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Background: Secondary structures in 5" UTR of mRNAs play a critical role in regulating protein synthesis. Though
studies have indicated the role of secondary structure G-quadruplex in translational regulation, position-specific
effect of G-quadruplex in naturally occurring mRNAs is still not understood. As a pre-initiation complex recog-
nises 5’ cap of the mRNA and scans along the untranslated region (UTR) before initiating translation, the presence
of G-quadruplex in 5’ region may have a significant contribution in regulating translation. Here, we in-
vestigate the role of G-quadruplex located at the 5’ end of an mRNA.

g‘iﬂggﬁﬁl ex Methods: Biophysical characterisation of putative G-quadruplexes was performed using UV and CD spectroscopy.
UTR Functional implication of G-quadruplex in the context of their location was assessed in cellulo using qRT-PCR and
AKTIP dual luciferase assay system.

CTSB Results: PG4 sequences in 5’ UTR of AKT interacting protein (AKTIP), cathepsin B (CTSB) and forkhead box E3
FOXE3 (FOXE3) mRNAs form G-quadruplex whereas it is unable to form G-quadruplex in apolipoprotein A-I binding
APOA1BP

protein (APOA1BP). Our results demonstrated diverse roles of G-quadruplex located at 5’ end of mRNAs. Though
G-quadruplex in AKTIP and CTSB mRNA act as inhibitory modules, it activates translation in FOXE3 mRNA.
Conclusions: Our works suggests that G-quadruplex present at the 5’ terminal of an mRNA behaves differently in
a different gene context. It can activate or inhibit gene expression.

General significance: This study demonstrated that it is difficult to predict the role of G-quadruplex on the basis of
its position in 5’ UTR. The neighbouring nucleotide sequence, the intracellular milieu and the interacting partners
might render diverse functions to this secondary structure.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The level of mRNA in a cell may not necessarily correlate with the
corresponding protein level. Several mechanisms regulate and maintain
precise levels of proteins in a cell [1]. A growing body of evidence has re-
vealed that regulation of gene expression at translational level is impor-
tant for the homeostasis and its dysfunction is associated with the
pathophysiology of many diseases [1,2]. The translation regulating abil-
ity of mRNAs primarily resides in its UTRs (Untranslated Regions) locat-
ed at 5’ and 3’ ends [3]. Molecular profiling of many diseases has shown
that UTRs of mRNAs play a pivotal role in disease progression and sus-
ceptibility. Anomaly in this region is responsible for manifestations of
several diseases such as Breast Cancer, Hereditary hyperferritinemia

Abbreviations: AKTIP, AKT interacting protein; CTSB, cathepsin B; FOXE3, forkhead box
E3; APOA1BP, apolipoprotein A-I binding protein; UTR, untranslated region; CD, circular
dichroism; TDS, thermal difference spectrum; T,,, melting temperature; PG4, pu-
tative G-quadruplex; Nts, nucleotides; FP, forward primer; RP, reverse primer
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cataract syndrome (HHCS) and Alzheimer's disease [2,4]. Many salient
features of UTRs — upstream open reading frames, internal ribosome
entry sites, GC-richness and structuredness influence the translation
rates of mRNAs [2]. Additionally, various secondary structures such as
hairpins, stem-loops, G-quadruplexes in UTR influence the biological
function of the gene [2,5]. The information content of G-quadruplex in
UTR of mRNA:s is still poorly understood.

G-quadruplex is a four stranded secondary structure found in DNA
and RNA. It consists of stacks of G-quartet, a square planar arrangement
formed by a contiguous array of Hoogsteen-bonded guanine residues.
G-quadruplex is stabilised in the presence of monovalent cations.
After years of debate, the existence of RNA G-quadruplexes in mamma-
lian cells has been visually demonstrated [6]. RNA G-quadruplex is in-
volved in a myriad of biological processes ranging from telomere
homeostasis, mRNA localisation, 3 end processing and alternative splic-
ing to translational regulation [7-10]. 5 UTR G-quadruplex is implicated
to play a regulatory role in translation [11-20].

Studies on G-quadruplex in 5 UTR of NRAS, Zic-1, Bcl-2, TRF2, MT3-
MMP, estrogen receptor and ADAM1 cellular mRNAs demonstrate their
translational repressive activity [11-14,16,17,19,21]. Beaudoin et al. in-
dicated the inhibitory role of G-quadruplex in several cellular mRNAs
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[15]. However, Basu and group were the first to report that 5" UTR G-
quadruplex is required for cap independent translation initiation in
VEGF [18]. They showed that G-quadruplex disruption in VEGF
leads to the reduction in gene activity, suggesting its translational
enhancer role. Recently, our group established the activating
role of G-quadruplex in modulating TGF32 gene expression, provid-
ing further evidences of G-quadruplexes' ability to augment translation
[20]. Given the contrasting roles of G-quadruplexes as either activators
or repressor motifs in UTRs, it would be appropriate to infer the role of
this secondary structure considering its position in the UTR.

