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ABSTRACT

It has been demonstrated that RNA G-quadruplexes
(G4) are structural motifs present in transcriptomes
and play important regulatory roles in several post-
transcriptional mechanisms. However, the full pic-
ture of RNA G4 locations and the extent of their im-
plication remain elusive. Solely computational pre-
diction analysis of the whole transcriptome may re-
veal all potential G4, since experimental identifica-
tions are always limited to specific conditions or spe-
cific cell lines. The present study reports the first
in-depth computational prediction of potential G4 re-
gion across the complete human transcriptome. Al-
though using a relatively stringent approach based
on three prediction scores that accounts for the com-
position of G4 sequences, the composition of their
neighboring sequences, and the various forms of G4,
over 1.1 million of potential G4 (pG4) were predicted.
The abundance of G4 was computationally confirmed
in both 5" and 3'UTR as well as splicing junction of
mRNA, appreciate for the first time in the long ncRNA,
while almost absent of most of the small ncRNA fami-
lies. The present results constitute an important step
toward a full understanding of the roles of G4 in post-
transcriptional mechanisms.

INTRODUCTION

G-quadruplexes (G4, a list of acronyms is available at the
end of the article) are stable, non-canonical secondary struc-
tures formed by guanine-rich nucleotide sequences (for re-
views see refs (1,2)). Four guanines linked by Hoogsteen
base-pairs form each G-tetrad. These tetrads then stack
on each other, and the resulting structure is stabilized by
a monovalent cation, usually potassium. G4 were first de-

scribed as sequences corresponding to the canonical motif
GxN; 7GxN| 7GN| 7G4, with the four tracks of guanines
forming at least 3 G-tetrads (i.e. x > 3) that are separated
by loops of 1-7 nucleotides (nt) in length. This motif defines
the category of canonical G4. Motifs that do not answer to
this definition of canonical constitute the category of non-
canonical G4.

DNA G4 were shown to be involved in several biologi-
cal functions by both computational predictions and exper-
imental studies (for reviews see refs (1,2)). These structures
were first discovered in telomeres, where it was shown that
telomere end-binding proteins can influence the formation
of G4 (3) involved in maintaining chromosome stability. It
was also shown that G4 located in telomeres are good can-
didates as targets for anticancer therapeutics because their
stabilization can inhibit the telomerase enzyme that is over-
expressed in the majority of cancers (4). Some studies have
demonstrated a role for G4 in the control of gene expression
by acting on transcription (1,5). In particular, Huppert et al.
(5) demonstrated a 40% enrichment in potential G4 (pG4)
sequences in promoter regions as compared to the rest of
the genome. Moreover, the use of a structure-specific anti-
body for the detection of G4 demonstrated that the folding
into a G4 structure could be correlated with the cell cycle,
and that it could be stabilized by a small-molecule ligand
(6).
RNA G4 (rG4) have been shown to be more stable than
DNA G4, a property resulting from the presence of the 2'-
hydroxyl group, which contributes to additional stabilizing
interactions (2). Moreover, the 2’-hydroxyl group of the ri-
bose locks the RNA in an anti conformation, favoring the
parallel topology in which all four strands have the same di-
rection. Increasing evidence shows that G4 are abundant in
mRNA, and that they play crucial regulatory roles in nu-
merous post-transcriptional mechanisms such as splicing,
polyadenylation, miRNA binding, transcription termina-
tion and translation (2,7). More recently, G4 structures have
been reported in the hairpin of some primary miRNA (pri-
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miRNA), suggesting a role in miRNA maturation (8). A
study on transcriptome performed using a transcriptome-
wide G4 profiling method (i.e. rG4-seq; (9)) revealed the
presence of thousands of G4 motifs in a specific cell line
at a defined time. Thousands of mammalian RNA regions
have been demonstrated to fold into G4 structures, but, in
contrast to previous beliefs, these regions were found to be
overwhelmingly unfolded in cells under the specific condi-
tions used (i.e. the presence of K* instead of Na™¥) (10).
Based on these results, it has been suggested that eukaryotes
have a robust machinery that globally unfolds RNA G4; a
hypothesis that is currently being under investigation. The
current belief is that several RNA binding proteins should
be involved in the coordination of the folding and unfold-
ing of the G4 motifs. This would have for effect to allow
regulation of the formation of G4 RNA in a transient man-
ner, i.e. only when required for a specific regulation event.
Clearly, the increasing number of studies on RNA G4, and
their various possible roles, call for more investigation on
G4 in transcriptomes. In order to achieve this end, locating
and evaluating the abundance of pG4 in whole transcrip-
tomes is a pre-requisite, but it has never been meticulously
studied for any species. The present study shows that rG4
are widely present in the transcriptome and in all known
classes of transcripts, with 60% of transcripts having at least
one pG4.

Several studies have been performed in order to evalu-
ate the number of pG4 sequences in genomes and transcrip-
tomes. For example, computational methods based on the
canonical G4 motif for pG4 detection in the human genome
led to the identification of around 360 000 pG4 (11). More
recently, a high throughput method of DNA G4 detection
revealed that the first estimation of the number of pG4 in
the human genome was in fact underestimated by about 2-
fold. In all, 525 890 pG4 were detected under physiologi-
cal conditions, and 716 310 in the presence of a G4-specific
ligand (12). Under the latter condition, 63% of the ob-
served G4 sequences (OQ) would not have been discovered
by the computational method based on the canonical mo-
tif. This method has also been applied to numerous species
(13). This study showed that, depending on the species, be-
tween 60 and 80% OQ do not match to the canonical motif.
The higher number of G4 discovered by sequencing meth-
ods, and the number of OQ missed by the canonical motif-
based method, confirms that the current definition of G4 as
canonical motifs is obsolete. For example, it was shown that
an increase of the length of the loops in a G4 structure up
to a maximum of 15 nt does not influence the ability of the
sequence to fold (14). This shows that the upper limit of the
loop length at 7 nt is too stringent and should be increased.
Together, these results on DNA G4 prediction call for an ex-
tension of the definition of G4 and a revision of prediction
methods.

