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Human bcl-2 gene is an apoptosis-related oncogene containing a GC-rich sequence which is located
upstream from P1 promoter and has the potential to form G-quadruplex structures. However, the
regulatory role of the quadruplex and the effect of its ligands on bcl-2 have not been clarified. Here, we
demonstrated that the G-quadruplex structure was disrupted when partial mutation of G f A was
made, resulting in a 2-fold increase in basal transcriptional activity of bcl-2 promoter. Quindoline
derivatives, the highly activeG-quadruplex ligands developed by our group, could significantly suppress
bcl-2 transcriptional activation but had less effect onmutated bcl-2 transcription. These results provided
direct evidence that G-quadruplex structure formed in bcl-2 promoter region could function as a
transcriptional repressor element, andG-quadruplex specific ligands could regulate the transcription of
bcl-2 through stabilization of quadruplex structure. The results further indicated that quindoline
derivatives could induce apoptosis of HL-60 tumor cells.

Introduction

Quadruplexes, a family of DNA structures in the human
genome, have been characterized in oncogenes, which may
play for switching genes on or off in situ and become promis-
ing anticancer drug targets.1 G-quadruplex, the stacking of
tetrameric arrangement of guanines, formed transiently in
genomic DNA, notably in gene promoters, could help regula-
tionof gene transcription in living cells. The first direct evidence
for G-quadruplex located in the P1 promoter of c-myc gene
acting as a repressor of transcription was reported in 2002.2

G-quadruplex in the promoter regions of PDGF and KRAS
gene could also regulate the transcription through their binding
to G-quadruplex ligands.3,4 G-quadruplex in c-kit gene pro-
moter has also been studied thoroughly, while a small molecule
disruptingG-quadruplex is shownwith the ability of enhancing
c-kit expression.5-7 Moreover, many other genes have been
proved with the G-quadruplex forming potentials in their
promoter regions, such as bcl-2, VEGF, HIF-1R, Ret, and
c-myb.8-15 P1 promoter of bcl-2 gene is one of the two major
promoters,which is located at 1386 to 1423base pairs upstream
of the translation start site (Figure 1).16A 39-base-pairGC-rich
sequence (Pu39) upstream from the P1 promotermight play an
important role in the regulation of bcl-2 gene transcription.17,18

This guanine-richDNA strand has the potential to formmulti-
ple G-quadruplex structures in vitro, which could be stabilized
by specific ligands and thus might cause down-regulation for
the transcription of bcl-2 gene.11,12,19,20

Human bcl-2 gene, one member of the proto-oncogene bcl-
2 family, is overexpressed in various human cancers, including

B-cell and T-cell lymphomas, nonsmall cell lung cancer,
myeloma, and melanoma.21-23 Its product Bcl-2 protein is a
mitochondrial membrane protein, which exists in delicate bal-
ance with other related proteins and takes part in the controlling
of programmed cell death. Its overexpression in the tumor
cell not only functions as an apoptosis inhibitor24 but also
causes resistance to chemotherapy or radiotherapy-induced
apoptosis.25,26 Because of the apoptosis-related functions of
Bcl-2 and the regulatory role of G-quadruplex on bcl-2, the
G-quadruplex ligands may become potential antitumor
agents.

The natural product cryptolepine and its quindoline deri-
vatives havebeenverified to induce/stabilize theG-quadruplex
structures in telomeric DNA27-30 and c-myc NHE III1
DNA and shown significant effects on the biological func-
tions of these genes.28,31 Especially, quindoline derivative
4 (SYUIQ-05), synthesized by our group, has been displayed
with delayed-apoptosis inducing property in leukemia cells.32

For the quindoline derivatives, an amino group in the side
chain has been proved to be more effective than hydroxyl
group for interacting with G-quadruplex.29,31 Furthermore,
the introductionof a positive charge bymethylation at the 5-N
position of 7-fluorinated quindoline derivatives could signifi-
cantly improve their binding affinity to G-quadruplex and
inhibitory effect on the telomere biological functions.30

Besides, it is testified that 10H-indolo[3,2-b]quinoline ana-
logues have G-quadruplex stabilizing and telomerase inhibit-
ing abilities.33,34 In the present study, the effects of quindoline
derivatives from our group (Figure 2) were evaluated. Here,
1 (SYUIQ-01) is a quindoline derivative with a hydroxyl
group in the side chain, which has been reported as a weak
active G-quadruplex ligand.31 2 (SYUIQ-F05) is also a quin-
doline derivative with an amino group in its side chain and a
fluorine at its 7-position and 3 (SYUIQ-FM05) is a cryptolepine
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derivative (methylated quindoline derivative) with a same side
chain as 2, and both of them have shown great G-quadruplex
binding activity.30These three derivativeswereused to investi-
gate their interactionwithGC-rich sequence located upstream
of bcl-2 P1 promoter and their effects on bcl-2 biological
functions with various techniques, including polymerase chain
reaction stop assay (PCRa stop assay), surface plasmon reson-
ance (SPR), fluorescence resonance energy transfer-melting
(FRET-melting), luciferase activity assay, real-time reverse
transcription PCR (RT-PCR), Western blot, and flow cyto-
metry analysis. The results indicated that the formation of
G-quadruplex structure in bcl-2 gene could turn off bcl-2
transcription, and quindoline derivatives could stabilize the
G-quadruplex structures in the upstream region of bcl-2 P1
promoter, thus down-regulate P1 promoter activity and tran-
scription/translation of bcl-2 gene, leading to apoptosis ofHL-
60 cell. Moreover, the comparison of these three derivatives
indicated that 3 had the most significant effect on down-
regulation of bcl-2 gene and induction ofHL-60 cell apoptosis.

