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ABSTRACT: MT3-MMP is a matrix metalloproteinase involved in the regulation of cancer cell invasion and
metastasis. The MT3-MMPmRNA contains a 20-nucleotide G-rich region (M3Q) upstream of the initiation
codon. Herein, we report that the M3Q purine-only sequence forms an extremely stable intramolecular
G-quadruplex structure and has an inhibitory role on translation of a reporter gene in eukaryotic cells. The
formation of the G-quadruplex structure was indicated by circular dichroism (CD) spectroscopy and
enzymatic footprinting with RNase T1. The unusual stability of the G-quadruplex was evidenced when
addition of only 1mMKCl resulted in about a 30 �C increase in the melting temperature (Tm), as compared to
that obtained in the absence of added salt. The Tm was independent of the RNA concentration, suggesting an
intramolecular G-quadruplex structure. Additionally, in a dual luciferase reporter assay performed in
eukaryotic cells, the M3Q motif present in the context of the entire 50-UTR of MT3-MMP repressed activity
of its downstream gene by more than half. To the best of our knowledge, the naturally occurring M3Q
sequence forms one of the most stable, intramolecular RNAG-quadruplexes reported. This report is the first
to establish a functional role of a G-quadruplex forming sequence within the MT3-MMP 50-UTR in the
regulation of translation in eukaryotic cells.

G-Quadruplexes are four-stranded structures formed by gua-
nine-rich sequences (1). The existence of a G-quartet structure
composed of four hydrogen-bonded guanines was suggested
more than four decades ago (2). The earliest reports of
G-quadruplex structures comprising several quartets were
limited mostly to the telomeres found at the end of chromo-
somes (3-6). Recent research has found that G-rich sequences
are prevalent throughout the entire human genome (7, 8), with a
particular high frequency of occurrence in the promoter regions
of genes (9), including some of the key growth regulatory genes
and oncogenes, such as C-MYC, BCL2, VEGF, and KRAS
(10-14).

Although DNA G-quadruplexes have been studied exten-
sively, formation of RNA G-quadruplexes, particularly their
regulatory roles in translational control, is just beginning to
emerge. There is no apparent physicochemical barrier toward
RNA G-quadruplex formation (15, 16). It is logical to assume
that the formation of RNA G-quadruplexes is more facile than
formation of their DNA counterparts because RNA G-quad-
ruplexes have been found to bemore stable in the folded form (15,
17, 18) and do not have to compete with a complementary strand.
In fact, it has been suggested that the 20-OH group of RNA may
have stabilizing effects on RNA G-quadruplexes, possibly
through hydrogen bonding interactions (17, 19).

RNA G-quadruplex-forming motifs have been found in the
HIV-1 genomic RNA (20), FMR1 (21, 22), FGF-2 (23),
NRAS (18), Zic-1 (24), and IGF-II (25) mRNAs.1 More inter-
estingly, it has been shown thatG-quadruplex-forming sequences
presentwithin the 50-UTR can regulate translation in vitro as well
as in vivo (18, 24, 26, 27). A computational survey found putative
G-quadruplex-forming sequences to be enriched within mRNA
processing sites (28) and in the 50-UTRs of mRNAs of genes
related to cancer (18). In spite of the demonstrated role of the
RNA G-quadruplexes, and the prevalence of sequences with the
potential for forming G-quadruplexes, only a few such structures
have been characterized. Given the widespread occurrence of the
putative RNA G-quadruplex-forming sequences, it is not im-
plausible to expect structural and functional diversity among
them, especially if lessons are learned from the DNA G-quad-
ruplex field. Thus, it is imperative that many such sequences need
to be studied such that general principles on RNAG-quadruplex
structure formation and their ability to control translation are
adequately established.

