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Abstract

Purpose DNA intercalators are one of the interesting
groups in cancer chemotherapy. The development of novel
anticancer small molecule has gained remarkable inter-
est over the last decade. In this study, we synthesized and
investigated the ability of a tetracyclic-condensed quinoline
compound, 4-butylaminopyrimido[4’,5":4,5]thieno(2,3-b)
quinoline (BPTQ), to interact with double-stranded DNA
and inhibit cancer cell proliferation.

Methods Circular dichroism, topological studies, molecu-
lar docking, absorbance, and fluorescence spectral titrations
were employed to study the interaction of BPTQ with DNA.
Cytotoxicity was studied by performing 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and lac-
tate dehydrogenase (LDH) assay. Further, cell cycle analysis
by flow cytometry, annexin V staining, mitochondrial mem-
brane potential assay, DNA fragmentation, and western blot
analysis were used to elucidate the mechanism of action of
BPTQ at the cellular level.

Results  Spectral, topological, and docking studies con-
firmed that BPTQ is a typical intercalator of DNA. BPTQ
induces dose-dependent inhibitory effect on the prolif-
eration of cancer cells by arresting cells at S and G2/M
phase. Further, BPTQ activates the mitochondria-mediated
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apoptosis pathway, as explicated by a decrease in mito-
chondrial membrane potential, increase in the Bax:Bcl-2
ratio, and activation of caspases.

Conclusion These results confirmed that BPTQ is a DNA
intercalative anticancer molecule, which could aid in the
development of future cancer therapeutic agents.

Keywords DNA intercalators - Chemotherapy -
Apoptosis - Leukemia

Introduction

The DNA contained in every mammalian cell is under con-
stant attack by several physical, chemical, and biological
agents which may eventually cause mutations. Such exten-
sive genome alteration ranging from a small number of
point mutations to widespread aneuploidy in key regulatory
genes like proto-oncogenes, tumor suppressor genes, and
DNA repair genes leads to cancer [1-3]. Although DNA
damage is the principal cause for cancer development, it
is also used to treat these malignancies. One of the most
effective modalities of cancer therapy includes the use of
chemotherapeutic agents that interacts with DNA and tar-
gets its associated processes [4, 5]. Research in this area
has revealed a range of DNA-recognizing molecules, which
include groove binders, alkylating, and intercalator com-
pounds that act as antitumor agents [6]. All these molecules
bind to DNA and protein either in reversible or in irreversi-
ble manner suggesting the direct relationship between their
interaction with macromolecules, hence leading to their
therapeutic effects [5, 7]. Therefore, it is of vital interest
to study the interaction of small molecules with DNA and
their corresponding biological activities in order to under-
stand the mode of drug action.
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DNA intercalators are mostly polycyclic, aromatic,
and planar [8]. As there is an increased need of potential
chemotherapeutic molecules, many of the DNA interca-
lators have been developed and used clinically in cancer
therapy, including anthracyclines, mitoxantrone, dactino-
mycin, and ellipticine. The intercalation of most of these
molecules to DNA often leads to the inhibition of topoi-
somerases, cell cycle arrest, and apoptosis in cancer cells
[9-12]. Structure-based design strategies have yielded
various planar, aromatic, and heterocyclic molecules with
similar physicochemical and biological activities [13, 14].
Quinolines and their derivatives are among such interesting
class of molecules, as they have been reported to possess a
broad spectrum of biological activities such as antimalarial,
antimicrobial [15], and antineoplastic activity [16]. These
considerations prompted us to explore a new series of pla-
nar heterocyclic quinoline derivatives, pyrimido[4’,5":4,5]
thieno(2,3-b)quinolines as new cytotoxic anticancer mol-
ecules [17, 18].