Results

Inhibition of Amplification in the Promoter Region of bcl-2
by theQuindolineDerivatives.PCRstop assaywas used in the
quantitative screening of the quindoline derivatives for their

interaction with bcl-2. Single-strand oligomer Pu39 was in-
duced to form G-quadruplex structure in the presence of the
ligands, and the G-quadruplex could block hybridization
with its complementary strand overlapping the last G repeat.
As a result, the 50 to 30 extension catalyzed by Taq polymerse
was inhibited and the final double-stranded DNA PCR pro-
duct could not be detected.31,35

The inhibitory activity of the derivatives on the hybridiza-
tion of Pu39 orMutPu39 with its complementary strand was
demonstrated by IC50 values, which were calculated using
optical density read from LabWorks software and listed in
Table 1. MutPu39 was used as a control with three G-tracts
mutated, which totally eliminated the possibility of forming
G-quadruplex. 1 and 2 showed IC50 values above 100 μMfor
MutPu39, which indicated that these two quindoline deriva-
tives could not inhibit Pu39 hybridization with its comple-
mentary strand by interacting with Taq polymerase or
duplex DNA. Although 3 still showed inhibitory activity
onMutPu39, its IC50 value (19.7 μM) was much higher than
that on Pu39 (1.11 μM), which indicated the effect of 3 on bcl-2
G-quadruplex possessed a major role in this procedure. More-
over, the three quindoline derivatives had obvious different
IC50 values for Pu39. 3 showed greatest inhibitory activity
on Pu39 hybridization with an IC50 of 1.11( 0.12 μM, while
2 demonstrated a similar activity at the concentration of
approximate 75 μM. In comparison, even at the concentra-
tion of 100 μM, the weakest derivatives 1 still could not obvi-
ously inhibit Pu39 hybridization. In particular, as shown in
Figure 3, compound 3, at the concentration of 1 μM, showed

Figure 1. G-rich strand in the bcl-2 promoter and proposed biolo-
gical function for the G-quadruplex forming in this region.

Figure 2. Structures of quindoline derivatives.

Table 1. IC50 (μM) Values of Derivatives in the PCR Stop Assay

3 2 1

Pu39 1.11( 0.12 74.4( 9.3 >100

MutPu39 19.7( 3.0 >100 >100

Figure 3. Effects of the derivatives on amplification of bcl-2 pro-
moter region using PCR stop assay. Three derivatives at increas-
ing concentrations as indicate in the Figure (10, 30, and 100 μM
for 1 and 2, 1, 5, and 10 μM for 3) were added into the PCR
systems and the double-stranded PCR products (55 bp) were
separated using 16% polyacrylamide gel.

Figure 4. SPR sensorgrams for binding of 3 to the immobilized
bcl-2 G-quadruplex. In the plot, ligand concentrations in the flow
solutions were 7.81, 15.62, 31.25, 62.5, 125, and 250 nM for the
curves from the bottom to the top.

aAbbreviations: PCR, polymerase chain reaction; SPR, surface
plasmon resonance; FRET, fluorescence resonance energy transfer;
RT-PCR, reverse transcription PCR; PDGF, platelet-derived growth
factor; VEGF, vascular endothelial growth factor; HIF-1R, hypoxia
inducible factor-1R; NHE III1, nuclease-hypersensitivity element III1;
IC50, half maximal inhibitory concentration; ka, association constant;
kd, dissociation constant; KD, equilibrium dissociation constant; Tm,
melting temperature; GAPDH, glyceraldehyde phosphate dehydrogen-
ase; PARP, polyADP-ribose polymerase;MTT, 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide; SAR, structure-activity rela-
tionship; EtBr, ethidium bromide; FAM, 6-carboxyfluorescein; TAM-
RA, 6-carboxytetramethyl-rhodamine; DEPC, diethyl pyrocarbonate.
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a significant inhibitory activity on Pu39 hybridization, while
its analogue, compound 2, could not inhibit the hybridiza-
tion even at the concentration of 30 μM.

