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Abstract

Guanine-rich nucleic acid sequences can adopt noncanonical four-stranded secondary structures
called guanine (G)-quadruplexesl. Bioinformatics analysis suggests that G-quadruplex motifs are
prevalent in genomes2, which raises the need to elucidate their function. There is now evidence
for the existence of DNA G-quadruplexes at telomeres with associated biological function3. A
recent hypothesis supports the notion that gene promoter elements contain DNA G-quadruplex
motifs that control gene expression at the transcriptional level4. We discovered a highly
conserved, thermodynamically stable RNA G-quadruplex in the 5” untranslated region (UTR) of
the gene transcript of the human NMRAS proto-oncogene. Using a cell-free translation system
coupled to a reporter gene assay, we have demonstrated that this NRAS RNA G-quadruplex
modulates translation. This is the first example of translational repression by an RNA G-
quadruplex. Bioinformatics analysis has revealed 2,922 other 5" UTR RNA G-quadruplex
elements in the human genome. We propose that RNA G-quadruplexes in the 5° UTR modulate
gene expression at the translational level.

The existence of RNA G-quadruplexes /n vivois more inevitable than the existence of DNA
G-quadruplexes, given that (i) the former are generally more thermodynamically stable in
the folded form than their DNA counterparts5, and (ii) RNA is single-stranded, which
implies that quadruplex formation does not have to compete with hybridization to a
complementary strand. In this study we have focused on the 5" UTRs of mRNA, which are
known to be involved in translational regulation, particularly for growth factors,
transcription factors and oncoproteins6. The neuroblastoma RAS viral oncogene homolog
(NRAS)-encoded protein p21 mediates both signal transduction across the plasma
membrane and the intracellular signaling pathways responsible for cell proliferation and
differentiation7. Activating mutations in the coding region of NRAS are responsible for
increased cell proliferation8. The suppression of oncogenic NRAS by small interfering RNA
causes apoptosis of tumor cells9, which suggests that inhibiting the expression of oncogenic
NRAS is a potential therapeutic strategy. Using a computational search algorithm we
developed for locating quadruplex sequence motifs2, we identified a putative G-quadruplex
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forming sequence in the 5 UTR of the human NV/RAS proto-oncogene mRNA. This 254-
nucleotide-long NRAS5" UTR10 contains the NRAS RNA G-quadruplex (NRQ) motif (5'-
GGGAGGGGCGGGUCUGGG-3"), which is located 14 nucleotides downstream of the 5
cap and 222 nucleotides upstream of the translation start site (Supplementary Fig. 1 online).
This motif is highly conserved, in both its sequence and its position relative to the
translation start site, across the 5° UTRs of human, chimpanzee, macaque, mouse, rat and
dog genes orthologous to NRAS (Table 1 and Supplementary Table 1 online).

To confirm that the putative RNA G-quadruplex NRQ folds into a stable quadruplex, we
carried out biophysical experiments on the synthetic oligonucleotide 5’-
UGUGGGAGGGGCGGGUCUGGG-3". Circular dichroism (CD) spectroscopy has been
widely used to characterize the structure of folded nucleic acid quadruplexes1l. At pH 7.4,
100 mM KCl, the CD spectrum of NRQ showed a positive peak at 263 nm and a negative
peak at 241 nm (Fig. 1a), which is the characteristic CD signature of a parallel quadruplex
structure11,12. The thermal melting of quadruplex nucleic acids can be characterized by an
inverse UV transition at 295 nm13, and has generally been found to have a significant and
characteristic cation dependencel4. At pH 7.4 and low K* (1 mM), the UV-melting profile
of NRQ at 295 nm showed a hypochromic shift (Fig. 1b), with a 7, value of 63 + 1 °C
(error here and below is s.e.m.); this result was corroborated by CD melting at 260 nm under
comparable conditions, which also gave a 7, of 63 = 1 °C (Supplementary Fig. 2 online).
At 100 mM KCl, the folded NRQ G-quadruplex could not be unfolded, even at 95 °C, which
is indicative of a very stable quadruplex. The NRQ RNA G-quadruplex was reasonably
stable (7y, =43 £ 1 °C) even in the absence of added stabilizing cations. Studies over a ten-
fold strand concentration range (from 1 to 10 uM) showed no change in the 7, value (
Supplementary Table 2 online), which is consistent with the melting of an intramolecular
quadruplex. The monovalent ion dependence for stabilization of folded NRQ, as judged by
T, Was in the order K* > Na* > Li* (Supplementary Table 3 online), which is characteristic
of G-quadruplex nucleic acids14. Thus, NRQ folds into a very stable, parallel intramolecular
G-quadruplex under near-physiological pH and salt conditions.

