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ABSTRACT

RNA guanine quadruplexes (rG4) assume important
roles in post-transcriptional regulations of gene ex-
pression, which are often modulated by rG4-binding
proteins. Hence, understanding the biological func-
tions of rG4s requires the identification and func-
tional characterizations of rG4-recognition proteins.
By employing a bioinformatic approach based on
the analysis of overlap between peaks obtained
from rG4-seq analysis and those detected in >230
eCLIP-seq datasets for RNA-binding proteins gen-
erated from the ENCODE project, we identified a
large number of candidate rG4-binding proteins. We
showed that one of these proteins, G3BP1, is able
to bind directly to rG4 structures with high affin-
ity and selectivity, where the binding entails its C-
terminal RGG domain and is further enhanced by
its RRM domain. Additionally, our seCLIP-Seq data
revealed that pyridostatin, a small-molecule rG4 lig-
and, could displace G3BP1 from mRNA in cells, with
the most pronounced effects being observed for the
3′-untranslated regions (3′-UTR) of mRNAs. More-
over, luciferase reporter assay results showed that
G3BP1 positively regulates mRNA stability through
its binding with rG4 structures. Together, we identi-
fied a number of candidate rG4-binding proteins and
validated that G3BP1 can bind directly with rG4 struc-
tures and regulate the stabilities of mRNAs.

INTRODUCTION

The RNA guanine quadruplexes (rG4s) are non-canonical
four-stranded RNA structures that form in guanine (G)-
rich regions of the transcriptome (1). rG4s comprise two or
more stacked layers of G-quartets, in which four guanines
are assembled in a planar configuration via Hoogsteen hy-
drogen bonding and are stabilized by K+ ions (1). In vitro
rG4 sequencing (rG4-seq) and in silico rG4 prediction re-
vealed over 13 000 potential rG4-forming sites in the hu-
man transcriptome (2–5). Although these rG4s were sug-

gested to be largely unfolded in cells (3), immunofluores-
cence microscopy analysis using G4 structure-specific anti-
body, live-cell imaging with rG4-binding fluorescent probes,
and live-cell RNA labeling with N3-kethoxal followed by
deep sequencing all support the existence of rG4s in cells
(6–9). Hence, rG4 structures might be highly dynamic in
cells.

Bioinformatic predictions and rG4-seq results revealed
that rG4s are enriched within 5′- and 3′-untranslated re-
gions (UTRs) of mRNAs, which may constitute an impor-
tant mechanism for post-transcriptional regulations of gene
expression (2,3,10). Indeed, rG4s are implicated in the con-
trol of mRNA targeting, processing, translation and degra-
dation (11–14). The biological functions of rG4s in cells of-
ten involve cellular proteins (1,15,16). For instance, DHX36
unwinds rG4 structures located in 3′-UTRs of mRNAs to
prevent their accumulation in stress granules (17). Thus,
understanding fully the biological functions of rG4s en-
tails the identification and functional assessments of rG4-
recognition proteins.

In recent years, various methods have been developed
for the identification of rG4-binding proteins. Most meth-
ods rely on affinity pull-down followed by mass spectro-
metric analysis (18–22). Several rG4-binding proteins have
been identified so far, including AVEN, CNBP, DDX21,
DDX3X, DHX36, FMRP, nucleolin, etc. (18,22–27). There
are, however, likely many yet identified rG4-binding pro-
teins.

The Encyclopedia of DNA Elements (ENCODE) project
has produced hundreds of enhanced UV crosslinking and
immunoprecipitation-sequencing (eCLIP-seq) datasets for
RNA-binding proteins (RBPs) (28). We posit that the bind-
ing sites for rG4-binding proteins in the transcriptome
should overlap extensively with rG4 sites identified from
rG4-Seq. Herein, we employed a bioinformatic analysis to
identify candidate rG4-binding proteins on the basis of
similarity between RBP-binding sites and rG4 structure
loci in the transcriptome, which are obtained from publicly
available eCLIP-seq (29,30) and rG4-seq (2) datasets, re-
spectively. We demonstrated that, among the many puta-
tive rG4-binding proteins identified, G3BP1 (Ras GTPase-
activating protein-binding protein 1), a stress granule pro-
tein, could bind directly and selectively with rG4. We also
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revealed that this binding modulates the stabilities of mR-
NAs bearing rG4 structures in the UTRs.

MATERIALS AND METHODS

Cell culture

HeLa and HEK293T (293T) cells, which were purchased
from ATCC (Manassas, VA), were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, life Technologies) con-
taining 10% fetal bovine serum (Invitrogen) and 1% peni-
cillin and streptomycin (Invitrogen), and the cells were
maintained at 37◦C in an incubator containing 5% CO2.

Bioinformatic analysis

ENCODE data were retrieved from the ENCODE portal
under eCLIP assay title and cell line biosample classifica-
tion. A total of 223 experimental results (Supplementary
Table S1) were downloaded and the merged narrowpeak
files were employed for overlapping analysis. rG4-seq data
of HeLa cells were obtained using GEO accession number
GSE77282 (2). IntervalStats (31) was employed for over-
lapping analysis. hg19 genome, rG4-KPDS-hit peak, and
merged narrowpeak files of RBP eCLIP-seq peaks were
used as domain, reference, and query, respectively. The re-
sulting output was further filtered with a P-value cutoff of
0.05. Overlapping percentage was calculated as (# of over-
lapped peaks)/(total # of peaks for the target protein) ×
100%. Binding motif and peak annotation were analyzed
by using HOMER (v4.11) (32). Signal enrichment was an-
alyzed by using bwtool (33). The mapped reads were visu-
alized using the Integrative Genomics Viewer (IGV 2.6.0)
(34).

Purification of recombinant proteins

The plasmid for producing recombinant GST-G3BP1 was
constructed by first amplifying the G3BP1 gene from a
cDNA library with primers containing BamHI and XhoI
restriction recognition sites. The PCR amplicons were re-
striction digested and ligated into pGEX-4T1 vector, where
the successful incorporation of the G3BP1 coding sequence
(CDS) was confirmed by sequencing. For truncated pro-
teins, the corresponding CDS was amplified by PCR and
inserted into the pGEX-4T1 vector using the same method.

The plasmids were transformed into competent Rosetta
(DE3) pLysS Escherichia coli cells, and protein expression
was induced by incubating cells with 1 mM isopropyl �-
D-1-thio-galactopyranoside (IPTG, Sigma) at 16◦C for 20
h. The cells were subsequently harvested by centrifugation
and lysed by sonication in a 20-ml ice-cold PBS buffer con-
taining 10% (v/v) glycerol and 1 mM phenylmethylsulfonyl
fluoride (PMSF, Sigma) for 10 min. The cell lysate was then
centrifuged at 10 000 g for 15 min. The GST-tagged proteins
were purified from the supernatant by using glutathione
agarose beads (Pierce) following the manufacturer’s recom-
mended procedures. The full-length GST-G3BP1 protein
was further purified using size-exclusion chromatography
with a Superdex 200 increase 5/150 GL column and an
AKTA Purifier 10 FPLC system (GE Healthcare). Protein
purity was verified by SDS-PAGE analysis, quantified by

Quick Start Bradford Protein Assay kit (Bio-Rad), and used
immediately or stored at −80◦C until use.

