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DNA G-quadruplexes are known as modulators of transcription. More recently G-quadruplexes, located in the
untranslated regions of the mRNA of protein coding genes, have been described to negatively regulate gene expression
at the post transcriptional/ translational levels. Here we describe the possibility of the existence of G-quadruplexes in
non-coding RNA (ncRNA) and discuss their potential biological roles. Using an in house prediction tool (Quadfinder) we
observe a significant occurrence and distribution of G-quadruplexes in ncRNA of various sizes. We also observe that most
of non-coding RNAs harboring these potential quadruplex motifs peak at the sizes ranging from 200–300 bases. More
importantly we report enrichment for single and dinucleotide loops indicating a degree of high stability of these
G-quadruplexes and their potential functions in vivo. Subsequent in vitro analyses of a subset of these sequences were
performed which support our predictions.

Introduction

G-quadruplexes are non-canonical, four stranded structures
assumed by G-rich tracts of nucleic acids. These structures
consist of square and planar arrangement of four guanines which
are held adjacent to each other through two Hoogsteen hydrogen
bonds. The centers of these squares contain a stabilizing mono-
valent cation (generally K+ is preferred). This singular arrange-
ment is called a G tetrad and when two or more tetrads stack
one upon the other they form G-quadruplexes. The intervening
sequences between the G tracts or loops vary in their length and
composition. Previous reports show G-quadruplexes can assume
a diverse array of structures which depend upon the parallel/
antiparallel polarity of the strands, the sugar conformations,
combinations and composition of the loops. The occurrence of
quadruplexes in DNA has been well documented over the past
few decades coupled with structural and functional interpreta-
tions.1 The occurrence and function of G-quadruplexes, and
especially their role in oncogenesis, have been extensively studied
in their telomeric context.2 Telomeric and non-telomeric G
quadruplexes have also been shown to be bound by a variety of
proteins which are either stabilizing or destabilizing. A complete
catalog of the proteins shown to bind to G quadruplex DNA
along with their roles in telomere maintenance and cellular func-
tion has been reviewed elsewhere.3,4 Non-telomeric G-quadruplex
structures in the genome are increasingly being scrutinized to
determine their occurrence and there is considerable debate about
their possible physiological functions.5 Efficient computational
tools6,7 and the availability of a large number of genomes in public
domain have contributed immensely to the discovery of potential
G-quadruplex sequences and their distributions.7-9 Recent reports

point to increasing evidence of the role of potential G-quadruplex
structures10-12 in regulating key biological processes. Other than
their classic role as regulatory modules of the telomeric regions of
chromosomes5,13; they have been shown to be localized in
promoters of some oncogenes, regulating them transcriptionally.
A classic example of this is the G-quadruplex in the promoter of
c-Myc oncogene which is known to regulate it transcription-
ally.11,14-16 The occurrence and role of G-quadruplexes in
prokaryotes was explored in detail,9 which suggests in part that
G-quadruplexes might be ancient regulatory motifs which are
under evolutionary selection. The role of potential G-quadruplex
sequences as regulatory modules in RNA has also been recently
explored. Unlike in the case of DNA where the Watson-Crick
duplex in the DNA forms a kinetic and thermodynamic barrier to
the formation of a quadruplex17,18 the barrier is minimal as RNA
is inherently single stranded and can fold into a more stable
quadruplex.1 Our group has previously shown that potential
G-quadruplex structures in the untranslated (UTR) regions of
mRNAs can modulate gene expression, concurrent with earlier
studies.19-21 The distributions of G-quadruplexes across mam-
malian transcriptomes have been computed using in silico tools.22

Our previous in silico analysis also indicate that G-quadruplexes
are enriched in both the 5' UTR and 3' UTR of mRNAs
(Unpublished data using Quadfinder). This has been followed
by many reports confirming the role of quadruplexes in the 5'
UTR.23-25

The recent availability of high-throughput methods to analyze
transcriptomes have provided insights into a large number of
genes and transcripts that do not code for proteins, now termed
ncRNAs.26 The ncRNA repertoire encoded by mammalian
genomes encompasses a wide spectrum of transcripts varying in
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their size, structure and biological function. Non-coding RNA
have been broadly classified as long non-coding RNA (lncRNA-
noncoding RNA transcripts longer than 200 nts) and short/small
non-coding RNA (less than 200 nts). Comprehensive online
catalogs have been created for specific annotations of noncoding
RNAs.27 The small ncRNA namely miRNA, siRNA, and piRNA
etc have been extensively studied in terms of their biogenesis and
function. Most of the lncRNAs studied so far function as trans-
criptional remodeling factors.28 Though it is generally difficult to
assign functionality to ncRNAs due to their low evolutionary
conservation (in terms of sequence), it is becoming increasingly
evident that they play key roles in regulation of biological pro-
cesses.28 These RNAs also appear to harbor a variety of secondary
structures, some maintained over evolutionary timescale.28,29

