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ABSTRACT: Transforming growth factor 2 (TGFf2) is a versatile
cytokine with a prominent role in cell migration, invasion, cellular
development, and immunomodulation. TGFf2 promotes the
malignancy of tumors by inducing epithelial-mesenchymal tran-
sition, angiogenesis, and immunosuppression. As it is well-
documented that nucleic acid secondary structure can regulate gene
expression, we assessed whether any secondary motif regulates its
expression at the post-transcriptional level. Bioinformatics analysis
predicts an existence of a 23-nucleotide putative G-quadruplex
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sequence (PG4) in the S’ untranslated region (UTR) of TGFf2

mRNA. The ability of this stretch of sequence to form a highly stable, intramolecular parallel quadruplex was demonstrated using
ultraviolet and circular dichroism spectroscopy. Footprinting studies further validated its existence in the presence of a
neighboring nucleotide sequence. Following structural characterization, we evaluated the biological relevance of this secondary
motif using a dual luciferase assay. Although PG4 inhibits the expression of the reporter gene, its presence in the context of the
entire 5" UTR sequence interestingly enhances gene expression. Mutation or removal of the G-quadruplex sequence from the 5’
UTR of the gene diminished the level of expression of this gene at the translational level. Thus, here we highlight an activating
role of the G-quadruplex in modulating gene expression of TGFf2 at the translational level and its potential to be used as a target

for the development of therapeutics against cancer.

G-Quadruplexes are found in G-rich sequences of DNA and
RNA."”> These are noncanonical four-stranded secondary
structures formed by two or more stacks of G-quartets held
together by Hoogsteen base pairing.>~> Although a considerable
amount of work has been done on the DNA G-quadruplex in past
three decades, recent years saw a gradual shift toward
understanding the G-quadruplexes at the RNA level. In RNA,
G-quadruplexes have been associated with translational regu-
lation,®™"” 3" end processing,"®"® transcription termination,”
alternative splicing,”'~>* mRNA localization,”® protein bind-
ing,zs_28 and telomeric RNA biology.29_34 The genomewide
computational analysis has revealed the presence of 4141 G-
quadruplex motifs in the 5’ UTR of mRNAs.*® The functional
relevance of this secondary structure has been validated
experimentally in sequences in FGF-2,° NRAS,” Zic-1,® exon C
of human and bovine estrogen receptor R, MT3-MMP,"?
BCL2,"* TRE-2,"* VEGF,"* and ADAM-10."® Except for VEGF,
the RNA G-quadruplex in the ' UTR of the reported genes
mentioned above is shown to repress gene expression at the
translational level. Herein, we decipher the unusual activating
role of the RNA G-quadruplex in the context of the entire 5’
UTR of TGFf2 mRNA.

TGEFp2 is a pleiotropic cytokine with multiple roles in cell
proliferation, differentiation, embryogenesis, migration, tissue
repair, and modulation of the immune response.”> TGFf2 is a
major cytokine found in the body fluids such as amniotic fluid,
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breast milk, and the aqueous and vitreous humor of the eye.* It is
strongly expressed at an early stage of epicardial vascular
formation and plays an important role in epicardial biology.*”
The TGF/2 knockout mice show perinatal mortality and a wide
range of developmental defects, including cardiac defects.”>>
The abnormal expression of this protein is also associated with
various eye-related diseases.** Furthermore, the tumors of
numerous histogenetic origins have been reported to synthesize
and release TGF2.*' = It is overexpressed especially in the later
stages of carcinogenesis, causing epithelial-mesenchymal
transition (EMT), tumor invasiveness, and metastasis.

With such an important role in immunomodulation and tumor
progression, it is quite obvious that its expression is regulated at
various levels of gene expression. A polymorphism in the
promoter region of the TGFf2 gene significantly increases its
transcriptional activity in breast cancer cells.”’ miR-200a and
miR-141 bind to the 3" UTR of TGFf2 mRNA to inhibit its
translation.*” Bioinformatics analysis showed the presence of
putative G-quadruplex sequence in the 5 UTR of TGFj2
mRNA.>*We evaluated the role of this secondary structure as a
cis regulatory element in TGFf2 mRNA translation.
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Table 1. Sequences of Oligonucleotides Used for the Biophysical Studies

oligonucleotide name sequence (5'—3')

PG4 RNA GGGAAAGGGUGGGAGUCCAAGGG
mPG4 RNA GAGAAAGAGUGAGAGUCCAAGAG
9-PG4—9 RNA GCAGAGGUUGGGAAAGGGUGGGAGUCCAAGGGAGCCCCUGC
m9-PG4-9 RNA GCAGAGGUUCGCAAAGGGUGGGAGUCCAAGCGAGCCCCUGC