Fluorescence anisotropy

Fluorescently labeled RNA probes (500 nM, Integrated
DNA Technologies, Supplementary Table S2) were dis-
solved in an RNase-free buffer containing 10 mM Tris–
HCl (pH 7.5), 100 mM KCl and 0.1 mM EDTA. The an-
nealing was conducted by heating the solution to 95◦C for
5 min, followed by cooling slowly to room temperature
over 3 h. The binding assays were performed with 10 nM
RNA probes and the indicated concentrations of recom-
binant G3BP1 protein in a 60-�l binding buffer contain-
ing 10 mM Tris–HCl (pH 7.5), 1 mM EDTA, 100 mM
KCl, 0.1 mM DTT and 10 �g/ml BSA. After incubation
on ice for 30 min, fluorescence anisotropy was recorded on
a Horiba QuantaMaster-400 spectrofluorometer (Photon
Technology International), with the excitation and emission
wavelengths being set at 550 and 580 nm, respectively, as
described previously (35). The instrument G factor was de-
termined before anisotropy measurements, and the Kd val-
ues were calculated with GraphPad Prism 8 software us-
ing non-linear regression for curve fitting with a one site-
specific binding model.

Electrophoretic mobility shift assay (EMSA)

EMSA was performed using a previously reported method
with some modifications (36). Briefly, various concentra-
tions of recombinant G3BP1 protein were incubated with
200 fmol of fluorescently labeled RNA probes in a binding
buffer (10 mM Tris–HCl, pH 7.5, 1 mM EDTA, 100 mM
KCl, 0.1 mM DTT, 10 �g/ml BSA). The mixtures were in-
cubated on ice for 30 min and the protein-bound RNA sub-
strate was separated from free RNA on a 6% native poly-
acrylamide gel using 1× TAE (40 mM Tris-acetate, pH 8.0,
2 mM EDTA) by electrophoresis at 4◦C. Electrophoresis
was performed at 120 V for 22 min and the gel was imaged
with an Odyssey Imaging System (LI-COR Biosciences).

Circular dichroism (CD) spectroscopy

The CD spectra for G3BP1 protein, and annealed PITX1
rG4 and NRAS rG4 (at 3 �M each) in an RNase-free buffer
(10 mM Tris–HCl, pH 7.5, 100 mM KCl and 1 mM EDTA)
were recorded separately in the wavelength range of 200–
320 nm on a Jasco-815 spectropolarimeter. Additionally,
a 3-�M solution of annealed PITX1 rG4 was incubated
with an equal concentration of G3BP1 protein in the same
RNase-free buffer at 4◦C for 30 min, and the CD spectrum
of mixture was subsequently acquired in the same wave-
length range. The CD spectrum of G3BP1 protein was sub-
tracted from the composite CD spectrum of the mixture to
yield the CD spectrum of rG4 in the G3BP1–rG4 complex.

In vitro pull-down experiment

Biotin-conjugated PITX1 rG4 and rM4 (Supplementary
Table S3) were annealed individually in a buffer contain-
ing 10 mM Tris–HCl (pH 7.5), 100 mM KCl and 0.1 mM
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EDTA. The annealed RNA probes were incubated with
high-capacity streptavidin agarose beads (Thermo Pierce)
in a buffer containing 10 mM Tris–HCl (pH 7.5), 100 mM
KCl, 1 mM EDTA and 0.1 mM DTT at 4◦C for 1 h. After
washing for three times with the binding buffer, the RNA-
bound beads were incubated with the lysate of HEK293T
cells at 4◦C for 2 h in a buffer containing 10 mM Tris–
HCl (pH 7.5), 100 mM KCl, 1 mM EDTA, 0.1 mM DTT,
protease inhibitor (Sigma) and 0.4 units �l−1 RNase in-
hibitor (NEB). The beads were then washed thoroughly
with the binding buffer supplemented with increasing con-
centrations of NaCl (100, 150 and 200 mM), followed by
eluting the bound proteins from the beads through boiling
in 3× SDS-PAGE loading buffer for 5 min. The resulting
samples were subjected to Western blot analysis.

CRISPR/Cas9-mediated ablation of G3BP1 gene

G3BP1−/− HEK293T and HeLa cells were generated by
genome editing with the CRISPR/Cas9 system following
the previously reported protocol (37), where the single guide
RNA (sgRNA) was designed according to previously pub-
lished method (38). The guide sequence for the production
of sgRNA targeting G3BP1 gene was inserted into the hSp-
Cas9 plasmid pX330 (Addgene) at the BbsI digestion sites.
After transfection and clonal isolation, successful deletion
of the G3BP1 gene in single-cell clones was screened by
Western blot using anti-G3BP1 antibody and the deleted
loci in genomic DNA was further identified by Sanger se-
quencing. The sgRNA sequence is shown in Supplementary
Table S3.

Western blot

Protein samples were separated on a 10% SDS-PAGE gel
and transferred onto a nitrocellulose membrane (Bio-Rad).
After blocking with blotting-grade blocker (Bio-Rad), the
membrane was incubated with PBS-T (PBS buffer with
0.05% Tween 20) containing primary antibody and 5%
BSA for 2 h, and then incubated with the HRP-conjugated
secondary antibody in a 5% blotting-grade blocker. Fol-
lowing thorough washing with PBS-T, the immunoblots
were detected using ECL Western blotting detection reagent
(Amersham). Primary antibodies used in this study in-
cluded G3BP1 (MBL International, RN048PW; 1:2000),
PITX1 (Proteintech, 10873-1-AP; 1:1000), KHSRP (Pro-
teintech, 55409-1-AP; 1:500), ACTR2 (Proteintech, 10922-
1-AP; 1:2000), FLAG-tag (Cell Signaling Technology,
D6W5B; 1:2000), and GAPDH (Santa Cruz, sc-32233;
1:10 000).

Real-time quantitative PCR (RT-qPCR)

Total RNA was extracted using Omega Total RNA Kit
I (Omega) and quantified. Reverse transcription was con-
ducted using M-MLV Reverse Transcriptase (Promega) to
obtain the cDNA library. RT-qPCR was performed using
Luna® Universal qPCR Master Mix (NEB) on the CFX96
RT-qPCR detection system (Bio-rad). Primers used for RT-
qPCR are listed in Supplementary Table S3.

