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ABSTRACT: The G-quadruplexes form highly stable
nucleic acid structures, which are implicated in various
biological processes in both DNA and RNA. Although
DNA G-quadruplexes have been studied in great detail,
biological roles of RNA G-quadruplexes have received less
attention. Here, a screening of a chemical library permitted
identification of a small-molecule tool that binds selectively
to RNA G-quadruplex structures. The polyaromatic
molecule, RGB-1, stabilizes RNA G-quadruplex, but not
DNA versions or other RNA structures. RGB-1 intensified
the G-quadruplex-mediated inhibition of RNA translation
in mammalian cells, decreased expression of the NRAS
proto-oncogene in breast cancer cells, and permitted
identification of a novel sequence that forms G-quadruplex
in NRAS mRNA. RGB-1 may serve as a unique tool for
understanding cellular roles of RNA G-quadruplex
structures.

-quadruplexes are stable nucleic acid structures involved

in a variety of biological processes. For example, they are
known to locate in the telomeric and promoter regions of
DNA,"” controlling genome stability and transcriptional
regulation.” A number of DNA G-quadruplex binders have
been developed as chemical tools for investigating the physical
properties of G-quadruplexes®’ and for visualizing G-
quadruplex dynamics in cells.*'" There is now increasing
interest in RNA G-quadruplexes, which form more thermody-
namically stable structures than DNA G-quadruplexes and
which exist in various locations in untranslated regions (UTRs)
of mRNA.'""> The best known endogenous RNA G-
quadruplex is S'UTR RNA G-quadruplex on oncogenic
NRAS mRNA. Translation efficiency in cells increases when
the S'-terminal region of NRAS, containing the G-quadruplex-
forming sequence, is deleted, indicating that RNA G-
quadruplexes are involved in translational regulation, as well
as other key biological processes.

Small molecules selective for RNA G-quadruplexes would
accelerate further investigation of the biological functions of
RNA G-quadruplexes. Several such molecules have been
reported, and many of them were obtained from rational
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modification of pyridostatin.'”'>'* Unbiased discovery of novel

RNA G-quadruplex ligands from a chemical library might
provide more diverse chemical scaffolds and physical properties
than the pyridostatin analogs. In fact, a recent '’F-NMR-based
screening of a chemical library discovered several fluorinated
compounds that bind TERRA."

We designed in vitro screening to discover a new chemical
scaffold that stabilizes RNA G-quadruplexes (Figure lab).
Because thermodynamically stable RNA G-quadruplex struc-
tures inhibit the elongation reaction of complementary DNA
(cDNA) strands by reverse transcriptase (RTase),” we initially
expected that an RNA G-quadruplex with its chemical stabilizer
would more efficiently reduce production of full-length cDNA
strands (Figure 1c,d). Therefore, evaluation of full-length
cDNA production by quantitative PCR might identify potent
RNA G-quadruplex stabilizers (Figure le). As a model RNA G-
quadruplex structure, we chose the telomeric repeat-containing
RNA (TERRA) sequence,' one of the best characterized RNA
G-quadruplex structures. We screened 8000 diverse compounds
from in-house chemical libraries and isolated 526 molecules
that inhibited the elongation reaction of RTase (ACt > 2;
Figure 1f). ACt = 2 theoretically indicates 75% inhibition of RT
reaction. Counter-screening with a nonstructured RNA as a
template in the RTase reaction was used to remove false
positives. Twenty molecules inhibited the RTase elongation
reaction in the TERRA-containing template more potently than
in the nonstructured RNA template. The molecule that
exhibited the most desirable profile (molecule 1, RGB-1) was
selected for further studies (Figure 1h).