A

1GTGATGTTATCTGCTGGCAGCAGAAGGTTCGCTCCGAGCGGAGCTCCAGAAGCTCCTGACAAGAGAAAGACAGATTGAGATAGAGATAG
AAAGAGAAAGAGAGAAAGAGACAGCAGAGCGAGAGCGCAAGTGAAAGAGGCAGGGGAGGGGGATGGAGAATATTAGCCTGACGGTCT
AGGGAGTCATCCAGGAACAAACTGAGGGGCTGCCCGGCTGCAGACAGGAGGAGACAGAGAGGATCTATTTTAGGGTGGCAAGTGCCTAC
CTACCCTAAGCGAGCAATTCCACGTTGGGGAGAAGCCAGCAGAGGTTGGGAAAGGGTGGGAGTCCAAGGGAGCCCCTGCGCAACCC
CCTCAGGAATAAAACTCCCCAGCCAGGGTGTCGCAAGGGCTGCCGTTGTGATCCGCAGGGGGTGAACGCAACCGCGACGGCTGATCGTCT
GTGGCTGGGTTGGCGTTTGGAGCAAGAGAAGGAGGAGCAGGAGAAGGAGGGAGCTGGAGGCTGGAAGCGTTTGCAAGCGGCGGCGGC
AGCAACGTGGAGTAACCAAGCGGGTCAGCGCGCGCCCGCCAGGGTGTAGGCCACGGAGCGCAGCTCCCAGAGCAGGATCCGCGCCGCCT
CAGCAGCCTCTGCGGCCCCTGCGGCACCCGACCGAGTACCGAGCGCCCTGCGAAGCGCACCCTCCTCCCCGCGGTGCGCTGGGCTCGCCC
CCAGCGCGCGCACACGCACACACACACACACACACACACACGCACGCACACACGTGTGCGCTTCTCTGCTCCGGAGCTGCTGCTGCTCCTG
CTCTCAGCGCCGCAGTGGAAGGCAGGACCGAACCGCTCCTTCTTTAAATATATAAATTTCAGCCCAGGTCAGCCTCGGCGGCCCCCCTCACC
GCGCTCCCGGCGCCCCTCCCGTCAGTTCGCCAGCTGCCAGCCCCGGGACCTTTTCATCTCTTCCCTTTTGGCCGGAGGAGCCGAGTTCAGAT
CCGCCACTCCGCACCCGAGACTGACACACTGAACTCCACTTCCTCCTCTTAAATTTATTTCTACTTAATAGCCACTCGTCTCTTTTTTTCCCCAT
CTCATTGCTCCAAGAATTTTTTTCTTCTTACTCGCCAAAGTCAGGGTTCCCTCTGCCCGTCCCGTATTAATATTTCCACTTTTGGAACTACTGG
CCTTTTCTTTTTAAAGGAATTCAAGCAGGATACGTTTTTCTGTTGGGCATTGACTAGATTGTTTGCAAAAGTTTCGCATCAAAAACAACAACA
ACAAAAAACCAAACAACTCTCCTTGATCTATACTTTGAGAATTGTTGATTTCTTTTTTTTATTCTGACTTTTAAAAACAACTTTTTTTTCCACTTT

TTTAAAAA 1368
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Figure 1. Schematic representation of the S UTR of TGF/2 and constructs used for transfection. (A) Representation of the entire 1368-nucleotide §’
UTR of TGFf2. The putative G-quadruplex-forming sequence (PG4) is underlined and shown in bold. PG4 lies between nucleotide 313 and nucleotide
335 of the S’ UTR of TGFf2. (B) Schematic representation of the constructs used for transfection studies. PG4, mPG4, wtUTR, UTRAPG4, and
mUTR sequences are inserted at the Nhel restriction enzyme site upstream of the Renilla luciferase gene and downstream of the SV40 promoter.

In this study, we assessed the ability of the putative G-
quadruplex forming sequence in the 5° UTR of TGFp2
(GenBank entry NM_001135599.2) to form a stable G-
quadruplex using standard biophysical techniques and studied
its biological relevance in human cells. We performed a series of
spectroscopic studies to characterize this motif thermodynami-
cally and luciferase reporter assays to evaluate its functional role
in modulating translational efficacy. Interestingly, in contrast to
the generally reported inhibitory role of the RNA G-quadruplex,
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we found that the RNA G-quadruplex in the 5" UTR of TGEf2 is
involved in the upregulation of gene expression at the
translational level.

B MATERIALS AND METHODS

Oligonucleotides. The high-performance liquid chromatog-
raphy-purified PG4 RNA and mPG4 RNA oligonucleotides were
purchased from Sigma, and 9-PG4—9 RNA and m9-PG4—9
RNA oligonucleotides were purchased from IBA (Table 1). The
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concentration of RNA was measured with a UV spectropho-
tometer and calculated using their molar extinction coefficients.

The DNA oligonucleotides for cloning were purchased from
Sigma (Tables S1 and S3 of the Supporting Information).

CD Spectroscopy. RNA samples were prepared at a
concentration of 2 M in 10 mM cacodylate buffer (pH 7.4)
containing 25 mM KClI salt. The samples were heated at 95 °C
for 5 min and slowly cooled to 4 °C. CD experiments were
performed in a Jasco J-810 spectropolarimeter (Jasco Hachioji,
Tokyo, Japan) equipped with a Peltier temperature controller,
and scans were taken at wavelengths of 200—350 nm at 20 °C.
Following the subtraction of the buffer alone, the CD scans were
taken in triplicate, and the average was calculated. CD melting of
RNA oligonucleotides was performed at a rate of 0.2 °C/min
from 15 to 95 °C, and readings were collected every 5 °C. The
melting curves were analyzed using Origin version 7.0. CD
melting data were further analyzed for calculating thermody-
namic parameters (within 10% error) using Mathematica version
5.0. The ellipticity values obtained at 263 nm were evaluated by a
nonlinear least-squares curve fitting method. This method
involved the contribution from pre- and post-transition base-
lines, and thermodynamic data were obtained using equations
described previously.>*

A, = b, + (m,T) 1)
A =b + (mT) (2)
K, =(1-a)la 3)
o(T) = a(f, — 6) + 6, 4)
K, = exp( AG°) _ exp( AH° + AS")

RT RT ~ RT ()

where A, and A are linear equations for the upper and lower
baselines, respectively, b, and b describe fitted parameters for the
intercepts for the upper and lower baseline with m, and m; as
their slopes, respectively, K, indicates the equilibrium constant
for the unstructured—structured transition for an intramolecular
system, and « stands for the folded fraction. 6(T), the dependent
variable, is the experimentally determined ellipticity at each
temperature (T). These equations were used to calculate the
van’t Hoff enthalpy (AH,j;) and entropy (AS).

UV Spectroscopy. UV melting studies were conducted using
a Cary 100 UV—visible spectrophotometer (Varian) equipped
with a Peltier temperature controller. Samples were heated to 95
°C and slowly cooled to 15 °C at a rate of 0.2 °C/min. The
absorption data were collected at 298 nm at 0.2 min data intervals
of heating and melting steps. UV melting of 2—20 uM samples
was also performed.