Dual-luciferase reporter assay

The wild-type plasmid (PITX1-WT) for the reporter assay
was constructed from PCR amplification of the PITX1 3′-
UTR (1045 bp) with primers containing XbaI and FseI
restriction recognition sites. The digested PCR product
was ligated into pGL3-promoter vector (Promega) and the
successful incorporation of the PITX1 3′-UTR was con-
firmed by sequencing. The corresponding plasmid with the
quadruplex sequences being mutated (PITX1-3Qm) was
constructed by site-directed mutagenesis (39), and the suc-
cessful mutation was again verified by sequencing. The
Flag-PITX1-WT and Flag-PITX1-3Qm plasmids were con-
structed in two steps. First, the PITX1 CDS (945 bp)
was amplified by PCR using primers containing NotI and
EcoRI restriction recognition sites, and the digested PCR
product was ligated into a pRK7 plasmid to give the pRK7-
PITX1 plasmid. Subsequently, the coding region of Flag-
PITX1 was amplified from the pRK7-PITX1 plasmid with
primers containing NcoI and XbaI restriction recognition
sites, and the digested PCR product was ligated into the
above-mentioned PITX1-WT and PITX1-3Qm reporter
plasmids by replacing the coding sequence of the luciferase
gene. The successful constructions of Flag-PITX1-WT and
Flag-PITX1-3Qm plasmids were confirmed by Sanger se-
quencing.

For the reporter assay, HEK293T cells and the isogenic
G3BP1−/− cells were seeded in 12-well plates at a density of
2 × 105 cells per well. After 24 h, the cells (at ∼50% conflu-
ency) were co-transfected with the 0.05 �g renilla luciferase
plasmid (pRL-CMV, Promega) and 1 �g firefly luciferase
plasmid (PITX1-WT or PITX1-3Qm). After another 12 h,
the cells were treated with 20 �M pyridostatin (PDS) or
mock-treated with water. The cells were harvested for mea-
surements 12 h later. For luciferase reporter assay, the at-
tached cells were lysed in 1× passive lysis buffer and vor-
texed to obtain a homogeneous cell lysate. The firefly and
renilla luciferase activities of the cell lysates were measured,
with a 10-s read time, using the dual-luciferase® reporter
assay system and a luminometer (Promega), following the
manufacturer’s instructions. For mRNA expression detec-
tion, total RNA was extracted and again quantified using
RT-qPCR.

RNA half-life measurements

HEK293T and the isogenic G3BP1−/− cells were seeded in
6-well plates at a density of 5 × 105 cells per well. After 24
h, the cells (at ∼50% confluency) were untreated or treated
with 20 �M PDS for 12 h before adding 5 �g/ml of acti-
nomycin D to inhibit transcription. After the addition of
actinomycin D, the cells were harvested at 0, 0.5, 1, 1.5, 3,
4.5, 6 and 9 h for total RNA extraction and the levels of
transcripts of interest at different time points were quanti-
fied using RT-qPCR. The levels of target mRNAs at these
time points were normalized to that of GAPDH and fur-
ther normalized to that at 0 h to obtain the percentages
of remaining mRNAs. RNA half-life was calculated with
GraphPad Prism 8 software by fitting the percentages of re-
maining mRNA with single-phase exponential decay kinet-
ics.



11326 Nucleic Acids Research, 2021, Vol. 49, No. 19

Single-end enhanced cross-linking and immunoprecipitation-
sequencing (seCLIP-Seq) and data analysis

HEK293T cells were plated in 150 mm dishes at a density of
1 × 107 cells per dish. After 24 h, the cells (at ∼60% conflu-
ency) were untreated or treated with 20 �M PDS for 12 h,
followed by irradiating with UVC to induce protein-RNA
cross-linking, and the subsequent seCLIP experiments (40)
were performed with an eCLIP Library Prep Kit (Eclipse
BioInnovations) following the manufacturer’s instructions.
Two biological replicates were conducted for each exper-
iment, and 20 million cells were used for each replicate.
seCLIP cDNA libraries were subsequently quantified us-
ing an Agilent 2100 Bioanalyzer and multiplexed for se-
quencing on an Illumina HiSeq 4000 Sequencing System
with single-end 100-bp read length. Sequencing data were
analyzed following the eCLIP-seq processing pipeline with
the default setting (28). For the comparison between ‘Ctrl’
and ‘PDS’ datasets, BEDtools was used with the criteria of
at least 1 or 10 bp overlap for defining overlapped peaks
(41). Metagene analysis was conducted using MetaPlotR
Perl/R pipeline (42). G4 prediction was performed using
G4Hunter, with the window size and threshold score being
25 and 1.4, respectively (43).

RESULTS

Bioinformatic discovery of candidate rG4-binding proteins

By employing a previously reported bioinformatic
method for evaluating the similarity of chromatin
immunoprecipitation-sequencing (ChIP-seq) data (44), we
assessed, by calculating the P-values for proximity, the
percentages of overlap between rG4 loci, which were un-
covered by rG4-Seq (2), and the RNA-binding sites of 150
RBPs, which are based on the 233 eCLIP-seq datasets in
the ENCODE database (29,30) (Figure 1 and Supplemen-
tary Table S1). To illustrate, we compared two RBPs with
markedly different overlapping percentages with rG4-Seq
data, i.e., AKAP1 (68.85%, a total of 5878 peaks) and
MATR3 (10.32%, a total of 7168 peaks) (Supplementary
Figure S1). Our results showed that most AKAP1 eCLIP-
seq peaks overlap with rG4-seq peaks (Supplementary
Figure S1A, B); MATR3 eCLIP-seq peaks, however, are
staggered with rG4-seq peaks (Supplementary Figure
S1C-D), suggesting the robustness of the bioinformatic
approach in revealing overlaps between eCLIP-seq and
rG4-seq peaks.

Importantly, the rG4-seq peaks exhibited high percent-
ages of overlap with eCLIP-seq peaks of some known
rG4-binding proteins, including DDX3X, FMR1, GRSF1,
SRSF1 and YBX3 (Supplementary Table S1 and Figure 1B)
(18,20,45), demonstrating the feasibility of this method in
discovering novel rG4-binding proteins. We also evaluated
the overlap between our rG4-binding proteins and the pub-
lished rG4-binding proteins (Supplementary Table S2), and
found that ∼50% of known rG4-binding proteins were iden-
tified in this study (Supplementary Figure S2). Aside from
these known rG4-binding proteins, our bioinformatic anal-
ysis led to the discovery of a large number of candidate new
rG4-binding proteins (Figure 1B and Supplementary Table
S1).