Given that secondary structure is an important component of
RNA function, we hypothesized that lncRNA could harbor
G-quadruplexes, imparting them specific functional character-
istics. We thus undertook a comprehensive genome-wide survey
of potential G-quadruplex structures in the human lncRNA
transcriptome using Quadfinder. In depth analysis of the ncRNA
sequences revealed patterns in the length, distribution of
loops, and the spatial occurrence of motifs consistent with
G-quadruplexes. Further, we experimentally validated a subset of
the predictions for their propensity to form the structures in vitro
using biophysical methods. To the best of our knowledge, this is
first report and analysis of potential G-quadruplex motifs in
noncoding RNAs.

Results and Discussion

We performed an in silico transcriptome-wide analysis across
all annotated long ncRNA to examine the occurrence of
G-quadruplexes. Such methods have previously provided clues
to the occurrence of G-quadruplexes in Refseq mRNAs and
have revealed novel functions for these RNAs. We report
that there are a significant number of potential
quadruplex-forming motifs embedded in human
lncRNAs. Using CD spectroscopy and thermal
melting analyses we also provide evidence that at
least a subset of these predicted sequences,
representing approximately 60% of the data set,
do form very stable quadruplexes in vitro.

Occurrence of G quadruplex motifs in
lncRNAs. The 126,406 annotated ncRNA
sequence feeds from the hg18 genome build of
the UCSC genome browser were interrogated
for the occurrence of at least one potential
quadruplex forming motif in one ncRNA using
the Quadfinder server.7 We obtained 2394 hits
(1 hit = 1 quadruplex forming motif predicted by
the server), which corresponded to the total
number of quadruplex forming motifs across the
entire spectrum of ncRNA size distributions
(Fig. 1). We further filtered the data to obtain
the total number of unique ncRNAs which house
quadruplexes as predicted by the server. Of the

2394 total hits, we found 749 ncRNA IDs (0.59% of the total
annotated ncRNA) that house at least one potential quadruplex
motif. In order to rule out random occurrences of G-quadruplex
motifs we performed the prediction with shuffled input sequences
(Fig.S1). However, when we analyzed the number of ncRNAs
with at least one G-quadruplex motif, we discovered that 200–
300 nts long ncRNA harboured a significantly higher percentage
of G-quadruplexes. To determine, if there is a positional enrich-
ment of the occurrences of G quadruplexes along the lengths of
the lncRNA, we calculated the frequency of hits in arbitrarily
divided segments (of 33%) of length. We noticed that there is no
significant enrichment to either segment (Fig S6 and supple-
mentary discussion).

Predicted Quadruplexes have diverse loop type distribution.
In order to determine the complete array of loops of the predicted
quadruplexes we studied the distribution of loop types and their
diversity among the total number of the hits we obtained
from our initial analysis using Quadfinder. Of the 2394 hits
(based on query loop length set at 1–5 nts) we filtered the
loop types according to the number of nucleotides they
contain and identified 327 unique types of loops. It is however
important to note that potential Gs in the loops adjacent to G
stretches would have combinatorial probabilities of being
identified as loops and hence would be represented as non-
unique overlapping entities. This however is a problem inherent
to all brute force approaches. We then calculated the occurrence
of each unique loop-type and plotted this distribution (Fig. 2).
We observed that in general short loop-types are more abundant
across predicted G-quadruplex motifs. This supports previous
studies30-32 on loop-type and length that have shown that longer
loops tend to destabilize quadruplexes and that shorter loops
are indicative of a higher degree of stabilization. These reports
partly support our claim that G-quadruplexes in ncRNA might
have discernable functions which can be elucidated upon
experimentation.

