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ABSTRACT

RNA G-quadruplexes (RG4s) are non-canonical,
disease-associated post-transcriptional regulators
of gene expression whose functions are driven by
RNA-binding proteins (RBPs). Being able to explore
transcriptome-wide RG4 formation and interaction
with RBPs is thus paramount to understanding how
they are regulated and exploiting them as potential
therapeutic targets. Towards this goal, we present
QUADRatlas (https://rg4db.cibio.unitn.it), a database
of experimentally-derived and computationally pre-
dicted RG4s in the human transcriptome, enriched
with biological function and disease associations.
As RBPs are key to their function, we mined known
interactions of RG4s with such proteins, comple-
mented with an extensive RBP binding sites dataset.
Users can thus intersect RG4s with their potential
regulators and effectors, enabling the formulation of
novel hypotheses on RG4 regulation, function and
pathogenicity. To support this capability, we pro-
vide analysis tools for predicting whether an RBP
can bind RG4s, RG4 enrichment in a gene set, and
de novo RG4 prediction. Genome-browser and ta-
ble views allow exploring, filtering, and downloading
the data quickly for individual genes and in batch.
QUADRatlas is a significant step forward in our abil-
ity to understand the biology of RG4s, offering un-
matched data content and enabling the integrated
analysis of RG4s and their interactions with RBPs.

INTRODUCTION

RNA G-quadruplexes (RG4s) are non-canonical struc-
tures that are increasingly recognized as fundamental post-

transcriptional regulators of gene expression (1). RG4s
are four-stranded elements composed by stacks of gua-
nine tetrads (called G-quartets) kept together by Hoog-
steen hydrogen bonds. The folding of these structures can
be controlled by their protein interactors, cations and small
molecule ligands, making RG4s highly dynamic. Further-
more, these elements are widespread in the transcriptome
and particularly enriched in the untranslated regions of
mRNAs and in non-coding RNAs (2,3).

Thanks to their dynamicity and wide array of protein
interactors, RG4s can affect cell physiology and pathol-
ogy. Indeed, these elements regulate all post-transcriptional
steps, from splicing to transport, processing, and degrada-
tion, acting both in cis and in trans to control protein syn-
thesis (1). Consequently, alterations of the RG4-mediated
regulation of the RNA life cycle are associated with several
diseases, ranging from cancer to neurodegenerative diseases
such as ALS/FTD and Alzheimer’s (4). In particular, they
have been found to be involved with the onset, progression,
and therapy resistance in human cancers by others and us
(5,6).

How do RG4s exert their role? The current view is that
RG4s are dynamic structures whose folding equilibrium
and function are driven by RNA-binding proteins (RBPs)
(7,8). Our previous work uncovered a set of such proteins
as potential interactors of folded and unfolded RG4s (5),
suggesting that their regulatory network is far wider than
initially expected and could mediate mechanisms of coop-
eration and competition between RBPs (9,10). Being able
to explore the interactions of RG4s with RBPs and the
role of RG4s in post-transcriptional control of gene expres-
sion is thus paramount to understanding how these post-
transcriptional elements are regulated. In turn, this knowl-
edge would allow us to exploit them as potential therapeutic
targets against the diseases they are involved in, including
cancer.
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While a few resources are available for studying RG4s
(11-16), none have the breadth of data and the capabil-
ity to integrate the different data types required to enable
such analyses. In particular, some focus on RG4 ligands (e.g.
G4LDB (11) and G4IPDB (12)), some on structures (e.g.
ONQUADRO (13) and DSSR-G4DB (14)), others on RG4
sequences (e.g. G4RNA (15) limited to experimentally de-
termined RG4s and GRSB2 (16) limited to predicted RG4s
in UTRs only). None of these resources include a compre-
hensive set of experimentally determined (with both low-
and high-throughput RG4 identification techniques) and
predicted RG4s. Furthermore, key additional genome-wide
data such as the now available wide set of RBP binding sites
(e.g. from the >200 eCLIP assays in the ENCODE dataset
(17)) or associations to cellular phenotypes and diseases are
also generally missing. These limits hamper our possibil-
ity of reconstructing the interaction network of RG4s and
its cellular context, making the discovery of cellular RG4-
mediated mechanisms to be exploited as therapeutic strate-
gies difficult.