RNA pG4 have been identified using the computational
and experimental tools developed for their DNA counter-
parts. However, it was shown that several false positive pG4
located in the 5 UTRs of human mRNAs were detected by
computational methods (15). This occurred mainly because
the DNA pG#4 detection methods do not account for RNA
folding. It was hypothesized that the presence of cytosine
(O) in the environment around the G4 led to a competi-

tion between the Watson—Crick G-C base pairs of the RNA
folding structure and the Hoogsten G-G base pairs of the
G-tetrads (16). Thus, the folding of a RNA G4 sequence
depends on several conditions including the sequence com-
position, the neighboring sequences composition, and the
folding into another secondary structure. The combination
of all these features makes the computational prediction of
RNA G4 a hard task that may results in several false posi-
tives. This observation led to the development of a scoring
system called ¢G/cC for the prediction of rG4 which con-
siders a favorable or an unfavorable environment for the
folding of the G4 depending on the number of cytosines
in the neighboring regions (15). Based on the same logic,
G4Hunter, an algorithm for pG4 detection that takes into
account both the G-richness and the C-skewness of a given
sequence that produces a quadruplex propensity score, was
developed (17).

Moreover, like for DNA, some RNA sequences were
demonstrated to fold into a G4 structure without corre-
sponding to the canonical motif. For instance, human rG4
with a large central loop (10-70 nt in size) and with the
other two loops having lengths of 1 nt each were character-
ized (18). Moreover, some rG4 with the first or the last loop
lengths being up to 40 nt were reported (19). In addition,
it was shown that some sequences can fold into G4 struc-
tures despite the presence of a bulge between the guanosine
residues forming the G-track (20). This led to the proposi-
tion of bulges as possible binding sites for interaction be-
tween the G4 structure and other molecules (21). In addi-
tion, several physical evidences supporting the folding of
rG4 based only on two tetrads were reported (22-25). The
existence of non-canonical RNA G4 illustrates the limita-
tion of the canonical definition of past motif-based compu-
tational tools yielding to incomplete detection.

Both the ¢cG/cC and G4Hunter (G4H) scores were pro-
posed as possible solutions for the detection of canonical
and non-canonical pG4s, but that they are not sufficient
to identify all forms of G4 (26). In order to overcome this
limitation, we recently developed a new detection tool that
does not rely on a motif definition for RNA sequences (26).
An artificial neural network was trained with sequences of
experimentally validated G4 obtained from the G4RNA
database (27). The resulting prediction score, G4NN, has
a predictive power comparable to the reported G richness
and G/C skewness evaluations (i.e. the cG/cC scoring sys-
tem and the G4H score) that are the current state-of-the-
art for the identification of RNA pG4. Consequently, the
three non-motif-based prediction scores, cG/cC, G4H and
G4NN were combined to provide G4RNA screener, a pro-
gram designed to evaluate sequences in order to identify
RNA pG4 (28). Recently, G4-iM, a G4 search engine that
use a combination of both G4 motifs and GC content with
¢GcC and G4H, has been developed (29). G4-iM returns a
score accounting for the motif and the GC content by mak-
ing the average between the G4Hunter score and the PQS-
finder score. It also returns the genomic frequency of the
predicted G4. Those two features are specific to G4-iM and
provide fast results on tested sequences compared to other
tools that require specific analyses.

In this study, a complete analysis of the locations and
numbers of pG4 in the whole human transcriptome based

£20Z 1890190 $0 U0 Jasn 8X00.4qJays ap alsisAlun Aq L 08EY8S/SE0eeb|/z/z/e10nie/qebieu/woo dno-olwsapeoe//:sdny Wwodj papeojumoq



B e S

generateShuffle

NAR Genomics and Bioinformatics, 2020, Vol. 2, No. 2 3

generateExon
JunctionSequences

uoljesedaid eyep
9ouanbas swojdidsuel)

G4RNA screener

G4AnnotationWt ¢

)
G4RNA screener e
)
=
a
24
=)
G4Annotation
Shuffled
o
S
>
=
=)
o
2
(o)
=

computeDensities

Figure 1. Overview of the methodological pipeline. Black arrows are for the WT dataset and red arrows are for the shuffled data set. Scripts names are in

bold characters.

on the computational detection of pG4 using G4RNA
screener is presented.

MATERIALS AND METHODS

A methodology was designed for the detection and the anal-
ysis of pG4 abundance and location in the human transcrip-
tome. An overview of the four steps of the method is pre-
sented in Figure 1. Step 1 consists of the transcriptome se-
quence data preparation. Step 2 is the pG4 detection phase.
Step 3 consists of the annotation of the detected pG4 re-
gions with their location and the class of transcript/gene
that contains them. Finally, Step 4 is the analysis of the pG4
distribution across the various classes of transcripts and
types of location. The details of each step of the method-
ology are provided below.

Step 1: Transcriptome sequence data preparation

In order to identify pG4 in the human transcriptome,
data were downloaded from the Ensembl genome database
for vertebrates and other eukaryotic species hosted by the

Wellcome Trust Sanger Institute (WTSI) (30). The data
were downloaded for the human genome assembly version
GRCh38pl12 using the Biomart interface, a database sys-
tem for flexible querying based on data-agnostic modeling
(31) and through the ensembl FTP server.

