Published online 8 July 2022

Nucleic Acids Research, 2022, Vol. 50, No. 14 8143-8153
https:Ildoi.orgl10.1093narlgkac580

Small molecule-based detection of non-canonical
RNA G-quadruplex structures that modulate protein

translation

Yousuke Katsuda', Shin-ichi Sato “2*, Maimi Inoue', Hisashi Tsugawa?®, Takuto Kamura',
Tomoki Kida', Rio Matsumoto'!, Sefan Asamitsu 4, Norifumi Shioda “4°, Shuhei Shiroto?,
Yoshiki Oosawatsu’, Kenji Yatsuzuka?, Yusuke Kitamura', Masaki Hagihara®",

Toshihiro Ihara' and Motonari Uesugi®®"

'Division of Materials Science and Chemistry, Faculty of Advanced Science and Technology, Kumamoto University,
2-39-1 Kurokami, Chuo-ku, Kumamoto 860-8555, Japan, 2Institute for Chemical Research, Kyoto University,

Uji, Kyoto 611-0011, Japan, 3Graduate School of Science and Technology, Hirosaki University, 3 Bunkyo-cho,
Hirosaki, Aomori 036-8561, Japan, *Department of Genomic Neurology, Institute of Molecular Embryology and
Genetics, Kumamoto University, 2-2-1 Honjo, Chuo-ku, Kumamoto 860-0811, Japan, Graduate School of
Pharmaceutical Sciences, Kumamoto University, 5-1 Oe, Chuo-ku, Kumamoto 862-0973, Japan and 8School of

Pharmacy, Fudan University, Shanghai 201203, China

Received December 08, 2021; Revised May 24, 2022; Editorial Decision June 15, 2022; Accepted June 23, 2022

ABSTRACT

Tandem repeats of guanine-rich sequences in RNA
often form thermodynamically stable four-stranded
RNA structures. Such RNA G-quadruplexes have
long been considered to be linked to essential bi-
ological processes, yet their physiological signif-
icance in cells remains unclear. Here, we report
a approach that permits the detection of RNA G-
quadruplex structures that modulate protein transla-
tion in mammalian cells. The approach combines an-
tibody arrays and RGB-1, a small molecule that selec-
tively stabilizes RNA G-quadruplex structures. Anal-
ysis of the protein and mRNA products of 84 cancer-
related human genes identified Nectin-4 and CapG as
G-quadruplex-controlled genes whose mRNAs har-
bor non-canonical G-quadruplex structures on their
5’UTR region. Further investigations revealed that
the RNA G-quadruplex of CapG exhibits a struc-
tural polymorphism, suggesting a possible mecha-
nism that ensures the translation repression in a KCI
concentration range of 25-100 mM. The approach de-
scribed in the present study sets the stage for further
discoveries of RNA G-quadruplexes.
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INTRODUCTION

G-quadruplexes are highly stable nucleic-acid structures
involved in a myriad of biological processes (1-7). The
structures are known to be located at telomeric (1,2,8—
10) and promoter regions (3,4,6,7,11) in DNA, modulat-
ing genome stability and transcriptional regulation, respec-
tively. A number of small molecules that selectively bind
to DNA G-quadruplexes have been developed, providing
excellent chemical tools for understanding biological roles
and properties of DNA G-quadruplexes (12-17).

RNA G-quadruplexes are thermodynamically more sta-
ble than their DNA counterparts (18,19). A number of
potential G-quadruplex formation sites on mRNAs have
been computationally predicted (20-22). For example, in-
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silico experiments have predicted 2922 canonical RNA G-
quadruplex motifs (G3-Nj 7-G3-N; 7-G3-N; 7-G3) in the
5’-untranslated regions (SUTR) in the human genome
(23,24). An only fraction of the potential G-quadruplex
sites has experimentally been validated (18,19,25-28). RNA
G-quadruplex structures have also been found in the in-
ternal ribosome entry sites (IRES) (29,30) of mRNAs.
However, the physiological significance of these RNA
G-quadruplexes remains controversial (31,32). The best-
characterized endogenous RNA G-quadruplex is the one
located on the SUTR of the NRAS mRNA (33-36). Dele-
tion of the RNA G-quadruplex-forming sequence from the
5UTR of NRAS mRNA leads to an increase in transla-
tional efficiency of the NRAS gene in cells, indicating that
the RNA G-quadruplex plays a key role in translational reg-
ulation (34,37).

To understand the properties and biological roles of
RNA G-quadruplexes in cells, several small-molecule tools
selective for RNA G-quadruplexes have been developed
(33,38-50). For example, anthrafurandione and anthrathio-
phenedione molecules bind to RNA G-quadruplexes in the
5'-UTR of KRAS oncogene transcript to impair its trans-
lation with concomitant anti-cancer properties, exempli-
fying that RNA G-quadruplexes in oncogene transcripts
may serve as drug targets (47). Despite these efforts, spe-
cific exogenous control over the cellular roles of RNA G-
quadruplexes with a small molecule remain challenging.
We previously reported a selective small-molecule RNA
G-quadruplex stabilizer, RGB-1, which is capable of re-
pressing the endogenous protein synthesis from RNA G-
quadruplex-containing mRNAs in mammalian cells (37).
The translational inhibition activity of RGB-1 led us to dis-
cover another RNA G-quadruplex latent in the SUTR of a
proto-oncogene NRAS mRNA, raising the possibility that
RGB-1 serves as a valuable chemical tool for exploration
of functional G-quadruplex-forming sites in a large collec-
tion of mRNAs. In the present study, we complement and
advance this past work by developing an RGB-1-based ap-
proach to search for functional RNA. G-quadruplexes lo-
cated in the SUTR region. The approach described in the
present study could pave the way for further discoveries of
RNA G-quadruplexes and subsequently a further under-
standing of the cellular roles of RNA G-quadruplex.

MATERIALS AND METHODS
RGB-1

The G-quadruplex stabilizing ligand used in the present
study, RGB-1, was originally discovered by chemical library
screening in our own laboratory, and its structure was con-
firmed by chemical synthesis as described in our previous
publication (37). The ligand used in the present study was
also synthesized in house as described before (37).

Solubility determination

The solubility of RGB-1 was determined by UV absorp-
tion analysis. 1.196, 0.597 and 0.598 mg of RGB-1 were
dissolved in 100 pl of DMSO. The UV absorbance of
each RGB-1 solution was analyzed by a UV-1650PC (SHI-
MADZU). Apax of RGB-1 in DMSO was estimated to be

at 270 nm, and then the molar extinction coefficient (at 270
nm) for RGB-1 was calculated to be 43 100 M~!'.cm~! from
the average value. The maximal solubilities of RGB-1 in
1% and 10% DMSO/H,;0 were estimated by measuring the
Emax Of the solution. The maximal solubilities of RGB-1 in
10% and 1% DMSO/H,0 were 26 and 11 WM, respectively.

