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Background:AnewG-quadruplex structure located in the B-cell CLL/lymphoma2 (Bcl-2) P1 promoter and its phys-
iological function related to Bcl-2 transcription have been studied to find a potential anticancer therapeutic target.
Methods: Absorption, polyacrylamide gel electrophoresis, fluorescence, circular dichroism, and nuclear magnetic
resonance spectra have been employed to determine G-quadruplex structure and the interaction between
G-quadruplex and phenanthrolin-dicarboxylate. Real time polymerase chain reaction and luciferase assay were
done to assess the physiological function of the G-quadruplex structure.
Results: The UV-melting and polyacrylamide gel electrophoresis studies show that the p32 DNA sequence forms an
intramolecular G-quadruplex structure. Circular dichroism and nuclear magnetic resonance spectra indicate that
the G-quadruplex is a hybrid-type structure with four G-tetrads. Fluorescence spectra show that a phenanthroline
derivative has a higher binding affinity for p32 G-quadruplex than duplex. Further circular dichroism and nuclear
magnetic resonance studies indicate that the phenanthroline derivative can regulate p32 G-quadruplex confor-
mation. Real time polymerase chain reaction and luciferase assays show that the phenanthroline derivative has

down-modulated Bcl-2 transcription activity in a concentration-dependent manner. However, no such effect
was observed when p32 G-quadruplex was denatured through base mutation.
Conclusion: The newly identifiedG-quadruplex located in the P1promoter of Bcl-2 oncogene is intimately related
with Bcl-2 transcription activity, which may be a promising anticancer therapeutic target.
General significance: The newly identified G-quadruplex in the Bcl-2 P1 promoter may be a novel anticancer
therapeutic target.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The Bcl-2 (B-cell CLL/lymphoma 2) gene is a mitochondrial
membrane protein involved in the control of programmed cell death,
functioned as an apoptosis inhibitor [1,2]. The overexpression of Bcl-2
gene occurs in a wide range of human cancers [3,4], which reduces
the rate of cell death and also interferes with the therapeutic action by
resisting chemotherapy-induced apoptosis [5,6]. Due to the crucial
role in preserving a balance between cell death and survival, Bcl-2
gene has been considered as an important target for developing anti-
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cancer compounds. The transcription of the Bcl-2 gene is controlled
by two promoters, P1 and P2 [7]. The P2 promoter contains two
transcription-inhibitory elements and an open reading frame, which
behaves as a posttranscriptional down-regulator [8]. The P1 promoter,
fromwhich 90 to 95% of transcripts initiate [9], appears to be the primary
driving force that regulates Bcl-2 transcription. Many transcription
factors, including SP1, WT1, E2F, NGF, and IGF, bind to this region, indi-
cating the importance for P1 promoter regulation [10].

The P1 promoter, especially the region upstream of the translation
initiation site, is highly GC-rich [11], and the sequencewithin this region
may tend to formG-quadruplex, a special secondary structuremediated
by Hoogsteen hydrogen bonding [12,13]. Two regions located at
−19 bp and−176 bp upstreamof the P1 promoter have been validated
to formG-quadruplexes [10,14–17]. Recently, wefind another sequence
(labeled as p32; Fig. 1a) located in the Bcl-2 regulatory region−451 bp
upstreamof P1 promoter also exhibits G-quadruplex-forming tendency.
There is research indicating deletion of the region in which p32 located
causes a reduction in Bcl-2 gene transcription [18], implying the
importance of this region in transcription activity. It is possible the p32
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Fig. 1. The structures of the P1 promoter, p32 G-quadruplex, and PD. (a) Promoter
structure of the human Bcl-2 gene. Shown in inset is the 32-mer sequence of the
purine-rich strand upstream of the P1 promoter. (b) The schematic drawing of the folding
topology of the p32G-quadruplex. (c) Structural formula of phenanthroline-dicarboxylate
(PD). (d) The scheme of the G-quadruplex related to the Bcl-2 gene expression and the
down-modulation of Bcl-2 expression resulted from the G-quadruplex conformational
transition induced by PD.
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G-quadruplex in Bcl-2 P1 promoter is involved in Bcl-2 transcription ac-
tivity just as the G-quadruplexes in c-myc, c-kit, and k-RAS oncogenes
are [19]. It is known that G-quadruplexes have special physicochemical
propertieswhichmake themdruggablewith a high degree of selectivity.
To determine the p32 G-quadruplex and its functionwill be importantly
significant for developing a therapeutic target in oncology.