The first data contains the sequences of all annotated un-
spliced genes along with their genomic coordinates (chro-
mosome, strand, start and end positions) for all classes
of genes. The second data contains information on all
human spliced transcripts: their host genes, and the ge-
nomic coordinates of their translated/untranslated exons.
Note that 1 751 poorly annotated transcripts (for exam-
ple, non-coding transcripts with UTR) were removed from
the analysis. The third data contains information on the
classes of human genes and spliced transcripts (coding, non-
coding, pseudogene, etc.). The information on the tran-
script class is required because some transcripts may belong
to a class different from their host gene class. The Ensembl
transcript/gene class is based on the Vertebrate Genome
Annotation (Vega) database, a repository for high-quality
gene models produced by the manual annotation of ver-
tebrate genomes. Details on the definition of the different
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Figure 2. Locations of pG4r in transcripts. The possible locations of pG4r in a transcript are depicted on the left panel while on the right panel all shuffled
locations are shown. The segmental locations are represented in gray for exons, yellow for 5UTR, green for CDS and red for 3’UTR and white for introns.
Black boxes are pG4r in segment locations. The point locations are represented in dashed lines at the intersection of two segmental locations and blue
boxes are pG4r in point locations. Point locations overlap the start codon, the stop codon, the exon-exon splicing junctions, the donor splice sites and the
acceptor splice sites. The G4 represented on the pre-mRNA are not displayed on the mature mRNA.

classes of genes and transcripts can be found in ref. (32).
The fourth data contains the sequences of entire chromo-
somes.

From the unspliced gene sequences and the information
on the spliced transcripts exon locations, all sequences of
unique exon—exon splicing junctions belonging to the hu-
man transcriptome were generated with the genomic coor-
dinates of the intron spliced between the two exons. For each
unique exon—exon junction, the sequence of the junction
consists of the concatenation of the two 100-nt exon subse-
quences located upstream and downstream of the junction.
The set of sequences of unique exon—exon junctions consti-
tutes the fifth dataset.

Two classes of location types for pG4 in RNA were con-
sidered: segmental and point locations. Segmental locations
are segments corresponding to SUTR, 3’UTR, CDS, In-
tron or Exon. Point locations are segments overlapping
codon start, codon stop, splicing junction, donor splice site
or acceptor splice site (see Figure 2 for an illustration). For
each segment corresponding to a location, a shuffled coun-
terpart was obtained by generating a segment with the same
content in nucleotide but in a random order (see Figure 2 for
an illustration). Thus, a location segment and its shuffled
counterpart have the same nucleotide content, and thus the
same GC content. The shuffled sequence dataset was gen-
erated in order to allow the comparison of pG4 prediction
between the wild-type (WT) sequence dataset and the shuf-
fled sequence dataset, and to allow investigating the corre-
lation between the frequency of pG4 and the GC content
of sequences. The set of shuffled sequences for all locations
in the transcriptome constitutes the sixth dataset. Segments
were shuffled 10 times to generate 10 shuffled datasets. The
pG4 predictions for all datasets were very similar (Supple-
mentary Tables S1-7), so we kept a single shuffled dataset
composed of a single shuffled segment for each segment cor-
responding to a location in the WT dataset.

Step 2: G4 prediction

G4RNA screener was launched on the full unspliced gene
sequences and the sequences of the unique exon—exon splic-

ing junctions constituting the WT sequence dataset, as well
as on the shuffled sequence dataset. The screening used a
sliding window approach, with a window length of 60 nt
and a step of 10 nt (i.e. the recommended default parame-
ters) (26).The threshold score limits for pG4 detection were
set to 4.5 for the ¢cG/cC score, 0.9 for G4H and 0.5 for
G4NN (as recommended by (26) for stringent detection).
G4RNA screener parameters were determined during the
development of the tool by testing it on different data and
via a battery of tests on a wide range of parameters values
(for further details see (25)). The windows length is longer
than what is expected for most G4, but it helps to account
of the environment of the G4, which has been shown to
play an important role in the folding (15,16). This allows
to lower the rate of false positive. Successive windows with
G4 scores higher than the three thresholds were grouped
and returned as pG4 regions (pG4r) that can contain one
or more pG4. The two sets of detected pG4r located in the
unspliced gene sequences and in the exon—exon junction se-
quences were merged in order to detect and remove redun-
dancy. The result of this step was a list of unique pG4 re-
gions in human gene sequences and transcript exon—exon
junction sequences with their G4 scores and genomic loca-
tions, for the WT dataset and the shuffled dataset.

Step 3: G4 annotation

Previous studies have reported an abundance of G4 in spe-
cific locations in genes, such as the SUTR, the 3’'UTR and
in the splice sites (5,12,16). In order to study the distribu-
tion of pG4r in the whole human transcriptome, in specific
classes of transcripts and in the various types of locations in
a transcript, an annotation of all pG4r detected in the WT
transcriptome dataset was performed. The list of pG4r ob-
tained at the end of Step 2 was mapped on gene sequences
and transcript sequences in order to obtain the list of pG4r
in genes and the list of pG4r in transcripts with their ge-
nomic coordinates. The third data file from Step 1 contain-
ing the information on the gene and transcript classes was
then used to add the class of gene or transcript to the anno-
tation of each pG4r. Next, based on the status of the tran-
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scripts, which is protein-coding or non-coding, the pG4r
were annotated with their type of location in the transcript.
In protein-coding transcripts, the pG4r can be located in
the UTR, the 3’UTR, the coding region (CDS), the start
codon, the stop codon, the intron, the splicing junctions, the
donor splice sites or the acceptor splice sites. In non-coding
transcripts, the various types of location in coding tran-
script exons (i.e. SYUTR, 3’UTR, CDS, codon start, codon
stop) are replaced by a unique type of location which is
Exon.