To address this need and provide a platform allowing
the transcriptome-wide, integrated exploration of RG4s,
RBPs, and their interactions, we present here QUADRat-
las, the RG4 and RG4-binding proteins (RG4BPs) database.
QUADRatlas includes thousands of experimentally deter-
mined and predicted RG4 elements in the coding human
transcriptome, coupled with a curated catalog of RG4-
binding proteins and their association with RG4s. Further-
more, we provide a wide collection of RBP binding sites and
involvement in functions in RNA biology, biological pro-
cesses, and pathologies. This rich dataset is integrated by vi-
sualization capabilities including a custom genome browser
and analysis functions allowing to predict the interaction
of RBPs with RG4s, the enrichment of RG4s in a gene list,
and the presence of RG4 elements on custom sequences.
All the data is easily downloadable for individual genes of
interest and in batch. QUADRatlas is freely available at
https://rgddb.cibio.unitn.it.

MATERIALS AND METHODS
Data collection

Human genomic and transcriptomic sequences and annota-
tions were obtained from GENCODE, version 36 (assem-
bly GRCh38.p13) (18). Links to external databases are com-
posed on the fly wherever possible to ensure future compat-
ibility with these resources.

Gene-disease associations were retrieved from OMIM
(19) and DisGeNET (20). OMIM data was filtered to re-
move entries with phenotype mapping key = 1 and empty
phenotype classification. From DisGeNET, only disease en-
tries were considered, removing diseases falling into classes
C21, C22, C24 and C2e.

Binding sites for human RNA-binding proteins (RBPs)
were obtained from ENCODE (17), selecting replicate-
merged, IDR-filtered (threshold = 0.05) peaks from eCLIP
assays. The obtained sites were annotated to the gene and
transcript containing them with ctk (21).
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Experimentally determined RG4s

Coordinates of experimentally determined RG4 elements
were retrieved from two published datasets obtained with
the RT-stop profiling and rG4-seq techniques (7,22,23).
Regions from the rG4-seq dataset were remapped to the
hg38 human genome assembly and the sequences verified
to ensure correspondence with the original hgl9 version.
Single-nucleotide RG4s derived by RT-stop profiling were
extended by 30 nts upstream and downstream to obtain the
most likely region occupied by the whole element. For re-
gions in which the 30 nts extended outside the exon con-
taining the central RG4 nucleotide the coordinates were ex-
tended into the previous/next exon.

The BSgenome.Hsapiens. NCBI.GRCh38 v.1.3.1000 and
Biostrings v2.54.0 R packages were used to extract the se-
quences of the RG4 elements. All RG4s were annotated
with their position in the containing transcript (e.g. 5UTR,
CDS, etc.) with ctk (21).

Predicted RG4s

RG4 elements were independently predicted on human
5’UTR, CDS, and 3’UTR sequences derived from UCSC
(GENCODE v36, GRCh38.p13 assembly). We used three
tools, namely QGRS mapper (score threshold = 19, (24)),
pgsfinder (v2.2.0, score threshold = 47 (25,26)), and
G4Hunter (score threshold = 1.2, window size = 25,
(27,28)). Parameters were selected by considering the re-
spective tool authors’ indications and assessing the most
commonly used thresholds for similar types of sequences,
and looking at inflection points in the number of predicted
elements, likely to indicate a decrease in the number of false
positive predictions. To allow comparing scores between the
three tools, scores were normalized in the 0—100% range by
considering the minimum and maximum scores that could
be output by each algorithm. We also computed the per-
centile for the score of each predicted RG4 within each tool
to evaluate the prediction significance.

Finally, we computed the pairwise intersection of RG4
elements predicted by the three algorithms using R. With
these intersections, we thus assembled a ‘prediction con-
sensus’ set of coding transcriptome regions predicted to be
an RG4 element by all the tools. The score for a consensus
RG4 was eventually computed as the mean of the normal-
ized scores of the three tools for that element.

Transcriptomic  coordinates were converted to
genomic  coordinates  with the  AnnotationHub
v2.18.0 and ensembldb v2.8.1 (29) R packages. The
BSgenome.Hsapiens. NCBI.GRCh38  v.1.3.1000  and
Biostrings v2.54.0 R packages were used to extract the
sequences of the predicted RG4 elements. All RG4s were
annotated with their position in the containing transcript
(e.g. SUTR, CDS, etc.) with ctk (21).