Binding Affinity of the Quindoline Derivatives to G-Quad-

ruplex DNA. SPR is a useful technique tomonitor molecular
reactions in real time, which has been applied to investigate
the interactions between small molecular ligands and human
telomeric G-quadruplex.36-41 Here, SPR experiments were
carried out in order to quantitatively determine the kinetic
constants of the derivatives binding to either G-quadruplex
or duplex DNA. Figure 4 shows the SPR sensorgrams of
3 binding to the immobilized bcl-2 G-quadruplex at the
concentration of 7.81, 15.62, 31.25, 62.5, 125, and 250 nM.
Then KD was calculated by global fitting of the kinetic data
from various concentrations of quindoline derivatives using
1:1 Langmuir binding (Table 2). As the data show, 3 had the
highest binding affinity to bcl-2 G-quadruplex with a KD

value of 32 nM, while the binding ability of 2 was medium
(KD value was about 167 nM) and 1was the lowest (KD value
was about 1500 nM). For the binding selectivity between
quadruplex and duplex, 1 showed a 2.3-fold selectivity (3380
vs 1500 nM), 2 showed a 2.9-fold selectivity (482 vs 167 nM),
while 3 showed an obviously higher selectivity of 8.4 fold
(269 vs 32 nM).

Increase of Thermodynamic Stability of G-Quadruplex

DNA by the Quindoline Derivatives. Thermodynamic stabi-
lity of derivatives to G-quadruplex DNA was determined
from the melting temperature of the G-quadruplex DNA
using a FRET-melting assay.30,42 In this assay, a truncated
sequence of Pu39 named as MidG4 was used, which is con-
sisted of four middle consecutive G-tracts of Pu39 sequence
because the full-length Pu39 with complex conformation
could affect the fluorophors. Actually, G-quadruplex formed
by MidG4 has been proved to be the most stable and favor-
able G-quadruplex in Pu39 sequence.12 The thermodynamic
stability of MidG4 with the derivatives was measured from
37 to 99 �C in a LightCycler 2.0 apparatus (Roche), and the
results ofTm values are listed in Table 3. Comparing with the
control value without any derivatives (MidG4 Tm value of
48.5 �C), all the Tm values of samples incubated with the
derivatives increased, indicating the quindoline derivatives
could enhance the thermodynamic stability of this oligo-
mer. 1 displayed the weakest stabilizing effect on bcl-2
G-quadruplex, with only about 3 �C enhancement of Tm

value. 2 could raiseTm value to 65 �C, while 3, with themost
potent stabilizing effect, could raise Tm value to 77 �C.

G-Quadruplex Formation Leads to Repression of bcl-2.
First, we designed and synthesized two mutant of Pu39 se-
quences,MutPu39 andMut1 (the sequence is listed inFigure 5),
in order to eliminate the possibility for the formation of

G-quadruplex in the bcl-2 promoter region in vivo. For Mut1,
G-to-A base mutations were made to one of central G-tract of
Pu39, while three of G-tracts weremutated forMutPu39. Their
conformations were further identified using CD spectroscopy
(Supporting Information,FigureS3),which indicated thatPu39
oligomercould formamixedparallel/antiparallelG-quadruplex.
Mut1 oligomer still existed as parallel G-quadruplex structure,
but MutPu39 oligomer showed complete disruption of
G-quadruplex. On the basis of the above results, plasmids
with wild-type Pu39 and MutPu39 mutation in promoter
region were constructed as shown in Figure 5 to investigate
the potential biological significance of the intramolecular
G-quadruplex structures in bcl-2 P1 promoter.

In the luciferase reporter assay, MutPu39 construct
showed an approximately 2-fold increase of transcriptional
activation than Pu39 construct in leukemia cell line HL-60
(Table 4). The above results indicate that the disruption of
the G-quadruplex structure might cause an increase of trans-
criptional activation, and therefore this structure may act as
a repressor element to transcriptional activation of bcl-2.

Turning Off Transcription of the bcl-2 Gene in Vivo by

Quindoline Derivatives. For the in vivo experiments, lucifer-
ase activity assay was carried out first in HL-60 cells. Two
luciferase constructs were used in the assay, one was a Pu39
construct with the full-length wild promoter of bcl-2 and the
other was MutPu39 with the mutant promoter of Pu39 that
could not formG-quadruplex. Figure 6 is a histogram display-
ing the effects of three derivatives on bcl-2 promoter activity,
and Table 4 gives the concrete percentages of luciferase activity
after treatment with the derivatives. The addition of 3 (0.4 μM)
resulted in about 50% reduction of luciferase activity for Pu39
construct, with 25% reduction for MutPu39 construct. The
same concentration of 2 could also exert an inhibitory effect on
luciferase activity of Pu39 and MutPu39 construct (30% vs
12%). However, the discriminations among the effects of
0.4 μM of 1 on different constructs were not statistically

Table 2. Kinetic Parameters Determined with SPR Spectroscopy a

3 2 1

bcl-2 duplex bcl-2 duplex bcl-2 duplex

ka (M
-1 s-1) 2.29� 105 2.23� 105 1.20� 105 1.66� 105 8.65 � 104 5.92� 103

kd (s
-1) 7.28� 10-3 0.06 0.02 0.08 0.13 0.02

KD (M) 3.18� 10-8 2.69� 10-7 1.67� 10-7 4.82� 10-7 1.50� 10-6 3.38� 10-6

a ka is association constant, while kd is dissociation constant. KD denotes the equilibrium dissociation constant, given by kd/ ka.