Matrix metalloproteinases (MMPs) are zinc-dependent endo-
peptidases, which are capable of degrading extracellular matrix
proteins (29, 30). In particular, it has been shown that upregula-
tion ofMT3-MMPmRNA and the increase in the level ofMMP
protein expression are associated with the invasiveness of cancer
cells (31), as in gastric cancer (32), prostate cancer (33, 34), or
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renal carcinoma (35), and with pathological processes such as
angiogenesis in tumors (36, 37). Despite the growing knowledge
of the mechanism ofMT3-MMP expression, its regulation at the
translational level is not well delineated. The presence of a
20-nucleotide highly G-rich sequence (M3Q) comprised exclu-
sively of purines and located upstream of the initiation codon
(Figure 1) of MT3-MMP mRNA can be a potential regulator of
its translation. Such G-rich sequences with multiple patches of
contiguous guanosines are known to adopt three-dimensional
folded forms (18, 23, 26). In this study, various biochemical and
biophysical studies were performed to elucidate M3Q’s ability to
form a stable structure. Data obtained from CD spectroscopy,
temperature-dependent melting, and enzymatic footprinting
strongly suggest that this 20-nucleotide RNA sequence adopts
a G-quadruplex structure with extremely high stability. A func-
tional assay based upon measurement of dual luciferase activity
performed in eukaryotic cells confirms the ability of the M3Q
sequence in the context of the entire 282-nucleotide wild-type
50-UTR of MT3-MMP to repress the expression of the reporter
gene at the translational level.

MATERIALS AND METHODS

Preparation of Oligonucleotide Sequences. The RNA
sequence 50-rGAGGGAGGGAGGGAGAGGGA-30 (M3Q)
was purchased from Dharmacon, Inc. DNA templates used for
in vitro transcription (38) of theRNA sequence 50-rGAGAUAA-
GUGAGUGAGAGAGA-30 (mut-M3Q) were purchased from
Integrated DNA Technologies (IDT). RNA products were
purified via denaturing 17% polyacrylamide gel electrophoresis
(PAGE). Full-length products were visualized by UV shadowing
and excised from the gel. The RNA was harvested via the crush
and soak method by tumbling the gel slice overnight at 4 �C in a
solution of 300 mMNaCl, 10 mMTris-HCl, and 0.1 mMEDTA
(pH 7.5). Salt was removed by ethanol precipitation of the RNA
twice, with two 70% ethanol washes between each precipitation.
The RNA pellet was dissolved in 10 mM Tris-HCl and 0.1 mM
EDTA (pH 7.5). RNA concentrations were determined on the
basis of their absorbance value at 260 nm and extinction
coefficients calculated using nearest neighbor parameters (39).
50-Labeling of RNA Oligonucleotides. The 50-end phos-

phates of transcribed RNA were removed using calf intestinal
alkaline phosphatase (New England Biolabs). CIP was removed
by phenol extraction and subsequent ethanol precipitation using
20 μg of glycogen. The RNA was 50-end-labeled by being treated
with T4 polynucleotide kinase (Promega) and [γ-32P]ATP (Per-
kin Elmer) and incubated for 45 min at 37 �C. The reaction was
stopped by the addition of an equal volume of stop buffer [7 M
urea, 10 mM Tris-HCl, and 0.1 mM EDTA (pH 7.4)]. The
radiolabeled full-length RNA was isolated by 17% denaturing
PAGE. The RNA was extracted from the gel via the crush and
soak method as described above.

Circular Dichroism (CD) Studies. All measurements were
recorded at room temperature. RNA was folded by heating the
samples at various concentrations ofKCl in 10mMTris-HCl and
0.1 mM EDTA (pH 7.5) at 97 �C for 5 min, followed by slow
cooling to room temperature over a 90 min period. The circular
dichroism (CD) spectra were recorded using a Jasco J-810
spectrophotometer with a 0.1 cm cell at a scan speed of 50 nm/
min with a response time of 1 s. The spectra were averaged over
five scans. For each sample, a buffer baseline was obtained in the
same cuvette and subtracted from the average scan.
Melting Experiments. CD-melt spectra were recorded using

a 0.1 cm path-length cell. Samples were prepared by heating
oligonucleotides in 10mMTris-HCl and 0.1mMEDTA (pH7.5)
in the presence of various salt and oligonucleotide concentrations
at 97 �C for 5min and then gradually cooled to room temperature
at a gradient of 15 �C/h. Mineral oil was placed on top of the
sample to prevent evaporation. Themelting curves were obtained
by monitoring a 263 nm CD peak. Thermodynamic parameters
and Tm values were calculated using the van’t Hoff method
(40, 41).
Footprinting by RNase T1. The 50-end-labeled RNA was