RG4-binding proteins catalog

RG4-binding proteins (RG4BPs) were determined based
on previously published RNA pull-down experiments
(5,30-36). These datasets were complemented with cu-
rated RG4BPs derived from the literature through two
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rounds of verification. We extracted all publications from
NCBI PubMed matching the search query: /((RNA bind-
ing protein)) AND ((G4) OR (g-tract) OR (quadruplex)
OR (quartet) OR (guanine rich) OR (g rich) OR (g-
quadruplex) OR (g-quartet) OR (g-rich) OR (guanine-
rich) OR (poly(G)) OR (GGG) OR (GGGG*)) ]. The ab-
stracts were checked to select relevant articles, and the full
text of these publications was manually examined to ensure
that the article provided experimental evidence for RG4—
protein interactions. Each RG4BP was then annotated for
being previously known as an RBP using RBPbase (https:/
rbpbase.shiny.embl.de/). Finally, for each RG4BP, a second
search was performed in PubMed using the search query:
[ ((Protein Name)) AND ((G4) OR (g-tract) OR (quadru-
plex) OR (quartet) OR (guanine rich) OR (g rich) OR
(g-quadruplex) OR (g-quartet) OR (g-rich) OR (guanine-
rich) OR (poly(G)) OR (GGG) OR (GGGG*))]. This
second search aimed to identify the RG4s bound by these
proteins, the localization (e.g. SUTRs, CDS, etc.) of the
RG4 in the transcript, and the role of the RG4-protein in-
teraction in RNA biology, biological processes, and dis-
eases. The identified RNA biology functions and biologi-
cal processes were annotated to Gene Ontology terms with
the GO.db v.3.10.0 R package. Finally, each RG4BP was
mapped to external databases providing information on the
protein structure, modifications, and interactions (Uniprot
(37), SMART (38), Phosphosite (39), STRING (40) and Bi-
ogrid (41)).

Database and web interface implementation

QUADRatlas runs on an Ubuntu Linux server 20.04.3 LTS
machine. The data is stored and managed by a PostgreSQL
v12.11 database, whose schema can be found in Supple-
mentary Figure S1. The back-end runs on the Django
v3.2.9 web framework, while the Angular v13.0.3 platform
and the Angular Material Ul component library v14.0.2
were used to build the graphical user interface. Finally,
the genome browsers were implemented with the JBrowse
2 v1.7.10 component (42). The QGRS mapper (24), pqs-
finder (25,26), and G4Hunter (27,28) tools were down-
loaded from the website indicated in the respective pub-
lication to be used for RG4 prediction in user-specified
sequences.

RESULTS
Database content

QUADRAatlas has been implemented as a relational Post-
greSQL database, coupled to a reactive, app-like web in-
terface. Its current version contains 60616 human genes
corresponding to 231957 transcripts. It includes 217 424
RG4s, 42 563 of which (19.6%) are experimentally derived
and 174 861 (80.4%) represent the coding transcriptome-
wide predictions obtained with three tools and their consen-
sus. We compiled a catalog of 1117 RNA-binding proteins
which bind to RG4s (RG4BPs), both in their folded or un-
folded conformation. Out of these 1117 RG4BPs, 1089 were
identified through 8 previously published RNA pull-down
datasets (5,30-36), while 28 were obtained through the man-
ual curation of 95 publications on the subject (see Meth-

ods). Whenever known, we associated RG4BPs to the RG4s
they bind, obtaining 34 737 such interactions. RG4BPs are
annotated for the RG4-dependent RNA biology functions
and biological processes they are known to exert, totaling
1175 entries. Finally, RG4BPs and all genes were also con-
nected to the diseases they are involved with (66571 anno-
tations).

Recognizing that the interaction of RG4s with RBPs
is key to their function, we then complemented known
RG4BP-RG4 interactions with the extensive dataset of EN-
CODE eCLIP assays (17), including 818 231 binding sites
for 148 RBPs in two cell lines (HepG2 and K562).

An overview of the database content and features is pre-
sented in Figure 1.

RG4 prediction

To complement the RG4s derived from the RT-stop pro-
filing (7) and rG4-seq techniques (22,23), we performed a
coding transcriptome-wide prediction of these elements us-
ing QGRS mapper (24), pgsfinder (25,26), and G4Hunter
(27,28). By this analysis, we obtained 170532 predicted
RG4s across all human mRNAs. In particular, 105 217 ele-
ments were returned by QGR Smapper, 53 383 by pgsfinder,
and 16 261 by G4Hunter. To provide a more consistent
set of predicted RG4s, we computed the positional in-
tersection of elements predicted by the three algorithms,
thus obtaining a consensus set of 4329 RG4s (Figure 2A).
Most predicted RG4s are located in the UTRs for all three
algorithms (57.4-75.05%), with the share of elements in
the CDS decreasing further (17% only) when considering
the prediction consensus set (Figure 2B). The RG4s in
the consensus set are the high-scoring fraction of those
predicted by QGRSmapper and pgsfinder, and are com-
parable to G4Hunter predictions (Figure 2C). While the
overall positional reproducibility is limited (the consensus
is <3% of all predicted RG4s), high confidence predictions
are more consistent. Also, if looking at the gene level rather
than at the position (i.e. genes containing at least one
predicted RG4), we found that 83% of genes identified by
G4Hunter to contain RG4s are common to all three tools,
with only 8% of genes that have an experimental RG4 not
having a corresponding predicted RG4 (likely reflecting
false negative predictions). Finally, we analyzed consistency
at the transcript/gene level by intersecting RG4-containing
transcripts/genes in the prediction consensus set and the
two experimental techniques (RT-stop profiling (7) and
rG4-seq (22,23)). This shows (Figure 2D) that half of the
predicted consensus RG4-containing transcripts/genes
are shared with at least one of the techniques
(52.3%/56.7%). Almost one third is also shared with both
(29.4%/32.9%).