Studies examining consequences of artificially shifting the position
of G-quadruplex sequence in the 5’ UTR have been made in cellulo
[22,23]. However, these studies did not explore the positional effect of
G-quadruplex in naturally occurring mRNAs. The composition of bases
surrounding the G-quadruplex forming sequence, GC richness, number
of G-quartets and loop composition may influence the modularity
of G-quadruplex on gene expression [24-26]. It would be more appli-
cable to study the role of UTRs harbouring naturally occurring G-
quadruplex at the same given position. This approach would provide
an insight about the positional role of G-quadruplex in different UTRs.

With this objective, we studied the function of a G-quadruplex locat-
ed at the 5" end of an mRNA. As pre-initiation complex binds 5’ cap re-
gion of an mRNA, we chose to study G-quadruplex situated at the first
nucleotide position of mRNA in view to answer the following questions:
Does G-quadruplex's presence at the beginning of an mRNA affect the
translational efficiency of ribosome? If yes, then to what extent this sec-
ondary structure modulates the translational efficiency? Is the position-
specific effect of G-quadruplex similar for all mRNAs harbouring them?

Our studies indicated that G-quadruplex present at the beginning of
an mRNA acts differently in a different gene context. It can increase or
suppress gene expression. A predefined function cannot be assigned to
G-quadruplex on the basis of its position in an mRNA. The neighbouring
nucleotide sequence, the intracellular environment and the interacting
partners might affect the function of G-quadruplex in cell, rendering di-
verse functions to this secondary structure.

2. Materials and methods
2.1. Oligonucleotides

For biophysical studies, HPLC purified RNA oligonucleotides were or-
dered from Sigma-Aldrich (Table 2 and Table S1). The concentration of
oligonucleotides was measured via a UV spectrophotometer and was
calculated using their molar extinct coefficient values.

DNA oligonucleotides for cloning purpose were also purchased from
Sigma.

2.2. UV spectroscopy
2 UM RNA samples were prepared in 10 mM sodium cacodylate

(pH 7.4) containing 1 mM KCl. UV-melting studies were carried out
using a Cary 100 UV-visible spectrophotometer (Varian) equipped

Table 2
RNA oligonucleotides used for biophysical studies.
Oligonucleotide name Sequence
AKTIP GGGGUGGGGCGGGGCGGGG
CTSB GGGGCGGGGCCGGGAGGG
FOXE3 GGGAAGGGGUGAGUCUGGGUCUGGG
APOA1BP GGGCCGGGCCGGGCCGGGGG

with a Peltier temperature controller. The samples were heated at
95 °C and subsequently slowly cooled till 20 °C at the temperature gra-
dient of 0.2 °C/min. During melting and annealing steps, the absorbance
values of oligonucleotides were recorded at 295 nm of wavelength. UV
melting experiments were performed using RNA samples in a concen-
tration range of 1 uM to 10 uM prepared in 10 mM sodium cacodylate
buffer (pH 7.4) containing 1 mM KCl. The melting curves were analysed
using Origin 7.0. The absorbance values obtained at 295 nm were fur-
ther analysed for calculating thermodynamic parameters (within 10%
error). This method involved the contribution from pre- and post-
transition baselines and thermodynamic data was obtained using equa-
tions described previously [27].

Au =bu + (mux T)

Al = bl + (ml« T)

Keq = o/ (1—)

A(T) = a(Au — Al) + Al

Keq = exp (AG°/RT) = exp ((AH°/RT) + (AS°/R)).

Au andAl are linear equations for the upper and lower baselines, re-
spectively, where bu and bl describes fitted parameters for the inter-
cepts for the upper and lower baselines with mu and ml as their
respective slopes. Keq indicates the equilibrium constant for the un-
structured-structured transition for an intramolecular system and o
stands for the folded fraction. A(T) being the dependent variable is
an experimentally determined absorbance at each temperature (T).
These equations were used to calculate van't Hoff enthalpy (AHyy)
and entropy (ASyy).

2.3. Circular dichroism

RNA samples at 2 pM concentration were heated at 95 °C for 5 min
and slowly cooled down to 20 °C. CD experiments were carried out
in a Jasco ]J-810 spectropolarimeter (Jasco Hachioji, Tokyo, Japan)
equipped with a Peltier temperature controller and scans were taken

Table 1
Details of the genes used for the study.
Name Accession number  Putative G-quadruplex sequence Function
AKTIP(AKT interacting protein) NM_001012398.1 GGGGUGGGGCGGGGCGGGG Interacts with protein kinase B (PKB)/Akt and modulates
its activity by enhancing the phosphorylation of PKB's
regulatory sites.
CTSB (cathepsin B) NM_001908.3 GGGGCGGGGCCGGGAGGG Lysosomal cysteine proteinase is involved in the proteolytic
processing of amyloid precursor protein (APP).
FOXE3 (forkhead box E3) NM_012186.2 GGGAAGGGGUGAGUCUGGGUCUGGG  Functions as a lens-specific transcription factor and plays an
important role in vertebrate lens formation.
APOA1BP (apolipoprotein A-I binding protein) NM_144772.2 GGGCCGGGCCGGGCCGGGGG Interacts with apolipoprotein A-I (apoA-I), the major

apolipoprotein of high-density lipoproteins (HDLs).