Thermal Difference Spectrum (TDS). RNA oligonucleo-
tides at the concentration of 2 yM were UV scanned over the
wavelength range of 200—350 nm at 20 and 95 °C using a Cary
100 UV—visible spectrophotometer (Varian). The UV absorb-
ance data obtained at these two temperatures were subtracted
from each other and plotted on a graph to obtain TDS.

Radiolabeling of RNA. RNA oligonucleotides (with nine-
nucleotide flanks) were purchased from IBA. Oligonucleotides
were radiolabeled using the Kinase Max kit (Ambion) as per the
protocol provided by the manufacturer. Briefly, the RNA was
incubated with T4 polynucleotide kinase and [y-**P]ATP for 1 h
at 37 °C. We stopped the reaction using 1 mM EDTA and by
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heating the mixture at 95 °C for 2 min. The labeled RNA was
further purified using NucAway columns (Ambion).

RNase T1 Footprinting. The 5’ end-radiolabeled RNAs
were heated at 90 °C for 5 min and then allowed to cool to 37 °C
in 1 mM MgCl,, 150 mM KCl, and 150 mM LiCl to facilitate
structure formation. Structured RNA was digested with 0.025
unit of RNase T1 for S min at 37 °C. To obtain the
corresponding ladder, alkaline hydrolysis of RNA was performed
at 90 °C in sodium bicarbonate buffer for 10 min. RNase T1
ladder was formed by digesting the RNA in buffer containing 20
mM Tris-HCl (pH 7.5), 10 mM MgCl,, and 100 mM LiCl for 2
min at 37 °C with 0.6 unit of RNase T'1. We stopped all reactions
by adding stop buffer containing 95% formamide and 18 mM
EDTA and subsequently immediately snap chilling the mixtures
on dry ice. Equal counts of digested products were separated on a
15% denaturing gel in 0.5X Tris-borate EDTA buffer and
exposed to a phosphorimager screen. The gel images were
scanned on a Typhoon scanner (GE Healthcare).

Plasmid Construction. The entire 5’ UTR of TGEFf2
(Figure 1) was inserted into the Nhel restriction site at the S’
region of the Renilla luciferase gene of plasmid psiCHECK-2
(Promega), and this plasmid construct was named pwtUTR.
Briefly, the primers for cloning of the entire 5" UTR of TGFf2
were designed according to GenBank entry NM_001135599.2.
Then the entire 5" UTR of TGFf32 was amplified via polymerase
chain reaction (PCR) from genomic DNA (isolated from
PBMCs) using Phusion DNA polymerase (New England
Biolabs). The PCR product was gel eluted using the Qiagen
gel extraction kit. The eluted PCR products and psiCHECK-2
vector were digested with the Nhel restriction enzyme and again
purified using the PCR purification kit (Qiagen). The digested
psiCHECK-2 vector was dephosphorylated at the 5" end using
calf intestinal alkaline phosphatase (NEB) to prevent self-
ligation. The digested PCR product was inserted at the Nhel
restriction site of the dephosphorylated vector using the T4 DNA
ligase (Fermentas) enzyme at 22 °C for 16 h. The clones
obtained were digested with the Nhel restriction enzyme and run
on agarose gel to check insert release. The positive clones
obtained were then confirmed by sequencing.

Site-directed mutagenesis at specific positions of the $' UTR of
TGFS2 (pmUTR, pG313AUTR, and pG313A,G321AUTR) was
performed using Phusion DNA polymerase. Briefly, the wtUTR
construct was amplified via PCR with primers containing site-
directed mutations at an annealing temperature of 55 °C using
Phusion DNA polymerase. The amplified products were digested
with the Dpnl enzyme (NEB) at 37 °C for 6 h. The Escherichia
coli DHS« cells were then transformed with these products. The
clones obtained were checked for insert release and finally
analyzed by sequencing.

The 23-nucleotide putative G-quadruplex-forming sequence
was deleted from the S’ UTR region of TGFS2 (pUTRAPG4)
using deletion mutagenesis. Briefly, the 312 and 1034 bp
upstream and downstream of the PG4 sequence, respectively,
were separately amplified via PCR using Phusion DNA
polymerase. The amplicons obtained were PCR overlapped to
obtain the entire 5" UTR region of TGFS2 without the 23-
nucleotide PG4 sequence. The gel-purified products were
digested and ligated with the psiCHECK-2 vector using the
method described above.

Both strands of PG4 and mPG#4 sequences were heated at 94
°C and subsequently annealed at 37 °C for 1 h. Then the
annealed products were inserted into the Nhel restriction site of
the dephosphorylated psiCHECK-2 vector using T4 DNA ligase.

dx.doi.org/10.1021/bi3013659 | Biochemistry 2013, 52, 1528—1538
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Figure 2. Biophysical characterization of PG4 RNA and mPG4 RNA. (A) Circular dichroism spectra of 2 uM PG4 RNA (M) and 2 uM mPG4 RNA (O).
(B) CD melting of 2 uM PG4 RNA (M) and 2 yM mPG4 RNA (O) at 263 nm. (C) UV melting of PG4 RNA (M) and mPG4 RNA (O) at 298 nm. (D)
Thermal difference spectrum of 2 uM PG4 RNA (M) and 2 uM mPG4 RNA (O). (E) T,, of PG4 RNA at different strand concentrations. T}, is found to
be independent of RNA strand concentration, indicating intramolecular G-quadruplex formation. All these experiments were performed in 10 mM

sodium cacodylate buffer (pH 7.4) containing 25 mM KCL.

Positive clones (pPG4 and pmPG4 plasmid constructs) were
obtained by sequencing.

Cell Culture. HEK 293T and MCF-7 cell lines were
maintained in a humidified atmosphere containing 5% CO, at
37 °C. The cells were grown in the high-glucose Dulbecco
minimal Eagle’s medium (DMEM) supplemented with heat-
inactivated 10% fetal bovine serum and antibiotic-antimycotic
(Gibco).