Figure 1. G-quadruplex distribution against the background of spectrum of all annotated
ncRNA. (The Y axis denotes the number of ncRNA /G-quadruplexes on a log scale, while
the X axis denotes the increasing sizes of ncRNA). The blue area denotes the total
number of ncRNAs while the brown represents the ncRNA in the data which harbour a
G-quadruplex.
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Loop distribution and loop composition. We then sought to

know the size distribution and composition of each type of loop
present in the initial data set of 2,394 hits. To do so, we segregated
the loops in terms of the number of nucleotides. We calculated the
frequency of occurrence of single nucleotide loops across L1,
L2 and L3 (L1 is loop1 etc.). We repeated the analysis for loops
containing 2 nucleotides and so on. Similar to our previous
observation of unique loop diversity we observed that there was a
significant enrichment (61%) for single and dinucleotide loop types
across the whole data set with the frequency decreasing as the loop

size increases (Fig. 3). Additionally calculation of the distribution of
each triad (e.g., 1–2-1/3–5-3 etc) of loops, 121 unique triads
were found, of which we observed increased occurrence of the
shorter loop length triads (Fig. S2 and supplementary discussion).
We observed that single nucleotide loops occur in the following
order – A. t. C and in the dinucleotide sets – CT. AA. TT
etc and so on (Fig. S3 and supplementary discussion). (For rest of
the distributions refer to Table S2).

In vitro biophysical characterization. As a proof of concept
for the occurrence of G-quadruplexes in ncRNA, we selected 5

Figure 2. The different unique loops and their distribution. The lower portion represents a larger fraction of the total number of unique loops and their
diversity. X axis represents the loop types in ascending order, while Y axis represents the average frequency in the entire data set. A clear enrichment
for shorter loops can be inferred from the figure. The upper portion highlights the shorter loops and their relative distributions (scales and axes are same
as before.)

Figure 3. Loop sizes and their distribution. All the loops (L1, L2, and L3) were counted and arranged according their sizes. The bar graphs represent each
loop (L1, L2, and L3) and are grouped together according to their size on the X axis. The Y axis denotes the frequency of these sizes in the data set.
The data set shows enrichment for single and dinucleotide loops as seen above.
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sequences which were predicted to form quadruplexes and
performed a structural analysis using circular dichroism spectro-
scopy. These sequences represent approximately 60% of the data
set forming unique hits. The CD spectra of a representative
sequence (FR0186251) showed a positive peak at 263 nm and a
negative peak at 240 nm, characteristic of parallel G-quadruplexes
(Fig. 4, upper panel). This result is in agreement with previous
reports which established that RNA quadruplexes favor a parallel
conformation. Though these spectral scans were taken at a high
(near physiological) concentration of KCl, we also noticed
significant parallel quadruplex peak intensities at low (1mM and
10mM KCl) salt concentrations (data not shown). This data are
consistent with a previously reported short-looped quadruplex
(in the 5' UTR) having high stability at low salt concentrations.33

Our data thus indicates that these sequences have a high propen-
sity to form a quadruplex, most likely because of their high
stability. UV melting experiments were performed to evaluate the
stability of the five quadruplex forming sequences tested. Changes
in absorbance were measured at 295 nm, allowing examination of
the behavior of quadruplexes due to the hypochromicity of these
non-canonical secondary structures.34 The melting studies were
performed in 100 mM KCl, pH 7.4 (near physiological
conditions—as per Materials and Methods) and with slower
heating/cooling rates (0.2°C /min) to monitor the slow kinetics of
quadruplexes. (Fig. 4, lower panel). All the sequences show super-
imposable melting and annealing curves (except FR0306175, see
supplementary discussion) with melting domains corresponding
to Tm values greater than 90°C implying that these quadruplexes
have a fairly reversible kinetics.35 The other sequences with
accession numbers- FR0099603, FR0401505, FR0138680 and
loop lengths 1–1-3, 1–2-2, and 2–2-2 respectively show mono-
phasic melting curves with Tm values closer to 90°C or above
indicating the formation of highly stable quadruplex structures.
(Fig. S4).

These results are in agreement with the previous reports
stating that loop length is inversely proportional to the stability of
DNA G-quadruplexes and short loops are highly stable.36-39 More
recently, stabilities corresponding to loop lengths in RNA
quadruplexes was reported where a marked decrease in stability
was observed with increasing loop lengths.40 Our independent
analysis for a library of RNA quadruplexes reveals similar results
(data unpublished; manuscript in preparation). We are extensively
exploring the effects of crowding and flanking features on a wide
variety of natural and artificial sequences to support our claim
about the formation of these quadruplexes in-vivo. This specific
and contextual study on RNA G-quadruplexes may explain the
biphasic behavior of the sequence FR0306175 (Supplementary
discussion). Collectively, as mentioned above these sequences
represent roughly 60% of the unique hits as obtained from our
predictions and further reinforce our claim that most of the
potential quadruplex forming motifs could form highly stable
quadruplexes in vivo. Together, the above data for loop size
distribution and loop composition reinforced by the in vitro
characterization of a subset of these sequences gives us a basis to
speculate that G-quadruplexes could form in vivo and perform a
variety of functions in ncRNA.

