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Following extensive evidence for the formation of four-stranded DNA G-quadruplex
structures in vitro, DNA G-quadruplexes have been observed within human cells. Although
chemically distinct, RNA can also fold in vitro into G-quadruplex structures that are highly
stable because of the 2’-hydroxyl group. However, RNA G-quadruplexes have not yet been
reported in cells. Here, we demonstrate the visualization of RNA G-quadruplex structures
within the cytoplasm of human cells using a G-quadruplex structure-specific antibody. We
also demonstrate that small molecules that bind to G-quadruplexes in vitro can trap
endogenous RNA G-quadruplexes when applied to cells. Furthermore, a small molecule that
exhibits a preference for RNA G-quadruplexes rather than DNA G-quadruplexes in
biophysical experiments also shows the same selectivity within a cellular context. Our
findings provide substantive evidence for RNA G-quadruplex formation in the human
transcriptome, and corroborate the selectivity and application of stabilizing ligands that
target G-quadruplexes within a cellular context.

In nucleic acids, certain guanine (G)-rich sequences have been shown to fold into non-
canonical G-quadruplex structures formed through the stacking of Hoogsteen
hydrogenbonded G-tetrads stabilized by a metal cation (Fig. 1a,b)1 ». The presence of DNA
G-quadruplex structures in human cells, first demonstrated in ciliatess, is now firmly
established, 5, which provides the basis for the elucidation of their function in normal and
disease statesg_g.

In contrast to DNA G-quadruplexes, little is known about RNA G-quadruplexes and there is
a particular need to provide explicit evidence that G-quadruplex structures actually form in
native cellular RNA. Biophysical studies support this possibility, as RNA G-quadruplexes
form in vitro and are thermodynamically more stable than their DNA counterparts under
near-physiological conditionsg 19. The high-resolution structure of the telomeric
repeatcontaining RNA (TERRA) G-quadruplex shows that the 2’-hydroxyl group imparts
intramolecular hydrogen bonding within the G-quadruplex;1 and contributes to the
preference of RNA G-quadruplexes to adopt a parallel-stranded tertiary structure. This work
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also shed light on the potential for ligand-binding selectivity, and a crystal structure of
TERRA bound to an acridine ligand revealed additional facets of RNA G-quadruplexes,
such as loop involvement and hydrogen-bonding networks, not found in their DNA
counterpartsyo. These unique chemical qualities of RNA G-quadruplexes suggest the
possible development of smallmolecule ligands that are selective for RNA rather than for
DNA G-quadruplexesq3. Indeed, through a template-directed in situ “click chemistry’
approach, recently we discovered a small molecule, carboxypyridostatin (carboxyPDS), that
exhibits high molecular specificity for RNA over DNA G-quadruplexes 4.

Sequence-motif analyses have highlighted the enrichment of potential G-quadruplex-
forming sequences within particular RNA domains important for nucleic acid function,
including the first intron and 5’- and 3’-untranslated regions (UTRS)15 16. A number of
biochemical and cell-based studies provided early insights into the possible consequences of
RNA G-quadruplex formation in biology. For example, our work demonstrated that a G-
quadruplex in the 5-UTR of NRAS can inhibit translation;7. More generally, 5-UTR G-
quadruplexes may be important regulatory elements that repress;g or promotesg translation.
Inhibitory G-quadruplexes are also seen within coding sequencesyg, and G-quadruplexes
located in internal ribosome entry sites have been shown to promote translationy; 2. Several
classes of G-quadruplex smallmolecule ligands, such as pyridostatins (PDS),3, cationic
porphyrinsyy o5 and bisquinoliniumsyg o7, have been employed to modulate translation both
in vitro and in cellular assays and are presumed to involve targeting of RNA G-
quadruplexes. Also, it has been suggested that RNA G-quadruplexes mediate differential
processing of transcripts, such as in IGF-I1 3’-UTR endonucleolytic cleavagesg, TP53 and
BACEL1 alternative splicingyg 30, and LRP5 and FXR1 alternative polyadenylationg;. They
are also implicated in the transport and localization of certain RNA transcripts to different
subcellular components, such as the plasma membrane and cytoskeletons, or neuritesss.

Naturally occurring proteins have been shown to exhibit RNA G-quadruplex-binding ability,
which supports the endogenous formation of G-quadruplexes in cellular RNA. For example,
the telomeric protein TRF2 binds to the TERRA G-quadruplexsa, fragile X mental
retardation protein (FMRP) binds to several transcripts containing a G-quadruplex motif,
including its own RNAyq 35 36, and Xenopus Patl proteins have been found to bind to RNA
G-quadruplexess;. RHAU, a human DEAH-box helicase, also binds to RNA G-
quadruplexes with high affinity and specificityzg 39. To date, RHAU and DHX9yg are the
only helicases known to unfold RNA G-quadruplexes, which suggests that cells have
endogenous mechanisms to resolve these highly stable structures.