Step 4: Analysis of pG4 distribution

In order to study the pG4r distribution in the transcrip-
tome, the density of pG4r for each type of location in tran-
scripts was evaluated for the WT dataset and the shuffled
dataset. The density of pG4r in a type of segmental location
S (5UTR, 3UTR, CDS, Intron or Exon) was calculated as:

berof p G4
Density = numberof p G4r

1000 (p G4/ kb
totallengthoflocation_S . (pG4/kb)

The density of pG4r in a type of a point location P was
calculated as:

. numberof p G4
Density = Y il

totalnumberoflocation_P

For example, Figure 2 shows the possible locations of G4
in a transcript. In the illustration, the mRNA transcript has
seven G4 located in segmental locations, three at point lo-
cations on the pre-mRNA form and one more that appears
in the mRNA after splicing. The d1fferent pGér dens1t1es of
segmental locations are: Tomgi ,: o and

Ton h2 ' T ; . At point locations, the densities are 1 at
g iiniron® lenghigxon

the codon start, 0.5 at the splicing junction, the donor splice
site, the acceptor splice site, and, finally, a null value at the
codon stop.

The global density for each type of location was com-
puted within the four classes of transcripts defined in the
Vega database: (i) the mRNA class (Coding) that con-
tains protein-coding transcripts with an open reading frame
(ORF); (i1) the ncRNA class that contains functional RNA
that are not translated into proteins, but have roles in the
regulation of gene expression at both the transcriptional
and the post-transcriptional levels; (iii) the pseudogene
class that contains transcripts similar to known protein-
coding transcripts, but that contain a frameshift and/or
stop codon(s) which disrupt the ORF; and (iv) the predic-
tive class that has been specifically created in the ENCODE
project to highlight potential regions that could contain
protein-coding genes and require experimental validation.
The ncRNA class is further divided in two classes: short
ncRNA which are ncRNA shorter than 200 nt, and long
ncRNA which are ncRNA longer than 200 nt.

Each of the five transcript classes was further refined in
order to consider various subclasses of transcripts. A sum-
mary of the classes and subclasses of transcript considered
in the analysis is provided in Supplementary Table S8. The
detailed definitions of the subclasses are provided in the ‘Re-
sults’ section. For each transcript class or subclass, and for
each type of location in transcripts, the ratio of transcripts

’ lengl/13 'UTR’ lengthDS
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Figure 3. PG4r densities in the human transcriptome and RNA classes. (A)
GC content, (B) pG4r density and, (C) ratio of transcripts with pG4r, for
the whole transcriptome and each RNA class (coding, long non-coding,
short non-coding, pseudogene and predicted). For (B) and (C), the values
are shown for the WT dataset (gray points) and the shuffled dataset (black
points).

in the class containing at least one pG4r in this type of lo-
cation was reported. Only groups containing enough tran-
scripts, at least 50 transcripts, were considered in the analy-
sis.

RESULTS AND DISCUSSION

Prevalence of pG4r in the human transcriptome

The application of the method led to the finding of 1 133
712 RNA pGdr, corresponding to 308 745 unique pG4r, in
the human transcriptome and in the splicing junctions. Out
of the 197 496 transcripts constituting the human transcrip-
tome, 122 845 transcripts contain pG4r. Thus, 60% of hu-
man transcripts have at least one pG4r in their sequences
(Figure 3C). This high number of pG4r in the human tran-
scriptome agrees with previous studies that have shown the
prevalence of potential G4 in the human genome (11,33).
The present study reports an even more significant preva-
lence of G4 in the human transcriptome.

In order to validate this result, the set of pG4r found in
the present study was compared to the set of rG4 detected
by Kwok et al. (9). In the latter, the rG4 were predicted us-
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ing an experimental approach (rG4-seq) based on a profil-
ing method of 1G4 that couples rG4-mediated reverse tran-
scriptase stalling (RTS) with next-generation sequencing.
The study was performed on polyadenylated-enriched RNA
from the HeLa cell line. Even though the detection was done
experimentally, and was limited to a specific cell line, the re-
sults of this study are the most suitable for comparison with
the predictions made here. In the rG4-seq study, two condi-
tions were used to detect folded G4: the presence of either
potassium (K*) or K* with a stabilizer ligand (PDS) (34).

The comparison of pG4r and rG4 datasets was done us-
ing blastn (v2.6.0+). Blastn with minimum word length 11,
and no mismatch allowed, was used two times, one with rG4
as query and pG4r as target, and conversely. Both datasets
(rG4 and pGd4r) were filtered in order to get the more com-
parable datasets possible. It is important to recall that the
rG4-seq detection was performed experimentally only on
mRNA from a specific cell line, i.e. polyadenylated-enriched
RNA from the HeLa cell line. Thus, the first filter kept only
rG4 and pG4r that are in transcripts detected in the rG4-seq
study. This allows to get a common set of transcripts. The
second filter is the removal of all locations not contained
in 1G4-seq study, i.e. introns or exon—intron junction sites.
Surprisingly, rG4 were detected experimentally using RTS
but we found that 12% of those rG4 did not have enough
guanine residues to form a G-track. A last filter was then
applied to remove RTS sites that did not match a minimal
G4 motif. This motif was defined to be the less restrictive
possible, i.e. G, XG> X, G, X, G,. [t matches any two-tetrad
G4 (22-25) with no restriction on loop lengths. In order to
infer a match between a pG4r and a rG4, only hits within
the first 5 hits of blastn were kept. Then, hits on sequences
with different strand or chromosome were removed.