Dual Luciferase Assay. HEK 293T and MCF-7 cells were
transfected with psiCHECK2 clones with pPG4, pmPG4, the
entire S’ UTR (pwtUTR), mutated 5’ UTR inserts (pmUTR),
and the UTR with deleted PG4 inserts (pUTRAPG4) using
lipofectamine reagent (Invitrogen). The dual luciferase assay of
cell lysates was performed after transfection for 48 h. The
transfected cells in the 24-well plates were treated with passive
lysis buffer (Promega). Renilla and firefly luciferase activity of the
cell lysate was measured by using the dual luciferase reporter
assay kit (Promega) and TECAN plate reader. The ratio of
Renilla luciferase activity to firefly luciferase activity was
calculated, and the value obtained was normalized against the
empty vector/pmUTR luciferase readings.
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Quantitative Real-Time PCR. HEK 293T and MCF-7 cells
were transfected in six-well plates with the plasmid constructs
mentioned above, and the mRNA levels of Renilla and firefly
luciferase genes were quantified by real-time PCR. Briefly, the
total cellular RNA of the transfected cells was isolated using the
Trizol method. The quality of the RNA was assessed on the 1%
agarose gel. Then the cDNA was prepared using oligo-dT and
RevertAid MMLV Reverse Transcriptase enzyme (Fermentas).
Following cDNA synthesis, the forward and reverse primers for
Renilla and firefly luciferase genes (Table S2 of the Supporting
Information) were used to amplify the transcripts of these genes
by real-time PCR using a SYBR-Green PCR Master Mix
(Applied Biosystems) and the Roche detection system. The
Renilla/firefly transcript level ratio was calculated, normalized
using the Pfaffl method,” and depicted in a histogram.

UV-Vis Absorption Titration. The absorption spectra were
recorded on a Caryl00 UV—vis double-beam spectrophotom-
eter by stepwise addition of PG4 RNA to the 1 cm path length
cuvette containing 1.44 uM TmPyP4 [S5,10,15,20-tetrakis(N-
methyl-4-pyridyl)porphyrin]. The readings were taken in the
wavelength range of 350—550 nm at 25 °C. The titrations were

dx.doi.org/10.1021/bi3013659 | Biochemistry 2013, 52, 1528—1538
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terminated when the wavelength and intensity of the absorption
band did not change with three successive additions of PG4
RNA.

The concentrations of the free ligand (C;) and the bound
ligand (C,) were calculated using the equations C; = C(1 — @)
and C, = Cp — C;, respectively, where C; stands for the total
concentration of ligand TmPyP4. The fraction of bound ligand
TMPyP4 () was calculated using the equation @ = (A;— A)/(A¢
— A), where A¢and Ay represent the absorbance value of the free
and fully bound TMPyP4, respectively, at the Soret maximum
(421 nm) of TMPyP4 and A is the absorbance value at 421 nm at
any given point during the titration. The percent hypochromicity
of the Soret band of TMPyP4 was calculated using the equation
percent hypochromicity = [(&; — &,)/&] X 100, where &, and &
values are calculated using the equations &, = A,/Cy and &= A/
Cy respectively.

Treatment of Transfected Cells with Porphyrin
TmPyP4. MCEF-7 cells were transfected with pwtUTR,
pmUTR, and pUTRAPG4 using lipofectamine reagent (In-
vitrogen). After transfection for 4 h, the medium was replaced
with the DMEM containing varying concentrations (S, 10, and
50 uM) of TmPyP4. After TmPyP4 treatment for 24 h, the dual
luciferase assay was performed with cell lysates. The ratio of
Renilla luciferase activity to firefly luciferase activity was
calculated. In each case, the value obtained was normalized
against luciferase readings of the transfected cells without
TmPyP4 treatment.

B RESULTS

The TGFp2 gene is mapped at chromosomal location 1g41.
Bioinformatics algorithm Quadfinder®® predicts the occurrence
of the putative G-quadruplex sequence (PG4) at nucleotide
position 313 from the 5’ end of TGFA2 mRNA. This PG4
sequence is located 1056 nucleotides upstream of the translation
start site in the 1368-nucleotide 5" UTR of TGFf2 mRNA. This
motif is absent in the promoter region of the TGFf2 gene, 2 kb
upstream from the transcription start site.

The PG4 Sequence Forms a Stable G-Quadruplex Motif
in Vitro. Circular dichroism is a standard technique used for the
structural characterization of G-quadruplex motifs. As shown in
Figure 2A and Figure SSA of the Supporting Information, the CD
spectrum of PG4 RNA reveals a positive peak at 264 nm and a
negative peak at 240 nm. This CD spectrum corresponds to the
characteristic CD signature of the parallel G-quadruplex.
However, the mutated version of this oligonucleotide (mPG4
RNA) where guanosines at four positions have been replaced
with adenosine shows a hypochromic shift with a molar ellipticity
at 264 nm that is reduced to one-third of that of wild-type RNA.
Besides, mPG4 shows a positive peak at 268 nm and a negative
peak at 245 nm, indicating that the mutated PG4 sequence is
unable to form stable G-quadruplex structure.

To assess the stability of the PG4 RNA G-quadruplex, CD
melting was performed. CD melting (Figure 2B and Figure S1 of
the Supporting Information) of PG4 RNA in 25 mM KCl
showed a pronounced hypochromic shift at 263 nm when the
RNA was heated from 15 to 95 °C, and a plot of CD signal at 263
nm versus temperature shows sigmoidal behavior indicating
quadruplex melting. CD melting analysis revealed a T, of 64 + 1
°C. On the other hand, such a sigmoidal curve was absent in the
case of mPG4 and hence indicates the absence of quadruplex
structure in mPG4 RNA due to mutation of guanine residues.
The values of thermodynamic variables are listed in Table 2. It
shows that PG4 RNA G-quadruplex formation is thermodynami-
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Table 2. T,, Values and Thermodynamic Parameters
Calculated from the CD Melting of Various

Oligonucleotides®
T, b AH AS AG®
oligonucleotide (°C) (kcal/mol)  (cal mol™* K™) (kcal/mol)
PG4 RNA 64 —66.63 —197.06 —791
mPG4 RNA ND“ ND“ ND“ ND“
9-PG4—9 RNA 69 -77.76 —227.11 —10.08
m9-PG4—9 66 —93.87 —277.27 —11.24
RNA

“All experiments were conducted in 10 mM sodium cacodylate buffer
(pH 7.4) containing 25 mM KCL The thermodynamic parameters
reported are within 10% error. “The reported T, values have an
associated error of +1 °C. “AG was calculated at 25 °C. “Not defined.

cally favorable at 25 °C with a AG of —7.91 kcal/mol. Though its
formation is entropically unfavorable, the high favorable enthalpy
compensates by the same amount and contributes to its
thermodynamic stability.