folded by heating the samples in the presence of various
concentrations of KCl in 10 mM Tris-HCl and 0.1 mM EDTA
(pH 7.5) at 97 �C for 5 min and then slowly cooled to room
temperature. Once reaction mixtures reached room temperature,
the RNA was digested with 0.5 units of RNase T1 (Ambion) for
5min at room temperature. The reactionwas terminated by using
an equal volume of stop buffer as described previously.
Plasmid Construction. (i) p-M3Q and p-G3A-M3Q.

p-M3Q and p-G3A-M3Q were inserted at the NheI site within
the psiCHECK-2 vector (Promega) using the following oligonu-
cleotides: M3Q-sense (50-CTAGCGAGGGAGGGAGGGA
GAGGGAA-30), M3Q-antisense (50-CTAGTTCCCTCTCCCT
CCCTCCCTCG-30), mut-M3Q-sense (50-CTAGCGAAAAAG
GGAGGGAGAGGGAA-30), and mut-M3Q-antisense (50-CT
AGTTCCCTCTCCCTCCCTTTTTCG-30). Ligated sequences
were transformed into JM109 cells, and the plasmids were
isolated. The insertion of the correct sequence was verified by
sequencing performed at The Ohio State University’s Plant-
Microbe Genomics Facility.

(ii) wt-UTR and mut-UTR. The entire 282-nucleotide
sequence ofMT3-MMP (wt-UTR)was obtained fromGenScript
Corp., and the sequence was verified by the vendor. NheI sites
were incorporated at the flanks of the segment for subsequent
cutting and ligation into the psiCHECK-2 vector. A mutant
(mut-UTR) was also purchased with the following base substitu-
tions: G214A, G215U, G218U, G222U, and G228A. Ligated
sequences were transformed, and the correctness of the sequence
was verified as described above.
Cell Culture. HeLa cells were grown in 96-well plates in

Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum and the antibiotics streptomycin
and penicillin at 37 �C in 5% CO2 in a humidified incubator.
Dual Luciferase and Quantitative RT-PCR Assays.

HeLa cells were transfected with plasmids described above using
Lipofectamine 2000 (Invitrogen) according to themanufacturer’s
protocol. Twenty-four hours after transfection, Renilla (RL) and
firefly (FL) luciferase activities were measured using a Dual-Glo
Luciferase assay system (Promega) as per the manufacturer’s
supplied protocol on a Synergy 2 microplate reader (BioTek
Instruments). Total RNA was extracted from transfected HeLa
cells using a NucleoSpin RNA II kit (Clontech). Prior to reverse

FIGURE 1: Schematic representation of MT3-MMP mRNA. The
G-tracts of the G-quadruplex-forming sequence (M3Q) are shown
in bold, and the translation start site is colored blue.
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transcription, DNA was removed from each RNA sample upon
treatment with RQ1 RNase-free DNase (Promega). Renilla and
firefly mRNAs were reverse transcribed using AMV-RT (New
England Biolabs), and cDNA was subjected to quantitative real-
time PCR using a SYBR Green PCR Master Mix kit (Applied
Biosystems) on an ABI PRISM 7000 Sequence Detection System
in the presence of the appropriate set of primers: forward primers
RL 50-(GTAACGCTGCCTCCAGCTAC)-30 and FL 50-(TTCG
CTAAGAGCACCCTGAT)-30 and reverse primersRL50-(GTA
GGCAGCGAACTCCTCAG)-30 and FL 50-(GCTGCAGCAG
GATAGACTCC)-30.

RESULTS

The M3Q Sequence Forms a Parallel G-Quadruplex
Structure. To determine whether the G-rich M3Q RNA forms
a structure, we used circular dichroism (CD) spectroscopy. A CD
spectrumwith a peak at 263 nm and a trough at 240 nm indicated
that M3Q adopts a parallel G-quadruplex structure (1). Inter-
estingly,M3Qgenerated a similar spectrum even in the absence of
any added salt, suggesting an inherently strong propensity of the
sequence to form a G-quadruplex, which has been previously
reported (Figure 2A) (18). However, addition of 1 mM KCl
increased the intensity of the CD spectrum at 263 nm,most likely
due to enhanced G-quadruplex formation (42) and not because
of any change in absorbance. It has been observed previously that
the change in absorbance at 260 nm due to quadruplex formation
is very small (∼4%) (43, 44), and thus, the change in the CD
spectrum observed in Figure 2A can be ascribed to further

stabilization of such structure and possibly more G-quadruplex
formation.