RNA preparation

RNA samples for UV and CD measurements and footprint-
ing assay were solubilized in 10 mM Tris-HCI (pH 7.5)
buffer containing 100 mM KCI or LiCl. Prior to use, the
samples were heated to 90°C for 5 min and gradually cooled
to room temperature over 60 min in the same buffer.

Proteome profiler array

The Human XL Oncology Array Kit (R&D Systems) was
used for the parallel determination of relative levels of
84 human cancer-related proteins. MCF7 cells were main-
tained in medium A (Dulbecco’s modified Eagle’s medium,
supplemented with 100 units/ml penicillin, 100 pg/ml
streptomycin sulfate, and 10% (v/v) fetal bovine serum)
at 37°C in a humidified 5% CO; incubator. On Day 0,
MCFT7 cells were added to medium A in a 35 mm dish at
4.0 x 103 cells per well. On Day 1, the cells were treated
with 1% DMSO (control) or 10 uM RGB-1 in 1% DMSO.
After 2 days of culture, the cells were washed three times
with cold Phosphate-Buffered Saline (PBS), and lysed with
buffer 17 (# 895943, R&D Systems). Blotting assays were
performed according to the manufacturer’s protocol as fol-
lows. Array membranes were treated with 2.0 ml of Array
Buffer 6 for 1 h for blocking. After blocking, the mem-
branes were incubated with the cell lysates overnight at
4°C on a rocking platform shaker. Each membrane was
washed with 1x Wash Buffer for 10 min for a total of three
washes. The membranes were treated with 1.5 ml of Detec-
tion Antibody Cocktail and incubated for 1 h. The mem-
branes were treated with 2.0 ml of 1x streptavidin—-HRP
and Incubated at room temperature for 30 min, and then
washed each membrane. After washing, the membranes
were treated with 1.0 ml of the Chemi Reagent Mix. and
incubated for 1 min. After squeezing out the excess Chemi
Reagent Mix, the membranes were placed in an autoradio-
graphy film cassette with the identification numbers facing
up, and the X-ray film was exposed for 10 min for protein
expression analysis.

Western blot analysis

MCEF7 cells were maintained in medium A (Dulbecco’s
modified Eagle’s medium, supplemented with 100 units/ml
penicillin, 100 pwg/ml streptomycin sulfate, and 10% (v/v)
fetal bovine serum) at 37°C in a humidified 5% CO, incu-
bator. On Day 0, MCF-7 cells were added to medium A in
a six-well plate at 3 x 10° cells per well. On Day 1, the cells
were treated with 1% DMSO (control) or 10 uM RGB-1
in 1% DMSO. After 48 h incubation, the cells were washed
three times with cold PBS, and lysed with buffer A [20 mM
Tris—HCI (pH 7.5), 150 mM NacCl, 1% (v/v) Nonidet P-
40, 0.1% (w/v) sodium deoxycholate, and protease inhibitor



cocktail (Nacalai Tesque, Inc.)]. The cell lysates were passed
10 times through a 25G needle and centrifuged at 4°C for
10 min. The supernatants were transferred to new tubes
and mixed with 0.20 volume of 6x sodium dodecyl sul-
fate (SDS) sample buffer (Nacalai Tesque, Inc.). The sam-
ples were separated on a 15% sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) gel, and blot-
ted using antibodies against CapG (ATFA 0420, NKMAX),
Nectin-4 (sc-515093, Santa Cruz Biotechnology, Inc.), p53
(sc-126, Santa Cruz Biotechnology, Inc.) or actin (4970, Cell
Signaling Technology). The specific bands were visualized
using enhanced chemiluminescence (ECL Prime Western
Blotting Detection Reagent, GE Healthcare) on an Image-
Quant LAS 500 (GE Healthcare).

Melting temperature (7},) measurement

The melting temperatures of G-quadruplexes were esti-
mated by monitoring Ultraviolet Visible (UV) absorbance
on a UV-1650PC (SHIMADZU) under nitrogen atmo-
sphere, as previously described (51). Temperature scans
were performed for G-quadruplexes (5 pM) by scanning
continuously from 5 to 95°C at a heating rate of 0.5°C/min
at 295 nm in 10 mM Tris—HCI buffer (pH 7.6) containing 2,
4, 6 mM KCl, and data points were collected every 0.5°C.
T was set to half the temperature of the maximum signal
decrease.

Circular dichroism (CD) measurement

The CD experiments were performed on a J-725 (JASCO)
CD spectrophotometer equipped with a Peltier temperature
controller. The spectra were recorded from 220 to 340 nm
with a scanning speed of 200 nm/s. This experiment was
performed for RNA G-quadruplexes (2.5 uM) in 10 mM
Tris—HCI buffer (pH 7.6) containing 100 mM KCI.

Footprinting assay

Fluorescein (FAM)-labeled RNA oligomers (1.5 wM) were
solubilized in 10 mM Tris—HCI (pH 7.5) buffer containing
100 mM KCl or LiCl. The RNA oligomers were ensured to
be folded by a heat/cooling process before the subsequent
experiments. The RNA samples were treated with 0.05 U/l
RNase T1 (Thermo Fisher Scientific) at room temperature
for 3 min, and then a urea-based buffer was added to ter-
minate the reaction. Aliquots of the resulting solution were
loaded onto a 15% Tris-borate EDTA (TBE)—urea (7 M)
polyacrylamide (acrylamide:bis-acrylamide, 19:1) gel and
electrophoresed at 1500 V for 2 h in 1 x TBE running buffer.
The FAM-labeled RNAs on the gels were visualized using
a Typhoon Trio (GE Healthcare).