G3BP1 is an rG4-binding protein

Among these candidate rG4-binding proteins, G3BP1, a
well-known stress granule protein, exhibits a 49.1% over-
lap in its eCLIP-seq peaks (3210 out of 6541) with rG4-seq
peaks. Signal enrichment analysis also revealed strong over-
lap between G3BP1 and rG4-seq peaks (Figure 1C). Re-
sults from motif analysis of the overlapping peaks revealed
that the most enriched motif contains a G-rich sequence
satisfying the criteria for rG4 formation (46) (Figure 1D).
In addition, two representative overlapping regions con-
tain putative rG4-forming sequences (Supplementary Fig-
ure S3), including the previously validated rG4 sequence in
the 3′-UTR of LRP5 mRNA (47). Moreover, G3BP1 was
recently shown to bind preferentially with mRNAs with
highly structured 3′-UTRs (48). Together, these results sug-
gest that G3BP1 is an rG4-binding protein, and we decided
to choose this protein for further study.

We recognized that some proteins may bind to rG4 struc-
tures indirectly via protein-protein interactions, which may
also give rise to high levels of overlap between their eCLIP-
seq peaks and rG4-seq peaks. Hence, we next asked whether
G3BP1 can bind directly with rG4 structures. To this end,
we generated recombinant full-length G3BP1 protein (Sup-
plementary Figure S4) and measured, by using fluores-
cence anisotropy, its binding affinities toward two previ-
ously characterized rG4 probes, one derived from the 5′-
untranslated region (5′-UTR) of NRAS mRNA and the
other from the 3′-UTR of PITX1 mRNA (13,49), and the
corresponding mutated probes (rM4) that are unable to fold
into G4 structure. CD measurement results showed that
both PITX1 and NRAS rG4 sequences can assemble into
parallel G4 topology, as manifested by negative and positive
CD peaks at around 240 and 260 nm, respectively (Supple-
mentary Figure S5A-B) (50). The fluorescence anisotropy
results showed that G3BP1 binds strongly with both rG4
probes, with the Kd values being 63 ± 10 and 60 ± 5 nM
for rG4 structures derived from the mRNAs of PITX1 and
NRAS genes, respectively (Figure 2A, B). Moreover, the
binding capacities of rG4 probes are much higher than
those of the corresponding rM4 probes, with the Kd values
being 761 ± 73 and 266 ± 36 nM, respectively (Figure 2A,
B).

We next assessed the binding capacities of G3BP1 toward
rG4 and rM4 in cell lysate. To this end, we performed an in
vitro pull-down experiment with biotin-labeled PITX1 rG4
and rM4 probes. The results showed that, with the use of
the same amount of lysate, PITX1 rG4 probe was capa-
ble of pulling down >10-fold more G3BP1 than the cor-
responding rM4 probe under the same experimental condi-
tions (Figure 2C). This is consistent with our fluorescence
anisotropy results (Figure 2A), suggesting that G3BP1 is
able to bind selectively to rG4 over rM4 in complex sam-
ple matrix (i.e., whole-cell protein lysate).

We also found that the G3BP1–rG4 interaction could
be disrupted by PDS, a small-molecule ligand that can
bind to and stabilize G4 structures (Supplementary Fig-
ure S6) (51). Additionally, CD measurement results showed
that the G3BP1-rG4 interaction did not perturb the
quadruplex folding of rG4 (Supplementary Figure S5). To-
gether, these results establish G3BP1 as an rG4-recognition
protein.
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Figure 1. Bioinformatic discovery of rG4-binding proteins. (A) A schematic diagram showing the workflow of the bioinformatic method. (B) A scatter
plot illustrating the results obtained from bioinformatic analysis. (C) The distribution of G3BP1 eCLIP-seq peaks relative to the center of rG4-seq peaks;
(D) the center of the overlapping peaks between G3BP1 eCLIP-seq and rG4-seq datasets. ‘Input’ represents size-match input dataset (ENCSR907EBB),
which is a control eCLIP-seq dataset. (E) The most enriched motif of the overlapping peaks.

The C-terminal RGG domain of G3BP1 is involved with rG4
recognition

G3BP1 is an evolutionarily conserved, multi-domain pro-
tein harboring an N-terminal NTF2-like domain, an acidic
residue-rich region, PXXP motifs, an RNA-recognition
motif (RRM) and a C-terminal arginine–glycine–glycine
(RGG) domain (Figure 2D) (52,53). The RRM and RGG
domains are common RNA-binding modules (54); there-
fore, we assessed whether these domains of G3BP1 are re-
quired for rG4 recognition.

We generated several truncated forms of G3BP1 pro-
tein, including those with the RRM and RGG domains
being deleted (�RRM–RGG, 1–339 aa), or carrying both
the RRM and RGG domains (340–466 aa, G3BP1–RRM–
RGG) or either domain alone (340–415 aa, G3BP1–RRM
and 430–466 aa, G3BP1–RGG) (Supplementary Figure
S4). We next examined the binding capacities of these trun-
cated forms of G3BP1 toward PITX1 rG4 using EMSA.
We found that G3BP1–RRM and �RRM–RGG, both of
which lack the RGG domain, did not display appreciable
interaction with rG4 (Figure 2E, F); G3BP1–RRM–RGG
and G3BP1–RGG can bind with rG4, though the latter ex-
hibited lower binding affinity than the former (Figure 2G,
H).

We also measured the binding affinities of G3BP1–
RRM–RGG toward rG4 and rM4 by using fluorescence
anisotropy. The Kd values for the truncated G3BP1 in bind-
ing with PITX1 rG4 and rM4 were 78 ± 9 and 4500 ± 900
nM, respectively (Figure 2I); hence, G3BP1–RRM–RGG
exhibits a comparable binding affinity and a much higher
binding selectivity toward rG4 structure than the full-length
protein. Together, these results demonstrated that the bind-
ing capacity of G3BP1 toward rG4 structure arises mainly
from the C-terminal RGG domain and is enhanced by the
RRM domain.

G3BP1 regulates the stability of PITX1 mRNA in an rG4-
dependent manner

Encouraged by the in-vitro binding results, we next exam-
ined the biological functions of G3BP1–rG4 interaction.
One of the rG4 sequences employed for the aforementioned
in-vitro binding assay was derived from the 3′-UTR of
PITX1 mRNA, which was previously employed for assess-
ing rG4-mediated regulation of mRNA translation (24,49).
Thus, we chose PITX1 as a target to investigate whether
G3BP1 can modulate the stability and translational ef-
ficiency of PITX1 mRNA through its binding with rG4
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Figure 2. G3BP1 binds directly and selectively with rG4 structures. Fluorescence anisotropy for measuring the binding affinities of G3BP1 protein toward
rG4 structures derived from PITX1 (A) and NRAS (B) mRNAs and their corresponding mutants (rM4s). Error bars represent S.D. (n = 3). (C) Western
blot images and quantitative results obtained from in vitro pull-down of G3BP1 protein from whole-cell protein lysates with the use of biotin-labeled
PITX1 rG4 and rM4 probes. Error bars represent S.E.M. (n = 3). (D) A schematic diagram depicting the domain structure of G3BP1 protein. (E–H)
EMSA for monitoring the interactions between the four truncated forms of G3BP1 with PITX1 rG4 probe. (I) Fluorescence anisotropy for measuring the
binding affinities of G3BP1-RRM-RGG with PITX1 rG4 and rM4. Error bars represent S.D. (n = 3). The P values were calculated by unpaired, two-tailed
Student’s t-test. ***P < 0.001.

structures. To this end, we generated 293T cells with
the G3BP1 gene being knocked out with CRISPR-Cas9
(G3BP1−/−). The successful depletion of G3BP1 protein in
293T cells was confirmed by Western blot (Figure 3A), and
the deleted loci in genomic DNA were further identified by
Sanger sequencing (Supplementary Figure S7A).