Earlier in our laboratory, the anticancer activity of
4-aminopyrimido[4’,5":4,5]thieno(2,3-b)quinoline (APTQ)
was reported [19]. As the APTQ showed good antiprolif-
erative ability, we sought to derivatize APTQ with butyl-
amino functional group in order to develop a more power-
ful chemotherapeutic molecule. Hence, in search of potent
DNA-intercalating anticancer molecules, in this present
study, a new representative molecule of pyrimido[4’,5":4,5]
thieno(2,3-b)quinolines,  4-butylaminopyrimido[4’,5":4,5]
thieno(2,3-b)quinoline (BPTQ, Fig. 1) was synthesized and
analyzed for its ability to recognize DNA and to induce
cell death in malignant cells. A detailed investigation of the
binding mechanism and biological activity of this molecule
revealed that BPTQ effectively intercalates to DNA, arrests
cells at S and G2/M phase, and induces mitochondria-medi-
ated apoptosis in tumor cells. This study will be important
as there is an increasing need for the development of new
and more potent cytotoxic agents to combat cancer.

Materials and methods
Chemicals and reagents

Clostridium perfringens DNA, calf thymus DNA, and
poly[d(G-C)] DNA were purchased from Sigma-Aldrich
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(USA). DNA solutions were prepared by dissolving the
solid material, normally at 1-2 mg/ml, in 50 mM Tris-HCI
(pH 7.4), 15 mM NaCl, 1 mM EDTA. The DNA concen-
trations were determined spectrophotometrically at 260 nm
using molar extinction coefficients; C. perfringens DNA
12,476 M~! cm™!, calf thymus DNA 12,824 M~' cm™',
and poly[d(G-C)] DNA 16,800 M~! cm™! [20], and are
expressed in terms of base pair equivalents per liter.
Fetal bovine serum was from Gibco (USA). Penicil-
lin, streptomycin, annexin V-fluorescein isothiocyanate
(FITC) apoptosis detection kit, propidium iodide, and
5,5',6,6'-tetrachloro-1,1’,3,3/-tetracthyl benzimidazolcarbo-
cynamide iodide (JC-1) were purchased from Invitrogen
(USA). Antibodies were procured from Santa Cruz Bio-
technology (USA), Calbiochem (USA), and Invitrogen
(USA). All other chemicals unless otherwise mentioned
were purchased from Sigma-Aldrich (USA).

Synthesis of BPTQ

Starting material APTQ was synthesized and provided by
Dr. S. Y. Ambekar (University of Mysore, Mysore, India)
[21]. A mixture of APTQ (0.5 g; 0.002 M) in dimethyl-
formamide (10 ml), anhydrous potassium carbonate (1 g),
and butyl chloride (1 ml) was heated under reflux for 3 h.
Then, the reaction mixture was filtered and poured into
cold water. BPTQ obtained was collected by filtration and
recrystallized from aqueous dimethylformamide into clus-
ters. The structural elucidation of the compound was deter-
mined by IR and 'H NMR. The parameters were as fol-
lows: BPTQ: C,;H,(N,S; IR (Nujol): 8,,,, 3100-3450 and
1664 (N-H) cm™'; "H NMR (CF;COOH): § 0.95 (3H, t,
CH;), 1.2-1.8 (4H, m, CH2- CH2), 3.95 (2H, g, N CH2),
7.8-8.6 (4H, m, H-7, H-8, H-9, H-10), 8.9 (1H, s, H-11),
10.1 (1H, s, H-2); Anal. calcd. for C17H16N4S: C, 57.30;
H, 4.49; N, 15.73 %; found: C, 56.99; H, 4.31; N, 15.71 %.

Spectroscopy

Absorption, fluorescence, and circular dichroism spectroscopy
were employed to study the binding ability of the BPTQ with
DNA. Loss of BPTQ from solution was minimized by wet-
ting BPTQ in a small volume of concentrated HCI and further
diluting with 50 mM Tris-HCI (pH 7.4), 15 mM NaCl, 1 mM
EDTA. The final concentration of HCI in working solution
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was <0.005 N. Since a number of drugs have been reported to
exhibit sequence specificity in binding to DNA, interaction of
BPTQ with C. perfringens DNA (28 % GC), calf thymus DNA
(42 % GC), and poly[d(G-C)] DNA (100 % GC) was analyzed.