Table 3. Tm Values of the Oligomer MidG4 Incubated with Different
Derivatives

no derivative 3 2 1

Tm/�C 48.5( 0.7 76.9( 1.8 65.1( 0.8 51.5( 1.0

Figure 5. Constructs used in this paper for transient transfection
experiments.

Table 4. Percentages of Luciferase Activity in Each Group Relative to
Untreated Pu39 Construct Group

Pu39 (%) MutPu39 (%) MutPu39 (%)a

no drug 100.0( 2.7 176.5( 7.2 100.0( 4.1

3 51.4( 5.8 131.7( 7.5 74.6( 4.3

2 70.5( 5.2 155.8( 5.0 88.3( 2.8

1 84.4( 4.1 163.4( 9.6 92.6( 5.4
aPercentage of luciferase activity relative to untreated MutPu39.
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significant. It inferred that the quindoline derivatives could
inhibit the activity of bcl-2 gene through their special inter-
actionwith the promoter region of Pu39. The activity of deri-
vatives for binding and stabilizing G-quadruplex was in
accordance with their ability for specifically inhibiting pro-
moter activity of Pu39 construct. Moreover, the derivative
3 with the highest selectivity shown in SPR data showed a
significant increase in its inhibition of promoter activity on
Pu39 rather than MutPu39, while 1 could not show a signi-
ficant difference for the two constructs.

Because of the weak inhibitory activity of 1 in luciferase
activity assay, only 2 and 3 were chosen for the quantitative

RT-PCR and Western blot assay. Total RNA from HL-60
cells was extracted and reversely transcribed to cDNA to
investigate the effect of the derivatives on bcl-2 gene tran-
scription. The cDNAwas then used as a template for specific
real-time PCR amplification of bcl-2 sequence with glycer-
aldehyde phosphate dehydrogenase (GAPDH) as a control.
As shown in Figure 7, both derivatives, 2 and 3, could dose-
dependently decrease the related RNA of bcl-2. For transla-
tion of bcl-2 gene,whole cell lysate ofHL-60 cellswas prepared
and Bcl-2 protein was detected in Western blot analysis, with
β-Actin as a control. As shown in Figure 8, both derivatives,
2 and 3, could decrease the related protein products of bcl-2 at
increasing concentrations. The results suggested that the quin-
doline derivatives could down-regulate the transcription and
translation of oncogene bcl-2. In addition, 3wasmore effective
than 2, which was identified by using RT-PCR and Western
blot. As for the results of real-time PCR shown in Figure 8,
0.2 μMof 3 led to a 50% decrease of bcl-2mRNA level, while
0.8μMof 2hada similar effect, also indicating 3hada stronger
activity of turning off bcl-2 gene transcription. These observa-
tions were consistent with the results obtained in the PCR stop
assay.

Induction of HL-60 Cells Apoptosis by the Quindoline

Derivatives. Proliferation assay was carried out with leuke-
mia cell line HL-60 to evaluate the effect of quindoline deri-
vatives on tumor cell apoptosis. According to the results
from our pre-experiment (MTT assay, data not shown), the
concentrations of 0.1, 0.2, 0.5, 1 μM for 2 and 0.02, 0.05, 0.1,
0.2 μM for 3 were used in the proliferation assay. As shown
in Figure 9, both 2 and 3 could inhibit the proliferation of
HL-60 cells, and the surviving cell number in the presence
of 3 was less than that of 2 at the same concentration, indi-
cating that 3 had a relatively strong inhibitory activity on
proliferation.

HL-60 apoptosis induced by the two quindoline deriva-
tives was determined with Western blot and flow cytometry
assay43 using similar drug concentrations as those in pro-
liferation assay.Although the twoderivatives showed certain
cytotoxity on cells at a relative high concentration (1 μM for
2 and 0.2 μM for 3), there was still at less 25% cells alive
(as shown inFigure 9) and thiswas enough for the next assays.
It has been well-known that caspase-3 mediates cleavage
of many substrates, including poly ADP-ribose polymerase
(PARP), and acted as a major executor of apoptosis.44,45

Therefore, in the present study, we monitored caspase-3 and
PARP proteins using Western blot method. Parts A and B of
Figure 10 show thatPARPwas cleaved toan89kDa fragment
after cellswere treatedwith1μMof2or 0.2μMof 3 for 4 days.
As the derivatives concentration increased, cleavage of pro-
caspase-3 (35 kDa) was observed, inferred by the weakening
of the 35 kDa band. However, the caspase-3 fragmentations
of 17 kDa were not detected, probably due to low protein
concentration.