Results from Western blot analysis showed that the level
of PITX1 protein was significantly increased after genetic
depletion of G3BP1 in 293T cells (Figure 3B). This re-
sult suggests that G3BP1 may regulate the decay of PITX1
mRNA by binding to rG4 in its 3′-UTR or negatively mod-

ulate the translation of PITX1 mRNA. To distinguish these
two scenarios, we monitored the mRNA level of PITX1
by RT-qPCR. The results showed that genetic depletion of
G3BP1 in 293T cells led to a decrease in PITX1 mRNA level
(Figure 3C), indicating that complete removal of G3BP1
may affect the stability of PITX1 mRNA. Together, G3BP1
positively modulates the stability of PITX1 mRNA, but it
negatively regulates the translation of PITX1 mRNA.

We next investigated whether this regulation depends on
G3BP1-rG4 interaction. Because PDS can disrupt the inter-
actions between G3BP1 and rG4 structures in vitro (Sup-
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Figure 3. Genetic depletion of G3BP1 and PDS treatment confer similar effects on up-regulating the protein level and down-regulating the mRNA level of
PITX1. Western blot and RT-qPCR analyses for monitoring the protein and mRNA levels of PITX1 in 293T cells and the isogenic G3BP1−/− cells (A–C),
in 293T cells with or without PDS treatment (D–F), and in G3BP1−/− cells with or without PDS treatment (G–I). Error bars represent S.D. (n = 3). The
P values were calculated by unpaired, two-tailed Student’s t-test. *, 0.01 ≤ P < 0.05; **, 0.001 ≤ P < 0.01; ***, P < 0.001.

plementary Figure S6), we examined how PDS treatment
modulates the translation of PITX1 mRNA and whether
this depends on G3BP1. Our results showed that PDS treat-
ment led to an increased level of PITX1 protein in 293T cells
(Figure 3D-F); this increase, however, was abolished in the
isogenic G3BP1−/− cells (Figure 3G-I). Additionally, PDS
treatment elicits a decrease in the mRNA level of PITX1 in
293T cells, but not in G3BP1−/− cells (Figure 3F, I).

To further investigate the roles of G3BP1 and PDS in
modulating mRNA stability, we measured the half-lives
of PITX1 mRNA in 293T cells and G3BP1−/− cells with
or without PDS treatment. As expected, genetic deple-
tion of G3BP1 and PDS treatment both result in signifi-
cant diminutions in the half-life of PITX1 mRNA in 293T
cells (Figure 4A, B), with more pronounced effect being
observed for PDS-treated cells. Additionally, PDS treat-

ment can also diminish the half-life of PITX1 mRNA
in G3BP1−/− cells (Figure 4A, B), indicating the po-
tential role of PDS in regulating the stability of PITX1
mRNA through G3BP1-independent mechanism(s) (e.g.,
via displacing other proteins from rG4 structures in PITX1
mRNA). Together, these results underscore that PDS dis-
rupts the interactions of G3BP1 with rG4 structures located
in the 3′-UTR of PITX1 mRNA, thereby abrogating the
regulatory effects of G3BP1 on the stability and transla-
tional efficiency of PITX1 mRNA.

To further determine whether the G3BP1-mediated reg-
ulation of PITX1 mRNA is rG4-dependent, we performed
dual-luciferase reporter assay using the wild-type 3′-UTR
of PITX1 mRNA (PITX1-WT) as well as its variant with all
three rG4-forming sequences being mutated (PITX1-3Qm)
(Figure 4C). We monitored both the mRNA and protein
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Figure 4. G3BP1 regulates the stability of PITX1 mRNA through its interaction with rG4 structures. (A) RT-qPCR results showing the half-lives of PITX1
mRNA in 293T cells, G3BP1−/− cells, PDS-treated 293T cells, and PDS-treated G3BP1−/− cells. (B) Bar chart showing the half-lives calculated from the
above RT-qPCR results. (C) rG4-forming sequences in the 3′-UTR of PITX1 mRNA and their corresponding mutants. (D) Relative firefly luciferase
mRNA levels (normalized to the level of renilla luciferase mRNA) and (E) relative firefly luciferase activities (normalized to renilla luciferase activity) in
293T cells, G3BP1−/− cells and PDS-treated 293T cells expressed from PITX1-WT or PITX1-3Qm plasmid. Error bars represent S.E.M. (n = 3). The P
values were calculated by using unpaired, two-tailed Student’s t-test. ns, P > 0.05; **, 0.001 ≤ P < 0.01; ***P < 0.001.

expression levels of firefly luciferase by using the corre-
sponding signals from renilla luciferase as internal stan-
dard. Our results showed that genetic depletion of G3BP1
led to markedly diminished level of luciferase mRNA aris-
ing from transcription of PITX1-WT plasmid (Figure 4D).
No appreciable difference in mRNA levels was, however,
observed between two cell lines when transfected with
PITX1-3Qm. These results support that G3BP1 positively
regulates the stability of PITX1 mRNA and this regulation
depends on rG4 structures located in the 3′-UTR of PITX1
mRNA. Moreover, the mRNA level of PITX1-3Qm was
much lower than that of PITX1-WT in 293T cells, which
again supports the role of the 3′-UTR rG4 structures in sta-
bilizing of PITX1 mRNA.

In line with what was observed for endogenous PITX1
protein, we found that the firefly luciferase activity of
PITX1-WT exhibited a pronounced increase upon genetic
ablation of G3BP1 in 293T cells (Figure 4E). A similar in-
crease was also observed for PITX1-3Qm (Figure 4E), indi-
cating that G3BP1 also regulated the translation of PITX1
mRNA in an rG4-independent manner. A combination of
mRNA and luciferase activity results showed that G3BP1
exerts a greater effect on the translational efficiency of
PITX1-WT over PITX1-3Qm mRNA (Figure 4D-E). Ad-
ditionally, the luciferase activity of PITX1-3Qm was also
lower than PITX1-WT in G3BP1−/− cells (Figure 4E), un-
derscoring that rG4s can also enhance the translation of
PITX1 mRNA through a G3BP1-independent mechanism.
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We also examined the expression levels of PITX1-WT
and PITX1-3Qm in 293T cells with or without PDS treat-
ment. We observed a significant decrease in the mRNA level
of PITX1-WT upon PDS treatment (Figure 4D), which is
in agreement with the aforementioned result of the endoge-
nous PITX1 mRNA (Figure 3I). PDS treatment, neverthe-
less, did not alter the mRNA level of PITX1-3Qm, and
the treatment also abolished the difference in mRNA lev-
els of PITX1-WT and PITX1-3Qm in 293T cells (Figure
4D). Moreover, while PDS treatment led to a slight decrease
in the luciferase activity of PITX1-WT, the decrease is not
as pronounced as that observed at the mRNA level (Fig-
ure 4D-E). This result suggests an elevated translational ef-
ficiency elicited by PDS treatment and parallels what we ob-
served for endogenous PITX1 mRNA.