Towards this goal, the p32 G-quadruplex structure and its physio-
logical function have been studied. Based on the spectroscopic data,
the G-quadruplex is identified to an intramolecular hybrid-type
G-quadruplex structure composed of four G-tetrads (Fig. 1b), which
has a high thermal stability under the physiological condition of K+.
The in vitro assays indicate that inhibiting the p32 G-quadruplex forma-
tion through base mutations or interacting with phenanthrolin-
dicarboxylate (PD, Fig. 1c), a novel phenanthroline derivative [20], causes
an apparent reduction of Bcl-2 expression (Fig. 1d). These results present
a compelling evidence of the G-quadruplex being intimately relatedwith
Bcl-2 transcription activity and also implicate the potential development
of the p32 G-quadruplex as a novel therapeutic target. Furthermore, the
reduced Bcl-2 expression by PD also provides a new therapeutic strategy
besides stabilizing G-quadruplex by ligands.

2. Materials and methods

2.1. Sample preparation

The oligonucleotides including p32 (5′-TG4TCCGCGACG4TG5CTCC
CG4-3′), p32-mut (5′-TGGTGTCCGCGACGTGGTGGTGGCTCCCGGTG-3′),
p32-com (5′-C4G3AGC5AC4GTCGCGGAC4A-3′) and d26 (5′-CAATCGGA
TCGAATTCGATCCGATTG-3′) were purchased from Invitrogen (Beijing,
China), purified by PAGE. Tris(hydroxymethyl)aminoethane (Tris)
was purchased from Sigma. Analytical grade KCl was purchased from
Beijing Chem. Co. Ultrapure water prepared by Milli-Q Gradient ultra-
pure water system (Millipore) was used throughout the experiments.
The stock solutions of the oligonucleotides were prepared by dissolving
oligonucleotides directly into 10 mM Tris–HCl buffer (pH 7.2).

2.2. Spectroscopy measurement

Ultraviolet (UV) spectra weremeasured on an Agilent 8453 spectro-
photometer at the wavelength range 190–1100 nm using a 1 cm path
cell. The absorbance was monitored at 295 nm while the temperature
was increased from 25 to 95 °C at a rate of 2.0 °C min−1. The thermal
denaturing temperature values were determined using the van't Hoff
method.

The polyacrylamide gel electrophoresis (PAGE) was conducted in
1× TBE (Tris base–boric acid–EDTA) buffer solution containing
100 mM KCl with 15% native gels. The gels were run at 100 V for 1 h
at room temperature. Then the gels were incubated in SYBR Gold
solution for 30min, rinsedwith ultrapurewater, and thenphotographed
by a CCD camera.

Nuclear magnetic resonance (NMR) spectra were recorded on a
Bruker Avance 600 spectrometer equipped with a 5-mm BBI probe
capable of delivering z-field gradient strength up to 50G cm−1. Samples
were prepared in Tris–HCl buffer (10 mM Tris–HCl, 90% H2O/10% D2O,
pH 7.2). A standard Bruker pulse program p3919gp that applies 3–9–
19 pulses with gradients was used for water suppression. 256 scans
were used to acquire each spectrum with a relaxation delay of 2 s.

Circular dichroism (CD) spectra were collected from 200 to 350 nm
on a Jasco-815 automatic recording spectropolarimeter with a 1-cm
path-length quartz cell at 25 °C. Spectra were collected with a scan
speed of 500 nm/min. Each spectrum was the average of three scans.
A solution containing no oligonucleotide was used as reference, and a
buffer blank correction was made for all spectra. The temperature of the
cell holder was regulated by a JASCO PTC-423S temperature controller.
The cuvette-holding chamber was flushed with a constant stream of
dry N2 gas to avoid water condensation on the cuvette exterior.

Fluorescence spectra were recorded on a Hitachi F4500 spectrofluo-
rometer (Japan) in a 1-cm path-length quartz cell at room temperature.
Xenon arc lamp was used as the excitation light source. The excitation
and emission slits were both 10 nm. Excitation was set at 340 nm, and
emission was collected from 350 to 650 nm. The scan speed was
240 nm/min.

