containing NRAS,
TERF2 and VEGFA RNAs, but not of a non-G4-containing control
RNA (U6 RNA; Fig. S2A), in the BioTASQ condition compared to the
use of biotin molecules, as was reported in the original G4RP ex-
periments (Fig. S2B) [28].

The transcriptomic regions enriched by BioTASQ were further
scrutinized. As pG4s are known to be enriched in both the 50- and
the 30-untranslated regions (50- and 30UTRs, respectively) [3,10,18],
the ability of G4RPs to exhibit a similar trend was evaluated. The
reads obtained for each BioTASQ triplicate (plus the input) were
mapped in either the annotated 50UTR, the coding sequence (CDS)



M.-A. Turcotte, F. Bolduc, A. Vannutelli et al. Biochimie xxx (xxxx) xxx
or in the 30UTR regions. The read distribution was then evaluated
(Fig. 2AeC). As expected, an enrichment of reads in the BioTASQ
condition was observed in the 50UTR. However, reads were also
enriched in the CDS and were relatively absent from the 30UTR,
which points towards an unusual pattern of G4 distribution in the
U87MG cells.

Subsequently, a differential expression analysis was performed
with DESeq2 in order to identify transcripts that are enriched in the
presence of BioTASQ as compared to the input condition. A prin-
cipal component analysis was performed on the DESeq2 data to
evaluate the variance between each replicate and each condition.
The plot showed, as expected, two distinct clusters: one for the
input and one for the BioTASQ condition (Fig. S3). The transcripts
with a positive log2 fold-change (i.e. those enriched under the
BioTASQ condition) and an adjusted p-value of at least 0.05 were
kept for further analysis (Supp. File S1). In total, 3254 transcripts
were found to be enriched (Fig. S4). Their significance increased
when both the number of fragments mapping on each transcript
(base mean counts) and the fold-change increased. Among them,
3024were classified as protein-coding RNA (93%), 63 as non-coding
RNA (ncRNA, 2%), 37 as pseudogenes (1%), 2 as small cytoplasmic
RNA (scRNA, 0.06%), 2 as small nucleolar RNA (snRNA, 0.06%) and
126 that remained as unclassified RNAs (4%). In order to evaluate
the type of transcript enriched by BioTASQ, the 20 most abundant
candidates with the highest fold-changes and a base mean of at
least 500 were analyzed (Fig. 2D). Most of these transcripts (80%)
were classified as protein-coding RNAs, as was reported previously
for MCF-7 cells [24]. Only RN7SL3 (scRNA), RN7SL1 (snRNA),
LOC285908 (pseudogene) and BCYRN1 (ncRNA) were classified
otherwise.
Fig. 2. Read distributions and genes enriched in the presence of the BioTASQ ligand. Analy
50UTR; B) CDS; and, C) 30UTR. The Y-axis represents the number of reads normalized to th
replicates. The significance of the different conditions was evaluated using a t-test (* represe
the most enriched in the presence of the BioTASQ ligand are presented in histogram form. Th
RNA (scRNA) are marked with a triangle, that annotated as pseudogene is marked with a sq
unmarked genes are annotated as protein-coding mRNAs.
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Finally, the pG4 densities were evaluated in both the 100 tran-
scripts with the highest fold change and in those with the 100
lowest fold change using the exon sequences and a stringent bio-
informatic approach [3]. As expected, these results showed that the
top 100 BioTASQ pulled-down genes had a higher pG4 density
compared to the bottom 100 and a random set of 100 genes (i.e.,
calculated 100 times) (Fig. S5). These differences were also
observed in the abundant candidates, which is similar to the results
previously reported in the original BioTASQ experiment. Although
those results highlighted the presence of predicted G4s in the
transcripts pulled down by BioTASQ, their positions were still un-
known. It was therefore decided to further investigate the enrich-
ment at local positions on the genes instead of the enriched genes
themselves.

3.2. Specific peaks were retrieved with BioTASQ

The G4RP-seq dataset was further analyzed using a peak-calling
approach so as to identify regions that are specifically enriched in
the presence of BioTASQ. For each replicate, the input background
was subtracted from the BioTASQ coverage. The Model-based
Analysis of ChIP-Seq 2 technique (MACS2) [37] was used and
identified between 11 978 and 85 043 peaks for each replicate
(Fig. 3A). When an arbitrary MACS2 cut-off score of 100 was
applied, the number of peaks was reduced by roughly 50%; how-
ever, many of the peaks still presented a low G4 enrichment profile
between the BioTASQ/input conditions. The cut-off was then raised
to 200, which further decreased the number of candidate peaks by
35%, resulting in the identification of between 1634 and 19 185
peaks for each replicate. Among them, 797 peaks were found to be
sis of the read distribution between the input and the BioTASQ conditions in the: A)
e number of reads in the input. The error bars represent the error between the three
nts a p-value of less than 0.05). D) The 20 most abundant candidates identified as being
e Y-axis represents their fold change (Log2). The genes annotated as small cytoplasmic
uare and the gene annotated as a non-coding (ncRNA) is marked with a circle. All the