In all these genes, putative G-quadruplex sequence is located at the start of 5' UTR i.e. from the first nucleotide.
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at 200-350 nm wavelength at 20 °C. After the subtraction of buffer
alone, CD scans were performed in triplicates and CD spectrum obtained
is the resultant average. All samples were prepared in 10 mM sodium
cacodylate buffer (pH 7.4) containing 1 mM KCL

2.4. Thermal difference spectrum

Thermal Difference Spectrum (TDS) was obtained by recording the
absorbance of RNA oligonucleotides at 20 °C and 95 °C at wavelengths
of 200-350 nm and then subtracting their absorbance values. All
samples were prepared in 10 mM sodium cacodylate buffer (pH 7.4)
containing 1 mM KCL.

2.5. Cloning

The dual luciferase vector psiCHECK2 was used for the cloning
purpose. The sequences of interest were cloned at the Nhe I restriction
site located at the 5’ end of Renilla luciferase gene of psiCHECK2 vector
(Fig. 1). Briefly, the primers against 212 bp AKTIP 5’ UTR, 163 bp CTSB 5’
UTR, 245 bp FOXE3 5’ UTR and 39 bp APOA1BP 5’ UTR were designed ac-
cording to the GenBank sequences NM_001012398.1, NM_001908.3,
NM_012186.2 and NM_144772.2, respectively. The entire 5" UTR of
AKTIP, CTSB and FOXE3 were PCR amplified from MCF-7 cells cDNA
using Phusion DNA polymerase (Thermo Scientific) and thereby gel
eluted using the gel extraction kit (Qiagen). Both the vector and the
amplicon were digested by Nhe I restriction enzyme (NEB) and again
purified by means of PCR purification kit (Qiagen). The Nhe I digested
vector was dephosphorylated using Calf intestinal dephosphatase (NEB)
in order to prevent self ligation. The dephosphorylated vector and the
amplicon were ligated at 22 °C for 16 h using T4 DNA ligase (Fermentas).

A

Sv40

7

Nhe | site

early promoter
Renilla Luciferase Firefly Luciferase
gene gene

The clones were digested with Nhe I, gel run and checked for insert re-
lease. The positive clones were then confirmed by sequencing.

Site directed mutagenesis at specific positions in the 5" UTR of AKTIP,
CTSB, FOXE3 (namely pAKTIP mUTR, pAKTIP mUTR1, pCTSB mUTR,
pFOXE3 mUTR) were performed using Kappa Ready Mix (Saflabs).
Briefly, wild type constructs (pAKTIP UTR, pCTSB UTR, pFOXE3 UTR)
were PCR amplified with primers containing mutations at the annealing
temperature of 58 °C. Then wild type vector backbone was digested
with Dpn 1 at 37 °C for 6 h. These PCR products were used to transform
DH5a Escherichia coli cells. The positive clones obtained were confirmed
by sequencing.

In order to obtain APOA1BP plasmid constructs (APOA1BP PG4,
APOA1BP mPG4, APOA1BP UTR, APOA1BP mUTR), both the forward
and reverse strands for each construct were annealed at 37 °C for 1 h.
Then the annealed products were phosphorylated by T4 polynucleotide
kinase. These phosphorylated products were ligated with dephosphor-
ylated psiCHECK2 vector using T4 DNA ligase. The positive clones
were confirmed by sequencing.

2.6. Cell culture

HEK 293T cell line was maintained at the humidified atmosphere
containing 5% CO, incubator at 37 °C. The cells were grown in high glu-
cose DMEM supplemented with 10% fetal bovine serum and antibiotic-
antimycotic (Gibco).