RESULTS
Analysis of 84 cancer-related human genes with RGB-1

To discover RNA G-quadruplexes in mRNAs, we designed
a screening approach in which RGB-1 is employed as an
RNA G-quadruplex stabilizer (Figure 1A). The genes en-
coding the proteins whose expression levels are affected by
RGB-1 would theoretically represent or include the genes
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whose expression is controlled by RNA G-quadruplex for-
mation (Figure 1A). With this hypothesis in mind, human
breast cancer MCF-7 cells were treated with DMSO or
RGB-1, and protein levels in the cell lysates were analyzed
after 48 h. The maximal solubility of RGB-1 in 1%(v/v)
DMSO/H,0 was estimated to be 11 wM. We therefore de-
cided to use 10 wM of RGB-1. To simplify the task of iden-
tifying biologically important RNA G-quadruplexes, we fo-
cused on cancer-related human genes. Their protein prod-
ucts in the cell lysates were analyzed with an array of an-
tibodies against the protein products of 84 cancer-related
human genes. Side-by-side comparison of the blotting data
revealed both up-regulated and down-regulated gene prod-
ucts (Figure 1B, Supplementary Figure S1). We focused
on the five most down-regulated genes, namely FOXOI,
AREG, TP53, NECTIN-4, and CAPG (Supplementary Ta-
bles S1 and S2). The downregulation of the five genes was
validated by Western blot analysis (Supplementary Figure
S2). We next checked the mRNA expression levels of the
five down-regulated genes by quantitative PCR (Figure 1C).
The RT-qPCR assays revealed that mRNA expression levels
of FOXOI1, AREG and TP53 were decreased by the RGB-1
treatment in parallel with their protein levels. In contrast,
no detectable changes were observed in the mRNA levels
of NECTIN-4 and CAPG, although their protein expres-
sion levels were significantly reduced. These results suggest
that RGB-1 impairs the protein synthesis of Nectin-4 and
CapG rather than their mRNA synthesis, prompting us to
investigate whether 5’UTRs of Nectin-4 and CapG mRNAs
harbor any G-quadruplex-forming sequences.

Identification of RNA G-quadruplex structures

Given the nucleotide sequence of Nectin-4 and CapG mR-
NAs, both of their 5UTRs are predicted to contain poten-
tial G-quadruplex-forming sequences, G3-N; 7-G3-Nj 7-
G3-Nj 7-G3. To experimentally locate G-quadruplex sites,
we conducted a reverse-transcriptase elongation reaction
stop assay (RTase stop assay), in which one can detect the
location of RNA G-quadruplex sites as RTase stop signals
during the reverse transcription reaction of mRNAs (Sup-
plementary Figure S3) (52,53). In fact, RTase stop signals
were detected on the SUTRs of both Nectin-4 and CapG
mRNAs, but not on the 5UTR of TP53 mRNA, consis-
tent with the RT-qPCR results. The stop signals were de-
tected only under KCl-containing buffer conditions (Fig-
ure 2C, F and Supplementary Figure S4) and further en-
hanced in the presence of RGB-1 (Supplementary Fig-
ure S5). Overall, these results suggested the existence of
RNA G-quadruplexes in the 5’UTRs of Nectin-4 and CapG
mRNA.

The SUTR of Nectin-4 mRNA contains four guanine
tracts (consecutive guanine nucleotides, G-tracts) that are
located close to each other. To our surprise, RTase stop
assays of its six mutants (mutantl-6) revealed that a G-
quadruplex is formed not by the four consecutive G-tracts
but by a combination of three of them and a distant G-tract
(Figure 2A, C, Supplementary Figure S6 and Supplemen-
tary Figure S7). Presumably, the steric configuration of such
a separated G-tract combination is more thermodynami-
cally preferable than that of the consecutive G-tracts for
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Figure 1. Schematic representation of the strategy to discover intracellular functional RNA G-quadruplexes which affect protein translation reaction.
(A) Stepl: Direct comparison of protein expression levels with an antibody array. The proteins were first extracted from MCF-7 cells which had been
treated with RGB-1 or DMSO (the solvent of RGB-1 solution) for 48 h. Each extract was then analyzed by the antibody array. Step2: RT-qPCR analysis
of mRNA expression levels of the selected down-regulated gene from the antibody array. The gene candidates selected from Step 1 and Step 2 were
further investigated to identify functional RNA G-quadruplexes. (B), Comparison of protein expression levels with or without RGB-1 treatment for 5
down-regulated proteins. (C) Comparison of RNA expression levels in the presence and absence of RGB-1 for the selected genes. Relative expression level
was normalized by GAPDH. Data are shown as mean + SD. Statistical significance was determined by Student’s ¢-test: n.s. = no statistical significance

(P > 0.05), **P < 0.01 and ***P < 0.001, compared with DMSO alone.

building up an RNA G-quadruplex in the Nectin-4 mRNA.
In fact, replacement of the distant G-tract with an A-tract
(mutant7) generated the less preferable G-quadruplex struc-
ture of the four consecutive G-tracts (Supplementary Fig-
ure S6).

On the other hand, the results of the RTase stop assay of
the SUTR of CapG mRNA, which contains five G-tracts
(tracts 1-5), exhibited even more complex patterns (Figure
3). The stop signals under high and low KClI conditions re-
vealed the existence of two RNA G-quadruplex structures,
each of which appeared to consist of a distinct set of the
four G-tracts: tracts 2-5 and tracts 1-4, respectively. Sub-
stitution of tract 1 or 5 with an A-tract (CapG mutant] or
CapG mutant2, respectively) led to the loss of the polymor-
phic property. These results suggest that the CapG mRNA
forms a G-quadruplex of tracts 2-5 at 100 mM KCI and of
tracts 1-4 at 25 mM KCI (Supplementary Figure S8).

Effects of RNA G-quadruplex on protein translation

To evaluate the effects of the RNA G-quadruplexes on pro-
tein translation, we next used a dual reporter gene in which
the translation of Firefly luciferase (FL) is controlled by
the SUTR of Nectin-4 or CapG, while Renilla luciferase
(RL) translation is mediated by IRES (Figures 4 and 5)
(54). Comparison of the luminescence signals via FL and
RL allowed us to quantify the effects of the S UTRs. Cell-
free translation experiments of the reporter gene revealed
that RGB-1 reduced the translational efficiency of the tran-
scripts bearing the wild-type Nectin-4 5 UTR, while RGB-
1 exhibited no detectable effects on the translation from its
mutant that is unable to form a G-quadruplex (mutantl)
(Figure 4). On the other hand, mutant7, in which a G-
quadruplex is rearranged, maintained its response to RGB-
1 (Figure 4). These results are consistent with the notion
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Figure 2. Identification of RNA G-quadruplex formation on Nectin-4 wild-type and CapG wild-type mRNAs. (A, D) Nucleotide sequences of Nectin-
4 wild-type and CapG wild-type mRNAs. Guanine repeat sequences (G-tracts) are shown in red. (B, E) The fluoresce signals of dNTP + ddATP,
dNTP + ddTTP, dNTP + ddGTP and dNTP + ddCTP indicate the A, T, G and C bases on the template DNA strand, respectively. (C, F) RTase-mediated
cDNA synthesis was interrupted on the Nectin-4 wild-type and CapG wild-type mRNAs in the presence of 100 mM KCl, but was not affected in the pres-
ence of 50 mM NaCl. G-tracts are shown in red and four G-tract sequences constituting G-quadruplexes are underlined in red. Dashed arrows indicate
the arrest sites of reverse transcription. Bold arrows show direction of RTase elongation.
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that the RGB-1-induced translational suppression is medi-
ated by its interaction with the RNA G-quadruplex.