BPTQ (81 uM) was incubated with various concen-
trations of C. perfringens DNA, calf thymus DNA, and
poly[d(G-C)] DNA in 50 mM Tris-HCI (pH 7.4), 15 mM
NaCl, 1 mM EDTA. The absorbance and fluorescence
emission spectrum of BPTQ on addition of each DNA ali-
quot was recorded with Spekol spectrophotometer (Ana-
lytic Jena, Germany) and F-2000 fluorescence spectropho-
tometer (Hitachi, Japan), respectively. BPTQ solutions with
or without DNA were excited at 288 nm, and fluorescence
intensities were monitored at 446 nm. The association con-
stants and stoichiometries of the hydrogen-bonding interac-
tions in the BPTQ-DNA systems were determined by plot-
ting double reciprocal plot of the change in absorbance or
fluorescence of BPTQ as a function of DNA concentration
by the method of Benesi and Hildebrand [22, 23].

Circular dichroism (CD) spectra were recorded at 25 °C
on Jasco-20 dichrograph (Jasco International Co, Litd,
Japan). Spectra of calf thymus DNA solution (54.58 uM) in
50 mM Tris-HCI (pH 7.4), 15 mM NaCl, 1 mM EDTA, in
the absence and presence of various concentrations of BPTQ
(0-130 uM), were scanned in 10-mm quartz cuvette. Meas-
urements were taken over the spectral range 240-325 nm.
Three spectra were acquired and averaged for each sample.

Melting temperature studies

Thermal denaturing studies were performed using calf thy-
mus (16.374 uM) DNA with BPTQ (81 uM). The increase
in the absorbance at 260 nm, corresponding to the transi-
tion from the double-strand to single-strand DNA, was
used to monitor the thermal denaturation of DNA [24].

Gel mobility shift assay

Intercalation assay was performed as described previously
[25]. Briefly, 100 ng of supercoiled pUC19 was incubated
with 100 pM ethidium bromide or increasing concentra-
tions of BPTQ (10, 50, 100, and 250 uM) for 30 min at
room temperature. Electrophoretic assays were run using a
1.5 % agarose gel without ethidium bromide at 90 V for
2 hin 0.5 x Tris-borate-EDTA buffer. The gels were then
stained with ethidium bromide (0.5 pg/ml), destained, and
visualized under ultraviolet (UV) light.

Molecular docking of BPTQ-DNA complex

For in silico molecular docking, ligand—nucleic acid
complex crystal structure for ellipticine was obtained

from the Protein Data Bank (PDB: 1Z3F). The structure
was solved by molecular replacement using the DNA
coordinates of the d(CGTACG),-ellipticine structure
[26] as a starting model. BPTQ was docked to the dou-
ble-helix DNA fragment d(CGTACG), using the Hex 6.3
program, an interactive protein docking and molecular
superposition program, which support a Fourier-based
calculation of electrostatic interaction energies [27].
The orientations were scored using shape and electro-
static correlations with default docking control values
(n = 25). The best 2000 of the n = 25 orientations were
then refined using a soft molecular mechanics rigid body
minimization algorithm. After minimization, the low-
est energy solution was selected from all docking solu-
tions. Ellipticine was used as a reference molecule for
comparison.

Cell lines and culture

Human promyelocytic leukemia (HL-60), acute lymph-
oblastic leukemia (MOLT-4), breast adenocarcinoma
(MCFT7), colon adenocarcinoma (COLO 205), kidney
carcinoma (A-498), mouse melanoma (B16-F10), and
normal human embryonic kidney (293T) cells were
obtained from National Centre for Cell Science, Pune,
India. Human B cell precursor leukemia (NALM-6) and
acute lymphocytic leukemia (Reh) cell lines were kindly
provided by Dr. M. Lieber (USA). HL-60, MOLT-4,
NALM-6, Reh, and COLO 205 were routinely main-
tained and grown in RPMI-1640 supplemented with
10 % heat-inactivated FBS, L-glutamate (2 mM), penicil-
lin (100 IU/ml), and streptomycin (100 ug/ml) at 37 °C
in a humidified atmosphere containing 5 % CO,. MCF7
and A-498 were maintained in Eagle’s minimum essen-
tial medium. B16-F10 and 293T were maintained in
Dulbecco’s modified Eagle’s medium. Cell integrity was
assessed by trypan blue exclusion assay. 50 mM stock
of BPTQ was prepared in dimethylsulfoxide (DMSO)
and diluted with respective media to give final concen-
trations. Final solvent concentration in cell culture was
less than 0.1 % (v/v), which had no effect in any of the
parameters studied. In all experiments, DMSO-treated
cells were used as control.