2.3. Plasmid construction, vitro transcription, and luciferase assay

To construct the plasmids, the DNA sequence of P1 promoter
(LB124: −3934 to −1287) and its mutated sequences flanked with
restriction sites for the enzymes KpnI FastDigest, AvrII FastDigest, and
HindIII FastDigest (MBI) were synthesized in GeneArt (Germany),
whichhave been further validated byDNA sequencing. In order to insert
the plasmid into the vector, plasmids and pGL3-Basic (Invitrogen) were
respectively incubated in 37 °C water bath for 2 h to ensure that all of
theDNA sequenceswere cut by the enzymeKpnI andHindIII. The native
P1 promoter constructs were then obtained by the ligation of native
plasmid and pGL3-Basic in the presence of T4 DNA ligase (NEB) at
16 °C for 1 h. The native plasmid with pGL3-Basic vector, mutated plas-
midwas respectively digested by the enzymes AvrII andHindIII in 37 °C
water bath for 2 h, and then the mutated plasmid ligated with pGL3-
Basic vector by T4 DNA ligase at 16 °C for 1 h. Competitor plasmids
were obtained by transformed plasmids into DH5α (Invitrogen). Both
of the plasmids have been evaluated by DNA sequencing.

The A549 cells were maintained in DMEM medium with 10% FBS
(Invitrogen) at 37 °C. Transfections were carried out with 5 × 105 cells/
well on 6-well tissue culture plates when cells were 90% confluent. The
transfections were operated according to the manufacturer's protocol,
using 25 ng of pRL-TK (Renilla luciferase reporter plasmid) and 1 μg of
native and muted plasmid vector, and then the cells were incubated for
48 h at 37 °C under 5% CO2. The Renilla luciferase activity was used to
normalize luciferase activity from each sample. Firefly and Renilla lucif-
erase activities were assayed by using the Dual-Luciferase Reporter
Assay System (Promega) according to the manufacturer's protocol.
Experiments were repeated at least three times.

2.4. RNA isolation and real time polymerase chain reaction (PCR)

Exponentially growing 3 × 105 A549 cells were seeded in six-well
plate on Day 1. The cells were treated with different concentrations of
spermidine (0–15 μM) on Day 2. After 24 h of PD treatment, cells
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were lysed for RNA isolation. The control sample included cells, which
were not given any polyamine treatment. Quantification of RNA was
done using a Nanodrop (ND-1000) spectrometer. The samples were
then given DNase I treatment to remove DNA contamination and RNA
qualitywas checked by running a 1% agarose gel. cDNAwas synthesized
using a high capacity kit (ABI) as permanufacturer's protocol. The cDNA
quality was checked by PCR. This was followed by real time PCR in iQ5
(Bio-Rad) using SYBER greenmastermix as permanufacturer's protocol
to assess the transcript level of target gene (Bcl-2)with respect to inter-
nal reference geneGAPDH. Data analysis was done to obtain fold change
by Paffl's method [20]. The primers used for real time PCR were: Bcl-2
primers (forward primer: TGCACCTGACGCCCTTCAC; reverse primer:
AGACAGCCAGGAGAAATCAAACAG); GAPDH primers (forward primer:
TGGTATCGTGGAAGGACTCA; reverse primer: CCAGATGAGGCAGGGA
TGAT).
3. Results

3.1. Formation of the p32 G-quadruplex

Nucleic acids show a 50–80% increase in absorbance at 295 nmupon
quadruplex formation. Amelting transition can be foundwhenmeasur-
ing the absorbance at 295 nm because the enhancement in absorbance
is recovered upon denaturation by heating. The simple thermal melting
experiment is thus feasible to evaluate the formation of quadruplex. The
p32 oligonucleotide without K+ present shows nomelting transition of
the absorbance at 295 nm, implying that p32 exists in a random state
(Fig. S1). However, a single melting transition at 295 nm with a T1/2
value of 82 °C can be observed when p32 is measured under the phys-
iological K+ condition (Fig. 2a), indicating the formation of the G-
quadruplex structure with a high thermal stability [21]. Adding Li+, a
cation that can destabilize G-quadruplex structure, the melting transi-
tion temperature was decreased (Fig. S2), further supporting formation
of the G-quadruplex structure. Furthermore, the melting transition
Fig. 2.The spectral feature of the p32G-quadruplex. (a)MeltingUVprofiles of 2.5 μM,5 μM,and
of 2 μMp32 in 10mMTris–HCl buffer solution (pH 7.2) without andwith 150mMKCl. (c) The p
present in 10 mM Tris–HCl buffer (pH 7.2, 10%D2O). The symbol * corresponds to an imino pro
temperature is concentration-independent, implying that the G-
quadruplex is an intramolecularly folded structure [22].