Figure 6. Effects of derivatives on bcl-2 promoter activity. HL-60
cells were transient transfected with Pu39 plasmid or its mutant
and pRL-TK and then treated with 0.4 μMof 3, 2, or 1 for 48 h. The
efficiency of transfection was normalized by pRL-TK. Luciferase
activity was plotted relative to the untreated group, which was
assigned a value of 100%. Each data point was the average of three
experiments. Error bars represent 1 SD above and below the mean
relative activity.

Figure 7. Relative expression level of bcl-2 mRNA in drug-treated
groups relative to untreated group, which was assigned a value of
100%. Bars a-c represented HL-60 cells treated with 0.2, 0.4, and
0.8 μM for 2, while d and e represented cells treated with 0.1 and
0.2 μM for 3, respectively. Each data point was the average of three
experiments. Error bars represent 1 SD above and below the mean
relative level.

Figure 8. Effects of derivatives on bcl-2 translation. (A) Western blot to determine the translation of bcl-2 in HL-60 cell line treated with 0.1,
0.2, 0.5, 1 μMof 2 for 4 days. (B)Western blot to determine the translation of bcl-2 inHL-60 cell line treated with 0.02, 0.05, 0.1, 0.2 μMof 3 for
4 days.
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Using the flow cytometry assay, we found that the percen-
tage of sub-G1 peak, representing the population of apop-
tosis cells, increased from 3% to 23% after treatment with
1μMof 2or 0.2μMof 3 (Figure 10C, IV andVII). The results
indicated that the two quindoline derivatives had significant
activity to induce HL-60 cell apoptosis, and 3 was more
effective than 2.

Discussion

GC-rich regions, which could form G-quadruplex second-
ary structures, have been found to be widely existed in human

gene promoters.46,47 Among them,G-quadruplexes of several
genes have been thoroughly investigated in vitro, however,
little is known about their properties and functions in vivo.
Even if G-quadruplex ligands could regulate the transcription
of some genes, strong evidence for G-quadruplex as a tran-
scriptional repressor has only been displayed in the promoter
of c-myc gene using luciferase activity assay.2 In the present
study, we investigated the effect of G-quadruplex on the bcl-2
transcription. The results showed an approximately 2-fold
increase in transcriptional activity of the bcl-2 promoter when
G-quadruplex structure was totally disrupted by mutation

Figure 9. Effect of the quindoline derivatives (0.02, 0.05, 0.2, 0.5, and 1 μM)onHL-60 cell proliferation: 5�104 cells were seeded inmicroplate
at day 0. Cell count and viability (trypan blue dye exclusion) were determined daily (from day 1 to day 4 of culture).

Figure 10. Apoptosis of HL-60 cells treated with quindoline derivatives. (A) Cleavage of caspase-3 and PARP of HL-60 cells treated with 0.1,
0.2, 0.5, 1 μMof 2 for 4 days. (B) Cleavage of caspase-3 and PARP ofHL-60 cells treated with 0.02, 0.05, 0.1, 0.2 μMof 3 for 4 days. (C) HL-60
cells were treated with no drug (I), 0.2 μM(II), 0.5 μM(III), 1 μM(IV) of 2, and 0.05 μM(V), 0.1 μM(VI), 0.2 μM(VII) of 3 for 4 days and then
analyzed with flow cytometry. The M value represents the percent of apoptotic cells.
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with G f A transition. These results verified the significant
role of G-quadruplex in bcl-2 P1 promoter on transcription
in vivo.

Bcl-2 protein plays an important role as an apoptosis
repressor, which is involved in the tumorigenesis and the pro-
gress of cancer.48 Therefore, various selective bcl-2 inhibitors
have been discovered, such as antisense oligonucleotides to
bcl-2 gene49 or peptidomimetics,50 and small molecule
inhibitors51 to Bcl-2 protein. However, few studies about small
molecules directly interacting to bcl-2 gene have been published
so far. Recently, someG-quadruplex ligands have been proved
as apoptosis inducer.52-54 In particular, the ligand 12459 had
been found to induce apoptosis characterizedbydysfunctionof
Bcl-2.54 Besides, compound 4, one of the quindoline deriva-
tives, has been demonstrated to induce delayed-apoptosis in
HL-60 cells.32 In the present study, we chose three quindoline
derivatives synthesized by our group which have different
activity of stabilizingG-quadruplex and regulating related bio-
logical functions.28-31 The aim of the present research was to
demonstrate the interaction of the ligands with bcl-2 gene and
their induction of apoptosis. The difference in efficacy of the
ligands was also compared in this study.