To specifically evaluate the influence of the NRQ RNA G-quadruplex on the efficiency of
translation, we cloned the 254-base-pair 5° UTR of NRAS from human genomic DNA
upstream of the firefly luciferase reporter gene and immediately downstream of the minimal
T7 promoter. Whereas this plasmid (pSKC11) encodes the transcript UTRQ (Fig. 2a), which
contains the native 5” UTR of NRAS including the intact NRQ G-quadruplex motif, we also
generated two controls. We obtained the plasmid pSKC12, which encodes the transcript
DelQ (Fig. 2a), by deleting the first 29 base pairs of the NRAS5" UTR (that comprises the
RNA G-quadruplex-forming sequence). The second control plasmid, pSKC13, which
encodes the transcript MutQ (Fig. 2a), was derived from pSKC11 by a GGG-to-AAA
substitution that was made at base pairs 15-17 of the NRAS5” UTR to disrupt RNA G-
quadruplex formation but maintain the natural length of the 5° UTR. For each system the
corresponding 5”-capped RNA transcript was generated by 77 vitro transcription using T7
RNA polymerase, and the transcripts were subjected to /n7 vitro translation using the rabbit
reticulocyte lysate. We evaluated the efficiency of translation by the standard luminescence
assay for luciferase catalytic activity15. Figure 2b describes the relative translation
efficiency for each system. Deletion of the G-quadruplex motif (De/Q) resulted in a 3.7-fold
increase in translation efficiency relative to the native sequence system, UTRQ. This
indicates that the RNA G-quadruplex NRQ suppresses translation. The GGG-to-AAA
quadruplex-destabilizing triple mutation (MutQ) caused a 3.6-fold increase in translation
efficiency relative to UTRQ. Taken together, these data indicate that the natural 5" UTR
NRQ RNA G-quadruplex has an inhibitory effect on translation. Translational control of
proto-oncogenes mediated via the 5 UTR is generally complex6, and we postulate that this
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RNA G-quadruplex is one regulatory element within the 5" UTR of NRAS. Factors that
disrupt NRQ RNA G-quadruplex formation, such as mutations, may lead to oncogenesis.

On the basis of this study, we reasoned that analogous RNA G-quadruplexes may exist
within the 5" UTRs of other genes. To investigate this, we carried out a bioinformatics
search for RNA G-quadruplexes in 5" UTRs in the human genome. We examined 38,915 5’
UTRs from all known Homo sapiens genes in Ensembl (version 40, National Center for
Biotechnology Information (NCBI) build 36). 2,922 of the 5 UTRs contained one or more
G-quadruplex motifs, giving a total of 3,321 5" UTR G-quadruplex motifs. The density of
G-quadruplex motifs in 5° UTRs as a whole is 0.305 per kilobase, compared with a genome
average of 0.063 per kilobase (for one strand only)2, which is a 4.8-fold enrichment of G-
quadruplex motifs. It is noteworthy that the genes containing 5° UTR G-quadruplex motifs
include several other proto-oncogenes, including BCLZ, JUN and FGR (Table 2).

Stable RNA hairpin secondary structures in the 5 UTR of mRNAs inhibit the process of
translation16. The intramolecular RNA G-quadruplex motif (NRQ) that we have identified
inthe 5" UTR of NRAS s the first example to be elucidated of a quadruplex that inhibits
translation. Detailed elucidation of the quadruplex structure and also of the quadruplex-
mediated inhibitory mechanism will be the subject of future work. The presence of G-
quadruplex motifs in the 5° UTRs of 2,922 human genes suggests that the functional role of
the NRAS RNA G-quadruplex may be a paradigm for other genes. Substituted flat
polyaromatic heterocyclic molecular scaffolds that complement the surface of a G-tetrad
have provided many small quadruplex-binding ligands17. Given the emerging interest in
small molecules that target and stabilize nucleic acid quadruplexes with specificity18, this
RNA G-quadruplex has obvious potential as a molecular target for small-molecule
therapeutic agents that act by inhibiting mMRNA translation.