2.7. Dual luciferase assay

The plasmid constructs (pAKTIP UTR, pAKTIP mUTR, pAKTIP mUTR1,
pCTSB UTR, pCTSB mUTR, pFOXE3 UTR, pFOXE3 mUTR, APOA1BP PG4,

HSV-TK
promoter

pPAKTIP UTR

212 nts long 5" UTR of AKTIP

pAKTIP mUTR1

212 nts long 5" UTR of AKTIP with mutated PG4

AAGGTGGGGCGGGGCGGAA
212 nts long 5’ UTR of AKTIP with mutated PG4
pAKTIP mUTR
AAAGTGGGGCGGGGCGAAA
pCTSB UTR 163 nts long 5" UTR of CTSB
163 nts long 5" UTR of CTSB with mutated PG4
pCTSB mUTR
AAAGCGGGGCCGGGAGAA
pFOXE3 UTR 245 nts long 5" UTR of FOXE3

pFOXE3 mUTR

245 nts 5’ UTR of FOXE3 with mutated PG4
GAGAAGAAGTGAGTCTGAGTCTGAG

pAPOAILBP UTR

39nts long 5’ UTR of APOA1BP

pAPOA1BP mUTR

39 nts 5" UTR of APOA1BP with mutated PG4

GAGCCGAGCCGAGCCGGGGEG
pAPOA1BP PG4 GGGCCGGGLCGGGECCGGGEEGE
pAPOA1BP mPG4 GAGCCGAGCCGAGCCGGGGG

Fig. 1. (A) Schematic representation of vector psiCHECK2 used for cloning and (B) details of the constructs generated. In each construct, sequence of interest was cloned at the Nhe I re-

striction site located at the 5’ end of Renilla luciferase gene of psiCHECK2 vector.
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APOA1BP mPG4, APOA1BP UTR, APOA1BP mUTR) were transfected
into HEK 293T cell line in 24-well plate using Lipofectamine 2000
(Invitrogen). The dual luciferase assay was performed after 48 h of incu-
bation. Following treatment of the transfected cells with passive lysis
buffer, Renilla and firefly luciferase readings of cell lysates were obtain-
ed using Dual Luciferase Assay kit (Promega) and TECAN plate reader.
The ratio of Renilla luciferase activity to the firefly luciferase activity
was subsequently calculated and normalised against the corresponding
mutant plasmid readings.

2.8. Quantitative real time PCR

The abovementioned plasmids were transfected into HEK 293T cell
line in 12-well plate using Lipofectamine 2000 reagent. The Renilla
and firefly luciferase mRNA levels were quantified used Real Time
PCR. Briefly, the total RNA of the transfected cells was isolated using a
TRIzol reagent. Subsequently, cDNA was prepared using MMuLV
Reverse Transcriptase enzyme and Oligo dT primers (Fermentas). The
primers for Renilla and firefly luciferase genes were then used to ampli-
fy the transcripts of these genes using SYBR green master mix
(Genecopoiea) and Roche detection system (Table S2). The luciferase
mRNA levels were normalised against mutant plasmid readings using
Pfaffl method [28].

3. Results

Using Quadfinder algorithm, we performed comprehensive in silico
survey of a UTR database and obtained 10,788 hits with putative G-
quadruplex sequence (PG4) in their 5" UTR [29]. Based on the position
of PG4, we sorted the mRNAs and identified 80 candidates (0.74%) hav-
ing PG4 just at the beginning of the mRNAs (Supporting information).
Apart from this, we also identified 685 (6.3%) and 3232 (30%) candi-
dates possessing the start of PG4 within 10 nucleotides and 50 nucle-
otides from the 5’ end of mRNA, respectively. For our study, we chose
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mRNAs with small UTR size and PG4 present at their beginning
(Table 1).

3.1. 3.1.G-quadruplex forming sequence in AKTIP RNA, CTSB RNA and
FOXE3 RNA forms stable G-quadruplex in vitro

UV melting of AKTIP RNA, CTSB RNA and FOXE3 RNA was performed.
As shown in Fig. 2A, UV spectra of AKTIP RNA, CTSB RNA and FOXE3 RNA
displays a hypochromic shift with increasing temperature at 295 nm
wavelength, a characteristic signature of G-quadruplex [30]. Thermal
melting was performed in 10 mM sodium cacodylate buffer (pH 7.4)
containing 1 mM KCI. UV spectra in 1 mM KCI containing buffer was
chosen as the representative figure because all RNAs' UV melting pro-
files show the upper and lower baselines at this salt concentration.
These baselines are required for proper estimation of the melting tem-
perature and thermodynamic parameters. AKTIP RNA, CTSB RNA and
FOXE3 RNA show the Ty, of 79 4+ 1 °C,68.3 4+ 1 °C and 40.5 + 1 °C,
respectively at 1 mM KCI salt concentration. AKTIP RNA is highly stable
with T, of 79 + 1 °C at 1 mM KCI salt concentration. Even in the ab-
sence of salt, AKTIP RNA shows a T,, of 65.4 °C in 10 mM sodium
cacodylate buffer (Fig. S1). All the RNAs showed greater stability with
increasing salt concentration (data not shown). The thermodynamic pa-
rameters calculated from the UV melting profiles of AKTIP, CTSB, FOXE3
RNA are given in Table 3. Though formation of G-quadruplex in these se-
quences is entropically unfavourable, it is compensated by highly
favourable enthalpy; resulting in the formation of a thermodynamically
favourable secondary structure. The thermodynamic parameter free en-
ergy change (AG) of AKTIP (-11.68 kcal/mol) is much higher in magni-
tude than that of CTSB (-5.47 kcal/mol) and FOXE3 (-1.91 kcal/mol) at
1 mM KCl salt concentration, confirming the higher stability of AKTIP
RNA G-quadruplex than CTSB and FOXE3 RNA G-quadruplex.