Analysis functions

Along with its data exploration features, QUADRatlas of-
fers four analysis functions to support the generation of hy-
potheses about RG4s and their interactions with RG4BPs.

The RBP-RG4 overlap analysis requires the user to spec-
ify an RNA-binding protein of interest and select the source
of RG4s to be considered (e.g. rG4-seq). This function then


https://rbpbase.shiny.embl.de/

RG4-BPs
EXPERIMENTAL (43k)
RBP K ®

- rG4-seq
- RT-stop profiling

PREDICTED (174k) 8 screens

- G4Hunter 1117 RBPs

- pgsfinder 34k RG4-RGABP
- QGRSmapper associations

Nucleic Acids Research, 2023, Vol. 51, Database issue D243

RBP binding sites

RG4-DEPENDENT

- Biological process

=13

- RNA biol
Ly ENCODE eCLIPs
GENE-DISEASE 148 RBPs
- OMIM 2 cell lines
- DisGeNET >800k binding sites

|}
=QUADRatlas

JU The RG4 and RG4-binding proteins database

[

Data exploration

Whole-genome

and custom
JBrowse2 = =
genome
browser =

e

RBP-RG4 overlap Filter and download
each results table
RG4/RG4BP enrichment

in gene list RG4-BP card download
Batch data download

for a list of genes

RG4 prediction in
custom sequence

Figure 1. Data and analysis features offered by QUADRAatlas. The core of the database consists of experimentally derived and predicted RG4s coupled
with an extensive catalog of RG4-binding proteins. These proteins can bind to folded or unfolded RG4s and were obtained by collecting and integrating
eight screens for RG4 interactors (see Methods). Functional annotations and eCLIP-derived RBP binding sites are also included to empower hypothesis
generation. On top of this rich dataset, QUADRAatlas offers several visualizations (e.g. a custom genome browser) and analysis capabilities (e.g. RBP-RG4
overlap analysis), coupled with highly flexible options for downloading the data it contains.

computes the positional overlap of the binding sites of the
selected RBP with the RG4s, returning a downloadable
table of overlaps and a custom genome browser. This anal-
ysis can thus predict whether that RBP can systematically
bind to RG4s and identify those specific elements it might
interact with.

The RG4 enrichment analysis starts from a list of
genes/transcripts of interest to the user (e.g. differentially
expressed in an RNA-seq experiment) and a source of RG4s
to be considered (e.g. prediction consensus). The function
then computes Fisher’s exact test for the enrichment of
RG4s in those genes with respect to the transcriptome back-
ground. Along with the statistics, all the considered RG4s
are also output. This analysis can thus predict the involve-
ment of RG4s with the phenotypes that produced the list of
genes.

The RG4BP enrichment analysis also starts from a list
of genes/transcripts of interest. The user can choose to use
known RG4BP-RG4 interactions (thus using only interac-
tions that are known to be mediated by RG4s), eCLIP-
derived binding sites for RG4BPs, or both. The function
then computes the enrichment of targets for each RG4BP
in the gene list via a Fisher’s exact test. It thus predicts the

regulatory potential of an RG4BP over the phenotypes that
produced that list of genes.

Finally, the RG4 prediction analysis recognizes the need
to understand whether a specific, user-provided sequence
could contain an RG4. To meet this need, this function
performs the de novo prediction of RG4s on a user-input
sequence with QGRS mapper (24), pgsfinder (25,26) and
G4Hunter (27,28). Results are presented in a custom se-
quence browser and are fully downloadable.