The reporter gene controlled by the CapG SUTR dis-
played an interesting property. RGB-1 similarly reduced the
translation of the mRNA bearing wild-type CapG 5 UTR.
However, this RGB-1- mediated translation repression was
maintained even when either G-tracts 1 or 5 was replaced by
an A-tract (CapG mutant] or 2, respectively). Replacement
of both G-tracts 1 and 5 abolished the ability of RGB-1 to
repress the FL translation (CapG mutant3) (Supplementary
Figure S9). These results suggest that both of the two pos-
sible G-quadruplex structures in CapG mRNA contribute
to the translational suppression.

The RTase stop assays showed that the proportion of
the two CapG G-quadruplexes depends on KCI concen-
trations (Figure SA and Supplementary Figure S8). To es-
timate the impacts of salt concentrations on the transla-
tional suppression, we next evaluated the translation effi-
ciency under high (translation buffer: 100 mM KCI) and
low (four times diluted translation buffer: 25 mM KCI)
salt concentrations using the cell-free translation system.
The translation repression activity of CapG mutantl was
as potent as that of CapG wild-type in the high-salt buffer,
whereas CapG mutantl had no significant effects on the
translation in the low-salt buffer. In contrast, CapG mu-
tant2 suppressed the translation at the same levels irre-
spective of the salt concentrations (Figure 5F). Perhaps the
concerted pair of the two G-quadruplexes in the CapG
5"UTR ensures the translation repression irrespective of salt
concentrations.

Characterization of G-quadruplex structures

To further characterize the G-quadruplex structures in
Nectin-4 and CapG, we conducted footprinting. RNase-
T1 footprinting experiments depicted clusters of protected
guanine residues in the presence of KCIl, indicating that
these residues are involved in the G-quadruplex forma-

tion of Nectin-4 and CapG mRNA (Supplementary Fig-
ures S10 and S11). The salt-dependent shift of CapG G-
quadruplexes was not clearly detected as changes in foot-
printing signals perhaps due to the conformational equi-
librium. Nevertheless, the overall patterns of the protected
guanine residues were in good agreement with the results
of the RTase stop assays. The G-quadruplex formation
was also validated by measuring CD spectra of the RNA
oligonucleotides of Nectin-4 and CapG. The RNA oligonu-
cleotides encompassing G-quadruplex-forming sites dis-
played 270 nm positive Cotton effects typical for G-
quadruplexes (Supplementary Figure S12). Collectively,
these results support our notion that the 5'-UTRs of Nectin-
4 and CapG form G-quadruplexes.

To corroborate the direct association between RNA G-
quadruplexes and RGB-1, we estimated Kp values of RGB-
1 for various G-quadruplex structures using size-exclusion
chromatography. The results confirmed that RGB-1 binds
selectively to RNA G-quadruplexes, while RGB-1 exhib-
ited no detectable affinity to DNA-DNA or DNA-RNA du-
plexes (Supplementary Figure S13). The estimated Kp val-
ues for G-quadruplexes for Nectin-4 wild-type, CapG mu-
tantl, and CapG mutant2 were 5.2 + 1.1, 4.0 &+ 1.1 and
3.1 £ 0.6 pwM, respectively. These values are compara-
ble with the previously observed affinity of RGB-1 with
TERRA (K4 = 5.9 p.M) RNA G-quadruplex structure (37).

DISCUSSION

RNA G-quadruplexes are usually found in the G-rich se-
quences and have been proposed to play roles in various bi-
ological processes encompassing translation (34,37,55,56),
splicing (57,58), and transport (59-62). A suite of com-
putational prediction protocols, including G4-RNA Fold
(20), cG/cC score (21) and G4Hunter (22), have been re-
ported with the goal of identifying the G-quadruplexes
in RNAs, yet most of the predicted G-quadruplexes have
not been experimentally confirmed as biologically func-
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tional structures. To map RNA G-quadruplexes experimen-
tally, Kwok and Balasubramanian have combined RNA G-
quadruplex-mediated reverse transcriptase stalling events
with a ligation-amplification strategy and detected RNA G-
quadruplex formation in full-length cellular human telom-
erase RNA (63). The approach described in the present
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study allowed us to identify two human-cancer-related
genes (Nectin-4 and CapG), whose translation is suppressed
by the RNA G-quadruplexes. These two non-canonical yet
functional RNA G-quadruplexes have not been precisely
detected by the previous computational or experimental
studies.

Both Nectin-4 and CapG are well-established oncogenes
that drive proliferation, metastasis, and angiogenesis in can-
cerous cells (64,65). Their RNA G-quadruplexes are lo-
cated in the 5UTR of the mRNA transcripts, downregu-
lating the translation like those in NRAS oncogene (34,37).
The 5UTRs of a number of cancer-linked genes including
MYC, MYB, NOTCH, CDK6 and BCL2 have been shown
to contain 12-nucleotide guanine quartet (CGG)s motif
that can form RNA G-quadruplex structures. This motif
was identified as a hallmark of RNA transcripts whose
translational levels are dependent upon elF4A RNA heli-
case, suggesting that RNA G-quadruplexes control eIF4A-
dependent oncogene translation (66). The gene repression
at the translation stage appears to be a waste of energy for
cells. It is not obvious why the SUTR of these oncogene
transcripts harbor the RNA G-quadruplexes that repress
translation.

The secondary or tertiary conformation of RNAs is in-
fluenced by salt conditions (25,67,68). Stability of RNA G-
quadruplex structures is particularly sensitive to potassium
concentrations in vitro: higher concentrations usually stabi-
lize RNA G-quadruplex structures (Supplementary Figure
S14). Intracellular potassium levels are tightly controlled
by potassium channels and vary in cell types: certain efflux
potassium channels are overexpressed in a number of cancer
cell lines to lower the intracellular potassium levels (69-72).
Blockage of the potassium channels in cancer cells results
in cell cycle arrest (73,74), suggesting that the high expres-
sion of the channels is required for rapid cell proliferation.
Sugimoto et al. recently proposed that the low intracellu-
lar potassium levels in cancer cells decrease the effects of
DNA G-quadruplex on gene transcription (75). RNA G-
quadruplex may be similarly destabilized by the low potas-
sium levels in cancer cells, such that the translation of G-
quadruplex-containing mRNAs is restored to support the
growth of cancer cells.