To explore further how G3BP1-rG4 interaction modu-
lates the expression of PITX1 at mRNA and protein lev-
els, we constructed Flag-PITX1-WT and Flag-PITX1-3Qm
plasmids by replacing the coding sequence of the luciferase
gene in the aforementioned PITX1-WT and PITX1-3Qm
reporter plasmids with that of an N-terminally Flag-tagged
PITX1. Our RT-qPCR results revealed that, after transfec-
tion with the same amounts of plasmids, the mRNA ex-
pression level of Flag-PITX1-WT was significantly higher
than that of Flag-PITX1-3Qm in HEK293T cells (Supple-
mentary Figure S8A); genetic depletion of G3BP1, how-
ever, abolishes the difference observed for the Flag-PITX1-
WT and Flag-PITX1-3Qm mRNAs (Supplementary Fig-
ure S8D).

Our Western blot data showed that, upon transfection of
HEK293T cells with the same amounts of plasmids, Flag-
PITX1-3Qm protein was expressed at 45% level relative to
that of Flag-PITX1-WT (Supplementary Figure S8B, C).
At first glance, this appears to be incongruent with what we
may predict from our observations made for the endoge-
nous PITX1 gene. Nevertheless, the Flag-PITX1 mRNA
transcribed from the transfected plasmid does not carry
the 5′-UTR of endogenous PTIX1 mRNA, and it addition-
ally contains the coding sequence for the Flag epitope tag.
These differences may modulate differential mRNA recog-
nitions by other RNA-binding proteins and/or ribosomes,
thereby exerting different effects on the translation between
endogenous PITX1 mRNA and that transcribed from the
ectopically introduced plasmid. Nevertheless, genetic abla-
tion of G3BP1 led to a markedly higher level (by ∼60-fold)
of expression of Flag-PITX1-WT than Flag-PITX1-3Qm
protein (Supplementary Figure S8E, F). Together, compar-
ison of the above results obtained for Flag-PITX1-WT and
Flag-PITX1-3Qm in HEK293T and the isogenic G3BP1-
deficient background allowed us to conclude that G3BP1–
rG4 interaction increases the stability of PITX1 mRNA and
attenuates its translation efficiency, which mirrors what we
observed for the endogenous PITX1 mRNA.

Together, these results support that G3BP1 positively reg-
ulates mRNA stability through its interaction with rG4
structures and negatively modulates the translation of mR-
NAs with rG4 structures in the 3′-UTRs. Nevertheless, our
results also suggest the contributions of some mechanisms
that are independent of rG4 and/or G3BP1 in these pro-
cesses.

G3BP1 binds with rG4 structures in cells to regulate the sta-
bilities of other mRNAs

To further explore the G3BP1-rG4 interactions in cells,
we conducted seCLIP-seq experiments in HEK293T cells
with (‘PDS’) or without (‘Ctrl’) PDS treatment. These
experiments resulted in the identification of ∼1400 and
∼2900 mRNA binding sites for G3BP1 in ‘Ctrl’ and ‘PDS’
datasets, respectively (Figure 5A), and the overall signal in-
tensities of G3BP1 peaks were higher in the ‘PDS’ dataset
than the ‘Ctrl’ dataset (Figure 5B). The comparison be-
tween ‘Ctrl’ and ‘PDS’ seCLIP-seq datasets allowed for the
identification of ∼800 peaks with at least 1 bp of overlap
(Figure 5A); among these overlapping peaks, ∼100 con-
tain putative rG4 sequences. Strikingly, the signal ratios of
PDS/Ctrl of these rG4-containing peaks were significantly
lower than the overall ratios of all overlapping peaks (Fig-
ure 5C), indicating the ability of PDS to displace G3BP1
from rG4 loci in the transcriptome. This finding corrob-
orates the aforementioned in-vitro binding result and sug-
gests that G3BP1 interacts with rG4 structures in cells.

The density plots obtained from metagene analysis
showed that the binding sites of G3BP1 are enriched in the
5′-UTR, followed by 3′-UTR and CDS regions (Figure 5D).
However, after PDS treatment, the peak in the 3′-UTR com-
pletely shifted to the CDS regions, which is accompanied
with a slight drop in signal in the 5′-UTR (Figure 5D), in-
dicating that PDS can specifically disrupt the mRNA bind-
ing sites of G3BP1 at UTRs, especially the 3′-UTRs. Ad-
ditionally, the peak annotation results showed an increased
occupancy of G3BP1 in CDS regions, yet a decrease at the
UTRs after PDS treatment (Supplementary Figure S9).

We also compared the transcriptomic distributions of de-
creased peaks (ratios of PDS/Ctrl <0.67, with at least 10 bp
overlap) and increased peaks (ratios of PDS/Ctrl >1.5, with
at least 10 bp overlap) in ‘Ctrl’ dataset after PDS treatment,
as well as Ctrl-only peaks (no overlap with PDS). Here,
we assumed that Ctrl-only peaks contain G3BP1 binding
loci which are completely competed off by PDS. The den-
sity plots showed that Ctrl-only peaks and peaks that are
decreased upon PDS treatment are predominately located
in the UTRs, whereas those that are increased upon PDS
treatment are mainly distributed in the CDS regions (Fig-
ure 5E). These results support that PDS displaces selectively
G3BP1 from UTRs in mRNAs. Given that rG4 structures
are highly enriched in UTRs (2), these results indicate the
ability of PDS in disrupting specifically the interactions be-
tween G3BP1 and rG4 structure sites in cells. In this vein, it
is worth noting that G3BP1 binding peaks around rG4 loci
of PITX1 and NRAS mRNAs were very weak (Supplemen-
tary Figures S10-S11), which might be due to the low abun-
dance of these transcripts, dynamic nature of rG4 structures
in these mRNAs, their dynamic interactions with G3BP1,
and/or insufficient sequencing depth.