Fig. 3. Identification of new potential rG4s by peak-calling. A) Number of peaks identified by MACS2, and the impact of the different thresholds on each triplicate (no threshold
applied, a 100 or a 200 threshold). B) Venn graph of the peaks identified in each replicate. C) Representative example in the TMEM132A gene of the coverage observed when the
BioTASQ condition is compared to that of the input. The peak found with MACS2 is shown in the third row. The genomic coordinates and sequence of a possible G-quadruplex with
two quartets in this peak are shown.
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common to all replicates and were kept for further analysis (Fig. 3B
and Supp. File S2). These peaks were highly guanine- and cytosine-
rich (66%, further discussed below) on their transcript strand (and
consequently adenine- and thymine-poor, 34%), thus being
different from the 41% G/C-content normally observed in the hu-
man genome (Fig. S6) [43]. As an example, MACS2 identified the
RNA corresponding to the transmembrane protein TMEM132
(Fig. 3C), for which the enrichment between the BioTASQ/input
conditions can clearly be seen. A potential G4-forming sequence
within this peak is also highlighted in the figure.

In terms of peaks enrichment, G4RP peaks were equally found in
the 50UTR, CDS and 30UTR (32, 32 and 36%, respectively). Compared
to the BioTASQ reads' distribution (10, 59 and 31%), the G4RP peaks
are less distributed in the CDS and more in the 50UTR. Finally, when
the number of peaks was normalized to the size of the different
regions, there was a clear enrichment of peaks in the 50UTR (23 for
the 50UTR, 4 for the CDS and 3 peaks/Mb for the 30UTR). Therefore,
these data go in the same way as for the reads' distribution,
showing an unusual G4 distribution pattern in the U87MG. All the
following bioinformatic interception were also made with the cut-
off of 100, but not further presented (See Fig. S7).
3.3. Peaks refinement improves the quantity of G4-like sequences

The 797 peaks identified were aligned with the data from the
rG4-seq performed in human HeLa cells [18]. This cross-cell lines
analysis allows for the identification of G4s conserved amongst cell
lines, which likely increases the specificity of the method. The rG4-
seq technique identified G4 sites as reverse transcription stalling
(RTS) sites under either Kþ-rich conditions or Kþ-rich conditions in
the presence of PDS and compared them to what was obtained in
non-G4 promoting Liþ conditions. Initially, rG4-seq identified 3845
RTS in the presence of Kþ, and 13 423 RTS sites in the presence of
both Kþ and PDS (Supp. File S3). The G4RP regions obtained
possessed 43 peaks in common with the rG4-seq data obtained in
the Kþ condition, and 116 with the rG4-seq data obtained in the
PDS condition, representing 5% and 15% of the initial G4RP peaks
(Fig. 4A, S8 and Supp. File S3). Several regions containing a previ-
ously characterized G4 were also found in the analysis. Some, such
5

as H2AFY [44], were detected by both the G4RP and the rG4-seq in
the Kþ condition (G4RP/Kþ), and both VEGFA and TERC (along with
H2AFY [44e46]) were detected by both the G4RP and the rG4-seq
techniques in the presence of PDS (G4RP/PDS). The rG4-seq data
also annotated the RTS into different categories: canonical G4s,
non-canonical G4s (including long loops, bulged and 2-quartet G4s)
and others. For both the G4RP/Kþ and the G4RP/PDS G4s, 41% and
22% of the identified G4s were annotated as canonical, and 59% and
75% as non-canonical, respectively. Note that 12% (Kþ) and 15.3%
(PDS) of the RTS in the rG4-seq data were classified as other, likely
false positives, as compared to 0% (Kþ) and 3% (PDS) with the G4RP/
rG4-seq dataset.