In light of this hypothesis, the CapG G-quadruplex is of
particular interests due to its potassium-dependent poly-
morphic nature. In the case of DNA, such polymorphic
G-quadruplexes have been observed to display structural
equilibrium in response to salt conditions (25,76-79). For
instance, the HIV-1 long terminal repeat (L7TR) DNA se-
quence forms a set of two overlapping, interchangeable
DNA G-quadruplex structures that regulate gene transcrip-
tion (80,81). The CapG G-quadruplex represents the first
RNA G-quadruplex structure that combines two mutu-
ally exclusive G-quadruplex structures exchangeable in re-
sponse to potassium concentrations. Our results indicate
that the structural polymorphism enables the cells to sup-
press translation of the mRINA both under high and low
potassium environments, suggesting its potential role in en-
suring translation repression regardless of cellular potas-
sium levels. Further work will be critical for understanding
the biological importance of this persistent translational re-
pression of CapG.
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In conclusion, our small-molecule-based screening has
identified two human cancer-related genes (Nectin-4 and
CapG), whose translation is suppressed by the RNA G-
quadruplexes. These two RNA G-quadruplexes have not
been detected by previous computational predictions or
experimental screening. Interestingly, the CapG RNA G-
quadruplex represents the first RNA G-quadruplex struc-
ture that combines two mutually exclusive G-quadruplex
structures exchangeable in response to potassium concen-
trations. Our analysis suggested that this polymorphism
plays a role in persistent translation repression. A limita-
tion of our study is that RNA G-quadruplex structures
were searched only from the protein products of 84 cancer-
related genes. It is unlikely that RNA G-quadruplex struc-
tures are unique to oncogenes. A combination of pro-
teome and transcriptome analyses with RGB-1 would per-
mit the quick discovery of uncharacterized, non-canonical
RNA G-quadruplexes structures that suppress translation
in potassium-dependent and independent manners.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We thank all members of the Thara (Kumamoto Univer-
sity), Hagihara (Hirosaki University), Shioda (Kumamoto
University), Uesugi laboratory (Kyoto University), for dis-
cussions and experimental assistance. This work was in-
spired by the international and interdisciplinary environ-
ments of WPI-iCeMS and JSPS CORE-to-CORE Pro-
gram, ‘Asian Chemical Biology Initiative.’

FUNDING

JSPS [18K14338 to Y.K., 21K18214, 20H02859 to
S.S., 19K22259, 20H02769 to T.I., 16K01910 to M.H.,
19H00922 to M.U.]; JST FOREST Program [JP-
MIJFR211L]J; AMED [JP19ak0101116, JP21ak0101168 to
Y.K.]; Naito Foundation (to T.I.); TERUMO Foundation
for life Sciences and Arts (to T.I.); ZE Research Program,
IAE [ZE2020B-54 to Y.K., ZE2020B-45 to S.S., ZE31-B30
to M.H.]; Kyoto University Foundation (S.S.); ISHIZUE
2019 of Kyoto University Research Development Program
(to S.S.); International Collaborative Research Program
of Institute for Chemical Research [2018-78]. Funding for
open access charge: Ministry of Education, Culture, Sports,
Science and Technology; Japan Society for the Promotion
of Science.

Conflict of interest statement. None declared.

REFERENCES

1. Sun,D., Thompson,B., Cathers,B.E., Salazar,M., Kerwin,S.M.,
Trent,J.O., Jenkins, T.C., Neidle,S. and Hurley,L.H. (1997) Inhibition
of human telomerase by a G-quadruplex-interactive compound. J.
Med. Chem., 40, 2113-2116.

2. Read,M., Harrison,R.J., Romagnoli,B., Tanious,F.A., Gowan,S.H.,
Reszka,A.P., Wilson,W.D., Kelland,L.R. and Neidle,S. (2001)
Structure-based design of selective and potent G
quadruplex-mediated telomerase inhibitors. Proc. Natl. Acad. Sci.
US.A., 98, 4844-4849.

10.

11.

12.

14.

15.

17.

18.

19.

Nucleic Acids Research, 2022, Vol. 50, No. 14 8151

. Siddiqui-Jain,A., Grand,C.L., Bearss,D.J. and Hurley,L.H. (2002)

Direct evidence for a G-quadruplex in a promoter region and its
targeting with a small molecule to repress c-MYC transcription. Proc.
Natl. Acad. Sci. U.S.A., 99, 11593-11598.

. Zafar, M K., Hazeslip,L., Chauhan,M.Z. and Byrd,A.K. (2020) The

expression of human DNA Helicase B is affected by G-Quadruplexes
in the promoter. Biochemistry, 59, 2401-2409.

. Shen,L.W.,, Qian,M.Q., Yu,K., Narva,S., Yu,F., Wu,Y.L. and

Zhang,W. (2020) Inhibition of influenza a virus propagation by
benzoselenoxanthenes stabilizing TMPRSS2 gene G-quadruplex and
hence down-regulating TMPRSS2 expression. Sci. Rep., 10, 7635.

. Roy.S., Ali,A., Kamra,M., Muniyappa,K. and Bhattacharya,S.

(2020) Specific stabilization of promoter G-Quadruplex DNA by
2,6-disubstituted amidoanthracene-9,10-dione based dimeric
distamycin analogues and their selective cancer cell cytotoxicity. Eur.
J. Med. Chem., 195, 112202.

. Dickerhoff,J., Dai,J. and Yang,D. (2021) Structural recognition of the

MYC promoter G-quadruplex by a quinoline derivative: insights into
molecular targeting of parallel G-quadruplexes. Nucleic Acids Res.,
49, 5905-5915.

. Kim,M.Y., Vankayalapati,H., Shin-Ya,K., Wierzba,K. and

Hurley,L.H. (2002) Telomestatin, a potent telomerase inhibitor that
interacts quite specifically with the human telomeric intramolecular
g-quadruplex. J. Am. Chem. Soc., 124, 2098-2099.

. Ambrus,A., Chen,D., Dai,J., Bialis,T., Jones,R.A. and Yang,D.

(2006) Human telomeric sequence forms a hybrid-type intramolecular
G-quadruplex structure with mixed parallel/antiparallel strands in
potassium solution. Nucleic Acids Res., 34, 2723-2735.

Moye,A.L., Porter,K.C., Cohen,S.B., Phan,T., Zyner,K.G.,
Sasaki,N., Lovrecz,G.O., Beck,J.L. and Bryan, T.M. (2015) Telomeric
G-quadruplexes are a substrate and site of localization for human
telomerase. Nat. Commun., 6, 7643.

Huppert,J.L. and Balasubramanian,S. (2007) G-quadruplexes in
promoters throughout the human genome. Nucleic Acids Res., 35,
406-413.