It is well established that at least four consecutive G-rich
stretches are required for formation of an intramolecular
G-quadruplex (1). Changes to any of the G stretches should
interfere with M3Q’s ability to form an intramolecular
G-quadruplex. A mutant sequence (mut-M3Q) in which base
substitutions G214A, G215U, G218U, G222U, and G228A was
designed with the expectation that such mutations would disrupt
intramolecular G-quadruplex formation (24). Figure 2A shows
the CD spectrum of mut-M3Q in the presence of physiologically
relevant K+ concentrations (100 mM KCl), and as expected,
there were no noticeable features that can be attributed to
G-quadruplex formation. Furthermore, the observed decrease
in the intensity of the CD spectrum suggested a lack of helicity
which suggests the presence of unstructured, single-stranded
RNA (45).

A G-Quadruplex of Extreme Stability. To determine the
stability of the structure formed by the M3Q RNA, CD melting
experiments were performed by monitoring changes in CD
intensity at 263 nm. Studies in the presence of 100 mM KCl
showed no sign of melting of the structure even at temperatures
above 95 �C, which forced us to measure the Tm values at lower
K+ concentrations. Figure 3 shows the CD melting curve of
M3Q in the presence and absence of salt. In the absence of added
salt, the structure begins to unfold just above the ambient
temperature, resulting in a Tm of 38 ( 1 �C. However, addition
of 1mMKCl increased theTmof theG-quadruplex bymore than
30 �C (72( 1 �C). The Tm values determined by van’t Hoff plots

FIGURE 2: (A) Circular dichroism spectra of M3Q and mut-M3Q at a strand concentration of 5 μM in 0.1 mM EDTA and 10 mM Tris-HCl
(pH 7.5) and in the presence of various concentrations of KCl. (B) RNase T1 footprinting ofM3Q and mut-M3Q. Structures were preformed in
0 or 100 mMKCl and then incubated for 5 min at room temperature in the presence of 0.5 units of RNase T1. Lanes: base hydrolysis ladders for
M3Q (lane 1) andmut-M3Q (lane 2),M3Q (lane 3) andmut-M3Q (lane 4) in the absence of KCl, andM3Q (lane 5) andmut-M3Q (lane 6) in the
presence of 100 mM KCl. (C) Plot of Tm values for M3Q RNA at various strand concentrations. All experiments were conducted in 0.1 mM
EDTA, 10 mM Tris-HCl (pH 7.5), and 1 mMKCl. (D) Proposed line drawing model for M3Q.
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and by first-derivative analyses agreed with each other quite well
(data not shown). The annealing and melting curves showed
reversible characteristics, which suggests that the molecules were
at thermodynamic equilibrium (41). In the presence of various
monovalent cations, M3Q showed the expected trend for
G-quadruplex melting with Tm values in the following order:
K+ > Na+ > Li+ (Table 1) (46). The difference between Na+

and K+ is significant and most likely suggests a G-quadruplex
structure.
Molecularity and Thermodynamic Properties of the

G-Quadruplex. To determine the molecularity of the formed
G-quadruplex, melting experiments were performed at various
strand concentrations but under identical salt concentrations.
The Tm remained unchanged as the M3Q concentration was
varied from 1 to 40 μM (Figure 2C), which indicates intramole-
cular G-quadruplex formation (18, 44, 47). Thermodynamic
parameters from the melting curves were calculated on the basis
of a two-statemodel (foldedf unfolded) (40, 41). In the presence
of 1 mM KCl, the Gibbs free energy (ΔG�) at 37 �C increased
20-fold compared to the value in the absence of added salt
(Table 2). The calculatedΔH� andΔS� values (Table 2) compare
well with previously reported values (48, 49).
Footprinting onM3QShows Protection fromRNase T1.