Here we show that a G-quadruplex-specific antibody, BG4 (ref. 4), binds to RNA G-
quadruplex structures and can be used to visualize RNA G-quadruplexes within the
cytoplasm of human cells. We also demonstrate that G-quadruplex-specific small molecules
stabilize endogenous G-quadruplex structures in cytoplasmic RNA within cells.
Furthermore, we show that the RNA G-quadruplex-binding small molecule carboxyPDS
increases the number of G-quadruplexes only in the cytoplasm, which suggests that in cells
this ligand selectively traps cytoplasmic RNA G-quadruplexes and not nuclear DNA G-
quadruplexes. Our findings provide substantive evidence for the presence of RNA G-
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quadruplex structures within the human transcriptome, and for their tractability as molecular
targets for small-molecule ligands.

Results and discussion

Recognition of RNA G-quadruplex structures by a G-quadruplex-selective antibody.
Previously, we developed G-quadruplex structure-specific antibodies, 41 by in vitro phage
display methodologies. One such antibody, BG4, was employed to visualize DNA G-
quadruplex structures in the nuclei of human cells,. Here, we investigated whether the BG4
antibody is also able to recognize RNA G-quadruplex structures, and whether it can be used
to demonstrate robustly the presence of RNA G-quadruplexes in cells. An enzyme-linked
immunosorbent assay (ELISA) approach was employed to show that BG4 does bind with
low nanomolar affinity to several previously characterized RNA Gquadruplex structures,
such as the TERRA3,4, BCL245 and NRAS7 G-quadruplexes (Kq: TERRA _18.0 nM, BCL2
_6.5nM and NRAS _5.5 nM) (Fig. 1c). Using circular dichroism (CD) spectroscopy, we
first confirmed that these oligonucleotides fold into stable G-quadruplex structures under the
same conditions as used for the ELISA experiments Supplementary Fig. 1). We further
confirmed BG4 G-quadruplex specificity by showing the absence of BG4 binding to a RNA
hairpin or single-stranded RNA oligonucleotides (Fig. 1c). As single-stranded controls, we
utilized two oligonucleotides derived from the TERRA G-quadruplex oligonucleotide:
TERRA-mut, which has two mutated Gs in each repeat (sequence (UUACCG)4), and
TERRA-lin, which lacks the three Gs within the fourth repeat (sequence (UUAGGG)3UUA)
and therefore cannot fold into G-quadruplex structuresss. As BG4 binding affinity for DNA
and RNA G-quadruplexes is comparabley, this suggests that the antibody recognizes a
common structural feature of G-quadruplexes. To date, no information is available about the
precise molecular interactions that mediate BG4 binding to various G-quadruplexes.
Ultimately, NMR spectroscopy or X-ray crystallography data of the antibody bound to the
G-quadruplex may provide detailed structural insights.

Visualization of RNA G-quadruplex structures in the cytoplasm of human cells. We next
explored whether BG4 could be used to visualize RNA G-quadruplexes in human cells. To
do this, we employed an optical microscopy approach that allowed us to fluorescently label
and image endogenous G-quadruplex structures in a panel of normal (human umbilical vein
endothelial cells (HUVEC)), immortalized (SV40-transformed MRC5 and GM847) and
cancer (U20S and HeLa) human cell lines (Fig. 2 and Supplementary Fig. 2). After fixation
and permeabilization, cells were incubated with the BG4 antibody, and then an amplified
fluorescence signal was generated by incubation with a secondary antibody that recognizes a
Flag epitope tag present on BG4, followed by a tertiary fluorochrome-labelled antibody that
binds to the secondary antibody, much as we previously described for the detection of DNA
G-quadruplex structures,. Consistent with these earlier findings, we observed intense
nuclear BG4 foci; however, on longer exposures, it was clear that less-intense punctate
staining was also distributed throughout the cytoplasm of all cell lines examined (Fig. 2b
and Supplementary Fig. 2). Although BG4 cytoplasmic foci were readily apparent by
fluorescent microscopy, we further confirmed their cytoplasmic localization by staining with
CellMask green, a fluorescent stain that reveals the cell boundaries (Supplementary Fig. 3).
The presence of cytoplasmic foci was BG4 dependent, as no signal could be quantified (,1
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cytoplasmic focus per cell) in the absence of the primary antibody (Fig. 2a,e). We then
validated that BG4 cytoplasmic staining was indeed caused by RNA. When fixed
permeabilized cells were treated with RNase A, prior to BG4 staining, we found that the foci
in the cytoplasm disappeared (Fig. 2c,e). Importantly, this marked reduction was not
observed on DNase treatment (Fig. 2d,e). In these experiments, each BG4 staining focus
most probably represents the detection of a cluster of multiple G-quadruplexes within a
single optically resolvable area. In our immunofluorescence experiments, usually cells were
fixed with formaldehyde, a cross-linking fixative. However, to demonstrate that the method
of fixation had no influence on the results, we also used an alternative fixation protocol with
ethanol, a precipitating fixative, which gave comparable results (Supplementary Fig. 4).
Although these results strongly support that the observed staining is not the result of a
specific fixation artefact and that G-quadruplexes are structures intrinsic to endogenous
RNA, we cannot rule out the possibility that the fixation process could influence the
structure of the RNA. Taken together, our results show that the G-quadruplexes detected in
the cytoplasm of human cells are present in endogenous RNA transcripts.