We found 52.8% of rG4 matching pG4r, but only 22.4%
of pG4r matching rG4 (Table 1) for the K* condition. It is
not surprising to find only 52.8% of rG4 corresponding to
pG4r as described in (26). Yet, 22.4% of pG4r correspond-
ing to rG4 was not expected. This could be due to several
reasons: (i) some G4 are just folded transiently and not very
stable so they may not be detected in K* but in K*PDS; and
(ii) RTS sites are detected by comparing K*/K*PDS con-
dition against Li* condition, which do not allow the detec-
tion of rG4 able to fold in the Li* condition, but they could
be predicted by G4RNAScreener. Further drawbacks of the
rG4-seq detection method are discussed in (35). This justi-
fies the increase from 22.4 to 44.8% in the K*PDS condition
of the percent of pG4r matching to rG4. Moreover, in the
rG4-seq study, they report that only 18% of G4 predicted
using motifs (canonical and non-canonical) correspond to
rG4 predicted in K* condition (9). The 22.4% proportion
reported in our study is comparable to their 18%, which in-
crease to 26% in K*PDS condition.

Comparison of the distribution of G4 in RNA classes

The distributions of pG4r in the five transcript classes
(mRNA, long ncRNA, short ncRNA, pseudogene and pre-
dicted transcripts) were compared without accounting for
the type of location in the transcript. The aim was to eval-
uate if pG4r were under- or over-represented in specific
classes (Figure 3). Comparable pG4r densities are observed

for mRNA, long ncRNA and pseudogenes. The percentage
of transcripts containing at least one pG4r is lower for the
pseudogene class as compared to those three other classes.
This low rate means that although the density of pG4r is
similar in the classes, pG4r are carried by a smaller frac-
tion of transcripts in the pseudogene class. Interestingly,
there are a low density of pG4r predicted in short ncRNA
(0.1/kb) while it is the class of transcripts with the higher
GC content (50.2%). We also observe that the pG4r den-
sity for the shuffled dataset is always lower than the den-
sity for the WT dataset, except for short ncRNA. The same
observation can be made for the ratio of transcripts con-
taining pG4r. It means that we find more pG4r in mRNA,
long ncRNA and pseudogenes than would be expected ran-
domly, and same pG4r in short ncRNA than would be ex-
pected randomly. We observe that pG4r density in shuffled
segments of short ncRNA is higher than in shuffled seg-
ments of other RNA classes. This can be due to the high
GC content in short ncRNA and the small length of seg-
ments (<200 nt).

G4 enrichment in 5UTR and at donor splice sites in the
mRNA class

Inside the mRNA transcript class, the distribution of pG4r
in the various types of locations was evaluated. The mRNA
class can be divided into three subclasses of transcripts
based on the transcript type (see also Supplementary Table
S1):

1) The nonstop decay (NSD) mRNA are transcripts with-
out a stop codon at their 3’ end that will be eliminated
by the NSD surveillance pathway;

i1) The nonsense-mediated decay (NMD) mRNA are mu-
tant transcripts (nonsense mutation) that will be elimi-
nated by the NMD surveillance pathway, thus prevent-
ing the formation of deleterious proteins;

iii) Protein coding (PC) mRNA are all other mRNA tran-
scripts that result in protein.

These subclasses are independent. NMD and NSD are
transcripts that should have been translated into protein.
However, due to the presence of some mutations, these tran-
scripts are degraded prior to translation. Other subclasses
of mRNA exist like T-cell receptor genes and immunoglob-
ulin genes, but they have highly variable sequences between
individuals. For this reason, they are not studied here. How-
ever, it should be noted that some studies have reported G4
structures in immunoglobulin DNA and RNA (36,37).

The distribution of pG4r in the remaining subclasses, PC,
NMD and NSD, were first compared independently of their
location types in transcripts (Figure 4). A comparable dis-
tribution for PC and NMD was observed (~0.16 per kb),
with pG4r contained in 85.3% and 77.5% of the transcripts,
respectively. However, the NSD subclass has a lower pG4r
density (0.1 per kb) with pG4r in 65.5% of the NSD tran-
scripts.

Next, the pG4r distributions in different location types
in the transcripts were evaluated in order to investigate the
differences between PC, NMD and NSD, and to verify if
the pG4r density was uniform along the transcripts. As de-
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Condition Dataset G4 Number

Number of hits with the other dataset

% of correspondance

K* rG4 3114 1644

pGdr 3181 712
K*PDS rG4

10 481 3727
pGdr 5558 2490
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each subclass. Subclasses are NSD, NMD and PC. For (B) and (C), the
values are shown for the WT dataset (gray point) and the shuffled dataset
(black point).

scribed earlier, the pG4r were subdivided into several col-
lections depending on their location type: exons, introns,
S'UTR, 3UTR and CDS for segmental location, and start
and stop codons, donor and acceptor splice sites and splic-
ing junctions for point locations. The densities of pG4r for
each location type are presented in Figure 5. The densities
are comparable between the intron and exon locations for
the whole mRNA class level (i.e. 0.16 and 0.15 per kb), and
inside each subclass (i.e. 0.16-0.15 per kb for PC; 0.17-0.12
per kb for NMD; and 0.10-0.10 per kb for NSD). Except
for the latter case, the results support that the distribution
of pG4r is independent of the mRNA subclass. These re-
sults do not provide an explanation for the low G4 density
observed in the NSD subclass. Note that the NSD RNA do
not have a 3’UTR region because they have no stop codon.

Subsequently, the pG4r density within the different exon
locations (SUTR, 3’'UTR and CDS) was evaluated (see Fig-
ure 5). For the whole mRNA class, the pG4r density in the
5'UTR is greater than that in the 3’ UTR which in turn
is greater than the density in the CDS region (respectively,
0.53, 0.19 and 0.12 per kb). The same result is observed for
the subclasses PC and NMD. It should be noted that the
NSD subclass has a null density in pG4r in the 3’UTR lo-
cation due to the absence of the 3’UTR region.