We next asked whether G3BP1 depletion and PDS treat-
ment exert similar effects on the stabilities and translational
efficiencies of target transcripts. We monitored the mRNA
and protein levels of two representative genes (i.e., KHSRP
and ACTR2), which were chosen on the basis of decreased
G3BP1 occupancy at rG4 sites in UTRs after PDS treat-
ment (Figure 5F and Supplementary Figures S12 and S13).
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Figure 5. seCLIP-seq analyses of G3BP1 in 293T cells without (‘Ctrl’) or with (‘PDS’) PDS treatment reveal the G3BP1-rG4 interaction in cells. (A) A
Venn diagram showing the overlap between ‘Ctrl’ and ‘PDS’ datasets. (B) The comparison between ‘Ctrl’ and ‘PDS’ peak intensities in log2(FoldChange)
of IP sample and Input sample. (C) Signal ratios of PDS/Ctrl in all overlapping peaks and rG4-containing overlapping peaks. (D) Metagene analyses for
profiling the transcriptomic distributions of ‘Ctrl’ and ‘PDS’ datasets. (E) Metagene analyses for profiling the transcriptomic distributions of decreased
peaks, increased peaks and Ctrl-only peaks in ‘Ctrl’ dataset relative to the ‘PDS’ dataset. (F) IGV plots showing the comparison of ‘Ctrl’ and ‘PDS’ peaks
around the G4-forming sequences located in the 5′- and 3′-UTRs of KHSRP mRNA. ‘Input’ represents size-match input sample. (G, H) RT-qPCR results
showing the relative mRNA levels of KHSRP (G) and ACTR2 (H) genes in 293T cells and G3BP1−/− cells without or with PDS treatment. (I–K) Western
blot analysis for monitoring the protein levels of KHSRP (J) and ACTR2 (K) genes in 293T cells and G3BP1−/− cells, and PDS-treated 293T cells. Error
bars represent S.D. (n = 3). The P values were calculated by using unpaired, two-tailed Student’s t-test. ns, P > 0.05; **, 0.001 ≤ P < 0.01; ***P < 0.001.
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The results showed that the mRNA levels of the KHSRP
and ACTR2 genes were markedly attenuated in G3BP1-
depleted and PDS-treated cells, with the decreases being
much more pronounced in PDS-treated cells than G3BP1-
depleted cells (Figure 5G, H). We also monitored the sta-
bilities of KHSRP and ACTR2 mRNAs, and found that
the half-lives of these two mRNAs were substantially de-
creased in G3BP1−/− and PDS-treated 293T cells relative
to parental 293T cells without any treatment (Supplemen-
tary Figure S14). Western blot results showed a signifi-
cant increase in protein level of KHSRP in G3BP1-depleted
cells, and an elevated translational efficiency of KHSRP
upon PDS treatment (Figure 5I, J). Similarly, we observed
a substantial increase in translational efficiency of ACTR2
mRNA in PDS-treated cells. In this vein, the ratio in the ex-
pression levels of ACTR2 mRNA was 0.29 ± 0.06 in PDS-
treated over untreated HEK293T cells, and the correspond-
ing ratio of ACTR2 protein was 0.73 ± 0.14 (Figure 5I, K).
Loss of G3BP1, on the other hand, led to a slight, though
statistically insignificant increase in translational efficiency
of ACTR2 mRNA, where the ratios of mRNA and protein
expression levels were 0.68 ± 0.13 and 0.81 ± 0.21, respec-
tively, in G3BP1−/− over parental HEK293T cells (Figure
5I&J). The more pronounced effect exerted by PDS treat-
ment over genetic ablation of G3BP1 may emanate from
translational regulation of ACTR2 mRNA by other pro-
tein(s) that recognize rG4 structures in its 3′-UTR. Cumu-
latively, these results again support a role of G3BP1–rG4
interaction in modulating the stabilities and translational
efficiencies of mRNAs.

We next examined whether the above findings made for
293T cells are general. To this end, we first investigated
the effects of G3BP1 ablation and PDS treatment on the
mRNA and protein levels of PITX1, KHSRP and ACTR2
genes in HeLa cells. RT-qPCR and Western blot results
showed that the mRNA levels of the three genes dropped
pronouncedly after PDS treatment, which is accompanied
with slight increases in translation efficiencies (Supplemen-
tary Figure S15A–C). In addition, CRISPR-mediated ge-
netic ablation of G3BP1 in HeLa cells (Supplementary Fig-
ure S7B) led to diminished mRNA levels and elevated trans-
lation efficiencies of these three genes (Supplementary Fig-
ure S15). Moreover, by analyzing the publicly available
RNA-seq data from ENCODE, we found decreased mRNA
levels of the three genes in G3BP1-depleted HepG2 and
K562 cells (Supplementary Figure S16). These results sug-
gest that the effects of G3BP1 depletion on rG4-bearing
transcripts are general in mammalian cells.

DISCUSSION

G-rich sequences in RNAs can fold into rG4 structures,
which modulate the stabilities and translational efficiencies
of mRNAs (55). Some RBPs, which can bind to rG4s in
their folded and unfolded forms, are highly correlated with
the rG4-mediated regulations of mRNAs. For instance,
RNA helicases in cells can bind to and unwind rG4 struc-
tures into single-stranded RNAs which are subsequently
recognized by G-rich element-binding proteins (e.g., hn-
RNP H/F and CNBP) and prevent their refolding into
rG4 structures, thereby increasing the translational effi-

ciencies of mRNAs (26,56). In addition, GRSF1 regulates
the degradation of rG4-containing mRNAs through un-
winding rG4 structures to facilitate degradosome-mediated
decay (57). Therefore, there is a growing interest in
identifying rG4-binding proteins and characterizing their
functions.

We employed a bioinformatic approach, relying on the
analysis of overlapping peaks between publicly available
rG4-seq dataset (2) and eCLIP-seq datasets for RBPs (28),
to uncover putative novel rG4-binding proteins. Our anal-
ysis captured some previously reported rG4-binding pro-
teins, which display high levels of occupancy at rG4 loci in
the transcriptome (Figure 1 and Supplementary Table S1),
validating the ability of the method in identifying candi-
date rG4-binding proteins. Importantly, our analysis also
led to the identification of a very large number of putative
rG4-binding proteins whose capabilities in binding to rG4
structures have not been previously documented. This pro-
vides an important list of proteins for the research commu-
nity to assess their direct interactions with rG4s and to ex-
plore their biological functions. It is worth noting a limita-
tion of our analysis. In particular, the rG4-seq dataset and
eCLIP-seq datasets were generated from different cell lines
and the distributions in rG4 in mRNAs and RNA-protein
interactions can vary with cell lines, which may lead to false-
negative discovery of putative rG4-binding proteins.

Among the top-ranked candidate rG4-binding proteins
are splicing factors (e.g., FMR1, RMB15, PPIG, PRPF8
and SRSF1) or helicases (e.g., AQR, DDX3X, DDX55,
DDX6, G3BP1 and UPF1). These results are in accor-
dance with the fact that rG4s are implicated in control of
mRNA processing and translation through splicing factors
and RNA helicases, respectively (11,14,49).