The interactions between the quindoline derivatives and the
G-rich sequence in bcl-2 gene (Pu39) were investigated using
PCR stop assay, SPRandFRET-melting experiments. On the
basis of these in vitro assays, the quindoline derivatives could
bind to and stabilize the G-quadruplex structures formed in
Pu39 sequence. Meanwhile, the activity of different quindo-
line derivatives to interact with G-rich DNA showed signifi-
cant differences.3, a 7-fluorinatedquindoline derivativemethy-
lated at the 5-N position and with an amino group side chain,
showed the strongest binding/stabilizing activity, even in the
presence of potassium. 2, a quindoline derivative without
5-methylation comparing to 3, had moderate activity. In
comparison, the activity of 1, a quindoline derivative with a
hydroxyl group side chain, was the lowest by displaying little
impact on G-quadruplex interaction. Moreover, when bind-
ing to G-quadruplex vs duplex structure, 3 had much better
selectivity than other two derivatives.

On the basis of the results of luciferase activity in HL-60
cells, 3 and 2 were proved to have intensive activity of sup-
pressing promoter in Pu39 construct rather than MutPu39.
Similar to the structure-activity relationship of derivatives
obtained from in vitro results, 3 had much more inhibitory
effect on bcl-2 promoter activity than 2, while 1 could hardly
exhibit statistically significant difference between bcl-2 and
mutated promoters. Upon the treatment of the quindoline
derivatives 3 or 2 in HL-60 cells, transcription and translation
of bcl-2 gene was turned off; cell proliferation was inhibited
and apoptosis was induced. Furthermore, 3 showed a rela-
tively higher activity than 2, consistent with the outcomes
from in vitro and luciferase assays. To sum up, the induction/
stabilization of G-quadruplex DNA by the quindoline deri-
vatives influenced the biological events in which down-
regulation of bcl-2 gene was involved. Additionally, the
comparative high selectivity of 3 binding to G-quadruplex
resulted in a stronger effect on regulating bcl-2 gene transcrip-
tion and the following consequence.

The SAR results drawn from quindoline derivatives inter-
action with bcl-2 G-quadruplex were in accordance with the
previous resultswith telomeric or c-mycG-quadruplexes.29-31

Therefore, this research gave a deeper examination of deriva-
tives’ functions on variousG-quadruplex structures. It should
be noted that apoptosis is a complicated intracellular suicide

program, controlled by many internal and external factors.
Therefore, our present experimental results may only show
quindoline derivatives’ apoptosis-inducing activity with rela-
tively high cytotoxity, while other factors might also take part
in controlling cell death induced by quindoline derivatives.
Another result that should be paid attention to is that bcl-2
promoter quadruplex was targeted by derivatives drawn from
luciferase data, although the selectivity for quadruplex over
duplex DNAwas modest. Here, quindoline derivatives might
exert their effects on bcl-2G-quadruplexwith the assistance of
various factors, such as metal ions, proteins, and so on, from
much more complex in vivo environment (measuring promo-
ter activity) than in vitro (determining selectivity).

In conclusion, this is the first time that the influence of
G-quadruplex structures on the promoter activity of bcl-2
gene has been demonstrated. Also, quindoline derivatives
were verified with the activity of interacting/stabilizing bcl-2
G-quadruplex structures, repressing promoter activity and
inducing apoptosis in HL-60 cells. On the basis of the above
results, in our future research, we plan to concentrate on de-
veloping novel derivatives with better binding selectivity (not
only broadly forG-quadruplex vs duplex, but also specifically
for bcl-2G-quadruplex vs other forms of G-quadruplex) and
apoptosis-inducing activity. Inspecting the action of some
typical small molecular ligands could present concrete evi-
dence for molecular mechanism of apoptosis induction.

Materials and Methods

Chemicals. The quindoline derivatives, N0-(10H-indolo[3,2-b]-
quinolin-11-ylamino)ethanol (1),N-(3-(dimethylamino)propyl)-7-
fluoro-10H-indolo[3,2-b]quinolin-11-amine (2), and N0-(7-fluoro-
5-N-methyl-10H-indolo[3,2-b]quinolin-5-ium)-N,N-dimethyl-
propane-1,3-diamine iodide (3), were synthesized by our group
using a similar method as previously reported.29,30 All of the
compoundswere identifiedbyNMR,high-resolutionmass spectra,
and elemental analyses. Elemental analyses had been used to
confirm g95% purity of compounds.

PCR Stop Assay. Sequences of the test oligomers (Pu39 or
MutPu39) and the corresponding complementary sequence
(Pu39rev) used are listed in Table 5. The reaction was performed
in 1� PCR buffer, containing 2 μmol of each pair of oligomers,
0.16 mM dNTP, 2.5 U Taq polymerase, and derivatives at a
certain concentration. Reaction mixtures were incubated in a
thermocyclerwith the following cycling conditions: 94 �C for 3min,
followed by 10 cycles of 94 �C for 30 s, 58 �C for 30 s, and 72 �C for
30 s. Amplified products were resolved on 15% nondenaturing
polyacrylamide gels in 1� TBE and ethidium bromide (EtBr)
stained. IC50 values were calculated using optical density read from
LabWorks software.