Data download

QUADRatlas offers several ways to obtain part or all of
the data it contains. First, the whole database in SQL for-
mat can be downloaded from the website’s Download page.
On the same page, our users can also obtain an annotated
table of RG4-binding proteins, including phenotypes and
links to other databases. When using a search or an analy-
sis function, individual results tables are always download-
able as CSV files. Finally, the batch download function al-
lows downloading all data included in the database for a
user-specified list of genes. Each dataset (genes annotation,
RG4s, RG4BPs association and binding sites) will be output
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Figure 2. Prediction of RG4s in the coding human transcriptome. The figure shows the properties of RG4 elements predicted in human mRNAs using
the QGRSmapper, pgsfinder, and G4hunter algorithms. (A) counts of RG4s predicted by each tool and the consensus set. (B) mRNA region location of
predicted RG4s. (C) normalized score distribution of RG4s predicted by each tool and RG4s in the prediction consensus set. (D) intersection of transcripts
(top) and genes (bottom) containing an RG4 in the prediction consensus set and in the RT-stop profiling and rG4-seq datasets.

in a tab-separated file consisting of several tables, straight-
forward to inspect but also machine-readable.

Web interface and usage

QUADRatlas is available at https://rgddb.cibio.unitn.it. Its
interface was implemented by using the Angular frame-
work and the Angular Material Ul component library to
provide a reactive, app-like user experience. The web inter-
face and the database communicate via a REST API served
by a Django backend. Figure 3 presents screenshots of the
various components of the search and results page for the
RG4BP search function.

Each function is accessible through a top menu on the
main page and displays instructions coupled with a param-
eters box allowing the user to configure the analysis (Fig-
ure 3A). Results are presented as a set of collapsible pan-
els. Several columns link to external databases, providing
additional details on specific features of the data (e.g. post-
translational modification of an RG4BP). A red/blue badge
indicates whether the searched protein is an RG4BP or a G-
rich binding protein (i.e. preferring unfolded RG4s) accord-
ing to (5) (Figure 3B). Tables within each panel, showing
different aspects of the data (e.g. association with diseases),
are organized on multiple pages for ease of visualization.
Each table can be dynamically sorted by clicking on the col-
umn header. Furthermore, a filter box allows to input key-
words to select a subset of the results for display and down-
load with the dedicated button (Figure 3C-E). To provide a
quick, intuitive understanding of results, percentage values
are shown as progress bars, with the actual value shown be-
low. Additionally, a green/red dot accompanies enrichment
P-values to indicate statistical significance at the P = 0.05
threshold.

Results can also be explored via a custom genome
browser (implemented via JBrowse2 (42)), including the
genome sequence, gene/transcript annotations, and all the
RG4-specific data contained in QUADRatlas. JBrowse2
provides the typical genome browser experience and is
therefore easy for any user to navigate. Users can customize
display options and select which tracks to display through
the menu in the top left corner of the browser. A vector im-
age of the current display can also be downloaded in the
SVG format for use in publications and presentations (Fig-
ure 3F).

Finally, a detailed user manual, including directions for
parameter selection and screenshots of all interface compo-
nents coupled with descriptions of their content, is available
on the website Help page.

CONCLUSIONS

QUADRAatlas (https://rgddb.cibio.unitn.it) is a one-
stop resource for the analysis of RNA G-quadruplexes
(RG#4s) and their interactions with RG4-binding proteins
(RG4BPs). The database includes a comprehensive catalog
of experimentally-derived and computationally predicted
RG4s enriched with biological function and disease as-
sociations. A broad set of RBP binding sites coupled
with RBP-RG4 overlap, RG4 enrichment, and prediction
functions provide a yet unavailable level of integration
of RG4 knowledge with post-transcriptional regulation
datasets. Ultimately, QUADRAatlas will allow generating
mechanistic hypotheses about the RG4-mediated control
of gene expression and its role in disease. This capability
will enable exploiting RG4s to develop new, highly-specific
therapeutic strategies.