We first evaluated the direct interaction of RGB-1 with
TERRA G-quadruplex using size exclusion chromatogra-
phy.'”'® The apparent K, value and its stoichiometry were
estimated to be 5.9 uM and 1:1.2, respectively (Figure 2a). No
detectable affinities of RGB-1 were observed with parallel,
antiparallel, and mixed-type DNA G-quadruplex structures,'”*’
aside from a weak interaction with parallel DNA G-quadruplex
at the highest concentration (100 M) (Table S1 and Figure
S1). To examine whether binding with RGB-1 stabilizes the
RNA G-quadruplex structure, we measured the melting
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Figure 1. RTase-reaction-based screening for isolation of RNA G-
quadruplex stabilizers. (a) RNA G-quadruplex blocks reverse tran-
scriptase elongation, (b) resulting in the production of two cDNA
populations. Previous RTase stop assays showed that two major cDNA
species (full- and short-length) are produced from a G-quadruplex-
containing RNA template.” (c) RNA G-quadruplex stabilizer enhances
the arrest of reverse transcription at G-quadruplex, (d) resulting in
reduced production of full-length cDNA. (e) Simulation of the full-
length ¢cDNA production by quantitative PCR. ACt values were
determined by subtracting the Ct value of qPCR with a compound
from the Ct value of gPCR without the compound. A high ACt value
indicates strong inhibition of reverse transcription. (f) Heat map of
screening results of the RNA G-quadruplex stabilizers. The colored
spots indicate a gradient of ACt values in gPCR with or without
library compounds at 10 uM: red (ACt > 3) to blue (ACt < 0). (g)
Molecule 1 reduced the production of full-length ¢cDNA from a
TERRA-containing RNA template (red bar), but not from a
nonstructured RNA template (gray bar). (h) The structure of
molecule 1 (RGB-1). (i) The chemical structure of molecule 2, a
negative analog of RGB-1.
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Figure 2. Determination of Ky and T, values in 10 mM Tris-HCI
buffer (pH 7.6) containing 100 mM KCl. (a) RNA G-quadruplex
binding of RGB-1. Semilogarithmic plots showing the fraction of RGB-
1 bound to TERRA at room temperature. (b) Melting temperature
(T,) of TERRA with (red circles) or without (black circles) RGB-1.
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temperature (T,,) of RNA G-quadruplex in the presence or
absence of RGB-1. As expected, RGB-1 increased the T, of
TERRA by >5 °C (Figures 2b and S2). The magnitude of the
shift in T, upon binding to varied concentrations of RGB-1
allowed us to estimate the K value to be 8.8 uM (Figure S3) )
consistent with that from the size exclusion chromatography
experiments. In contrast, RGB-1 induced no detectable T
increase in the other nucleic acid structures, including stem-
loop RNA, double-strand RNA, and DNA G-quadruplexes
(Figures S4—S6). Molecule 2, a half fragment of RGB-1, had no
effect on the T, of any of the tested nucleic acid structures,
suggesting that the symmetric structure of RGB-1 is required
for its activity (Figures 1 and S7). We also chemically
synthesized RGB-1 and confirmed that the synthesized version
retained its activity. These results indicated that RGB-1 binds to
and stabilizes the RNA G-quadruplex with high structural
selectivity.

The strict binding selectivity of RGB-1 raised the possibility
that RGB-1 regulates translation of mRNA containing G-
quadruplex at its S"UTR. To test this hypothesis, we designed
two mRNAs that encode firefly luciferase (FL), one with and
one without TERRA G-quadruplex inserted at the S'UTR
(Figure S8a,b). In a cell-free translation system, RGB-1 reduced
the translational efficiency of the mRNA with TERRA G-
quadruplex, but had no detectable effect on translation from the
mRNA without TERRA G-quadruplex (Figure S8c). In
contrast, molecule 2, a negative analog of RGB-1, had no
detectable effects on the translational efficiency. TMPYP4, a
well-known G-quadruplex stabilizer, reduced protein translation
from both mRNAs, perhaps due to its low selectivity. These
results confirm that RGB-1 down-regulates translation from
mRNA that contains G-quadruplex.