Riou,J.F.,, Guittat,L., Mailliet,P., Laoui,A., Renou,E., Petitgenet,O.,
Megnin-Chanet,F., Helene,C. and Mergny,J.L. (2002) Cell senescence
and telomere shortening induced by a new series of specific
G-quadruplex DNA ligands. Proc. Natl. Acad. Sci. U.S.A., 99,
2672-2677.

. Dixon,I.M., Lopez,F., Tejera,A.M., Esteve,J.P., Blasco,M.A.,

Pratviel,G. and Meunier,B. (2007) A G-quadruplex ligand with
10000-fold selectivity over duplex DNA. J. Am. Chem. Soc., 129,
1502-1503.

Biffi,G., Tannahill,D., McCalfferty,J. and Balasubramanian,S. (2013)
Quantitative visualization of DNA G-quadruplex structures in
human cells. Nat. Chem., 5, 182-186.

Chambers,V.S., Marsico,G., Boutell,J. M., Di Antonio,M., Smith,G.P.
and Balasubramanian,S. (2015) High-throughput sequencing of
DNA G-quadruplex structures in the human genome. Nat.
Biotechnol., 33, 877-881.

. Zhang,S., Sun,H., Wang,L., Liu,Y., Chen,H., Li,Q., Guan,A., Liu,M.

and Tang,Y. (2018) Real-time monitoring of DNA G-quadruplexes in
living cells with a small-molecule fluorescent probe. Nucleic Acids
Res., 46, 7522-7532.

Jin,M., Li,J., Chen,Y., Zhao,J., Zhang,J., Zhang,Z., Du,P., Zhang,L.
and Lu,X. (2021) Near-Infrared small molecule as a specific
fluorescent probe for ultrasensitive recognition of antiparallel human
telomere G-Quadruplexes. ACS Appl. Mater. Interfaces, 13,
32743-32752.

Arora,A. and Maiti,S. (2009) Differential biophysical behavior of
human telomeric RNA and DNA quadruplex. J. Phys. Chem. B, 113,
10515-10520.

Joachimi,A., Benz,A. and Hartig,J.S. (2009) A comparison of DNA
and RNA quadruplex structures and stabilities. Bioorg. Med. Chem.,
17, 6811-6815.

. Lorenz,R., Bernhart,S.H., Qin,J., Honer zu Siederdissen,C.,

Tanzer,A., Amman,F., Hofacker,I.L. and Stadler,P.F. (2013) 2D
meets 4G: G-quadruplexes in RNA secondary structure prediction.
IEEE/ACM Trans. Comput. Biol. Bioinform., 10, 832-844.

. Beaudoin,J.D., Jodoin,R. and Perreault,J.P. (2014) New scoring

system to identify RNA G-quadruplex folding. Nucleic Acids Res.,
42, 1209-1223.


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkac580#supplementary-data

8152 Nucleic Acids Research, 2022, Vol. 50, No. 14

22.

23.

24.

25.

26.

217.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40

41.

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.
Mignone,F., Grillo,G., Licciulli,F., lacono,M., Liuni,S., Kersey,P.J.,
Duarte,J., Saccone,C. and Pesole,G. (2005) UTRdb and UTRsite: a
collection of sequences and regulatory motifs of the untranslated
regions of eukaryotic mRNAs. Nucleic Acids Res., 33, D141-D146.
Beaudoin,J.D. and Perreault,J.P. (2010) 5-UTR G-quadruplex
structures acting as translational repressors. Nucleic Acids Res., 38,
7022-7036.

Zhang,D.H., Fujimoto,T., Saxena,S., Yu,H.Q., Miyoshi,D. and
Sugimoto,N. (2010) Monomorphic RNA G-quadruplex and
polymorphic DNA G-quadruplex structures responding to cellular
environmental factors. Biochemistry, 49, 4554-4563.

Vester,K., Eravci,M., Serikawa,T., Schutze,T., Weise,C. and
Kurreck,J. (2019) RNAi-mediated knockdown of the Rhau helicase
preferentially depletes proteins with a Guanine-quadruplex motif in
the 5'-UTR of their mRNA. Biochem. Biophys. Res. Commun., 508,
756-761.

Bugaut,A. and Balasubramanian,S. (2012) 5-UTR RNA
G-quadruplexes: translation regulation and targeting. Nucleic Acids
Res., 40, 4727-4741.

Jodoin,R., Carrier,J.C., Rivard,N., Bisaillon,M. and Perreault,J.P.
(2019) G-quadruplex located in the 5UTR of the BAG-1 mRNA
affects both its cap-dependent and cap-independent translation
through global secondary structure maintenance. Nucleic Acids Res.,
47, 10247-10266.

Morris,M.J., Negishi, Y., Pazsint,C., Schonhoft,J.D. and Basu,S.
(2010) An RNA G-quadruplex is essential for cap-independent
translation initiation in human VEGF IRES. J Am. Chem. Soc., 132,
17831-17839.

Al-Zeer,M.A., Dutkiewicz,M., von Hacht,A., Kreuzmann,D.,
Rohrs,V. and Kurreck,J. (2019) Alternatively spliced variants of the
5'-UTR of the ARPC2 mRNA regulate translation by an internal
ribosome entry site (IRES) harboring a guanine-quadruplex motif.
RNA Biol., 16, 1622-1632.

Guo,J.U. and Bartel,D.P. (2016) RNA G-quadruplexes are globally
unfolded in eukaryotic cells and depleted in bacteria. Science, 353,
aaf5372.

Serikawa,T., Eberle,J. and Kurreck,J. (2017) Effects of genomic
disruption of a guanine quadruplex in the 5 UTR of the Bcl-2
mRNA in melanoma cells. FEBS Lett., 591, 3649-3659.
Kawauchi,K., Sugimoto,W., Yasui,T., Murata,K., Itoh,K., Takagi, K.,
Tsuruoka,T., Akamatsu,K., Tateishi-Karimata,H., Sugimoto,N. ef al.
(2018) An anionic phthalocyanine decreases NRAS expression by
breaking down its RNA G-quadruplex. Nat. Commun., 9, 2271.
Kumari,S., Bugaut,A., Huppert,J.L. and Balasubramanian,S. (2007)
An RNA G-quadruplex in the 5 UTR of the NRAS proto-oncogene
modulates translation. Nat. Chem. Biol., 3, 218-221.

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.