To validate the observations from CD studies, thermal melting
was performed.*® The UV melting profile of PG4 RNA (Figure
2C) in 10 mM sodium cacodylate (pH 7.4) containing 25 mM
KCl showed the characteristic hypochromic sigmoidal transition
at 298 nm. This hypochromic shift at 298 nm is the signature of
the G-quadruplex secondary structure. The T, calculated from
the thermal curve is 64.8 + 1 °C, which is similar to the value
obtained via CD melting within experimental error. With
increasing salt concentrations, the PG4 RNA sequence also
shows a pronounced increase in Ty, which in turn indicates
stabilization of the quadruplex structure (Figure S2 of the
Supporting Information). To assess whether the formed
quadruplex is intra- or intermolecular in nature, a melting
experiment was conducted at different oligonucleotide concen-
trations. Further, a concentration-dependent study of PG4 RNA
revealed the intramolecular status of its G-quadruplex. As shown
in Figure 2E, the T, of a different strand concentration of PG4
RNA is found to be approximately similar, demonstrating
formation of the intramolecular G-quadruplex.

Furthermore, the thermal difference spectrum (TDS) of PG4
RNA and mPG4 RNA was drawn and analyzed. The TDS is the
spectrum obtained by subtracting the values of the ultraviolet
absorbance of the nucleic acids in the folded and unfolded state at
the temperatures above and below the T, and over the
wavelength range.57 The PG4 RNA TDS, calculated from UV
absorbance data recorded at 20 and 95 °C, gave two
characteristic positive peaks at 241 and 272 nm and a negative
peak at 298 nm. This characteristic signature of the G-quadruplex
at 298 nm was absent from the mutated version of this
oligonucleotide. The mPG4 RNA gave only one positive peak at
263 nm and no negative peaks (Figure 2D).

The PG4 Sequence with Flanks Also Shows Stable G-
Quadruplex Motif Signals. In the DNA quadruplex, flanking
bases influence the formation and stability of G-quadruplexes.
Arora et al. have shown that in the c-kit gene when the flank
length exceeds eight nucleotides, the propensity to form DNA G-
quadruplex decreases.”® Thus, to access the influence of flanking
nucleotide sequence on G-quadruplex formation at the RNA
level, we took a PG4 sequence with nine-nucleotide flanks on
each side (9-PG4—9 RNA) and characterized it biophysically.

To determine the secondary structure of 9-PG4—9 RNA, CD
spectroscopy was performed. As shown in Figure 3A and Figure
S5B of the Supporting Information, the CD spectrum of 9-PG4—
9 RNA reveals a positive peak at 264 nm and a negative peak at

dx.doi.org/10.1021/bi3013659 | Biochemistry 2013, 52, 1528—1538
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Figure 3. Biophysical characterization of 9-PG4—9 and m9-PG4—9 RNA. (A) CD spectra of 2 uM 9-PG4—9 RNA (M) and 2 uM m9-PG4—9 RNA (O).
(B) CD melting of 2 uM 9-PG4—9 RNA (M) and 2 4uM m9-PG4—9 RNA (O) at 263 nm. (C) UV melting of 2 yM 9-PG4—9RNA (M) and 2 yM m9-
PG4—9 RNA (O) at 298 nm. (D) Thermal difference spectrum of 2 M 9-PG4—9 RNA (M) and 2 uM m9-PG4—9 RNA (O). All these experiments
were performed in 10 mM sodium cacodylate buffer (pH 7.4) containing 25 mM KCl.

240 nm. Again the mutated version of the same oligonucleotide
(m9-PG4—9 RNA) showed an intense negative peak at 207 nm, a
signature characteristic of RNA duplex. The CD melting profile
of RNA oligonucleotides with nine-nucleotides flanks is shown in
Figure 3B and Figure S1 of the Supporting Information. Upon
addition of nine-nucleotide flanks on either end of PG4, an
increment of § °C in the T,, of 9-PG4—9 RNA was observed,
signifying further stabilization of the G-quadruplex structure in
the presence of flanking sequence. CD melting of m9-PG4—9
RNA also showed a hypochromic shift at 263 nm. However, this
shift was confronted by its UV melting at 298 nm (Figure 3C). At
this wavelength, m9-PG4—9 RNA was unable to show a
hypochromic shift with an increase in temperature, suggesting
the absence of G-quadruplex formation. Thus, the hypochromic
shift at 263 nm observed in CD melting of m9-PG4—9 RNA was
a consequence of duplex melting. The UV melting of 9-PG4—9
RNA at 298 nm again demonstrated a characteristic G-
quadruplex sigmoidal curve with a T, of 68.5 + 1 °C, which
correlates well with its CD melting-derived T, value within
experimental error.

The TDS of 9-PG4—9 RNA reveals two positive peaks at 245
and 274 nm and a negative peak at 298 nm, suggesting a
predisposition of the oligonucleotide to form G-quadruplex. The
mutant version of 9-PG4—9 (m9-PG4—9) RNA’s TDS profile
shows a complete absence of these characteristic G-quadruplex
peaks at 245, 274, and 298 nm (Figure 3D).