In order to still further confirm the G4 nature of these tran-
scripts, and to further bolster the specificity of the workflow, the
G4RNA Screener bioinformatic tool was used [47]. More specifically,
the G4RP/rG4-seq candidates were compared with the human
pG4s [3] using a stringent threshold (i.e. the three scores needed to
be positive in order for the candidate to be considered as being
positive (Supp. File S4)). This led to 25 G4s being identified by G4RP,
rG4seq/Kþ and G4RNA screener (G4RP/Kþ/pG4); and to 54 G4s
being identified by G4RP, rG4seq/PDS and G4RNA screener (G4RP/
PDS/pG4), representing 3 and 7% of the initial G4RP peaks,
respectively (Fig. 4A, S8 and Supp. File S4). The previously charac-
terized H2AFYG4 was still detected under these conditions. For the
hits from the G4RP/Kþ and the G4RP/PDS G4s, 40% and 26% of the
identified G4s were annotated as canonical, and 60% and 74% as
non-canonical, respectively, indicating that the bioinformatic filter
does not affect the category proportions. Interestingly, 23% of the
G4RP peaks were originally found in the G4RNA Screener candi-
dates. Therefore, the list is reduced by 20 and 16% when the
intercepted with the rG4-seq data are added (Fig. S8). Altogether,
the combination of these three techniques resulted in the reliable
detection of established rG4s and the identification of 79 new rG4
candidates.
3.4. The potential candidates fold into G-quadruplexes

In order to validate the potential rG4 candidates, they were
further analyzed using three complementary biochemical
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techniques: the N-methyl mesoporphyrin (NMM) fluorescence
assay, circular dichroism (CD) and thermal difference spectra (TDS)
[41,48,49]. These investigations were performed with the 17 se-
quences that are in common to both the G4RP/Kþ/pG4 and the
G4RP/PDS/pG4 (H2AFY was not investigated as its folding has
already been demonstrated both in vitro and in cell) (Fig. 4B) [44].
Briefly, the 17 novel RNAs were synthesized via T7 RNA
polymerase-based in vitro transcription from the appropriate DNA
oligonucleotides (Supp. File S5) [50]. They were then tested for
their ability to trigger the fluorescence of NMM, looking for a
different response when the sequences were incubated in the
presence of either Liþ (unfolded, weak fluorescence) or Kþ (folded,
strong fluorescence). As seen in Fig. 5A and S9, most, if not all, RNAs
provided a significant differential response, with the notable
exception of TFE3. As an example, the fluorescent spectra of
TMEM132A are shown in Fig. 5B where the NMM-G4 characteristic
emission maxima at 605 nm is used for calculations.

Next, the ability of all the RNA sequences to fold into G4s was
evaluated by CD. The typical CD spectra of rG4s are characterized by
a negative peak at 240 nm and a positive one at 264 nm, which
reflects their parallel conformation [51]. However, this technique is
Fig. 4. rG4 candidates retained via the procedure. A) Schematic representation of the differen
peaks as compared to the initial number of 797. B) Names, sequences and positions of the ca
shown.
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usually performed with short sequences in order to minimize the
effects of a mixture of structures. Since the G4 sequences identified
here are 60-nt long, variabilities in both the maximum and the
minimum peaks should be expected. As seen in Fig. S10, all the
candidates displayed a CD spectrum typical of an rG4 (including
TFE3), with only a few minor variations being observed. As an
example, the CD spectrum of TMEM132A is shown in Fig. 5C.

Finally, a third technique was used to validate the G4 formation,
specifically the thermal difference spectra (TDS). This technique is
based on the mathematical difference of the UVevis spectra of a
given sequence recorded at low (20 �C, folded) and high tempera-
tures (90 �C, unfolded) [41]. G4s are identified by a TDS signature
displaying an hypochromicity (negative peak) near 295 nm, as can
be observed in the case of TMEM132A (Fig. 5D). Except for SNX14,
all the candidates exhibited a TDS spectrum corresponding to G4
formation (Fig. S11).

The G4-folding was thus investigated by three biophysical
methods and confirmed for 15 RNAs, while both TFE3 and SNX14
received support from only two of the three methods. Collectively,
these results demonstrate the high fidelity of the pipeline with a
specificity of over 85% for the identification of new rG4 candidates.
t filters added to the G4RP results. The percentages represent the remaining number of
ndidates identified. Only the G4s present under both the Kþ and the PDS conditions are
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fluorescence spectra obtained for TMEM132A. C) Example of the circular dichroism spectrum obtained for TMEM132A in the presence of 4 mM of RNA and 100 mM of potassium. D)
Example of the circular thermal differential spectra obtained for TMEM132A in the presence of 4 mM of RNA and 100 mM of potassium. The arrows represent the typical peaks
observed for rG4s.
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4. Discussion

The establishment of a rigorous procedure that leads to the
identification of new rG4s with high fidelity contributes to the
discovery of novel cellular mechanisms. The workflow presented
here, which combines precipitation-based sequencing methods
with bioinformatic and biophysical assays, allowed for the identi-
fication of 15 novel rG4 candidates that were selected based on very
stringent criteria.