To further probe the formation of G-quadruplex structure,
footprinting experiments onM3Qandmut-M3Qwere conducted
with ribonuclease T1 (RNase T1). RNase T1 catalyzes cleavage
at guanosines in single-stranded RNA, but not guanosines that

are present in the context of secondary or tertiary structures.
Thus, guanosines that directly participate in quartet formation
should be more protected from RNase T1-mediated cleavage
compared to guanosines that are in the loop or the unstructured
regions, and indeed, such patterns have been reported pre-
viously (22, 23, 25, 50). Results from the footprinting experiment
on M3Q showed that in the presence of 100 mM KCl, all
guanosines except G1 (Figure 2B, not shown), a dangling end,
and G15, which is apparently located within a single-stranded
loop region, were protected (Figure 2B). In the absence of added
salt, modifications were observed at all of the guanosines within
the M3Q sequence at a slightly higher level compared to that
observed in the presence of 100mMKCl.This suggests that in the
absence of added salt either a smaller fraction ofM3Qwas folded
into aG-quadruplex structure or the overall population formed a
less rigid structure. The observation is consistent with the CD
spectrum in the absence of any added salt. However, RNase T1
footprinting onmut-M3Q in presence of 100mMKCl resulted in
no protection. All of the guanosine sites underwent cleavage
under the experimental conditions, presumably due to the lack of
structure formation. The data suggest that the M3Q RNA has a
strong tendency to form an intramolecular G-quadruplex struc-
ture.
TheM3QMotif Inhibits Translation of a Reporter Gene

in Eukaryotic Cells. To determine that the M3Q motif was
responsible for translation inhibition in the context of the full-
length wild-type 50-untranslated region ofMT3-MMP, the entire
282-nucleotide 50-UTR or a mutated version (each G-run of
M3Q strategically mutated; see Materials and Methods for
details) was inserted upstream of the Renilla luciferase coding
sequence in the psiCHECK-2 vector (wt-UTR and mut-UTR)
and the resultant vectors were transfected into HeLa cells. When
present in the context of the whole 50-UTR, the M3Q sequence
demonstrates inhibition of the reporter gene by 55% (Figure 4).
However, the mutated version of the 50-UTR (mut-UTR) did not
affect translation at all. The mRNA levels of the reporter genes

FIGURE 3: Circular dichroism melting curves of M3Q RNA at a
strand concentration of 4μMin0.1mMEDTAand 10mMTris-HCl
(pH 7.5) in the presence of 0 and 1 mMKCl.

Table 1: Tm Values for M3Q RNA in the Presence of Various Cations

cationa (1 mM) Tm (�C)

K+ 72

Na+ 45

Li+ 38

aFor all experiments, the buffer consisted of 0.1 mMEDTA and 10 mM
Tris-HCl (pH 7.5) in the presence of the indicated cation. Tm values are
within (1 �C.

Table 2: Thermodynamic Parameters for the Folding of M3Q

[KCl] (mM) ΔH� (kJ/mol) ΔS� (kJ mol-1 K-1) ΔG�37�C (kJ/mol)

0 -163( 7 -0.52( 0.03 -1.2( 0.6

1 -213( 20 -0.61( 0.07 -21.5( 2.7

FIGURE 4: Dual luciferase reporter assay for demonstrating the role
of the 50-UTR of MT3-MMP on translation. (A) Schematic repre-
sentation of the plasmids used to investigate the effect of the 50-UTR
of MT3-MMP on translation. (B) Histogram representing the ratio
ofRenilla to firefly luciferase activities inHeLa cells (blackbars). The
ratio of Renilla to firefly luciferase of the mut-UTR plasmid was set
to one, and all other valueswere normalized accordingly. The ratio of
CTvalues forRenilla to firefly determinedbyqRT-PCR(white bars).
All experiments were conducted in triplicate at a minimum.
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remained unchanged as confirmed by qRT-PCR experiments.
The results demonstrate that the M3Q G-quadruplex motif has
the ability to inhibit gene expression by repressing translation of
its mRNA.