Future expansions of the database will focus first on
adding data for other organisms, especially widely used
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Figure 3. QUADRatlas user interface. The figure shows an example search for an RG4-binding protein. (A) Parameters selection box, configured to search
for RG4s bound by the query RG4BP within those obtained by high-throughput techniques and predictions. The function will return (B) basic information
about the query RG4-BP, (C) diseases related to it, and, if known, its associated biological functions. Then, (D) details about RG4-containing RNAs bound
by the RG4-BP are given, and (E) RG4s found in these RNAs are retrieved from the experimental and predicted data in QUADRatlas. All tables can be
sorted by the column of choice, filtered by keyword using the filter box, and downloaded by clicking on the dedicated button. Finally, (F) the obtained
RG4s can be explored in a genome browser that also presents all the other data contained in QUADRatlas.
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models (e.g. the mouse). QUADRAatlas already supports
such development and includes basic annotation for M.
musculus. However, a demanding curation work will be nec-
essary to gather and process all the required data, both ex-
perimentally derived and predicted. Another line of work
will focus on including non-single-base resolution RG4
datasets such as those produced by G4RP-seq (8) and BG4-
seq (43). This objective will require defining a strategy to lo-
cate individual RG4 elements in the larger regions obtained
with such techniques. Also, we plan to include single nu-
cleotide polymorphisms and indels affecting RG4s, which
would provide an additional tool to explore the potential
impact of such elements in disease. Furthermore, we plan
to extend the overlap function to allow the search for neigh-
boring binding sites, providing an even more sophisticated
tool to identify potential RG4-RBP interactions. Finally,
the prediction of RBP binding sites could be added to ex-
pand the set of RBPs for which we can analyze such mech-
anisms.

QUADRatlas is a unique platform for the transcriptome-
wide analysis of RG4s. We believe it will be extremely use-
ful to improve our understanding of these key regulatory
elements and foster the development of strategies targeting
disease-relevant RG4s or RG4-RG4BP interactions.

DATA AVAILABILITY

QUADRatlas is available at https://rg4db.cibio.unitn.it. It
requires no registration or login to access the data and use
all of its features. Its content is updated in 12-month cycles
for new datasets and major features, and every 6 months for
bug fixes and minor upgrades.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

FUNDING

S.B. was supported by MENRT; PH. by ANR [ANR-
17-CE12-0017-01]; L.D. by MENRT and FRM
[FDT202106012862]; E.D. was supported by the in-
stitutional support funds of the University of Trento.
Funding for open access charge: University of Trento.
Conflict of interest statement. None declared.

REFERENCES

1. Dumas,L., Herviou,P, Dassi,E., Cammas,A. and Millevoi,S. (2021)
G-Quadruplexes in RNA biology: recent advances and future
directions. Trends Biochem. Sci., 46, 270-283.

2. Lee,D.S.M., Ghanem,L.R. and Barash,Y. (2020) Integrative analysis
reveals RNA G-quadruplexes in UTRs are selectively constrained
and enriched for functional associations. Nat. Commun., 11, 527.

3. Kwok,C.K., Sahakyan,A.B. and Balasubramanian,S. (2016)
Structural analysis using SHALIPE to reveal RNA G-Quadruplex
formation in human precursor MicroRNA. Angew. Chem. Int. Ed
Engl., 55, 8958-8961.

4. Cammas,A. and Millevoi,S. (2017) RNA G-quadruplexes: emerging
mechanisms in disease. Nucleic Acids Res., 45, 1584-1595.

5. Herviou,P,, Le Bras,M., Dumas,L., Hieblot,C., Gilhodes,J., Cioci,G.,
Hugnot,J.-P., Ameadan,A., Guillonneau,F., Dassi,E. et al. (2020)
hnRNP H/F drive RNA G-quadruplex-mediated translation linked
to genomic instability and therapy resistance in glioblastoma. Nat.
Commun., 11, 2661.

20.

21.

22.

23.

24.

25.

26.

27.

. Vendramin,R., Katopodi,V., Cinque,S., Konnova,A., Knezevic,Z.,

Adnane,S., Verheyden,Y., Karras,P., Demesmacker,E., Bosisio, .M.
et al. (2021) Activation of the integrated stress response confers
vulnerability to mitoribosome-targeting antibiotics in melanoma. J.
Exp. Med., 218, €20210571.

. Guo,J.U. and Bartel,D.P. (2016) RNA G-quadruplexes are globally

unfolded in eukaryotic cells and depleted in bacteria. Science, 353,
aaf5371.

. Yang,S.Y., Lejault,P., Chevrier,S., Boidot,R., Robertson,A.G.,

Wong,JM.Y. and Monchaud,D. (2018) Transcriptome-wide
identification of transient RNA G-quadruplexes in human cells. Nat.
Commun., 9, 4730.

. Dassi,E. (2017) Handshakes and fights: the regulatory interplay of

RNA-Binding proteins. Front. Mol. Biosci., 4, 67.

. Quattrone,A. and Dassi,E. (2019) The architecture of the human

RNA-Binding protein regulatory network. Iscience, 21, 706-719.