The abundance of G4 sequences in the 5UTR has also
been demonstrated at the genomic level in several previ-
ous studies (11,12). We also described previously an over-
representation of G4 in the 3’UTR of genes in the case
where the S UTR of a second gene is found close to the 3’end
of the first gene (38). Our interpretation was that there was a
possible role for G4 in the termination of gene transcription.
In the same direction, the enrichment in pG4r observed in
the two untranslated regions (5UTR and 3'UTR) of tran-
scripts could support the hypothesis that G4 are involved
in the translational control at both the start and the end
of transcripts. Regarding the NSD subclass, a similar de-
pletion in all types of segmental locations was observed as
compared to all other subclasses.

Concerning the distribution of G4 in the point locations,
an enrichment of G4 is observed at the start codon and at
the donor splice site location for the whole mRNA class,
and for both the PC and the NMD subclasses. The NSD
subclass again presents an exception with a low pG4r den-
sity at the start codon location. Beside this exception, the
G4 density in point locations agrees with the high density
reported in the SUTR located adjacent to the start codon.

The comparison between the results for the WT and the
shuffled datasets shows that, despite the large densities of
pG4r in SUTR and start codon locations, there are less
pGér predicted in these locations than would be expected
randomly.

Competition between G4 and canonical secondary structure
in short ncRNA

The non-coding transcripts category is subdivided into two
groups: short (<200 nt) and long (>200 nt) ncRNA. The
short ncRNA group is composed of transcripts from eight
subclasses. Among these eight classes, only two were kept to
avoid classes with less than 50 annotated transcripts. Here
is a description of the two classes kept (see also Supplemen-
tary Table S1):

1) microRNA and their precursors (pre-miRNA). pre-
miRNA is the precursor of miRNA, which modulates
the translation of some transcripts by the cleavage,
destabilization or less efficient translation of the reverse
complement transcript.
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set (black points).

i1) miscellaneous RNA (miscRNA) are short ncRNA that
seem to be transcribed but cannot be classified at the mo-
ment.

The long ncRNA group is composed of longer transcripts
from various subclasses that are described later.

A depletion in pG4r is observed in the short ncRNA,
which exhibits a density of 0.10 per kb (Figure 3). This
low density in pG4r in short ncRNA highlights that this
group of transcripts is not a favorable host for G4 struc-
ture. It has been shown that short ncRNA harbor-specific
secondary structures that are related to their functions (39).
Thus, the low density of pG4r in this group can be explained
by the competition between the G4 structures and the short
ncRNA secondary structures.

In order to investigate if the depletion in pG4r was uni-
form in all subclasses of the group, the densities of pG4r
in each subclass of the short ncRNA group was evaluated

(Figure 6). Among the shortNC class, the pre-miRNA sub-
classes have a density of 0.11 per kb and the miscRNA
have a density of 0.05 per kb. The results obtained are in
agreement with previous results (8)) and support the idea
of a competition between the formation of the G4 structure
and the formation of the secondary structure of short non-
coding transcripts.

In order to confirm this observation, and to complete the
investigation, the same method of G4 detection was applied
to the short non-coding transcripts that are not present
in the Ensembl database. The Ensembl database does not
contain information about transfer RNA (tRNA), Piwi-
interacting RNA (piRNA) or circular RNA (circRNA).

tRNA constitutes the most well-known class of non-PC
RNA genes (39). Their complexity is related to the presence
of isoforms, and chemical modifications provide an interest-
ing case for the study of G4 in this subclass of transcripts
(40). They are characterized by a cloverleaf-like secondary
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structure which gives them their property of aminoacyla-
tion reactions by aminoacyl tRNA synthetases during pro-
tein synthesis. The Genomic tRNA Database (GtRNAdD)
is a repository of all sequences identified by tRNAscan-SE
in several organisms (41). Of the 420 tRNAs present in the
database, no pG4r were detected in either the precursor or
the mature form of the tRNA (data not shown). With our
method, we could not predict intermolecular rG4, which
means we could miss them. Indeed, some rG4 can fold be-
tween two or more tRNA (42).

Secondly, the piRNA transcripts protect the genome
from parasite invasion by forming the piRNA-induced
silencing complex (43). The database piRBase collects
piRNA transcripts from various organisms and contains 32
826 transcripts from humans (44). In all these piRNA se-
quences, only 296 pG4r were detected, and these were found
in only 296 species (i.e. 1 pG4 in each of the 296 sequences).
The pG4r density in piRNA is 0.31 per kb because of the
short length of sequences (data not shown).

Thirdly, circRNA are only expressed at low levels depend-
ing of the tissue, but they constitute a good model with

which to confirm the competition between G4 structure and
secondary structure formation in short ncRNA (45). In-
deed, their circular form confers more stability than that
of linear RNA in cells. These RNAs are created from pre-
cursor mRNA by the back-splicing of exons and are clas-
sified in the non-coding RNA class even if some studies
support a possible capacity of circRNA to generate protein
(46). Circular RNA from eukaryotes are listed in circBase
(47). Of the 140 790 circRNA in the database, 36 050 pG4r
were detected, leading to a density of pG4r of 0.03 per kb,
lower than the density of the whole ncRNA class (data not
shown).

Together, these results show that the G4 depletion in the
tRNA, piRNA and circRNA subclasses are in accordance
with the results obtained for the entire short ncRNA group.
Indeed, low pG4r density is expected for the short ncRNA
category because RNAs from this category are known to
adopt compact, canonical secondary structures that are not
compatible with the G4 secondary structure.

In short ncRNA, GC content is really high (i.e. between
47 and 51%). This lead, into all short ncRNA subclasses,
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to a shuffled density higher than WT densities. Thus, this
is consistent with the previous expectation to get low pG4r
densities in these subclasses, due to their function.