In order to ascertain the number of molecules involved in
G-quadruplex formation, UV melting was performed with different
strand concentrations of AKTIP, CTSB and FOXE3 RNA in 10 mM sodium

= AKTIP
CTSB
FOXE3

320

240 280
D Wavelength (nm)
o AKTIP
o CTSB
A  FOXE3
80F o o o o
g oo o o
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Fig. 2. Biophysical characterisation of putative RNA G-quadruplex sequences of AKTIP, CTSB and FOXE3. (A) UV melting of 2 uM AKTIP (red), 2 uM CTSB (dark green) and 2 uM FOXE3
(blue). (B) Circular dichroism spectra of 2 pM AKTIP (red), 2 uM CTSB (dark green) and 2 pM FOXE3 (blue). (C) Thermal difference spectra of 2 uM AKTIP (red), 2 pM CTSB (dark
green) and 2 pM FOXE3 (blue). (D) Ty, of AKTIP (red), CTSB (dark green) and FOXE3 (blue) at different strand concentrations. All experiments were performed in 10 mM sodium

cacodylate buffer (pH 7.4) containing 1 mM KCl.
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Table 3
T values and thermodynamic parameters calculated from the UV melting of RNA
oligonucleotides.

Oligonucleotide Ty, (°C)*  AH (kcal/mol)  AS (cal mol~' deg™') AG (kcal/mol)”
name

AKTIP 79 —76.28 —216.78 —11.68

CTSB 68.3 —4417 —129.87 —547

FOXE3 40.5 —39.37 —125.71 —1.91

All thermodynamics parameters calculated are within 10% error.
Thermodynamic parameters of mutated sequences AKTIP mut, CTSB mut and FOXE3 mut
cannot be determined as they did not give hypochromic UV melting profile.

2 Ty, values reported with associated error of +1 °C.

b AG is calculated at 25 °C.
The experiment was performed in 10 mM sodium cacodylate buffer (pH 7.4) containing
1 mM KCl.

cacodylate (pH 7.4) containing 1 mM KCl (Fig. 2D). In each of these
oligonucleotides, a plot of Ty, (in °C) versus concentration (in M) clear-
ly reveals similar Ty, of various strand concentrations indicating the
formation of intramolecular G-quadruplexes.

In contrary, the mutated version of these sequences (AKTIP mut,
CTSB mut and FOXE3 mut) did not display any hypochromic UV
shift with increasing temperature, indicating their inability to form
G-quadruplex (Fig. S2A).

To corroborate the UV studies, we performed CD of the same RNA
oligonucleotides. Circular Dichroism (CD) is the standard technique
for studying the secondary structure of proteins and nucleic acids. As
shown in Fig. 2B, 2 uM AKTIP RNA and 2 uM CTSB RNA in 10 mM Na
cacodylate buffer (pH 7.4) containing 1 mM KCl salt gives a positive
peak at around 261 nm of wavelength and a negative peak at 235 nm
wavelength. This CD spectrum is the characteristic signature of parallel
G-quadruplex. The CD spectrum of FOXE3 RNA gave a positive signal at
a slightly higher wavelength which may be due to its comparatively
lower stability than AKTIP and CTSB RNA in 1 mM KCl containing buffer.
However, the CD spectrum of FOXE3 RNA at 10 mM KCl (Fig. S3) shows
a similar positive signal at 262 nm wavelength and a negative signal at
241 nm wavelength indicating the formation of parallel G-quadruplex.
Further, the intensity of positive peaks of these three RNAs indicates
the stability of G-quadruplex in the order of AKTIP RNA > CTSB
RNA > FOXE3 RNA, which again correlates well with the UV melting re-
sults of these RNAs. On the other hand, AKTIP mut, CTSB mut and FOXE3
mut showed a positive peak of very less intensity at around 264 nm,
suggesting that they are unable to form G-quadruplex (Fig. S2B).

TDS is a spectrum obtained by subtracting the absorbance values of a
structure in unfolded and folded states [31]. Absorbances of AKTIP RNA,
CTSB RNA and FOXE3 RNA were recorded at 20 °C (folded) and 85 °C
(unfolded). The TDS spectra of AKTIP RNA, CTSB RNA and FOXE3 RNA
showed positive peaks at 275 nm and 244 nm, 276 nm and 243 nm,
273 nm and 257 nm, respectively and all displayed a negative peak at
around 297 nm of wavelength (Fig. 2C). These two positive peaks and
a negative signal at 297 nm of wavelength are the characteristic signa-
ture of G-quadruplex. Again, this G-quadruplex signature was not
demonstrated by mutated oligonucleotides AKTIP mut, CTSB mut and
FOXE3 mut upon performing TDS (Fig. S2C).