Small-molecule-mediated trapping of endogenous RNA G-quadruplexes in the cytoplasm of
human cells. There is growing interest in the chemical biological intervention in biology and
medicine through the targeting of G-quadruplex structuresss 44. We therefore explored
whether a small molecule could trap cytoplasmic RNA G-quadruplex structures in cells. The
small molecule PDS (1) (Fig. 3), which binds both DNA and RNA G-quadruplexes in
biophysical assaysj4 45, was used to treat cells for 24 hours prior to cell fixation and staining
with BG4. Figure 3a,b shows that PDS treatment of cells causes a substantial increase (_2.4-
fold) in the number of foci detected in the cytoplasm, which are sensitive to RNase but not
to DNase treatment (Fig. 3c—e). Independently, we confirmed by ELISA measurements that
BG4 binding affinity for DNA or RNA Gquadruplex structures is unchanged in the presence
of the stabilizing ligand PDS, (Supplementary Fig. 5). These results demonstrate that a
small-molecule ligand can target and trap RNA G-quadruplex structures in the cytoplasm of
human cells.

Application in cells of a RNA G-quadruplex-selective ligand reveals structural
discrimination of endogenous G-quadruplexes. Recently, we identified by an in situ “click
chemistry’ approach a small molecule, carboxyPDS (2), that shows a preference for RNA G-
quadruplexes as compared to DNA G-quadruplexesi4. This selectivity of carboxyPDS could
thus be employed to substantiate the presence of RNA G-quadruplex structures in human
cells. We therefore used BG4-based quantification of DNA (nuclear) and RNA
(cytoplasmic) G-quadruplexes to evaluate whether carboxyPDS selectively traps RNA G-
quadruplexes within a cellular context (Fig. 4). We first confirmed by ELISA measurements
that BG4 binding affinity for RNA G-quadruplexes is unaltered by carboxyPDS
(Supplementary Fig. 5). On treatment of human cells with carboxyPDS, we observed a
marked increase (_2.3-fold) in the number of BG4 cytoplasmic foci (Fig. 4a,b), which is
comparable to that following PDS treatment (Fig. 3a,b) and is indicative of the presence of a
higher number of RNA G-quadruplexes. Strikingly, carboxyPDS did not cause an increase
in the number of BG4 nuclear foci, and this is in contrast to PDS, which traps endogenous
DNA G-quadruplex structures and leads to more BG4 staining in the nuclei (Fig. 4c—f ),.
Similar to our previous observations,, we confirmed that BG4 targets in the nucleus are,
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indeed, DNA structures, as BG4 nuclear foci are sensitive to DNase but not to RNase
treatment in PDS- or carboxyPDS-treated cells (Supplementary Fig. 6). The finding that
carboxyPDS does not cause stabilization of nuclear DNA G-quadruplex structures is
consistent with our earlier studies that show carboxyPDS is unable to trap telomeric G-
quadruplexes and displace the telomeric protein TRF1 from telomeres, whereas PDS does
both14. These results confirm that the RNA versus DNA selectivity of a G-quadruplex
ligand, demonstrated biophysically in vitro, can be preserved within a cellular context.

Conclusions

Methods

In summary, our findings provide substantive evidence for the formation of RNA G-
quadruplexes in the cytoplasm of human cells. Given the studies and hypotheses implicating
RNA G-quadruplexes as structural elements linked to RNA functions, our observations
provide cell-based structural evidence that has so far been absent in the field. Our finding
that RNA G-quadruplexes can be trapped in cells by G-quadruplex-specific ligands supports
the prospect of intervention in biological processes via targeting such structures with
chemical probes. The demonstration of preferential targeting of endogenous RNA G-
quadruplexes is proof-of-concept that strategies based on small molecules have the potential
to decouple the recognition of RNA G-quadruplexes from DNA G-quadruplexes in cells.
The ability to visualize and quantitate DNA G-quadruplexess, and now RNA G-
quadruplexes, in human cells opens up new experimental strategies to explore the dynamics
and functions of this fascinating class of nucleic acid structures in a biologically relevant
context.