Competition between the G4 and the stem-loop structure at
Dicer cleavage site

At this time, miRNA is the second most studied type of
non-coding RNA after tRNA, and several studies report
that the presence of G4 inside its precursors has a deleteri-
ous effect on mature miRNA formation (48,49). The mature
miRNA is about 20 nt in length and results from cascades
of molecular processing involving several actors. First, due
to the action of RNA polymerase, the miRNA gene is tran-
scribed into the pri-miRNA, a long hairpin structure (for a
review, see (50)). Next, a cleavage due to a complex contain-
ing Drosha allows for pre-miRNA formation, which then
releases the final miRINA. After migration outside of the nu-
cleus, and under the action of a complex containing Dicer,
the hairpin of the precursor is cleaved leading to the creation
of two strands, one of which will be selected and matured,
forming the final, active miRNA. This final structure acts as
a regulator of post-transcriptional gene expression by tar-
geting an mRNA, resulting in either its translational inhi-
bition or its degradation. Several mechanisms of the regu-
lation of the Dicer-mediated maturation have been demon-
strated, but all without including a possible effect of G4.
The presence of G4 overlapping the future active miRNA
inside the precursor has been demonstrated to be an in-
hibitor of Dicer complex binding on the stem-loop struc-
ture. On the one hand, Mirihana et al. worked on the hu-
man pre-miRNA 92b which is involved in lung cancer (48).
They showed that a pG4 conserved in the pre-miRNA can
fold and inhibit the formation of the canonical stem-loop
structure, leading to a modulation at the protein level. On
the other hand, Pandey et al. worked on the equilibrium
between the G4 and stem-loop structures in several pre-
miRNA (49). They demonstrated that the formation of a
G4 which overlaps the corresponding mature miRNA can
have a negative influence on the maturation mechanism.

In order to investigate this hypothesis, efforts were fo-
cused on the pre-miRNA subclass and mature miRNA (45),
especially on the location of pG4r in those transcripts. Out
of the 1879 pre-miRNA sequences reported in the human
transcriptome, 37 pG4r were detected. This means that only
2% of pre-miRNA contain pG4r. In average, a pre-miRNA
is 95 nt long and its pG4r is 61 nt long. This show that the
pG4r always overlap either a Dicer site or a Drosha site.
These results led to the observation of pG4r overlapping
the Dicer cleavage site in 9% of the miRNAs. In 2016, a G4
analysis was performed on the pre-miRNAs contained in
the primary miR NA sequence database (51). PG4r were de-
tected based in the canonical definition, with a requirement
for at least 2 G-tetrads (48). This analysis resulted in the pre-
diction of G4 in 16% of human pre-miRNA stem loop re-
gions. The higher number of pG4 as compared to our result
could be due to the fact that their prediction did not account
for GC content of sequences. The results of the present
analyses confirm a competition between G4, and the sec-
ondary structure specifically recognized by Dicer. The re-
sults also support the idea of a new mechanism of regulation

of miRNA at the precursor level. Finally, it has been shown
that a similar modulation of the mature miRNA levels can
also be influenced by the presence of G4 overlapping the
Drosha cleavage site located in the miRNA primary form
(8). G4 were also predicted in mature miRNA, using miR-
base annotations (45). PG4r were detected in 9.3% of ma-
ture miRNA. The increase of pG4r quantity from 2% in
pre-miRNA to 9.3% in mature miRNA can be explained by
the fact that mature miRNA are shorter than pre-miRNA,
and then the nucleotide environment has a less important
contribution in the prediction of pG4r in mature miRNA.
In a biological context, we could hypothesize that this in-
crease could point to a regulation mechanism on mature
miRNA. Pre-miRNA would not be regulated by pG4 be-
cause some of them contain two mature miRNA. The regu-
lation of those pre-miRNA could stop both mature miRNA
while if the regulation is only on mature miRNA the regula-
tion could be more specific. Clearly, this is a hypothesis that
requires be tested experimentally.

Variable enrichment of pG4 depending on the transcript type
in long non-coding RNA

Following the high density of pG4r found in the long
ncRNA group (0.17 pG4r per kb), the densities of pG4r
in each transcript subclass of the group were further eval-
uated in order to investigate any possible variation of the
densities between the subclasses. The long ncRNA group is
composed of long transcripts from six subclasses (see also
Supplementary Table S1):

1) antisense RNAs are located on the opposite strand of a
PC gene;

i) lincRNA corresponds to long intergenic RNA.

iil) processed transcripts are transcripts without any ORF;

iv) retained introns are sequences that may be either spliced
or kept. They are not an exon because they are not
flanked by introns. However, if they are translated, the
protein will be non-functional;

v) sense intronic RNA are located in a PC gene’s intron
without overlapping any exons. They are on the same
strand as the PC gene;

vi) sense overlapping RNA contain a coding gene in the
intron region on the same strand.

All the subclasses in the analysis contain pG4r: sense in-
tronic with a density of 0.13 per kb, antisense RNA with
a density of 0.16 per kb, lincRNA with a density of 0.13
per kb, processed transcripts with a density of 0.18 per kb,
retained intron with a density of 0.23 per kb and sense over-
lapping RNA with a density of 0.15 per kb (Figure 6E).