To ensure that the G-quadruplex located in the 50-UTR of
MT3-MMP has an effect on translation, the M3Q or mutated
M3Q sequence was also inserted upstream and in the proximity
of the Renilla luciferase coding sequence in the psiCHECK-2
vector (p-M3Q) and transfected into HeLa cells (Figure S1 of the
Supporting Information). Identical mutations in the G-quad-
ruplex-forming motif in NRAS mRNA have been reported to
disrupt G-quadruplex formation (18). Quantitation of the dual
luciferase in HeLa cells showed inhibition of Renilla luciferase
activity by 60%, while the mutated M3Q exhibited full activity
(data not shown). To ensure the loss of activity is due to
translation repression, we performed qRT-PCR experiments that
showed no change inmRNA levels of either of the reporter genes.
The ability of only the 20-nucleotideM3Q sequence and theM3Q
sequence present in the context of the wild-type entire 50-UTR to
repress translation of a reporter gene by a similar amount
suggests that this G-quadruplex motif is responsible for repres-
sion of translation.

DISCUSSION

Although many naturally occurring sequences have been
predicted to form RNA G-quadruplexes (18, 28), very few such
structures and their functional relevance have actually been
confirmed experimentally. Our data strongly suggest that a 20-
nucleotide G-rich region in the 50-UTR of MT3-MMP mRNA
forms an extremely stable, intramolecular, parallel, G-quadru-
plex structure that can repress translation of a reporter mRNA.
Formation of a parallel structure in an RNA G-quadruplex is
expected, since an antiparallel CD spectrum would be unlikely
due to the more favored C30-endo conformation of the ribose
ring (51), although a combination of C20-endo and C30-endo has
also been observed (52). CD and enzymatic footprinting show
that selected mutations (mut-M3Q) disrupt the formation of a
G-quadruplex (Figure 2) (24). Such a disruption would be
anticipated as it is well-known that the presence of four G-tracts
in a single strand is an essential requirement for intramolecular
G-quadruplex formation (1).

The M3Q sequence demonstrated remarkable stability and
showed an increase in the Tm value of more than 30 �C upon the
addition of 1mMKCl, which is rather unexpected on the basis of
the Tm values reported for biologically relevant RNA G-quad-
ruplexes. In fact, at 5mMKCl, theTm increased by an additional
∼10 �C (data not shown), suggesting that at the physiologicalK+

concentration (∼130 mM), unprecedented stability can be attrib-
uted to the M3Q RNA G-quadruplex structure. On the basis of
the melting profile, thermodynamic parameters were calculated
that provided an excellent basis for comparison of the stability of
different structures. Reported values for biologically relevant
RNA G-quadruplexes range from -39 to -50 kcal/mol, from
-2.7 kcal/mol (at 37 �C) to -3.6 kcal/mol (at 25 �C), and from
-100 to -130 cal/mol for ΔH�, ΔG�, and ΔS�, respectively.
These values calculated forM3Q in the presence of 1mMKCl are
in close agreement with those reported previously, but with a
significant difference. The considerable difference that exists is
between the conditions used to obtain the published values and
conditions at which our experiments were performed, as our
values were calculated from experiments performed at a g100-
fold lower K+ concentration (53-55). The ability ofM3Q RNA

to attain a thermodynamic stability on par with those of the
reported RNA G-quadruplexes, despite being in a salt concen-
tration 2 orders of magnitude lower, points toward its extreme
stability. Such unusual stability can be rationalized due to some
rather unique features present in the proposed G-quadruplex
structure of M3Q RNA. To accommodate the single-nucleotide
loops at positions 6 and 10, the putative folded structure must be
compact and may also be thought to be not feasible due to strain
in conformation. However, the presence of single-nucleotide
loops in intramolecular G-quadruplexes has been observed in
numerous previous studies (18, 26, 48, 49, 56, 57). For example, in
the C-MYC promoter DNA sequence, there is an inherent
propensity for the selection of the G-tracts participating in the
tetrad core to favor the formation of single-nucleotide loops,
which suggested that such loops are the most stable “double-
chain-reversal loops” that bridge three tetrads (58). G-Quad-
ruplex stability is also linked to the actual number of short loops;
it has been shown that increasing the number of such loopswithin
a structure resulted in enhanced stability (59). The extreme
stability of M3Q in comparison to other reported biologically
relevant intramolecular RNA G-quadruplexes (18, 21, 23, 25)
may be the result of an additional single-nucleotide loop present
in the M3Q structure as compared to other reported motifs. The
adenine residues at positions 2 and 20 flanking the G-quadruplex
core of M3Q may also contribute to its stability, as it has been
found that dangling ends containing adenines stack particularly
well to cap theG-quadruplex structures (56, 60, 61). For example,
in a recent NMR study of the human telomere, it was found that
adenine residues located in the loops and ends stacked and
stabilized a G-quadruplex structure (61). Thus, the unique
sequence of M3Q most likely contributes to its unprecedented
stability.