Surface Plasmon Resonance. SPR measurements were per-
formed on a ProteOn XPR36 Protein Interaction Array system
(Bio-RadLaboratories,Hercules, CA) using aNeutravidin-coated
NLC sensor chip. In a typical experiment, biotinylated duplex
DNA and biotinylated Pu39 (Table 5) were folded in filtered and
degassed running buffer (Tris-HCl 50 mMpH 7.4, 100 mMKCl).
The DNA samples were then captured (∼1000 RU) in flow cells
1 and 2, leaving the third flow cell as a blank. Ligand solutions
(at 7.81, 15.62, 31.25, 62.5, 125, 250, 500, 1000, and 2000 nM) were
prepared with running buffer by serial dilutions from stock solu-
tions. Six concentrations were injected simultaneously at a flow
rate of 25μL/min for 5min of association phase, followed by 5min
of disassociation phase at 25 �C. TheNLC sensor chipwas regene-
rated with short injection of 1MKCl between consecutive measu-
rements. The final graphs were obtained by subtracting blank
sensorgrams fromtheduplexorquadruplex sensorgrams.Dataare
analyzed with ProteOn manager software, using the Langmuir
model for fitting kinetic data.
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FRETAssay.FRETassaywas carried out on a real-time PCR
apparatus (Roche LightCycler 2) following previously published
procedures. The fluorescent labeled oligonucleotide FMidG4T
(listed in Table 5), in which donor fluorophore FAM, 6-carboxy-
fluorescein, and acceptor fluorophore TAMRA, 6-carboxytetra-
methyl-rhodamine were used as the FRET probes, were diluted
from stock to the correct concentration (200 nM) in Tris-HCl
buffer (10 mM, pH 7.4) containing 100 mM KCl and then
annealed by heating to 90 �C for 5 min, followed by cooling to
room temperature. Samples were prepared by aliquoting 10 μLof
the annealed FMidG4T (at 2� concentration, 400 nM) into
LightCycler capillaries, followed by 10 μL of the compound
solutions (at 2� concentration, 2 μM) and further incubated
for 1 h.Measurementsweremade in triplicate on a real-timePCR
with excitation at 470 nm and detection at 530 nm. Fluorescence
readings were taken at intervals of 1 �C over the range 37-99 �C,
with a constant temperature being maintained for 30 s prior to
each reading to ensure a stable value. Final analysis of the data
was carried out using Origin 7.5 (OriginLab Corp.).

Cell Culture and Treatment with Drugs. The HL-60 cell line
was obtained from the American Type Culture Collection
(ATCC) (Rockville, MD). The cell culture was maintained on
RPMI-1640 medium supplemented with 10% fetal bovine ser-
um, 100 U/mL penicillin and 100 μg/mL streptomycin in 25 cm2

culture flasks at 37 �C humidified atmosphere with 5%CO2. All
cells to be tested in the following assays have a passage number
of 3-6. For the drug treatment experiments, the HL-60 cells
were harvested from the culture during exponential growth
phase, seeded into multiwell culture plates at 5� 104 cells/mL
in fresh medium, and then treated with the derivatives at certain
concentrations for 4 days.

PlasmidConstruction.ADNAfragment from-1997 to-1236
of the human bcl-2 gene promoter region, containing wild-type
Pu39 sequence (from-1490 to-1451),was extracted fromHL-60
cell total DNA by PCR. This fragment was then inserted into
pMetLuc-Reporter Vector (Clontech), named Pu39 construct. As
for MutPu39, site-directed mutations were made to the Pu39
region of the construct as shown in Figure 5.

Transfection and Luciferase Assays. DNA transfections were
performed with HL-60 cells in log phase. First, 1.8 μg Pu39 or
MutPu39 and 0.2 μg pRL-TK (Promega) were cotranfected into
2� 106 HL-60 cells using Amaxa Cell Line Nucleofector Kit V
(Lonza). Then, different concentrations of the derivative were
added into medium after 4 h of transfection. After another 48 h
drug treatment, the luciferase activity was evaluated by Ready-
To-Glow Secreted Luciferase Reporter System (Clontech) and
Renilla Luciferase Assay System (Promega).

RNA Extraction. Cell pellets harvested from each well of the
culture plates were lysed in TRIzol solution. RNAwas extracted
with RNAiso Plus kit (Takara) according to manufacturer’s
protocol and eluted in distilled, deionized water with 0.1%
diethyl pyrocarbonate (DEPC) to a final volume of 50 μL. RNA
was quantitated spectrophotometrically and stored at -80 �C.