3.2. Putative G-quadruplex sequence of APOA1BP RNA is unable to form
G-quadruplex in vitro

Conversely, the UV melting profile of APOA1BP RNA did not show a
hypochromic shift at 295 nm wavelength suggesting its inability to form
G-quadruplex (Fig. S4A). Even performing UV melting of APOA1BP in
the presence of 20% PEG 200 (polyethylene glycol) and 40% PEG 200,
no hypochromic UV profile was obtained indicating that APOA1BP can-
not form G-quadruplex in the presence of molecular crowding agents
such as PEG (Fig. S5). APOA1BP mut UV profile also displayed the
same UV profile (Fig. S2A).

Similarly, the CD spectrum of APOA1BP (Fig. S4B) shows a positive
peak at 261 nm wavelength and negative peaks at 232 nm and
210 nm of wavelengths. A negative peak at 210 nm suggests the forma-
tion of RNA duplex by this sequence. Again, APOA1BP mut oligonucleo-
tide CD spectrum demonstrated its inability to form G-quadruplex
(Fig. S2B).

Although the APOA1BP RNA shows two positive peaks at 278 nm
and 247 nm in TDS, it did not reveal a negative peak at 297 nm wave-
length which is an essential signal for showing G-quadruplex formation
(Fig S4C). Also, the TDS of APOA1BP mut showed a positive peak
at 263 nm, suggesting its inability to form G-quadruplex (Fig. S2C).
Altogether, APOA1BP putative G-quadruplex sequence is unable to
form G-quadruplex in vitro.

3.3. G-quadruplex executes diverse regulatory functions in 5' UTR of mRNAs

In order to assess the role of G-quadruplex in the 5" UTR of the
mRNA, we cloned the 5" UTR of four genes AKTIP, CTSB, FOXE3 and
APOAI1BP in the Nhe I cloning site of psiCHECK2 vector (pAKTIP UTR,
pCTSB UTR, pFOXE3 UTR, pAPOA1BP UTR). These plasmids and their
mutants (pAKTIP mUTR, pAKTIP mUTR1, pCTSB mUTR, pFOXE3 mUTR,
pAPOA1BP mUTR where the putative G-quadruplex sequence is
mutated) were transfected into HEK-293T cell line and dual luciferase
assay was performed after 48 h of incubation. The presence of wtPG4 se-
quence in pAKTIP UTR and pCTSB UTR decreased the reporter gene ex-
pression to 80% and 70% respectively (Fig. 3). Further, substitution of
guanine residues to adenines at specific positions in PG4 sequence in
AKTIP 5" UTR (pAKTIP mUTR1) so as to disrupt G4 G-quadruplex and fa-
vour G2 G-quadruplex formation, did not lead to any changes in gene
expression between pAKTIP mUTR and pAKTIP mUTR1. This shows
that G4 G-quadruplex is much more potent than G2 G-
quadruplex in executing its gene repressing function.

Interestingly, Renilla luciferase activity normalised with firefly
luciferase activity increased significantly to 160% in the presence of
PG4 in FOXE3 5’ UTR suggesting the activating role of FOXE3 5’ UTR
G-quadruplex.

In order to assess whether the gene regulation is occurring at tran-
scriptional or translational level, we quantified the mRNA levels of re-
porter genes in the transfected cells using real time PCR. A similar
transcriptional profile was obtained for all the abovementioned con-
structs (Fig. 4). No significant changes in the mRNA level of reporter
genes suggest that the role of 5 UTR G-quadruplex in all the studied
genes is at the translational level and not at the transcriptional level.

3.4. Putative G-quadruplex sequence does not modulate gene expression
when present in 5" UTR of APOA1BPS

However, potential G-quadruplex in 5" UTR of APOA1BP demon-
strated no significant changes in reporter gene expression levels in the
presence and absence of PG4 (Fig. S6). Thus, to see whether PG4
sequence alone brings any changes in reporter gene expression, we
cloned the APOA1BP PG4 and its mutant mPG4 into the psiCHECK-2
(pAPOA1BP PG4 and pAPOA1BP mPG4) and performed dual luciferase
assay. Again, there was no significant difference in the reporter gene ex-
pression in these constructs indicating the inability of PG4 to perform
any regulating function.