Next, an analysis of the G4 distribution across different
locations was performed, in the same manner as for the
mRNA class. First, the analysis was performed for the exon
and intron locations. In comparison to the mRNA tran-
scripts where the enrichment was similar between the exon
and intron locations, the pG4r density seems to be higher in
the exons of the long non-coding transcripts (Figure 7). This
observation holds for all of the long ncRNA subclasses. In
the long non-coding RNA, the G4 structure seems to be
more involved in the splicing mechanism. PG4r are over-
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Figure 7. PG4r in the long ncRNA subclass by location. (A) GC content, (B) pG4r densities and (C) percent of transcript with pG4r for each segmental
location (exon, intron, 5UTR, CDS and 3'UTR) and for each subclass (antisense, lincRNA, processed, retained intron, sense intronic and sense overlaping).
(D-F): same as (A—C) for point locations (donor, acceptor and junction). For (B), (C), (E) and (F) values are shown for WT dataset (gray points) and for

shuffled data set (black points).

represented in the donor splice site, with a density of 0.06
per site. In fact, the study reveals that the results are the
same for all of the subclasses of the group. The retained in-
tron subclass has similar results to the whole ncRNA class,
with a G4 density of 0.09 per site at the donor splice site,
0.002 per site at the acceptor splice site and 0.009 per site
at the splicing junction. However, it is hard to explain all
these observations by biological events or mechanisms since
there is still very little knowledge about the biology of long
ncRNA (52).

Yet, the comparison of WT dataset and shuffled dataset
highlight the fact that more pG4r are found in WT dataset
than by chance, for exons and donor junction. For the re-

maining locations (introns, acceptors and junctions), densi-
ties between those two datasets are mainly the same, or in
some cases, the shuffled densities are above WT densities.

Over-representation of pG4r in the pseudogene class

Pseudogenes are transcribed genes that should result in a
protein. That said, the ORF of these transcripts is dis-
rupted, which is why they are classified differently. The pseu-
dogene class can be divided into seven subclasses of tran-
scripts:

1) The processed pseudogenes are the pseudogenes which
are reintegrated into DNA from spliced mRNA;
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Figure 8. PG4r in the pseudogene subclass by location. (A) GC content, (B) pG4r densities and (C) percent of transcript with pG4r for each segmental
location (exon, intron, 5UTR, CDS and 3'UTR) and for each subclass (processed, transcribed processed, transcribed unitary, unitary, transcribed un-
processed and unprocessed). (D-F): same as (A-C) for point locations (donor, acceptor and junction). For (B), (C), (E) and (F) values are shown for WT

dataset (gray points) and for shuffled data set (black points).

ii) The unprocessed pseudogenes are those produced by
gene duplication and containing introns;

iii) The transcribed pseudogenes are those that protein ho-
mology or genomic structure indicates a pseudogene
(processed or unprocessed), but that the presence of
locus-specific transcripts suggests that there is expres-
sion;

iv) The unitary pseudogenes are inactive in humans but
have an active ortholog in other species.

For the other types of pseudogene transcripts, the densi-
ties of pG4r for each type of location are shown in Figure 8.
These results suggest an over-representation of pG4r in the
pseudogene class. The study of the pG4r distribution in the
different locations leads to several additional observations
for this class. Like most other transcript classes, the pG4r
density seems higher in exons than in introns. Furthermore,
pG4r are over-represented in the donor splice site for al-
most all of the pseudogene subclasses. At the global level,
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the pseudogene transcripts have a pG4r density of 0.05 per
site for donor splice sites, compared to 0.007 for acceptor
splice sites and 0.02 for splicing junctions. As in the case
of the long non-coding transcripts, these results observed
for pseudogene transcripts cannot be explained by either
biological events or mechanisms because there exists little
knowledge about the biology of pseudogenes. Indeed, this
class was considered for a long time as a ‘junk RNA’” and
was not investigated (52), but recent studies have brought
support to their having possible functions.

By comparing WT dataset and shuffled dataset, it can be
shown that pG4r are found less than by chance in intron
and donor junction location, while in exon and acceptor
junction it appears that pG4r densities are similar. Yet, for
exon—exon junction, pG4r are found more than by chance.

CONCLUDING REMARKS

To our knowledge, this is the first extensive prediction of
pG4r across the complete human transcriptome. The study
reveals a prevalence of pG4r in the human transcriptome,
with pG4r being present in all types of transcripts: mRNA,
ncRNA and pseudogenes. The analysis of pG4r present
in mRNA confirmed their enrichment in the 5UTR, the
3’'UTR and in the splicing junctions, as reported previ-
ously (for examples see refs (9,15,16)). In ncRNA, the anal-
ysis reveals a depletion of pG4r in short ncRNA as com-
pared to both mRNA and long ncRNA due to a competi-
tion between G4 structures and RNA secondary structures.
More specifically, the analysis shows that there is a compe-
tition between the G4 and stem-loop structures at the Dicer
or Drosha cleavage site in pre-miRNA sequences. This is
shown to have an effect on the Dicer complex’s binding on
the stem-loop structure, which supports the hypothesis of
a new mechanism of regulation of miRNA at the precur-
sor level. The study also reports a high density of pG4r in
long ncRNA, with a higher density in the exon as compared
to the intron, and an over-representation of pG4r in the
donor splice sites. This suggests an involvement of G4 in
splicing mechanisms. In pseudogene transcripts, the results
show an over-representation of pG4r as compared to the
other classes of transcripts, with a particular enrichment in
introns and at the donor splice sites. This further suggests
that G4 are involved in splicing mechanisms. A search for
conserved G4 motifs located in splicing regions was incon-
clusive (data not shown). Further investigations in that di-
rection are required and could lead to interesting discover-
ies.

Overall, this study provides exhaustive results on the dis-
tribution of pG4r across the entire human transcriptome,
divided according to the various types of transcripts and
their locations in the transcripts. It confirms the results of
previous studies on G4 in mRNA and ncRNA and brings
to light new hypotheses on the role of G4 in the transcrip-
tome. It is anticipated that this study will lead to several new
experiments, and to the discovery of new biological mecha-
nisms involving G4 in the transcriptome. In particular, nu-
merous discoveries involving the G4 located in the long non-
coding RNA and in the pseudogene transcripts that are cur-
rently undergoing extensive investigation are foreseen.
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