Chen,S.B., Hu,M.H., Liu,G.C., Wang,J., Ou,T.M., Gu,L.Q.,
Huang,Z.S. and Tan,J.H. (2016) Visualization of NRAS RNA
G-Quadruplex structures in cells with an engineered fluorogenic
hybridization probe. J. Am. Chem. Soc., 138, 10382-10385.
Katsuda,Y., Sato,S., Asano,L., Morimura,Y., Furuta,T.,
Sugiyama,H., Hagihara,M. and Uesugi,M. (2016) A small molecule
that represses translation of G-Quadruplex-Containing mRNA. J.
Am. Chem. Soc., 138, 9037-9040.

Bugaut,A., Murat,P. and Balasubramanian,S. (2012) An RNA
hairpin to G-quadruplex conformational transition. J. Am. Chem.
Soc., 134, 19953-19956.

Di Antonio,M., Biffi,G., Mariani,A., Raiber,E.A., Rodriguez,R. and
Balasubramanian,S. (2012) Selective RNA versus DNA
G-quadruplex targeting by in situ click chemistry. Angew. Chem. Int.
Ed. Engl., 51, 11073-11078.

. Perrone,R., Butovskaya,E., Daelemans,D., Palu,G., Pannecouque,C.

and Richter,S.N. (2014) Anti-HIV-1 activity of the G-quadruplex
ligand BRACO-19. J. Antimicrob. Chemother, 69, 3248-3258.
Rocca,R., Moraca,F., Costa,G., Nadai,M., Scalabrin,M., Talarico,C.,
Distinto,S., Maccioni,E., Ortuso,F., Artese,A. et al. (2017)

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Identification of G-quadruplex DNA/RNA binders: Structure-based
virtual screening and biophysical characterization. Biochim. Biophys.
Acta Gen. Subj., 1861, 1329-1340.

Peng,W., Sun,Z.Y., Zhang,Q., Cheng,S.Q., Wang,S.K., Wang,X.N.,
Kuang,G.T., Su,X.X., Tan,J.H., Huang,Z.S. et al. (2018) Design,
synthesis, and evaluation of novel p-(Methylthio)styryl substituted
quindoline derivatives as neuroblastoma RAS (NRAS) repressors via
specific stabilizing the RNA G-Quadruplex. J. Med. Chem., 61,
6629-6646.

Cui, X., Lin,S., Zhou,J. and Yuan,G. (2012) Investigation of
non-covalent interaction of natural flexible cyclic molecules with
telomeric RNA G-quadruplexes by electrospray ionization mass
spectrometry. Rapid Commun. Mass Spectrom, 26, 1803—1809.
Chung,W.J., Heddi,B., Hamon,F., Teulade-Fichou,M.P. and
Phan,A.T. (2014) Solution structure of a G-quadruplex bound to the
bisquinolinium compound Phen-DC(3). Angew. Chem. Int. Ed. Engl.,
53, 999-1002.

Schludi,M.H. and Edbauer,D. (2018) Targeting RNA
G-quadruplexes as new treatment strategy for C9orf72 ALS/FTD.
Embo Mol. Med., 10, 4-6.

Yang,S.Y., Lejault,P., Chevrier,S., Boidot,R., Robertson,A.G.,
Wong,J.M.Y. and Monchaud,D. (2018) Transcriptome-wide
identification of transient RNA G-quadruplexes in human cells. Nat.
Commun., 9, 4730.

Miglietta,G., Cogoi,S., Marinello,J., Capranico,G., Tikhomirov,A.S.,
Shchekotikhin,A. and Xodo,L.E. (2017) RNA G-Quadruplexes in
Kirsten Ras (KRAS) oncogene as targets for small molecules
inhibiting translation. J. Med. Chem., 60, 9448-9461.

Chen,X.C., Chen,S.B., Dai,J., Yuan,J.H., Ou,T.M., Huang,Z.S. and
Tan,J.H. (2018) Tracking the dynamic folding and unfolding of RNA
G-Quadruplexes in live cells. Angew. Chem. Int. Ed. Engl., 57,
4702-4706.

Ribeiro,M.M., Teixeira,G.S., Martins,L., Marques,M.R., de
Souza,A.P. and Line,S.R. (2015) G-quadruplex formation enhances
splicing efficiency of PAX9 intron 1. Hum. Genet., 134, 37-44.
Verma,S.P. and Das,P. (2018) Novel splicing in IGFNI1 intron 15 and
role of stable G-quadruplex in the regulation of splicing in renal cell
carcinoma. PLoS One, 13, €0205660.

Arslan,P, Jyo,A. and Thara,T. (2010) Reversible circularization of an
anthracene-modified DNA conjugate through bimolecular triplex
formation and its analytical application. Org. Biomol. Chem., 8,
4843-4848.

Hagihara,M., Yamauchi,L., Seo,A., Yoneda,K., Senda,M. and
Nakatani,K. (2010) Antisense-induced guanine quadruplexes inhibit
reverse transcription by HIV-1 reverse transcriptase. J. Am. Chem.
Soc., 132, 11171-11178.

Hagihara,M., Yoneda,K., Yabuuchi,H., Okuno,Y. and Nakatani,K.
(2010) A reverse transcriptase stop assay revealed diverse quadruplex
formations in UTRs in mRNA. Bioorg. Med. Chem. Lett., 20,
2350-2353.

Jang,S.K., Davies,M.V., Kaufman,R.J. and Wimmer.,E. (1989)
Initiation of protein synthesis by internal entry of ribosomes into the
5’ nontranslated region of encephalomyocarditis virus RNA in vivo.
J. Virol., 63, 1651-1660.

Murat,P., Marsico,G., Herdy,B., Ghanbarian,A.T., Portella,G. and
Balasubramanian,S. (2018) RNA G-quadruplexes at upstream open
reading frames cause DHX36- and DHX9-dependent translation of
human mRNAs. Genome Biol., 19, 229.

Murat,P., Zhong,J., Lekieffre,L., Cowieson,N.P.,, Clancy,J.L.,
Preiss, T., Balasubramanian,S., Khanna,R. and Tellam,J. (2014)
G-quadruplexes regulate Epstein-Barr virus-encoded nuclear antigen
I mRNA translation. Nat. Chem. Biol., 10, 358-364.

Marcel,V., Tran,P.L., Sagne,C., Martel-Planche,G., Vaslin,L.,
Teulade-Fichou,M.P, Hall,J., Mergny,J.L., Hainaut,P. and Van
Dyck,E. (2011) G-quadruplex structures in TP53 intron 3: role in
alternative splicing and in production of p53 mRNA isoforms.
Carcinogenesis, 32, 271-278.

Fisette,J.F., Montagna,D.R., Mihailescu,M.R. and Wolfe,M.S. (2012)
A G-rich element forms a G-quadruplex and regulates BACE1
mRNA alternative splicing. J. Neurochem., 121, 763-773.
Subramanian,M., Rage,F., Tabet,R., Flatter,E., Mandel,J.L. and
Moine,H. (2011) G-quadruplex RNA structure as a signal for neurite
mRNA targeting. EMBO Rep., 12, 697-704.