Encouraged by the in vitro results, we examined the ability of
RGB-1 to regulate protein translation in living HEK293 cells.
For the initial cell-based assay, we prepared two dual reporter
constructs that encode FL and Renilla luciferase (RL) genes.
Although the two genes are encoded in a single mRNA, FL
translation is initiated from the 5’ cap, while RL translation is
mediated by an internal ribosome entry site.”' This allowed us
to quantify the effects of the S'UTR on protein translation
separately from the influence of transfection efficiency or
mRNA stability. When we inserted a TERRA sequence at the
S'UTR in the reporter gene, RGB-1 reduced FL translation in a
dose-dependent manner, but did not suppress RL translation
(Figure S9). Without the TERRA sequence, FL translation was
not affected. Thus, RGB-1 reduces translation of mRNA
containing a TERRA G-quadruplex in HEK293 cells.

We used another cell-based assay to examine the effect of
RGB-1 on translation of an endogenous mRNA. We chose an
oncogenic NRAS gene as the target mRNA, because its S'UTR
region carries an RNA G-quadruplex that suppresses NRAS
protein translation. The effect on NRAS expression level was
estimated by Western blot analysis. Treatment of human MCEF-
7 cells with RGB-1 caused suppression of NRAS protein
expression in a dose-dependent manner, whereas protein levels
of actin and GAPDH had less effects (Figure 3a), suggesting
that RGB-1 stabilized the G-quadruplex structure in the NRAS
mRNA in cells. In contrast, molecule 2 failed to affect the
protein levels even at a high concentration. We also used
quantitative reverse transcription PCR (RT-qPCR) to examine
the effect of RGB-1 on the amount of NRAS mRNA in treated
cells and found no detectable effect (Figure 3b).
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Figure 3. (a) Results of Western blot analysis showing that NRAS
expression was down-regulated by RGB-1 in a dose-dependent
manner, but was not affected by molecule 2. f-actin (lower panel)
was used as a loading control. (b) qPCR analysis of NRAS in MCF-7
cells treated with RGB-1 and molecule 2. NRAS mRNA expression was
normalized by GAPDH. (c) Melting temperature (T,,) measurements
of an NRAS G-quadruplex with (red circles) or without (black circles)
RGB-1 in 10 mM Tris-HCl buffer (pH 7.6) containing 10 mM KCL
(d) Effects of RGB-1 on translation of reporter RNA in vitro. FL-
reporter mRNAs with native and mutated NRAS S'UTR were
translated in the presence (RGB-1; gray bars) or absence (DMSO;
black bars) of 10 uM RGB-1. RGB-1 showed no detectable effect on
translation from the mut3 RNA template, whereas RGB-1 notably
reduced translation from wild-type, mutl, and mut2 RNA templates.
(e) Relative translation efficiency of wild-type, mutl, mut2, and mut3
RNA templates, estimated as luciferase enzyme activity. Error bars
represent SD of three independent experiments. (f) Interruption of
RTase-mediated ¢cDNA synthesis on wild-type and mutl RNA
template in the presence of 100 mM KCI. The lane markers U, G,
C, and A indicate the bases on the template strand. Adenines replacing
guanines in the mutl RNA template are shown in red. Wild type: (1)
+ (3); mutl: (2) + (3); mut2: (1) + (4); mut3: (2) + (4).

The effects of RGB-1 on the stability of NRAS RNA G-
quadruplex and on the translational efficiency of the NRAS
S'UTR were confirmed independently by T, measurements
and in vitro translation experiments, respectively. T, measure-
ments revealed that RGB-1 increased the melting temperature
of NRAS G-quadruplex structures (Figure 3c), corroborating
that the NRAS RNA G-quadruplex is stabilized by binding with
RGB-1. For the in vitro translation experiments, we prepared
two FL-reporter mRNAs: one with a native NRAS S'UTR
(wild-type) and the other with an NRAS S'UTR mutated in the
G-quadruplex region (mutl). RGB-1 unexpectedly suppressed
translation in both mRNA models (Figure 3d).