G3BP1 plays an essential role in stress granule formation,
DNA-triggered cGAS/STING pathway, RIG-I-mediated
cellular antiviral response and innate immune response (58–
61). It also displays Mg2+- and ATP-dependent helicase
activity (62). Here, we identified G3BP1 as a direct rG4-
binding protein with low-nM binding affinities, which are
much stronger than those for binding with the correspond-
ing rM4 probes (Figure 2A–C). We also found that the C-
terminal RGG domain of G3BP1 is indispensable for its
binding toward rG4 structures (Figure 2E-H). Moreover,
the G3BP1–RRM–RGG truncated protein exhibits a much
higher rG4-binding selectivity than the full-length G3BP1
protein (Figure 2I). In this vein, RGG domain is the second
most common RNA-binding domain present in the human
proteome (63), and several known G4-binding proteins, in-
cluding CIRBP, FMRP and TLS/FUS, recognize G4 struc-
tures through their RGG domains (45,64,65).

We also found that PDS, a small-molecule G4 lig-
and, could disrupt pronouncedly the G3BP1-rG4 inter-
action in vitro. In addition, our seCLIP-seq results re-
vealed that, upon PDS treatment, the signal intensities
of rG4-containing peaks decreased (Figure 5C) and the
transcriptome-wide distribution of G3BP1-binding sites ex-
hibited a drastic shift from 3′-UTRs to CDS regions (Fig-
ure 5D, E & Supplementary Figure S8). Given that rG4-
forming sequences are highly enriched in UTRs (2), our re-
sults provide strong evidence to support that PDS can dis-
rupt G3BP1–rG4 interactions in cells.
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Over the last few years, increasing lines of evidence sup-
port that rG4 structures assume critical roles in regulat-
ing pre-mRNA processing (splicing and polyadenylation),
mRNA stability and translation (1,17,24). These regula-
tory processes often entail rG4-binding proteins to mod-
ulate G4 conformation and/or serve as bridges to recruit
additional regulatory proteins. Here, we demonstrated that
G3BP1 can enhance the stability and suppress the trans-
lational efficiency of PITX1 mRNA, which harbors three
rG4 structures in its 3′-UTR. Further analysis revealed that
treatment with PDS and genetic depletion of G3BP1 (Fig-
ure 3), both of which disrupted the interactions between
G3BP1 and rG4 structures in PITX1 mRNA, abolished the
regulatory effect of G3BP1, underscoring the importance of
G3BP1–rG4 interaction in RNA metabolism. This notion
finds additional support from dual-luciferase reporter as-
say results, showing that loss of G3BP1 and PDS treatment
led to diminished mRNA levels and elevated translation of
luciferase mRNA harboring PITX1 3′-UTR (PITX1-WT).
The modulatory effects of G3BP1 depletion and PDS treat-
ment were also observed for two other target transcripts
(i.e., KHSRP and ACTR2) chosen based on seCLIP-seq re-
sults (Figure 5G, H), further illustrating the rG4-dependent
regulatory functions of G3BP1 on the stabilities and trans-
lation efficiencies of mRNA. In this vein, the roles of rG4
in modulating the stabilities of mRNAs are also supported
by the observation that genetic depletion of some putative
rG4-binding proteins led to more pronounced alterations in
mRNA expressions of those genes with putative G4 struc-
tures in the UTRs than those without (66).

G3BP1 is the central node and molecular switch that trig-
ger RNA-protein phase separation (67,68), and rG4 struc-
tures can promote RNA phase separation (69,70). Our find-
ings are in agreement with the previous observation that
the formation of G3BP1–mRNA ribonucleoprotein parti-
cles or stress granules could protect mRNAs from degra-
dation, while concomitantly confer a poor translation ef-
ficiency (60). It is of note that this G3BP1-mediated effect
was observed in stressed cells, and there is little evidence
to support a similar function of G3BP1 in unstressed cells.
Another possibility is that, G3BP1 preferentially interacts
with G4-containing RNAs, which may attenuate partially
the auto-inhibitory effect of G3BP1 under normal condi-
tions (67), thereby increasing the accessibility of G3BP1 to
other RNAs and proteins to form large protein-RNA com-
plexes. Like ribonucleoprotein particles and stress granules,
these protein–RNA complexes can protect mRNAs from
degradation and suppress their translation. Thus, it is also
possible that G3BP1–rG4 complex acts as a scaffold to re-
cruit other RNAs and proteins.

G3BP1 contains an NTF2-like domain and multiple in-
trinsically disordered regions (IDRs), which regulate the
dimerization of G3BP1 and G3BP1-RNA interaction, re-
spectively (67). The IDRs of G3BP1 resemble the RNA
recognition motifs (RRMs) of other stress granule pro-
teins, including hnRNPA1 and hnRNPA2B1 (Supplemen-
tary Figure S17), whose RRMs were shown to be capable
of substituting the IDRs of G3BP1 to support the RNA-
dependent liquid-liquid phase separation and stress gran-
ules assembly (67). Different from other stress granule pro-
teins, G3BP1 exhibits intramolecular interaction between

IDR1 and IDR3, and is susceptible to dimerization via
the NTF2-like domain, which are essential for liquid-liquid
phase separation and the maintenance of stress granules in
cells. Hence, these two properties may endow G3BP1 the
ability to be the core component of the stress granule net-
work.

It will be important to examine, in the future, other top-
ranked candidate rG4-binding proteins identified from our
bioinformatics analysis, e.g., UPF1, DDX55, DDX6 and
RBM15. In this regard, UPF1, an ATP-dependent RNA
helicase, was found to regulate the decay of highly struc-
tured RNA in cooperation with G3BP1 (48) and target
GC-rich region to trigger RNA decay (71). Notably, the
function of G3BP1 in the UPF1-G3BP1-mediated RNA
decay is distinct from its protective role proposed here. In
the UPF1–G3BP1-mediated RNA decay, UPF1 dominates
the regulation by recognizing highly structured RNAs es-
pecially double-stranded RNAs, unwinding them, thereby
facilitating the enrichment of G3BP1 in proximity to UPF1
(48). Thus, the differences in modes of interactions between
G3BP1 and targeted transcripts may contribute to the dif-
ferent functions of G3BP1 in modulating mRNA stabilities.

In summary, we identified multiple candidate rG4-
binding proteins with a bioinformatic approach, and we val-
idated that one of these proteins, G3BP1 can bind directly
with rG4 with low-nM binding affinity. We also found that
the binding of G3BP1 with rG4 structures in the UTRs sta-
bilized mRNAs and suppressed their translation, which re-
vealed a new function of G3BP1. Together, the results from
the present study uncovered a number of candidate rG4-
binding proteins and expanded the functions of G3BP1.
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