4. Discussion and conclusion

The untranslated regions of mRNA dictate the extent of gene expres-
sion post-transcriptionally. GC richness and length of 5" UTR modulate
the scanning rate of ribosome and alter the time required to reach the
initiation codon [1]. The presence of the secondary structures regulate
efficacy of ribosome to scan the mRNA [3,32]. The secondary structure
of G-quadruplex with its inherent dynamicity and flexibility has been
studied extensively in gene regulation, however, its role in 5" UTR is in
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Fig. 3. Modulation of reporter gene expression in the presence of G-quadruplex motif. HEK 293T cells were transfected with various constructs and dual luciferase assay was performed.
(A) G-quadruplex in AKTIP 5 UTR decreases gene expression. (B) G-quadruplex in CTSB 5" UTR suppresses gene expression. (C) G-quadruplex in FOXE3 5 UTR augments gene expression.
The experiments are performed in triplicate and results are expressed in Mean + SEM. Asterisks indicate the statistical significance (Student's t-test) relative to mUTR transfected

cells (%, p < 0.05).

infancy [33]. Although studies individually addressed the role of
G-quadruplex in 5" UTR, there is a need to explore the position specific
effect of G-quadruplex in naturally occurring mRNAs.

Thus, employing in silico search for putative G-quadruplex sequence
at start site of mRNA, we located AKTIP, CTSB, FOXE3 and APOA1BP
genes. Biophysical characterisation of putative G-quadruplex sequences
(PG4) in AKTIP mRNA, CTSB mRNA and FOXE3 RNA depicted the

formation of highly stable G-quadruplexes. AKTIP G-quadruplex was
found to be more stable than CTSB and FOXE3 G-quadruplex. At 1 mM
KCl salt concentration, it gives a higher magnitude of free energy change
(-11.68 kcal/mol) than CTSB G-quadruplex (-5.47 kcal/mol). Their sta-
bility are in an order of AKTIP RNA > CTSB RNA > FOXE3 RNA. The most
probable reason for highest stability of AKTIP G-quadruplex is its ability
to form G4 quadruplex in contrast to G3 quadruplexes forming ability of
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Fig. 4. Quantification of transcript levels of reporter genes. Real time PCR showed similar mRNA levels of reporter gene transfected with (A) pAKTIP UTR, pAKTIP mUTR1 and pAKTIP mUTR
(B) pCTSB UTR and pCTSB mUTR (C) pFOXE3 UTR and pFOXE3 mUTR. The experiments are performed in triplicate and results are expressed in Mean + SEM.
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CTSB and FOXE3 PG4. Even in the absence of salt, AKTIP G-quadruplex
shows a Ty, of 65.4 °C in 10 mM sodium cacodylate buffer (pH 7.4).
These Ty, values were in agreement with the current existing literature
[11-13,19,20]. CD signals of these PG4s are also in accord with their UV
melting determined stability parameters. Their CD spectra indicated
parallel topology of G-quadruplex as previously shown. Riboguanines
tend to attain anti-conformation (and not able to adopt syn-
conformation), a prerequisite for parallel G-quadruplex formation.

Albeit APOA1BP PG4 abides in the G-quadruplex forming sequence
G3+N;_7G3,:N;_7G3Ny_7G3 4, it fails to show any structural existence
in in vitro conditions. UV and CD studies clearly demonstrated its inabil-
ity to form G-quadruplex in vitro. As cytosine nucleotide is in abun-
dance in this PG4 sequence, the free guanines may not be available to
base pair among themselves to form G-quadruplex. Instead guanine
Watson Crick base pair with cytosine to form a duplex [25]. This was
well supported by a negative CD peak at 210 nm of wavelength, a signa-
ture for duplex formation.

On evaluating the role of G-quadruplex located just at the beginning
of 5" UTR using dual luciferase assay, we observed the execution of
a wide range of functions by this secondary structure. While
G-quadruplex in 5" UTR of AKTIP and CTSB RNA exhibited a repressive
role, the presence of G-quadruplex in FOXE3 5’ UTR increased gene ex-
pression. Moreover, the extent of regulation varied in different genes. In
the presence of G-quadruplex, there was 30% gene repression in CTSB
and 20% gene suppression in AKTIP. G-quadruplex increased gene ex-
pression by 60% in FOXE3 suggesting the versatility of G-quadruplex
in modulating gene function. Additionally, when we mutated
G-quadruplex forming sequence in AKTIP 5" UTR such as to inhibit
G4 G-quadruplex and favour G2 quadruplex formation, it was unable
to suppress gene expression in AKTIP indicating the requirement of
G4 G-quadruplex in AKTIP to modulate gene activity. Furthermore,
RT-PCR indicated similar transcript levels of reporter genes in
transfected cells, negating out the chances of gene regulation at the
transcriptional level.

G-quadruplex forming sequence in APOA1BP 5’ UTR did not bring
about any change in reporter gene activity. Even PG4 sequence per se
did not alter gene expression, clearly supporting the biophysical results
of this sequence. The mere presence of G-quadruplex forming sequence
in 5" UTR of an mRNA, thus, does not support its prevalence in vivo
[25,34]. Its overall GC content acts as the deciding factor for its exis-
tence in vivo. Watson-Crick duplex formation possibly outcompetes
Hoogsteen G-quadruplex formation diminishing the existence of
G-quadruplex in the 5’ UTR of APOA1BP mRNA.