A Footprinting Assay Shows a PG4 Sequence with
Flanks Favors Quadruplex Formation. To ascertain the
formation of the quadruplex in the wild-type TGFf2 quadruplex
sequence, enzymatic probing was performed in the presence of
potassium ions, lithium ions, and divalent magnesium ions.
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Potassium ions are known to stabilize G-quadruplex structures
much more than lithium ions do, while quadruplex formation
does not depend upon divalent magnesium ions. RNase T1
footprinting is used to determine the features of secondary
structure formed in an oligonucleotide. RNase T1 cleaves after
guanine residues in single-stranded ribonucleic acids. Thus, the
guanines involved in secondary structure formation would be
protected from RNase T1 cleavage, and this protection would be
reflected in the form of less intense bands in gels in comparison
to the bands resulting from structurally unstrained guanine
residues.'>'*

9-PG4—9 RNA was heated and cooled in magnesium buffer
(Mg*"), potassium buffer (K*), and lithium buffer (Li*) and
subjected to enzymatic digestion. Subsequent footprinting
analysis of these oligonucleotides revealed protection of 9-
PG4—9 RNA from cleavage at guanine residues G10—GI12,
G16—G18, G20—G22, and G30—G32 (highlighted in Figure
4A). These guanine residues are predicted to be involved in
quadruplex formation, thereby indicating this oligonucleotide’s
ability to form G-quadruplex structure. Footprinting results
indicate that in the presence of potassium ions, the segment
harboring a putative G-quadruplex sequence does form G-
quadruplex in vitro. The structure was found to be less
prominent in lithium ions and nonexistent in the presence of
magnesium ions. Bioinformatic prediction, followed by bio-
physical characterization and footprinting analysis, confirms the
existence of an intramolecular quadruplex in the TGFfS 5" UTR.

G-Quadruplex-Forming Sequence Inhibits the Trans-
lational Efficiency of the Renilla Luciferase Reporter
Gene in HEK 293T and MCF-7 Cells. To assay the role of G-

quadruplex-forming sequence in modulating the translational
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Figure 4. RNase T1 footprinting of 9-PG4—9 RNA. (A) Lanes 1 and 2
represent alkaline hydrolysis and RNase T1 ladders, respectively, while
lanes 3—S represent quadruplexes preformed in the presence of different
ions. The concentrations of ions were 1 mM Mg** (lane 3), 150 mM K*
(lane 4), and 150 mM Li* (lane 5). (B) Sequence of the 9-PG4—9 RNA
used for footprinting studies. Guanine residues predicted to form the
quadruplex structure are colored red.

efficiency of the reporter gene, we inserted the PG4 sequence
into the Nhel site upstream of the Renilla luciferase gene in the
psiCHECK-2 vector. As a control, the mPG4 construct was made
with mutations that disrupt G-quadruplex formation. These
constructs were transfected into HEK 293T and MCEF-7 cells.
After incubation for 48 h, the luciferase assay was performed
using the cell lysate. The HEK 293T cell line was chosen for its
high tranfection efficiency, and the MCF-7 cell line was preferred
because TGF/f32 is known to be overexpressed in breast cancer
cells. Transfection of HEK 293T and MCEF-7 cells with the pPG4
construct reduced the Renilla luciferase reporter gene activity
normalized to firefly luciferase activity to 65% and 56%,
respectively (Figure S). Transfection with the pmPG4 construct
restored the expression level of the Renilla luciferase gene to a
level similar to that of the empty vector in both cell lines.
G-Quadruplex-Forming Sequence in the Context of
the Entire TGF$2 5° UTR Augments the Translational
Efficiency of the Renilla Luciferase Reporter Gene in HEK
293T and MCF-7 Cells. To determine the function of the G-
quadruplex in the context of the entire 5" UTR of TGFf2 in cells,
we assessed the gene expression of the Renilla luciferase enzyme
at the mRNA and protein level. The entire 5" UTR region of
TGFf2 was cloned into the Nhel site upstream of the Renilla
luciferase gene in the psiCHECK-2 vector. As a control, site
mutations G314A, G320A, G324A, and G334A were introduced
into the G-quadruplex-forming sequence in the 5’ UTR. In
addition, construct pPUTRAPG#4 with the entire 5" UTR minus a
23-nucleotide G-quadruplex sequence was also synthesized.
These vectors, namely, pwtUTR, pUTRAPG4, and pmUTR,
were transfected into the HEK 293T and MCF-7 cells, and cell
lysates were used for the luciferase assay after incubation for 48 h.
Interestingly, transfections of pwtUTR in comparison to
pmUTR showed an increase in the level of Renilla luciferase
expression. The presence of RNA G-quadruplexin the 5" UTR of
the reporter gene significantly increased Renilla/firefly activity to
172% and 198% in HEK 293T and MCE-7 cells, respectively
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Figure S. Inhibition of translation of the luciferase reporter gene in the
presence of the RNA G-quadruplex motif alone. (A) HEK 293T and (B)
MCE-7 cell lines were transfected with pPG4 and pmPG4 plasmid
constructs, and after incubation for 48 h, the dual luciferase assay was
performed with the cell lysate. Renilla luciferase activity was normalized
to firefly luciferase activity. The experiments were performed in
triplicate, and results are expressed as means =+ the standard error.
Asterisks indicate statistical significance (Student’s t test) relative to
empty vector-transfected cells (*p < 0.01).

(Figure 6). To further confirm the role of the G-quadruplex, we
generated two additional mutant plasmids, pG313AUTR and
pG313A,G321AUTR, harboring one and two point mutations,
respectively, in the PG4 sequence in the 5" UTR of TGFp2.
These mutant plasmids significantly increased Renilla/firefly
activity to 117% and 128% in MCF-7 cells. Thus, this G-
quadruplex-induced increase in the level of expression of the
reporter gene confers a completely different role to the RNA G-
quadruplex in the context of the entire 5" UTR. It shows that the
G-quadruplex in the context of the entire 5" UTR of TGFS2 acts
as an enhancer of gene expression.