METHODS

Bioinformatics

Genomic data was taken from Ensembl using version 40, corresponding to NCBI build 36,
and was acquired using the EnsMart tool. It was then analyzed using quadparser2 and
custom-written perl utilities.

Spectroscopy

For spectroscopic studies, we prepared RNA samples at 4 LM strand concentration in
RNase-free water and degassed buffers containing 10 mM Tris-HCI, pH 7.4, and varying
KCI concentrations from 1 mM to 100 mM. The samples were annealed by heating at 90 °C
for 10 min and then slow cooling to 5 °C at a controlled rate of 0.2 °C min-1.

CD experiments were performed using a Jasco J-810 spectropolarimeter equipped with a
Peltier temperature controller. Typically, a 200 .l sample was placed in a quartz cuvette
with an optical path length of 1 mm, transferred to the spectropolarimeter and allowed to
equilibrate at 20 °C for 10 min. Five CD scans, over the wavelength range of 220 to 320 nm,
were performed at 50 nm min-1 with a 2-s response time, 1-nm pitch and 1-nm bandwidth,
and their average was taken. For each experiment, a CD spectrum of the buffer was recorded
and subtracted from the spectrum obtained for the RNA-containing solution. Data were
zero-corrected at 320 nm.

UV-melting studies were carried out on a Varian Cary 1E UV-visible spectrophotometer
equipped with a Peltier temperature controller. Typically, a 100 | sample was transferred to
a quartz cuvette with an optical path length of 1 cm and was covered with approximately
100 pl of mineral oil to prevent sample evaporation. This sample was transferred to the

Nat Chem Biol. Author manuscript; available in PMC 2008 January 18.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Kumari et al.

Page 4

spectrophotometer and then heated to 90 °C and cooled to 5 °C, twice consecutively at 0.25
°C min-1 temperature gradient, and absorption data recorded at 295 nm were collected every
0.5 min on both annealing and melting steps. 7y, values were determined using the van’t
Hoff method19.

Plasmid construction

To construct the plasmid pSKC11, which encodes the 254-nucleotide UTRQ transcript, we
PCR-amplified the 237 base pairs of exon-I of the NRAS5" UTR from human genomic
DNA using PfuDNA polymerase (Promega) and two sequence-specific primers: a forward
primer tailed with Hinalll (underlined) and a minimal T7 promoter (5’-
AAGCTTTAATACGACTCACTATAGGGACGTCCCGTGTGGGAGGGGCG-3’; hold
GG indicates positions that were mutated from AA in the natural 5° UTR sequence to yield
an efficient transcription template), and a restriction site SmA-tailed (naturally present at the
end of exon -I) reverse primer (5"-CTCAAGCTCAAGCTCCACTGCCTCTGC-3"). This
amplified product (A) was digested with Hinalll and SmA, and purified by gel
electrophoresis. We amplified the firefly luciferase gene from the pGL3 basic vector
(Promega) using a forward primer tailed with SmA (underlined) and the 17 base pairs of the
5" UTR from exon | (5’-
CTTGAGGTTCTTGCTGGTGTGAAATGGAAGACGCCAAAAACATAAAG-3), and an
EcoRl-tailed reverse primer (5 -GAATTCTTACACGGCGATCTTTCC-3). This amplified
product (B) was digested with SmA and £coRl1 and purified by gel electrophoresis. In a
three-piece ligation, we ligated the two gel-purified fragments (A and B) at the SmA site and
inserted into the Hinalll- and EcoRI1-digested linear pUC18 vector (Invitrogen) to obtain the
full-length (254 base pairs) NRAS5’ UTR containing the G-quadruplex-forming sequence
at its natural position (14 base pairs downstream of the 5" cap). We confirmed positive
clones for the full length of insert by DNA sequencing.