The intramolecular structure of p32 G-quadruplex is also supported
by the band-shift assay in native PAGE. It was reported that themobility
of a linear DNA in gel was slower than that of an intramolecular
G-quadruplex, and faster than that of corresponding intermolecular
structures [23]. According to this principle, the mutant sequence p32-
mut, complementary sequence p32-com, and duplex of p32–p32com
are used as a negative control. The mutant and complementary
sequences cannot form a folded structure under the experimental
condition and thus they keep a linear structure, while the duplex of
p32–p32com represents an intermolecular structure. In a 1× TBE gel
with 100 mM KCl, p32 had the fastest mobility (Fig. S3), supporting
the intramolecular G-quadruplex structure.

To further analyze the structure of p32 G-quadruplex, CD spectros-
copy is used. G-quadruplexes are known to have different topologies
which are classified to three types according to the sequence of
glycosidic bond angles adopted by guanosines [24,25]. Each type of
G-quadruplex topology has its specific CD feature: parallel-type
G-quadruplexes have a positive maximum at 264 nm and a negative
minimum at 240 nm; antiparallel-type G-quadruplexes show a CD
pattern characterized by a positive ellipticity maximum at 290 nm and
a negative minimum at 264 nm; whereas hybrid-type G-quadruplexes
have a negative minimum at 240 nm and two positive ellipticities at
264 nm and 290 nm respectively [24,26]. The CD spectrum of p32
showed a negative band at 238 nm and a maximum positive signal at
260 nm with a shoulder at 290 nm under the salt-deficient conditions
(Fig. 2b). Though the spectrum is in accord with the CD feature of the
hybrid-type G-quadruplex, p32 still exists in random DNA structure
because it had no UV-melting transition temperature (Fig. S1) and the
guanine imino proton signal in 1H NMR spectra (Fig. 2c). With K+

being added in, the band at 260 nm red shifted to 264 nm while the
shoulder at 290 nm became a major positive band. According to the
CD characteristic [24,26,27], the G-quadruplex topology of p32 may be
the hybrid-type with both parallel/antiparallel features. However,
10 μMp32 in10mMTris–HCl buffer solution (pH7.2)with 150mMKCl. (b) TheCDspectra
art temperature-dependent 1HNMR spectra of 0.07mMp32with 150mMKCl absent and
ton signal.

image of Fig.�2
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it is also possible that p32 formed a mixture with more than two
G-quadruplex topologies.

To address this issue, the 1H NMR spectra of p32 are further
measured. Corresponding to G-quadruplex formation, the 1H NMR
spectra show characteristic guanine imino protons with their chemical
shifts within the range of 10–12 ppm [28]. If p32 forms a single
G-quadruplex species, the guanine imino protons should exhibit well-
resolved signals [29]. Oppositely, the guanine imino protonswill exhibit
broad signals. In the 1H NMR spectra of p32, several well-resolved
signals appeared in the range of 10–12.5 ppm under the physiological
K+ condition (Fig. 2c), meaning p32 formed a single G-quadruplex
species [29]. Combined with the CD results, we can speculate that
p32 G-quadruplex is a hybrid-type topology with both the parallel/
antiparallel features. Rising temperature, the larger peaks split into
several minor peaks, and all these peaks have been assigned to 16
imino protons (Fig. S4), implying that 16 guanines are involved in
inter-guanine hydrogen bonding. The result suggests that the p32 G-
quadruplex composed of four G-tetrads due to each G-tetrad contains
4 guanines.

3.2. Regulation of the p32 G-quadruplex conformation

As a special structure located in Bcl-2 P1 promoter, p32G-quadruplex
is expected to a target modulating Bcl-2 gene expression, and thus
the ligand targeting at the G-quadruplex structure may be developed
to an anticancer drug. Numerous G-quadruplex ligands have been
reported to date, and most of them were evaluated by their property in
inducing G-quadruplex formation or improving G-quadruplex stability
[30,31]. However, thep32G-quadruplex itself has a high thermal stability
even though no ligand is present, so a further improved stability by
ligands may be not so significant. There are researches that indicate
that the physiological function of G-quadruplexes are conformationally
relevant [32,33], which encourages us tomake attempts to control Bcl-2
expression by regulating p32 G-quadruplex conformation.