To assess the changes in the mRNA levels of the Renilla
luciferase gene in the transfected cells with these constructs, we
performed real-time PCR (RT-PCR). As shown in Figure 7,
there was no significant difference in the relative level of Renilla
luciferase mRNA in the transfected cells with different
constructs. Thus, the possibility of G-quadruplex sequence and
5’ UTR as a whole affecting transcription of reporter gene was
negated by quantitative RT-PCR results. RT-PCR showed a
similar relative mRINA level of the Renilla luciferase gene in the
cell line transfected with different plasmid constructs.

TmPyP4 Binds with PG4 RNA in Vitro. UV titration is a
technique commonly used to understand the binding parameters
of a nucleic acid with a ligand. Here, we studied the binding
behavior of the ligand TmPyP4 with PG4 RNA. Figure S6 of the
Supporting Information shows the changes in the intensity and
wavelength of the absorption band of TmPyP4 with stepwise
additions of PG4 RNA. The interaction of TmPyP4 with PG4
RNA induced 81% hypochromicity and a 19 nm red shift in the
Soret band (421 nm) of TmPyP4. An isosbestic point was seen at
437 nm. This titration study clearly shows that TmPyP4 binds
with the PG4 RNA G-quadruplex.

TmPyP4 Treatment Did Not Cause Any Significant
Changes in the Reporter Gene Expression Profile of
Transfected MCF-7 Cells. Basu and co-workers®” have shown
that cationic porphyrin TmPyP4 binds and unfolds the RNA G-
quadruplex in the " UTR of MT3-MMP, thereby relieving the
inhibitory effect of the MT3-MMP RNA G-quadruplex. To
assess the effect of TmPyP4 on the TGFS2 RNA G-quadruplex,
MCE-7 cells were transfected with plasmids (pwtUTR, pmUTR,

dx.doi.org/10.1021/bi3013659 | Biochemistry 2013, 52, 1528—1538
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Figure 6. Augmentation of translation of the luciferase reporter gene by
the G-quadruplex motif in the context of the entire 5" UTR of TGFj2.
(A) HEK 293T and (B) MCEF-7 cell lines were transfected with
pwtUTR, pUTRAPG4, and pmUTR plasmid constructs, and after
incubation for 48 h, the dual luciferase assay was performed with the cell
lysate. (C) MCF-7 cell lines were transfected with pmUTR,
pG313AUTR, and pG313A,G321AUTR plasmids, and the dual
luciferase assay was performed with the cell lysate. Renilla luciferase
activity was normalized to firefly luciferase activity. The experiments
were performed in triplicate, and results are expressed as means + the
standard error. Asterisks indicate statistical significance (Student’s ¢ test)
relative to pmUTR-transfected cells (*p < 0.05).

and pUTRAPG4) and thereafter treated with varying concen-
trations of this ligand. Surprisingly, a dual luciferase assay with
these cell lysates did not show any significant changes in the
reporter gene expression. This study suggests that TmPyP4 does
not interfere with the RNA G-quadruplex in the 5" UTR of
TGFp2 (Figure S7 of the Supporting Information).

B DISCUSSION

Selective targeting of TGFf2 has been shown to prevent
progressive renal disease.’”®° Hau et al. used an antisense
oligonucleotide to specifically target TGFf2 and showed that
TGF/32 inhibition increased the survival time of patients suffering
from recurrent or refractory malignant gliomas.®"%* Also,
resveratrol was reported to target TGFA2 in cancer cells.***
This shows drugs designed against this molecule may be
therapeutically efficient for the treatment of invasive tumors.
Along this line, the RNA G-quadruplex may act as a potential
target for the design of a therapeutic drug for cancer patients.
The RNA G-quadruplex has been to shown to exist in the 5’
UTR of various genes and thereby modulate their gene
expression.” " TGFf2 mRNA also harbors a 23-nucleotide G-
quadruplex-forming sequence in its 5 UTR. Biophysical
characterization of this putative G-quadruplex sequence
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Figure 7. Quantification of the mRNA level of the luciferase reporter
gene employing RT-PCR. MCF-7 cells were transfected with various
plasmid constructs, and RNA was isolated after incubation for 48 h.
cDNA was prepared, and the mRNA level of the reporter gene was
estimated by RT-PCR using Renilla and firefly luciferase gene specific
primers. The Renilla/firefly transcript level ratio was calculated and
normalized using the Pfaffl method. RT-PCR showed a similar mRNA
level of the Renilla luciferase gene in the cell line transfected with
different plasmid constructs. These quantitative RT-PCR results negate
the possibility of G-quadruplex sequence and 5’ UTR as a whole to affect
transcription of the reporter gene. The experiments were performed in
triplicate, and results are expressed as means =+ the standard error.

demonstrates its ability to form a stable intramolecular G-
quadruplex in vitro. Additionally, the CD signature of PG4 RNA
obeys the parallel conformation of the RNA G-quadruplex. The
plausible reason for this monomorphic nature is the inability of
riboguanines involved in quadruplex formation to adopt the syn
conformation, a prerequisite for antiparallel G-quadruplex
formation.** Also, melting experiments displayed a T,, of 64 +
1 °C (in the presence of 25 mM KCl), an indication of its ability
to form a highly stable structure. We found the T, of TGFf2
PG4 to be comparable with that of the RNA G-quadruplex
sequence present in the 5" UTR of other genes reported in the
literature. The T, of Zic-1 PG4 in 25 mM KCl is 79 °C,® whereas
the RNA G-quadruplex sequences in the 5" UTR of ADAM-10
and MT3-MMP have T, values of 60 °C and 72 °C, respectively,
in 1 mM KCL'>'¢