60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Maltby,C.J., Schofield,J.P.R., Houghton,S.D., O’Kelly,I.,
Vargas-Caballero,M., Deinhardt,K. and Coldwell,M.J. (2020) A 5
UTR GGN repeat controls localisation and translation of a
potassium leak channel mRNA through G-quadruplex formation.
Nucleic Acids Res., 48, 9822-9839.

Ishiguro,A., Kimura,N., Watanabe, Y., Watanabe,S. and Ishihama,A.
(2016) TDP-43 binds and transports G-quadruplex-containing
mRNASs into neurites for local translation. Genes Cells, 21, 466-481.
Goering,R., Hudish,L.I., Guzman,B.B., Raj,N., Bassell,G.J.,
Russ,H.A., Dominguez,D. and Taliaferro,J.M. (2020) FMRP
promotes RNA localization to neuronal projections through
interactions between its RGG domain and G-quadruplex RNA
sequences. Elife, 9, ¢52621.

Kwok,C.K. and Balasubramanian,S. (2015) Targeted detection of
G-Quadruplexes in cellular RNAs. Angew. Chem. Int. Ed. Engl., 54,
6751-6754.

Nishiwada,S., Sho,M., Yasuda,S., Shimada,K., Yamato,I.,
Akahori,T., Kinoshita,S., Nagai,M., Konishi,N. and Nakajima,Y.
(2015) Nectin-4 expression contributes to tumor proliferation,
angiogenesis and patient prognosis in human pancreatic cancer. J.
Exp. Clin. Cancer Res., 34, 30.

Yun,D.P,, Wang,Y.Q., Meng,D.L., Ji,Y.Y., Chen,J.X., Chen,H.Y. and
Lu,D.R. (2018) Actin-capping protein CapG is associated with
prognosis, proliferation and metastasis in human glioma. Oncol. Rep.,
39, 1011-1022.

Wolfe,A.L., Singh,K., Zhong,Y., Drewe,P., Rajasekhar,V.K.,
Sanghvi,V.R., Mavrakis,K.J., Jiang,M., Roderick,J.E., Van der
Meulen,J. et al. (2014) RNA G-quadruplexes cause elF4A-dependent
oncogene translation in cancer. Nature, 513, 65-70.

Balaratnam,S. and Basu,S. (2015) Divalent cation-aided identification
of physico-chemical properties of metal ions that stabilize RNA
G-quadruplexes. Biopolymers, 103, 376-386.

Arachchilage, G.M., Dassanayake,A.C. and Basu,S. (2015) A
potassium ion-dependent RNA structural switch regulates human
Pre-miRNA 92b maturation. Chem. Biol., 22, 262-272.

Felipe,A., Vicente,R., Villalonga,N., Roura-Ferrer,M.,
Martinez-Marmol,R., Sole,L., Ferreres,J.C. and Condom,E. (2006)
Potassium channels: new targets in cancer therapy. Cancer Detect
Prev., 30, 375-385.

Spitzner,M., Ousingsawat,J., Scheidt,K., Kunzelmann,K. and
Schreiber,R. (2007) Voltage-gated K+ channels support proliferation
of colonic carcinoma cells. FASEB J., 21, 35-44.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81

Nucleic Acids Research, 2022, Vol. 50, No. 14 8153

Ousingsawat,J., Spitzner,M., Puntheeranurak,S., Terracciano,L.,
Tornillo,L., Bubendorf,L., Kunzelmann,K. and Schreiber,R. (2007)
Expression of voltage-gated potassium channels in human and mouse
colonic carcinoma. Clin. Cancer Res., 13, 824-831.

Farias,L.M., Ocana,D.B., Diaz,L., Larrea,F., Avila-Chavez,E.,
Cadena,A., Hinojosa,L.M., Lara,G., Villanueva,L.A., Vargas,C.

et al. (2004) Ether a go-go potassium channels as human cervical
cancer markers. Cancer Res., 64, 6996-7001.

Downie,B.R., Sanchez,A., Knotgen,H., Contreras-Jurado,C.,
Gymnopoulos,M., Weber,C., Stuhmer,W. and Pardo,L.A. (2008)
Eagl expression interferes with hypoxia homeostasis and induces
angiogenesis in tumors. J. Biol. Chem., 283, 36234-36240.
Crociani,O., Zanieri,F., Pillozzi,S., Lastraioli,E., Stefanini,M.,
Fiore,A., Fortunato,A., D’Amico,M., Masselli,M., De Lorenzo,E.
et al. (2013) hERG1 channels modulate integrin signaling to trigger
angiogenesis and tumor progression in colorectal cancer. Sci. Rep., 3,
3308.

Tateishi-Karimata,H., Kawauchi,K. and Sugimoto,N. (2018)
Destabilization of DNA G-Quadruplexes by chemical environment
changes during tumor progression facilitates transcription. J. Am.
Chem. Soc., 140, 642-651.

Simonsson,T. (2001) G-quadruplex DNA structures—variations on a
theme. Biol. Chem., 382, 621-628.

Xu,Y., Noguchi,Y. and Sugiyama,H. (2006) The new models of the
human telomere d(AGGG(TTAGGG)3] in K+ solution. Bioorg.
Med. Chem., 14, 5584-5591.

Liu,W., Zhu,H., Zheng,B., Cheng,S., Fu,Y., Li,W., Lau,T.C. and
Liang,H. (2012) Kinetics and mechanism of G-quadruplex formation
and conformational switch in a G-quadruplex of PS2.M induced by
Pb(2)(+). Nucleic Acids Res., 40, 4229-4236.

Largy,E., Marchand,A., Amrane,S., Gabelica,V. and Mergny,J.L.
(2016) Quadruplex turncoats: cation-dependent folding and stability
of Quadruplex-DNA double switches. J Am. Chem. Soc., 138,
2780-2792.

Butovskaya,E., Heddi,B., Bakalar,B., Richter,S.N. and Phan,A.T.
(2018) Major G-Quadruplex form of HIV-1 LTR reveals a (3 + 1)
folding topology containing a stem-loop. J. Am. Chem. Soc., 140,
13654-13662.

. De Nicola,B., Lech,C.J., Heddi,B., Regmi,S., Frasson,l., Perrone,R.,

Richter,S.N. and Phan,A.T. (2016) Structure and possible function of
a G-quadruplex in the long terminal repeat of the proviral HIV-1
genome. Nucleic Acids Res., 44, 6442-6451.