This workflow relies on the G4RP-seq protocol: ca. 3254 tran-
scripts were isolated, the majority of which (93%) were protein-
coding RNAs. Data mining (G4 peak calling using MACS2) with a
proper detection threshold led to the identification of ca. 797 G4

peaks (common to biological replicates) within these transcripts.
These peaks were aligned with rG4-seq datasets collected in either
Kþ-rich conditions (referred to as “Kþ”), or in Kþ-rich conditions in
the presence of PDS (so called “PDS”), which identified 43 common
G4RP/Kþ peaks and 116 common G4RP/PDS peaks. Here, we hy-
pothesize that many G4s (either canonical or non-canonical) found
with MACS2 are not stable enough to stop the polymerase and
induce a stalling site in the rG4 experiment. However, in the G4RP-
seq protocol, the cell of fixed to pull-down the different G4s, which
means that the stability of the G4s is not a matter. This alignment
also eliminates the potential cytosines bias. These peaks were
further trimmed by G4RNA screener, which led to the detection of
25 and 54 high-confidence G4 peaks, in the Kþ and the PDS con-
ditions, respectively. The G4 structures of 17 common sequences
were confirmed experimentally by NMM fluorescence titrations,
CD and TDS investigations. The 17 G4s candidates characterized
were enriched in the 30UTR (7% 50UTR, 33% CDS and 60% 30UTR). As
7

mentioned in the introduction, these G4s could influence the ri-
bosomal progression (50UTR and 30UTR), the binding of proteins
(50UTR, CDS and 30UTR), miRNA binding and polyadenylation
(30UTR). Of these, 15 G4s were fully confirmed, and 2 were found to
be atypical. The first one, TFE3, had a higher fluorescence intensity
in Liþ-rich conditions. It was hypothesized that it could fold under
both Kþ/Liþ conditions but this folding is different depending on
the cation and the resulting G4s could have different affinities for
NMM ligand. The second one, SNX14, there was a difference in its
NMM spectrums that can be observed between the potassium and
lithium conditions. This is in contradiction with the absence of
negative peaks at 295 nm in TDS, which points toward a non-G4
structure. This phenomenon could be explained by only a minor-
ity of sequences having folded into a G4.

The U87MG cell line was used here in order to identify new RNA
G4 candidates for future studies related to neuronal diseases. G4s
have been shown to be implicated in multiple neuronal diseases
and dysfunctions [52e55]. However, the way the G4s are impli-
cated in these diseases remains to be elucidated. To this end,
multiple neuronal transcripts were identified with the G4RP/rG4-
seq/pG4 comparison and with the OMIM database [3,18,56].
Among the 79 transcripts identified here, some are related to
neurodegenerative disorders, including PSAP (Prosaposin, which is
involved in Parkinson's disease) and RAB11B (Ras-related protein
Rab-11B, which is involved in neurodevelopmental disorders with
ataxic gait) for instance, and both of which deserve to be further
investigated in cella.

A limitation of the study is the surprising enrichment of
cytosine-rich RNAs by the BioTASQ (Fig. S6). This unprecedented
observation could originate in an interaction between the
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BioTASQ's guanines with these sequences' cytosines, as these
cytosine-rich RNAs do not fold into i-motifs (as their DNA coun-
terparts do in a pH-dependent manner, Figs. S12 and S13, Tables S1
and S2). The possible interaction of the cytosines of unfolded RNAs
with the guanines of BioTASQ was indeed substantiated by pull-
down experiments (Fig. S14 and Table S3). This observation is
important as such an effect was not seen during the G4RP experi-
ments performed in the MCF-7 cells. This provides a message of
caution about a possible caveat of this technique but also empha-
sizes the interest of the presented pipeline, as it rectifies this effect
to maximize the identification of real rG4s.

Another limitation to the use of omics for the identification of
new rG4s is a bias toward the G4s present in highly expressed
RNAs. As an example, RTS found in the upgraded rG4-seq protocol
(rG4-seq 2.0) showed a strong correlationwith the initial amount of
RNA used [57]. Consequently, G4s located in RNAs that are
expressed at less than 4 transcripts per million are usually not
identified by this technique. The same phenomenon was observed
with the peak-calling of the G4RP-seq data: MACS2 attributes a
lower score to peaks with lower coverage, which indicates that
using this procedure may fail to detect G4s found in lowly
expressed genes.

In conclusion, this study evaluated a different strategy for the
identification of new RNA G4s with high fidelity. This workflow
hinges on a combination of tools including high-throughput tech-
niques (G4RP and rG4-seq), bioinformatic predictions (G4RNA
Screener) and biophysical validation (NMM fluorescence, CD and
TDS). We believe that this unique combination offers the best
guarantee for the identification of new RNA G4 candidates, which
must be considered for subsequent in cell studies aimed at uncov-
ering new genetic levers that can be manipulated for both under-
standing and addressing pathologies.
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