A phenanthroline bisquinolinium derivative (named 2a) with two
cationic side-arms, has been reported to exhibit a good selectivity to
G-quadruplex and also a very high level of quadruplex stabilization
[34]. The reason for 2a's excellent property is the perfect match of
Fig. 3. Interaction between the p32 G-quadruplex and PD. (a) The plots of the fluorescence inten
CDmelting curves at 265 nm of the p32 G-quadruplexes with different concentrations in the p
of PD in 10 mM Tris–HCl buffer solution with 150 mM KCl. The inserts are the plots of 265 nm
the 2a molecular frame with G-quartet and electrostatic properties
provided by two quinolinium side arms. Compared with 2a, PD has
four substitute groups respectively locating at 2, 4, 7, 9 sites of the
phenanthroline but has no cationic side-arms. The four substituents
without cation charges make PD show a high selectivity to G-
quadruplex versus duplex but a non-stabilizing effect on G-quadruplex
(Fig. 3, Fig. S5). Furthermore, PD is also unable to induce G-quadruplex
formation (Fig. S6). However, PD can induce a conformational change
of the p32 G-quadruplex. These properties of PD facilitate the determi-
nation of the relevance between the G-quadruplex conformation and
physiological function with no need to consider the interference of an
improved G-quadruplex stability.

The conformational change of the p32 G-quadruplex induced by PD
was determined by using CD spectroscopy. The p32 G-quadruplex has
more parallel character with less antiparallel character according to
the intensity and sharpness of the peaks at 263 nm and 290 nm
(Fig. 3c). Titration of PD causes an obvious increase of antiparallel char-
acter. Served as a contrast, the telomeric hybrid-type G-quadruplex did
not show any change in CD spectra with titration of PD (Fig. S7). The
results implicate that the CD spectral change should originate from
the p32 G-quadruplex conformational transition. In the NMR spectra,
part imino proton peaks with PD are found similar to that without
PD (Fig. S8), implying that the conformational transition happened
not through the p32 G-quadruplex being completely denatured, in
accordance with the moderate changes of the CD spectra.

3.3. Physiological relevance of the p32 G-quadruplex

Luciferase assay was used to further testify the physiological func-
tion the p32 G-quadruplex. A549 in 24-well plates were cotransfected
with luciferase constructed or empty pGL vector as well as the internal
control pRL-TK vector for 48 h (Fig. 4a). To examine the role of p32 G-
quadruplex on Bcl-2 activity, we designed another pGL vector in
which the central guanines in each G-tract of the p32 sequence have
been mutated to thymine. The mutation is designed with the intention
to inhibit the p32 G-quadruplex formation (Fig. S9) as the central
guanines are obliged to form the critical core G-tetrad of any G-
quadruplex [16]. Interestingly, the mutated vector shows a reduced
sity of 3 μMPD at 410 nmversus the ratio of [DNA]/[PD]when exciting at 330 nm. (b) The
resence of 50 mM KCl. (c) CD titration of 3 μM p32 G-quadruplexes by increasing amount
/290 nm versus [PD]/[DNA].

image of Fig.�3


Fig. 4. Effect of PD on the transcription efficiency of the Bcl-2 P1 promoter. (a) Schematic representation of P1 promoter of luciferase reporter constructs: native, wild-type P1 promoter
with full-length;mutated, in which themutation from guanines to thymines has beenmade in the region that p32 is located. Relative transcription efficiency of (b) the native and (c) the
mutated vectors in A549 cells in the absence and presence of different amounts of PD, as judged by quantitation of luciferase enzyme activity. Error bars represent the s.d. of three
independent experiments.
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transcription activity compared with that of the native vector (Fig. 4b,
c), implicating that the p32 G-quadruplex is essential for regulating
transcription.