. Wang.Y.-H., Yang,Q.-F,, Lin,X., Chen,D., Wang.Z.-Y., Chen,B.,

Han,H.-Y., Chen,H.-D., Cai,K.-C., Li,Q. et al. (2022) GALDB 2.2: a
database for discovering and studying G-quadruplex and i-Motif
ligands. Nucleic Acids Res., 50, D150-D160.

. Mishra,S.K., Tawani,A., Mishra,A. and Kumar,A. (2016) G4IPDB: a

database for G-quadruplex structure forming nucleic acid interacting
proteins. Sci. Rep., 6, 38144.

. Zok,T., Kraszewska,N., Miskiewicz,J., Pielacinska,P., Zurkowski,M.

and Szachniuk,M. (2022) ONQUADRO: a database of
experimentally determined quadruplex structures. Nucleic Acids Res.,
50, D253-D258.

. Lu,X.-J., Bussemaker,H.J. and Olson,W.K. (2015) DSSR: an

integrated software tool for dissecting the spatial structure of RNA.
Nucleic Acids Res., 43, e142.

. Garant,J.-M., Luce,M.J., Scott,M.S. and Perreault,J.-P. (2015)

G4RNA: an RNA G-quadruplex database. Database, 2015, bav059.

. Kikin,O., Zappala,Z., D’ Antonio,L. and Bagga,P.S. (2008) GRSDB2

and GRS_UTRdb: databases of quadruplex forming G-rich
sequences in pre-mRNAs and mRNAs. Nucleic Acids Res., 36,
D141-D8.

. Van Nostrand,E.L., Pratt,G.A., Shishkin,A.A., Gelboin-Burkhart,C.,

Fang,M.Y., Sundararaman,B., Blue,S.M., Nguyen, T.B., Surka,C.,
Elkins,K. ez al. (2016) Robust transcriptome-wide discovery of
RNA-binding protein binding sites with enhanced CLIP (eCLIP).
Nat. Methods, 13, 508-514.

. Frankish,A., Diekhans,M., Jungreis,I., Lagarde,J., Loveland,].E.,

Mudge,J.M., Sisu,C., Wright,J.C., Armstrong,J., Barnes,l. et al.
(2021) gencode 2021. Nucleic Acids Res., 49, D916-D923.

. Amberger,J.S., Bocchini,C.A., Scott,A.F. and Hamosh,A. (2019)

OMIM.org: leveraging knowledge across phenotype-gene
relationships. Nucleic Acids Res., 47, D1038-D1043.

Pifero,J., Ramirez-Anguita,J.M., Saiich-Pitarch,J., Ronzano,F.,
Centeno,E., Sanz,F. and Furlong,L.I. (2019) The DisGeNET
knowledge platform for disease genomics: 2019 update. Nucleic Acids
Res., 48, D845-D855.

Shah,A., Qian,Y., Weyn-Vanhentenryck,S.M. and Zhang,C. (2017)
CLIP tool kit (CTK): a flexible and robust pipeline to analyze CLIP
sequencing data. Bioinformatics, 33, 566-567.

Kwok,C.K., Marsico,G. and Balasubramanian,S. (2018) Detecting
RNA G-quadruplexes (rG4s) in the transcriptome. Cold Spring Harb.
Perspect. Biol., 10, a032284.

Kwok,C.K., Marsico,G., Sahakyan,A.B., Chambers,V.S. and
Balasubramanian,S. (2016) rG4-seq reveals widespread formation of
G-quadruplex structures in the human transcriptome. Nat. Methods,
13, 841-844.

Kikin,O., D’Antonio,L. and Bagga,P.S. (2006) QGRS mapper: a
web-based server for predicting G-quadruplexes in nucleotide
sequences. Nucleic Acids Res., 34, W676-W8§2.

Hon,J., Martinek,T., Zendulka,J. and Lexa,M. (2017) pgsfinder: an
exhaustive and imperfection-tolerant search tool for potential
quadruplex-forming sequences in R. Bioinformatics, 33, 3373-3379.
Labudova,D., Hon,J. and Lexa,M. (2020) pgsfinder web:
G-quadruplex prediction using optimized pqsfinder algorithm.
Bioinformatics, 36, 2584-2586.

Brazda,V., Kolomaznik,J., Lysek,J., Bartas,M., Fojta,M., Stastny,J.
and Mergny,J.-L. (2019) G4Hunter web application: a web server for
G-quadruplex prediction. Bioinformatics, 35, 3493-3495.


https://rg4db.cibio.unitn.it
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkac782#supplementary-data

28.

29.

30.

31.

32.

33.

34.

35.