We have also verified the folding of the AKTIP, CTSB, FOXE3,
APOA1BP sequences using the new scoring system [25], and found the
following scoring values (cG/cC score) of PG4 sequences with 100 nts
flank: AKTIP- 8.53, CTSB- 3.00, FOXE3- 8.23, APOA1BP- 3.95. A threshold
value of 3.05 was selected by Beaudoin et al. to increase specificity of cG/
cC score, with high scorers supporting G-quadruplex folding and low
scorers were non-folding. AKTIP and FOXE3 depicted high scoring
values indicating their high propensity to form G-quadruplex; also ex-
perimentally validated in our studies. However, CTSB and APOA1BP
with scoring values lying between 3 and 4 demonstrated discrepancies.
Although APOA1BP gave a score of 3.95, it demonstrated its inability to
form G-quadruplex in vitro and in cellulo conditions. On the other hand,
even on having a score of 3.0, CTSB was able to form G-quadruplex
in vitro and in cellulo. While demonstrating the efficiency of this scoring
system in predicting G-quadruplex folding, Beaudoin et al. have also
pointed that among 14 PG4 candidates selected for the study, this scor-
ing methodology with a threshold of 3.05 gave two discrepancies with
one false positive and one false negative. Our candidate genes CTSB
and APOA1BP are also showing such divergence as they are lying very
close to the threshold value.

Though biophysical studies indicated higher stability of G-quadruplex
in AKTIP than CTSB, the extent of gene regulation in AKTIP is found to be
lower than that in CTSB. In contrast to 30% repression in gene expression

in CTSB, G-quadruplex reduced the gene expression of AKTIP only by 20%.
These observations clearly suggest that the stability of this structure can-
not be directly correlated with its ability to regulate gene expression.
Moreover, it suggests that the intracellular milieu and the interacting
partners might affect G-quadruplex stability and the extent of its gene
regulating function.

Although the mechanism of gene regulation by G-quadruplex is not
known, several conjectures can be made. Since G-quadruplex in 5" UTR
of AKTIP and CTSB mRNA represses gene expression, we hypothesise
that G-quadruplex structure itself may impede the binding and subse-
quent movement of the pre-initiation complex along the mRNA. It
may interfere with the binding of the cap binding protein elF4E, delay
the helicase activity of elF4A or affect the 40S ribosomal subunit recruit-
ment onto the mRNA [1,3]. In the process, the cell has to expend some
amount of energy to resolve this structure [3]. Alternatively, G-
quadruplex may likely decoy some inhibitors that interfere with the
binding of the pre-initiation complex. The group of Tinoco Jr performed
an elegant study in which they translated single messenger RNA hair-
pins tethered by the ends to optical tweezers using single ribosome
and concluded that overall translation process greatly depends on the
pause durations spent in destabilising secondary structures present in
mRNA [35]. The helicase activity of ribosome applies force and reduces
pause time periods without influencing the translocation time period.
G-quadruplex structure may act as a mechanical roadblock to the ribo-
somal protein and provides an activation barrier which needs to be
overcome by the force applied by mRNA helicase activity of the ribo-
some [36]. By estimating mechanical stability of RNA G-quadruplex
and corresponding rupture force applied by ribosomal motor proteins,
one can calculate the pause durations as well as success/failure of
ribosomal complex to unfold this structure. In case mechanical stability
of G-quadruplex far exceeds the rupture force of ribosome, it can
recruit other helicase enzymes to resolve this structure. More detailed
single molecule studies are required to shed light on this tug of war
force between G-quadruplex and motor proteins. On the other hand,
the translational enhancer role of 5 UTR G-quadruplex in FOXE3 can
be attributed to the recruitment of activators onto 5’ cap region of
mRNA. These activating factors may facilitate the assemblage of
the pre-initiation complex onto the mRNA, thereby increasing gene
expression.

To conclude, our study highlighted the role of G-quadruplex at 5’ ter-
minal of cellular mRNAs. We found that this structure exhibits contrast-
ing regulatory roles in different genes. It activates or represses gene
function. Even the extent or magnitude of gene modulation by this
structure varied. Furthermore, our studies suggested that in many in-
stances, the stability of G-quadruplex cannot be extrapolated to the
level of its functional activity. The unknown factors such as molecular
partners, spatio-temporal requirements and intracellular milieu greatly
influence the role of G-quadruplex.
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Appendix A. Supplementary data

Sequences of mutated RNA oligonucleotides for biophysical studies
and DNA primers for RT-PCR are given in Table S1 and S2. More bio-
physical studies on RNA oligonucleotides are given in Fig. S1, S2, S3,
S4 and S5. Dual Luciferase Assay results for APOA1BP are provided in
Fig. S6. Supplementary data to this article can be found online at doi:
http://dx.doi.org/10.1016/j.bbagen.2014.08.017.
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