Due to the important role of the G-quadruplex in regulating tran-
scription, the interaction of PD with the p32 G-quadruplex is expected
to affect Bcl-2 expression. A down-regulation of Bcl-2 expression in a
dose-dependent manner was observed when PD was cotransfected
with the native vector (Fig. 4b). Similarly, Then the real time PCR
assay is operated, an inhibited Bcl-2 expressionwith increased amounts
of PD has also been found in the real time PCR assay (Fig. S10),
consisting with the luciferase result. However, a dose-independent
Bcl-2 expression was found when PD was cotransfected together with
the mutated vector into the cells (Fig. 4c). Since the only discrepancy
for these two group assays is the absence of the p32 G-quadruplex in
the mutated vector, the luciferase results demonstrate that the down-
regulated Bcl-2 gene expression is caused by the interaction of PD
with the p32 G-quadruplex. Furthermore, PD can only induce a confor-
mational transition of the p32 G-quadruplexes but cannot induce
G-quadruplex formation or enhance G-quadruplex stability, and thus
the above results may be owing to p32 G-quadruplex conformation
which is intimately related with Bcl-2 expression.
4. Discussion

A large volume of evidence from genome-wide computational
studies suggests prevalence of potential G-quadruplex motifs in human
promoters. However, only few in vitro evidences for functional role of
the G-quadruplex structure have been shown. C-myc G-quadruplex in
the nuclease hypersensitive element upstream of the P1 promoter was
the first case, which was shown to act as a repressor of c-myc expres-
sion [32]. Similar functionwas then found for the G-quadruplexeswithin
the core promoter of human c-kit [35] and k-RAS oncogenes [36]. In
these cases, G-quadruplexes play important roles in inhibiting oncogene
expression. However, there is also another case in which G-quadruplex
acts as an important element for the insulin-linked polymorphic region
(ILPR) gene activity expression [33].
The regulatory mechanisms for G-quadruplex functional activity
are supposed to be G-quadruplex-transcription factor interaction. The
non-metastatic factor NM23-H2 binding to the c-myc promoter via a
G-quadruplex element [37], recombinant hnRNP A1/Up1 interacting
with the KRAS promoter G-quadruplex [38], myc-associated zinc-
finger protein (MAZ)/poly(ADP-ribose) polymerase 1 (PARP-1) binding
to the G-quadruplex element in the murine KRAS promoter [39],
binding of nucleolin/hnRNP proteins to the G-quadruplex forming
sequences of the VEGF promoter [40] have been demonstrated in previ-
ous studies. The ILPR G-quadruplexes promoting gene transcription are
also proved that the G-quadruplex structure is necessary for the binding
of some transcription factors such as Pur-1 (also known as MAZ and
ZF87) and insulin-like growth factor-2 (IGF-2) [33]. Many transcription
factors, including SP1,WT1, E2F, NGF, BP1,MAZ, and IGF, bind upstream
of Bcl-2 P1 promoter. Most of them, such as IGF [41] andWT1 [31], can
upregulate Bcl-2 transcriptional activity. Some transcription factors,
such as IGF, WT1, SP1, and MAZ, also exhibit a G-quadruplex-binding
tendency [42]. It is most likely for the p32 G-quadruplex structure
in Bcl-2 P1 promoter to be an essential factor for some specific transcrip-
tion factor binding. Under this condition, it is possible for down-
modulating Bcl-2 transcription by inhibiting G-quadruplex formation
or regulating G-quadruplex conformation.

To validate the above speculation, preliminary attempts are made to
probe the involvement of the p32 G-quadruplex in transcription factor
binding. Insulin-like growth factor-1 (IGF-1) has been first analyzed
because its structure is similar to insulin and IGF-2 which exhibit high
affinity binding in vitro to ILPR G-quadruplexes [43–45]. By measuring
the thermal denaturing temperature of the p32 G-quadruplexes,
improved thermal denaturing temperature of the p32 G-quadruplexes
has been found (data not shown), implying the possible binding
between the p32G-quadruplexes and IGF-1. Encouraged by thisfinding,
further studies about their interaction are in progress.

In summary, a new hybrid-type G-quadruplex with a high thermal
stability has been identified in Bcl-2 P1 promoter. The G-quadruplex
has an important physiological function in regulating Bcl-2 expression.
The G-quadruplex being inhibited through base mutations and
interacting with a phenanthroline derivative has caused obvious

image of Fig.�4
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down-regulation of Bcl-2 expression. The research provides a direct
evidence of the G-quadruplex structure in Bcl-2 P1 promoter modulat-
ing transcription, implicating the potential of the p32 G-quadruplex as
a novel therapeutic target.
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