Real-Time PCR. Total RNA was used as a template for
reverse transcription using the following protocol: each 20 μL

reaction contained 1�M-MLVbuffer, 125 μMdNTP, 100 pmol
oligo dT18 primer, 100 units of M-MLV reverse transcriptase,
DEPC in water (DEPC H2O), and 2 μg of total RNA. Briefly,
RNA and oligo dT18 primer was incubated at 70 �C for 10 min
and then immediately placed on ice, after which the other com-
ponents were added and incubated at 42 �C for 1 h and then at
70 �Cfor 15min.Finally, the reacted solutionwas stored at-20 �C.
Real-time PCR was performed on a real-time PCR apparatus
(Roche LightCycler 2) by using SYBR Premix Ex Taq (Takara),
according to the manufacturer’s protocol. Primer sequences were
shown in Table 5 (Qbcl-2 S andQbcl-2A for bcl-2 gene, QGAPDH
S and QGAPDHA for GAPDH gene). The total volume of 20 μL
real-time RT-PCR reaction mixtures contained 10 μL of SYBR
PremixExTaq, 0.4μMeachof forwardandreverseprimers, 1μLof
cDNA, and nuclease-free water. The program used for all genes
consisted of a denaturing cycle of 3 min at 95 �C, 45 cycles of PCR
(95 �C for 20 s, 58 �C for 30 s, and 68 �C for 30 s), a melting cycle
consistingof 95 �Cfor15 s, 65 �Cfor15 s, anda step cycle startingat
65 �Cwith a 0.2 �C/s transition rate to 95 �C. The specificity of the
real-time RT-PCR product was confirmed by melting curve analy-
sis. The PCR product sizes were confirmed by agarose gel electro-
phoresis and ethidium bromide staining. Three replications were
performed, and then bcl-2mRNAlevelwas normalized toGAPDH
mRNA level of each sample. Results of real-time PCR were ana-
lyzed using the 2-ΔCTmethod to compare the transcriptional levels
of bcl-2 genes in each sample relative to nondrug treated control.

Western Blot. Cells harvested from each well of the culture
plates were lysed in 150 μL of extraction buffer consisting of
100 μL of solution A (50 mM glucose, 25 mM Tris-HCl, pH 8,
10 mM EDTA, 1 mM PMSF) and 50 μL of solution B (50 mM
Tris-HCl, pH 6.8, 6 M urea, 6% 2-mercaptoethanol, 3% SDS,
0.003% bromphenol blue). The suspension was centrifuged at
10000 rpm at 4 �C for 5min, and the supernatant (10 μL for each
sample) was loaded onto 10% polyacrylamide gel and then
transferred to a microporous polyvinylidene difluoride (PVDF)
membrane. Western blotting was performed using anti-Bcl-2,
anti-caspase-3, anti-PARP, or anti-β-actin antibody and horse-
radish peroxidase-conjugated antimouse or antirabbit second-
ary antibody. Protein bands were visualized using chemilumine-
scence substrate.

Flow Cytometry Analysis. Cells (106) were washed with ice-
cold PBS and fixed in 75% ethanol at -20 �C for at least 1 h.
After that, cells were washed twice, incubated with 0.5 mg/mL
RNase A, and stained with 10 μg/mL propidium iodide (PI).
Fluorescence emitted from the PI-DNA complex was quanti-
tated by Epics Elite flow cytometry (Beckman-Coulter).
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Table 5. Sequences of Oligomers/Primers Used in This Paper

name of oligomer sequence

Pu39 50-AGGGGCGGGCGCGGGAGGAAGGGGGCGGGAGCGGGGCTG-30

Pu39rev 50-ATCGATCGCTTCTCGTCAGCCCCGCT-30

MutPu39 50-AGGGGCAAACGCAAAAGGAAAAAAACGGGAGCGGGGCTG-30

Mut1 50-AGGGGCGGGCGCAAAAGGAAGGGGGCGGGAGCGGGGCTG-30

biotinylated duplex DNA 50-biotin-TTTTTTTTTCGAATTCGTTTTTCGAATTCG-30

biotinylated Pu39 50-biotin-AGGGGCGGGCGCGGGAGGAAGGGGGCGGGAGCGGGGCTG-30

FMidG4T 50-FAM-CGGGCGCGGGAGGAAGGGGGCGGGAGC-TAMRA-30

Qbcl-2 S 50-GAGGATTGTGGCCTTCTTTG-30

Qbcl-2 A 50-GCCGGTTCAGGTACTCAGTC-30

QGAPDH S 50-GATGACATCAAGAAGGTGGTG-30

QGAPDH A 50-GCTGTAGCCAAATTCGTTGTC-30
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Supporting Information Available: SPR sensorgrams for
binding of quindoline derivatives to bcl-2G-quadruplex; FRET
melting profiles of FMidG4T with quindoline derivatives; CD
spectra for Pu39, Mut1 and MutPu39; fluorescence history of
real-time PCR to detect mRNA level of bcl-2 andGAPDH gene.
Thismaterial is available free of charge via the Internet at http://
pubs.acs.org.
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