G-quadruplex structure-specific antibody. Isolation and production of the singlechain phage
display antibody BG4 was performed as described in Biffi et al4. CD spectroscopy. For each
experiment, 5 mM oligonucleotides (Table 1) were annealed in 10 mM Tris HCI, pH 7.4,
100 mM KCI by slow cooling from 95 8C to 4 8C. CD spectra were recorded on an Applied
Photo-physics Chirascan CD spectropolarimeter using a 1 mm path-length quartz cuvette.
CD measurements were performed at 25 8C over a range of 200-320 nm using a response
time of 1 s, 1 nm step and 0.5 nm bandwidth. The recorded spectra represent a smoothed
average of three scans, zero-corrected at 320 nm and normalized (molar ellipticity is quoted
in 105 deg cm2 dmol,1). The absorbance of the buffer was subtracted from the recorded
spectra. In melting experiments, oligonucleotides were heated from 25 8C up to 95 8C at a
rate of 1 8C minyy, and spectra were recorded at intervals of 5 8C. Melting curves were
obtained by plotting normalized molar ellipticity recorded at 265 nm using GraphPad Prism
(GraphPad Software). ELISA experiments. These were carried out to measure the binding
affinity and specificity and were performed using standard methods. Briefly, biotinylated
oligonucleotides (Table 1) (biomers.net GmbH) were bound to streptavidin-coated plates
followed by incubation with BG4, and detection was achieved with an anti-Flag horseradish
peroxidase (HRP)-conjugated antibody (ab1238, Abcam) and 3,3’,5,5’-tetramethylbenzidine
(HRP substrate, Roche). Signal intensity was measured at 450 nm on a PHERAstar
microplate reader (BMG Labtech). Dissociation constants were calculated from binding
curves using GraphPad Prism (GraphPad Software). Error bars represent standard error of
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mean calculated from three replicates. G-quadruplex oligonucleotides were folded in 10 mM
Tris HCI, pH 7.4, 100 mM KCI by slow cooling from 95 8C to 4 8C. Cell cultures and
immunofluorescence. U20S (osteosarcoma), HelLa (cervical carcinoma), SV40-transformed
GM847 (human skin fibroblasts) and SV40-transformed MRC-5 (fetal lung fibroblasts) cells
were cultured in DMEM (Gibco), 1% .-glutamine, 10% fetal bovine serum; HUVEC cells
(human umbilical vein endothelial cells) were cultured in endothelial cell growth medium
(Lonza) at 37 8C with 5% CO,. Cells grown on glass coverslips were fixed in 2%
paraformaldehyde/PBS or in ethanol (Supplementary Fig. 4) and permeabilized with 0.1%
Triton X-100/PBS. After blocking in 2% MarvelTM/PBS, immunofluorescence was
performed using standard methods, incubating at 37 8C with BG4, followed by anti-Flag
(No. 2368, Cell Signaling Technology) and anti-rabbit Alexa 594-conjugated (A11037, Life
Technologies) antibodies. Coverslips were mounted with Prolong Gold/4’,6-diamidino-2-
phenylindole (DAPI; Life Technologies). Cell boundaries were highlighted using CellMask
green stain (Life Technologies) (Supplementary Fig. 3). For enzymatic treatments,
coverslips were incubated after permeabilization with 0.12 U ml,; Turbo DNase (Ambion)
or with 100 mg mly1 RNase A (Fermentas) for one hour at 37 8C. For G-quadruplex ligand
treatments, PDS was synthesized as described in Muller et al.4 and carboxyPDS as in Di
Antonio et al.14. Cells were incubated with 2 mM of compound for 24 hours before fixation.
Digital images were recorded with a DP70 camera (Olympus) on an Axioskop 2 plus
microscope (Zeiss). For cytoplasmic foci detection, exposure was increased relative to that
used for detection of nuclear foci and kept constant between different replicates. Foci
number was quantified by image analysis using Volocity software (Perkin EImer) with 100-
200 cells counted per condition and the standard error of the mean calculated from three
replicates. Statistical analyses and P values were calculated using the Student’s t-test.
Frequency-distribution graphs were plotted using GraphPad Prism (GraphPad Software).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Table 1
Oligonucleotidesused in the CD and EL SIA experiments.

Oligonuclectide
RNA hairpin
TERRA%
TERRA-mut®
TERRA-lin3
NRASY

BCL2%

Sequence

5CAGUACAGAUCUGUACUG-3
5-(UUAGGG);-3

5/-(UUACCG),-3

5/-(UUAGGG)3UUA-3/
5-AGGGAGGGGCGGGUCUGGG-3’
5-AGGGGGCCGUGGGGUGGGAGCUGGGG-3
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