To solve this mystery, we performed an in vitro RTase
reaction-based stop assay that identifies internal G-quadruplex
formation in RNA. The stop assay suggested the existence of a
novel G-quadruplex formation site in the S'UTR of NRAS
mRNA (Figure 3f). Based on the previously reported
computational prediction,”’12 this particular region would be
ruled out as a potential site of G-quadruplex formation. In fact,
NRAS S'UTR with double-site mutations (mut3) disrupting
both G-quadruplexes was not responsive to RGB-1 in the FL-
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reporter translation assay, whereas the translation from NRAS
S'UTR with each single-site mutation (mutl and mut2) was
suppressed by RGB-1 (Figure 3d,e). These results indicate that
the newly discovered G-quadruplex formation also affects
NRAS protein translation from RNA. Thus, RGB-1 might serve
as a potential tool for discovering RNA G-quadruplex sites that
have not yet been identified, including those that are sterically
formed.

To characterize the newly discovered G-quadruplex, we
prepared the 53-base RNA that encompasses a potential G-
quadruplex forming site containing five G tracts ((3) in Figure
3f). CD experiments revealed a positive Cotton effect at 265
nm, a typical signal for paralleled G-quadruplex structure.
However, replacement of the first G tract with an A tract ((4)
in Figure 3f) showed little, if any, alteration in the CD spectra
(Figure S10). Systematic and detailed biophysical analyses
including NMR experiments are needed for fully characterizing
this long-range, sterically formed G-quadruplex.

In the present study, a screening of 8000 diverse molecules
led to the discovery of RGB-1, a small molecule that binds
selectively to RNA G-quadruplex structures. The binding
affinity of RGB-1 to RNA G-quadruplex appears to be lower
than the reported K value of the pyridostatin analog RR110°
but higher than those of the fluorinated molecules discovered
through an NMR-based screening.'> We were unable to
compare the degree of their selectivity between DNA and
RNA G-quadruplexes because limited physicochemical data are
available in literatures about their selectivity. Side-by-side
comparison or biological use would clarify this point once
the reagents become commercially available.

It remains unknown how the selective binding occurs. RGB-1
is structurally distinct from other G-quadruplex ligands,
including two previously described RNA G-quadruplex ligands
that are pyridostatin analogs. In both cases, the presence of a
negatively charged carboxyl group is required for selective
binding to RNA G-quadruplex, suggesting the possibility of
hydrogen-bonding interactions between the carboxylate and the
2'-OH group of the RNA G-quadruplex, which is absent in the
corresponding DNA.

Although not a small molecule, Takahama and Opyoshi
developed an RNA G-quadruplex-binding protein by engineer-
ing the RGG (arginine-glycine-glycine) domain that is known
to bind to both telomeric RNA and DNA G-quadruplexes.
Interestingly, substitution of phenylalanines with tyrosines
increased the affinity of this protein for RNA G-quadruplex and
decreased its affinity for DNA G-quadruplex. Further analysis
indicated that the acidic phenol group was important in
recognizing the 2'-OH of the riboses located in the G-
quadruplex loops.”* Although RGB-1 is not equipped with any
acidic functional groups, it contains a number of hydrogen-
bonding acceptors, which might interact with the 2’-OH group
of the RNA G-quadruplex. RGB-1 might also recognize the
structural differences between G-quadruplex structures in RNA
and DNA, such as twist or rise. Structural analysis of an RNA
G-quadruplex complexed with RGB-1 would clarify the
molecular basis of its selectivity and help in the design of the
ligands that discern between DNA and RNA G-quadruplexes.

A key finding of the present study might be the use of a small
molecule to discover a novel G-quadruplex formation site at the
NRAS S'UTR. A number of potential G-quadruplex formation
sites on mRNAs have been computationally predicted, and
some have been experimentally demonstrated.'”**** However,
identification of unpredicted, sterically formed G-quadruplexes
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remains a significant challenge. Direct comparison of gene
expression in protein and mRNA levels, in the presence or
absence of RGB-1, might be useful for such identifications.
Proteins whose levels are affected by RGB-1, but whose mRNA
levels are unchanged, might represent genes controlled by RNA
G-quadruplex formation. Thus, RGB-1 might serve as a tool for
discovering and modulating RNA G-quadruplexes in cells and
as a starting point for designing novel types of RNA G-
quadruplex-specific ligands.
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