We showed that the 23-nucleotide PG4 sequence retains its
ability to form G-quadruplex in the presence of a neighboring
nucleotide sequence. Sugimoto and co-workers have previously
shown in biophysical studies that in the 5 UTR of some
protooncogenes, the GC-rich RNA sequences form stable A-
form duplexes as the predominant structure under various
environmental conditions.®® Bioinformatic prediction of only a
short stretch of RNA does not take into consideration the
contribution of flanking nucleotide sequence in stabilizing this
secondary structure. Hence, to understand more closely the
formation and stabilization of the G-quadruplex in the presence
of a flanking nucleotide sequence, we sought to perform
spectroscopic and gel-based footprinting analysis of PG4 with
flanks on either end. UV and CD spectroscopy supported the
quadruplex forming ability of PG4 with nine-nucleotide flanks on
either end. This addition of nine-nucleotide flanks on either end
increased the T, of PG4 RNA by S °C, demonstrating greater
stabilization of G-quadruplex structure in presence of flanking
sequence. Thus, unlike the destabilizing effect of flanking
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sequence on DNA G-quadruplex,®® the neighboring nucleotide
sequence of the G-quadruplex enhances the stability of the RNA
G-quadruplex. Footprinting analysis of these oligonucleotides
further showed RNase Tl-induced cleavage protection at
guanine residues predicted to be involved in G-quadruplex
formation. The cleavage protection was found to be more
prominent in potassium buffer than in lithium buffer, further
supporting the evidence of G-quadruplex formation. In a
nutshell, we showed that unlike DNA quadruplex sequence,
RNA PG4 sequence in the 5" UTR of TGFf2 maintains its ability
to form a G-quadruplex even in the presence of a long
neighboring sequence.

After the structural characterization of the RNA G-quadruplex,
we performed a dual luciferase assay for its functional validation.
As in previous studies,¥'>"® here we used the dual luciferase
system to decipher the functional implication of the RNA G-
quadruplex in the 5" UTR of TGEf2. PG4 alone inhibited the
expression of the reporter Renilla luciferase enzyme in
accordance with the previously published results.*'> However,
contrary to established repressive roles of the G-quadruplex in
the 5" UTR,'*'*!¥!516 the presence of PG4 in the 5’ UTR
increased the level of expression of the reporter gene. Thus, these
observations confer an enhancer role to the RNA G-quadruplex
in the 5" UTR in regulating gene expression of TGFf2. RT-PCR
results indicate that G-quadruplex does not affect gene
expression at the transcriptional level, validating the regulatory
role of PG4 in gene expression exclusively at the translational
level. In other words, this positive cis-regulatory function of the
G-quadruplex in the 5" UTR acts at the level of translation,
augmenting gene expression.

Although the PG4 sequence per se showed its potential to
form an intramolecular G-quadruplex and inhibit translation in
cells, it augments gene expression in the context of the entire 5’
UTR. The mechanism for the augmentation is not known, but
speculations can be made. This PG4 sequence behavior may be
attributed to the location of the G-quadruplex sequence in the 5’
UTR of TGFf2. Unlike the 5’ UTR of MT3-MMP, BCI-2, and
ADAM-10,">'¥'® the PG4 sequence lies far from the 5’ end of
the UTR as well as from the translation start site of TGFf2
mRNA. At this position, the G-quadruplex may recruit some
interacting factors, thereby increasing the translational efficiency
of the ribosome. Balasubramanian and co-workers have shown
that the position of the PG4 sequence in the 5" UTR of NRAS
mRNA acts as a determining factor for its role in translational
regulation.®®

Furthermore, to assess the binding behavior of PG4 RNA with
a known G-quadruplex ligand TmPyP4, we performed UV—vis
absorption titration experiments. A large red shift of 19 nm and a
hypochromicity of 81% clearly indicated the binding of TmPyP4
with PG4 RNA.>* However, when we treated the transfected cells
with varying concentrations of this ligand, we obtained
unexpected results. Although in vitro studies show binding of
TmPyP4 to PG4 RNA, there was no significant difference in the
reporter gene expression profile of transfected cells upon
treatment with this ligand. Unlike its destabilizing effect on the
RNA G-quadruplex in MT3-MMP,”” TmPyP4 did not interfere
with RNA G-quadruplex function in the 5" UTR of TGEf2,
suggesting its low selectivity for the TGFf2 RNA G-quadruplex
under in cellulo conditions.

The presence of the G-quadruplex in the 5" UTR is generally
associated with the inhibition of cap-dependent translation.
However, Morris et al. reported the essentiality of the S UTR-
located switchable G-quadruplex in IRES-mediated cap-

1536

independent translation of VEGFE."* They proposed that specific
combinations of G-tracts can be used to fine-tune the
translational initiation of VEGF.

In this study, G-quadruplex-forming sequence at position 313
from the 5’ end of TGF2 mRNA involves four GGG tracts with
intermittent variable loop lengths. Unlike VEGEF, this sequence is
unable to form conformationally flexible G-quadruplex structures
to regulate translational initiation. Moreover, the VEGF G-
quadruplex study is based on the usage of a sequence involved in
IRES-mediated cap-independent translation. No report showing
cap-independent translation in TGFf2 is available in the
literature. Furthermore, unknown factors like molecular partners,
cellular milieu, and spatiotemporal requirements may promote
the establishment of the lesser known activating role of the §’
UTR G-quadruplex in TGFj2.

Hence, this report describes a novel mechanism of gene
regulation at the translational level. The G-quadruplex in the §’
UTR is required for the enhanced expression of TGFS2. Its
conformational disruption leads to the repression of gene
expression. Although the 5" UTR region of TGF32 mRNA is
unusually long (1368 nucleotides) and GC-rich, any conclusive
remark about its mode of translation cannot be drawn from this
study. To conclude, without the involvement of IRES, the G-
quadruplex in the 5" UTR of TGFS2 may set a prototypic
example of a positive regulator of cap-dependent translation.
Like the strategies used to directly target TGFf52 expression in
invasive tumors,*®*>% selectively targeting this RNA G-
quadruplex in the 5" UTR of TGF/2 with small molecules may
provide for better therapeutics in the future. To this end, a quest
for the development of selective RNA G-quadruplex ligands that
will specifically interfere with these structures in cells is essential.

B ASSOCIATED CONTENT

© Supporting Information

Primers used for cloning and RT-PCR (Tables S1 and S2) and
CD melting profile of PG4 RNA, mPG4 RNA, 9-PG4—9RNA,
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