To construct pSKC12, the control plasmid encoding the transcript De/Q, we deleted the first
29 base pairs of the 5" UTR, including the G-quadruplex-forming sequence, from the
pSKC11 plasmid using the forward primer (5"-GGGTGCGGCCTGCCGCATGACTCG-3")
and an EcoRlI-tailed reverse primer (5'-GAATTCTTACACGGCGATCTTTCC-3"). We
gel-purified this amplified product and reamplified with a forward primer tailed with Hindll
and a minimal T7 promoter (5'-
AAGCTTTAATACGACTCACTATAGGGTGCGGCCTGCCGCATGACTCG-3") and the
above-mentioned EcoRlI-tailed reverse primer. This reamplified product was inserted into
the Hinadlll- and EcoRI1-digested linear pUC18 vector. The second control plasmid, pSKC13,
which encodes the MutQ transcript, was derived from the pSKC11 plasmid by a GGG-to-
AAA substitution at base pairs 15-17 of the NRAS5’ UTR using the QuikChange site-
directed mutagenesis kit (Stratagene) according to the manufacturer’s protocol. We
sequenced all the constructs to confirm the presence of the intended changes.

In vitro transcription

The plasmids pSKC11, pSKC12 and pSKC13, which encode the transcripts UTRQ, DelQ
and MutQ, respectively, were linearized at the 3" end of the region to be transcribed using
EcoRl. 5”-capped transcripts were synthesized /n vitro using the mMessage mMachine T7
kit (Ambion). We purified all transcripts on 1% agarose gel, after DNase treatment. The
RNA concentration was determined by UV spectroscopy. We confirmed the integrity and
size of each transcript on 1% agarose gel.

In vitro translation and luciferase assay

We carried out /n vitrotranslation of the mRNAs in a cell-free translation system consisting
of extracts from nuclease-treated rabbit reticulocytes lysate (Promega) according to the

Nat Chem Biol. Author manuscript; available in PMC 2008 January 18.



syduiosnuel Joyiny sispun4 JINd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Kumari et al.

Page 5

manufacturer’s protocol. We measured firefly luciferase activity using luciferase assay
reagent (Promega) according to the manufacturer’s protocol on a Varian Cary Eclipse
fluorescence spectrophotometer working in bio/chemiluminescence mode.
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Figure 1.

Biophysical analysis of the NRQ RNA G-quadruplex. (a) CD spectrum of NRQ at 4 pM

strand concentration in 10 mM Tris-HCI, pH 7.4, and 100 mM KClI, at 20 °C. (b) Melting
and annealing UV profiles of NRQ at 4 uM strand concentration in 10 mM Tris-HCI, pH
7.4,and 1 mM KCI.
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Figure2.

Effect of the NRAS5’ UTR on the translational efficiency of chimeric RNA. (a) Schematic
representation of mRNAs of luciferase reporter constructs: UTRQ, full-length (254
nucleotides) NRAS5’ UTR; DelQ, in which the first 29 nucleotides of UTRQ, containing
the G-quadruplex sequence, are deleted; and MutQ, full-length NRAS5” UTR with a GGG-
to-AAA mutation (shown in blue) at nucleotides 15-17 to disrupt the RNA G-quadruplex
formation. (b) Relative translation efficiency of the three constructs, as judged by
quantitation of luciferase enzyme activity. Results were normalized relative to data for the
UTRQ system. Error bars represent the s.d. of three independent experiments.
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Table 1
Conservation of the NRAS5" UTR G-quadruplex
Species Sequence®  Positiont
Human GGGAGGEECEEG - U- - - CUGEG 222
Chimpanzee GGGAGGEECEEGE - U- - - CUGGG -222
Macagque GGGAGGEECEEG - U- - - CUGEG -222
Mouse€ GGGEEGECEEEECEEEECUGGACUGEG -220
Rat GGGEUGGGGAGGEECEEEG UG - - - GGG 221
Dog® GGGAGGGEE0GGEG - - - - AAUGGG -7307
Consensus GGGAGGEECEEG - U- - - CUGEG

a . . S . .
Dashes represent gaps in the alignment. Nucleotides in bold are runs of guanines capable of forming G-quartets.
The position of the last G of the putative G-quadruplex sequence is given relative to the translation start site.

cMouse and dog each have a second G-quadruplex sequence motif in their 5° UTRs (Supplementary Table 1).

Page 9

The difference in position for dog is likely to be due to the incomplete annotation of introns, as all other NRAS ortholog sequences have an intron
in the unspliced 5° UTR (480 nucleotides in humans), whose removal reduces the distance to approximately 220 nucleotides in the spliced form.
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