Stable secondary RNA structures in the 50-UTRs of mRNAs
have been shown to regulate translation (18, 62-65). In fact,
RNA G-quadruplexes containing short or one-nucleotide loops
have been found to be extremely stable and can inhibit transla-
tion (18, 26, 47). For example, anRNAG-quadruplex containing
a (G3U)n motif directly upstream of the Shine-Dalgarno
sequence showed a very strong inhibition of translation of a
reporter gene in bacteria (26). Furthermore, it has been shown in
an in vitro assay that a G-quadruplex present in the human
NRAS 50-UTR, when inserted upstream of a reporter mRNA,
reduced its translational efficiency (18). In eukaryotic cells,
compelling evidence was found for the inhibitory role of a
G-quadruplex-forming sequence present within the Zic-1
50-UTR (24). In our study, the unusually stable G-quadruplex
structure adopted by theM3Qsequence, present in the 50-UTRof
the MT3-MMP mRNA, showed a strong inhibitory role in
translation, which is consistent with reports described above.
However, most of the previous reports did not show the func-
tional role of a G-quadruplex-forming sequence in the context of
the native 50-UTR in eukaryotic cells.

To investigate whether any secondary structure within the
entire 50-UTR can effectively compete with the formation of
M3Q, we examined the sequence with QGRS Mapper (28) and
mFOLD (66). QGRS Mapper revealed no putative G-quadru-
plex motifs within 100 nucleotides upstream of M3Q and two
extremely weak ones beyond that point. Additionally, secondary
structural analysis of the 40 flanking nucleotides on either side of
M3Q using mFOLD resulted in a weak secondary structure with
a predicted ΔG that is substantially higher than that calculated
for M3Q folding (Table 2). From the investigation described
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above, it seems highly unlikely that any G-quadruplex or other
secondary structure could compete with M3Q G-quadruplex
formation. Thus, the translational repression most likely can be
attributed to the M3Q structure.

Since computational studies have predicted the presence of
thousands of putative G-quadruplex-forming motifs in the
50-UTR region of mRNAs (18), it is not far-fetched to expect
structural and functional diversity in suchmotifs. To improve our
understanding of the significance of these studies, it is imperative
that such motifs be investigated to define their role in the
regulation of translation. This work adds to our nascent knowl-
edge of the role of G-quadruplex-forming RNA motifs in
translation control. In light of these findings, particularly the
demonstrated inhibitory role of the M3Q G-quadruplex, it may
be postulated that yet to be identified cellular factors would have
to unwind this very stable structure, thus facilitating translation
of mRNAs with G-quadruplex motifs located in their 50-UTR.
Such a proposition may be more significant in case of certain
types of cancers in which MT3-MMP expression is upregulated.

CONCLUSION

Herein, we have shown that M3Q forms an unusually stable
intramolecular G-quadruplex that inhibits translation in eukar-
yotic cells. To the best of our knowledge, no intramolecular RNA
G-quadruplex structure has been shown to be as stable as the
M3Q structure at such low salt concentrations. The unique
purine-only sequence of M3Q is likely stabilized via short
nucleotide loops, the potential stacking of the flanking adenines,
and the lack of competing intramolecular Watson-Crick base
pairing. In general, this study supports the notion that RNA G-
quadruplex motifs in the 50-UTR can control translation and in
particular begins to provide a molecular basis for translational
regulation of MT3-MMP.
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