Bedrat,A., Lacroix,L. and Mergny,J.-L. (2016) Re-evaluation of
G-quadruplex propensity with G4Hunter. Nucleic Acids Res., 44,
1746-1759.

Rainer,J., Gatto,L. and Weichenberger,C.X. (2019) ensembldb: an r
package to create and use Ensembl-based annotation resources.
Bioinformatics, 35, 3151-3153.

von Hacht,A., Seifert,O., Menger,M., Schiitze,T., Arora,A.,
Konthur,Z., Neubauer,P., Wagner,A., Weise,C. and Kurreck.,J. (2014)
Identification and characterization of RNA guanine-quadruplex
binding proteins. Nucleic Acids Res., 42, 6630-6644.

Haeusler,A.R., Donnelly,C.J., Periz,G., Simko,E.A.J., Shaw,P.G.,
Kim,M.-S., Maragakis,N.J., Troncoso,J.C., Pandey,A., Sattler,R.

et al. (2014) C9orf72 nucleotide repeat structures initiate molecular
cascades of disease. Nature, 507, 195-200.

McRae,E.K.S., Booy,E.P., Moya-Torres,A., Ezzati,P., Stetefeld,J. and
McKenna,S.A. (2017) Human DDX21 binds and unwinds RNA
guanine quadruplexes. Nucleic Acids Res., 45, 6656-6668.
Serikawa,T., Spanos,C., von Hacht,A., Budisa,N., Rappsilber,J. and
Kurreck,J. (2018) Comprehensive identification of proteins binding to
RNA G-quadruplex motifs in the 5> UTR of tumor-associated
mRNASs. Biochimie, 144, 169—184.

Herdy,B., Mayer,C., Varshney,D., Marsico,G., Murat,P., Taylor,C.,
D’Santos,C., Tannahill,D. and Balasubramanian,S. (2018) Analysis
of NRAS RNA G-quadruplex binding proteins reveals DDX3X as a
novel interactor of cellular G-quadruplex containing transcripts.
Nucleic Acids Res., 46, 11592-11604.

Simko,E.A.J.,, Liu,H., Zhang,T., Velasquez,A., Teli,S., Haeusler,A.R.
and Wang.J. (2020) G-quadruplexes offer a conserved structural
motif for NONO recruitment to NEAT]1 architectural IncRNA.
Nucleic Acids Res., 48, 7421-7438.

Nucleic Acids Research, 2023, Vol. 51, Database issue D247

36.

37.

38.

39.

40.

41.

42.

43.

Bolduc,F.,, Turcotte,M.-A. and Perreault,J.-P. (2020) The small
nuclear ribonucleoprotein polypeptide a (SNRPA) binds to the
G-quadruplex of the BAG-1 S’UTR. Biochimie, 176, 122-127.
UniProt Consortium (2021) UniProt: the universal protein
knowledgebase in 2021. Nucleic Acids Res., 49, D480-D489.
Letunic,I., Khedkar,S. and Bork,P. (2021) SMART: recent updates,
new developments and status in 2020. Nucleic Acids Res., 49,
D458-D460.

Hornbeck,P.V., Zhang,B., Murray,B., Kornhauser,J.M., Latham,V.
and Skrzypek,E. (2015) PhosphoSitePlus, 2014: mutations, PTMs
and recalibrations. Nucleic Acids Res., 43, D512-D20.
Szklarczyk,D., Gable,A.L., Nastou,K.C., Lyon,D., Kirsch,R.,
Pyysalo,S., Doncheva,N.T., Legeay,M., Fang,T., Bork,P. e al. (2021)
The STRING database in 2021: customizable protein-protein
networks, and functional characterization of user-uploaded
gene/measurement sets. Nucleic Acids Res., 49, D605-D612.
Oughtred,R., Stark,C., Breitkreutz,B.-J., Rust,J., Boucher,L.,
Chang,C., Kolas,N., O’Donnell,L., Leung,G., McAdam,R. et al.
(2019) The BioGRID interaction database: 2019 update. Nucleic
Acids Res., 47, D529-D541.

Buels,R., Yao,E., Diesh,C.M., Hayes,R.D., Munoz-Torres,M.,
Helt,G., Goodstein,D.M., Elsik,C.G., Lewis,S.E., Stein,L. et al.
(2016) JBrowse: a dynamic web platform for genome visualization
and analysis. Genome Biol., 17, 66.

Varshney,D., Cuesta,S.M., Herdy,B., Abdullah,U.B., Tannahill,D.
and Balasubramanian,S. (2021) RNA G-quadruplex structures
control ribosomal protein production. Sci. Rep., 11, 22735.