Biological implications and concluding remarks. Using a brute
force method of prediction of G-quadruplex forming motifs in
ncRNA, we show that a significant number of the presently
annotated ncRNA potentially harbour highly stable quadruplexes.
These findings are supported by a number of previous reports
which define certain loop lengths and loop compositions to be
stabilizing in nature. Although our data provides evidence for
the formation of highly stable quadruplex structures in ncRNA,
further studies will need to be done to assign functional
significance to these secondary structures.

Understanding the role of G-quadruplexes in ncRNA is limited
by our present knowledge of the mechanisms through which
ncRNA influence cellular functions. To date, there are 101
ncRNAs in the human genome for which whose biological func-
tions have been deciphered, albeit partially.41 Using Quadfinder
we predicted G-quadruplex motifs in the sequences of these well

Figure 4. CD spectrum and thermal melting profile of representative
sequence (accession number FR0186251). The CD spectrum (upper
panel) shows characteristic peaks at 240 nm and 263 nm of parallel
quadruplexes. The thermal melting profile (lower panel) shows a high
melting temperature (close to 90°C) which indicates a higher stability.
The filled squares (!!) denote the melting curve, while the open squares
(□) denote the annealing curve.
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studied lncRNA and found that 8 out of the 101 ncRNA
harboured potential G-quadruplexes (Table S3). An in depth
analysis of the role of G-quadruplexes within these lncRNA would
help us gain a better understanding of the functional relevance of
these structures in biology.

With our current understanding of the role of G-quadruplexes
in mRNA a number of regulatory models may be considered.
G-quadruplexes may function through titration of or interactions
with RNA binding regulatory proteins. Both RNA and DNA
aptamers with G-quadruplex architectures are known to efficiently
bind to protein targets.42 Though these quadruplexes might
be polymorphic, they still represent a model where even if the
G-quadruplex is not the main binding motif, it might stabilize
the protein-aptamer interaction. Thus, our predictions show that
human ncRNA may harbour a number of G-quadruplexes.
Our in vitro experiments demonstrated that at least some of the
predicted G-quadruplexes can occur in ncRNA. We propose a
novel mechanism through which ncRNA may regulate cellular
function.via a G quadruplex. We thus hypothesize that predicted
ncRNA which harbour G-quadruplexes might behave in an
analogous fashion where they would titrate or sequester proteins
either directly or indirectly.

Materials and Methods

Bioinformatics. We extracted the ncRNA sequence data from
the fRNAdb24 on www.ncRNA.org, which in turn is based on
the hg18 version (NCBI-36 build) of the human genome of the
UCSC genome browser. We predicted potential G-quadruplex
forming sequences using our in house pipeline, Quadfinder
which uses a purely sequence-based method to scan for potential
G-quadruplex forming sequence motifs (7). The algorithm is
implemented in a Perl script which scans for all possible motifs
with the consensus GxNy1GxNy2GxNy3Gx‚ where x denotes the
G-stretch and y1, y2 and y3 denote the loop lengths. Here we
used the variable lengths as G (x = 3–5) and N (y = 1–5/7). We
also assigned a cut-off filter for length of the input sequences
which excluded any sequence of length , 200. The data filtered
after submission of the 126,406 transcripts were then individually

sorted to obtain information about number of hits, loop lengths
and finally loop composition.

Oligonucleotides. All oligonucleotides (Table S1) were
obtained from Qiagen. All the oligonucleotides were HPLC
purified and their concentrations were confirmed at 25°C using
methods described earlier).

Circular dichroism study. CD spectra of all the sequences
were recorded using a Jasco 815 spectropolarimeter. The samples
were prepared by slow annealing (after heating to 100°C for
5 min, followed by programmed cooling at 0.2°C/min) in 10mM
sodium cacodylate buffer (pH 7.4) containing 100mM KCl at
strand concentrations of 5mM each. The spectra obtained were
the average of 3 consecutive scans for each sample.

UV melting experiments. The UV melting experiments were
performed using Cary 100 (Varian) spectrophotometer equipped
with thermoelectrically controlled cell holder. RNA samples were
prepared in 10 mM sodium cacodylate buffer (pH 7.4) containing
100 mM KCl at final concentration of 5 mM and placed in
stoppered quartz cuvettes of 1 cm path length. The samples
were prepared by heating the oligonucleotide solutions to 100°C
for 5 min, followed by programmed cooling at 0.2°C/min. A
temperature range of 10°C to 90°C was used to monitor the
changes in absorbance at 295 nm at a heating /cooling rate of
0.2°C/min. The melting and annealing curves obtained were
analyzed using Origin 7.0.
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