MTT assay

Cytotoxicity of the BPTQ was assessed using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay [28]. Briefly, exponentially growing
cells were seeded in 96-well culture plates with various
drug concentrations in a volume of 100 pl. After 48 h of
incubation at 37 °C, MTT was added and cell viability was
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quantified using a Bio-Rad (USA) microplate reader. ICs,
values were calculated.

LDH release assay

Release of lactate dehydrogenase (LDH) is an indicator
of loss of membrane integrity and hence cell injury. LDH
assay was performed to assess its release into the medium
following treatment (1, 5, 10, 25, and 50 M) on MOLT-4
cells for 24, 48, and 72 h using standard protocols [29].
The percentage of LDH released was calculated as follows:
(LDH activity in media)/(LDH activity in media + intra-
cellular LDH activity) x 100.

Cell cycle analysis by flow cytometry

Effect of BPTQ on cell cycle distribution was analyzed as
described previously [3]. MOLT-4 cells were grown at a
density of 1 x 10° cells in 100-mm culture dishes and were
treated with BPTQ (0.5, 1, 5, and 10 uM) for 48 h. Cells
were then harvested, washed, fixed overnight in 70 % etha-
nol at —20 °C before being washed, digested with RNase
A, stained with propidium iodide (50 pwg/ml), and analyzed
by flow cytometry using Cell Quest Pro software (FACS-
Calibur, Becton—Dickinson).

Quantification of apoptosis by flow cytometry
and confocal imaging

The annexin V labeling assay was performed by using
annexin V-FITC apoptosis detection kit (Invitrogen, USA) as
per manufacturer’s instruction. Briefly, MOLT-4 cells were
incubated in 1 and 5 pM BPTQ for 48 h and stained with
fluorescein isothiocyanate-conjugated annexin V and pro-
pidium iodide. The stained cells were incubated for 15 min
at 37 °C, analyzed in flow cytometer, and imaged by laser-
scanning confocal microscopy (LSM 510 META; Zeiss).

Mitochondrial membrane potential measurement

Mitochondrial membrane potential was measured using
fluorescent potentiometric dye JC-1 as described previ-
ously [17]. MOLT-4 cells were treated with BPTQ (5 pM)
for different time intervals and then washed and labeled
for 45 min with 10 pM JC-1 at 37 °C. Cells were washed
three times, resuspended in PBS, and fluorescence was
measured. Subsequently, the changes in fluorescence were
monitored at two different wavelengths as mentioned
above. The ratio of the reading at 590 nm (red fluores-
cence of JC-1 aggregates) to 530 nm (green fluorescence
of diluted JC-1) (590: 530 nm ratio) was considered as the
relative A¥,, value.
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Fig. 2 BPTQ binds to DNA through intercalation. a—-d UV-visible »

and fluorometric spectral analysis of BPTQ interaction with DNA.
Spectrophotometric and fluorometric titrations were performed by
the addition of increasing aliquots of C. perfringens DNA, calf thy-
mus DNA, and poly[d(G-C)] DNA solutions to BPTQ and scanning
the UV-visible and fluorescence spectrum (excitation wavelength,
288 nm; emission wavelength, 446 nm) after each addition. a—c Were
the UV-visible spectra of BPTQ in the absence and presence of C.
perfringens DNA, calf thymus DNA, and poly[d(G-C)] DNA, respec-
tively. d Fluorescence emission spectra of BPTQ in the absence and
presence of calf thymus DNA. See also Supporting Information. e
Stereoviews of the BPTQ-DNA docking complexes. Upper panel,
The intercalated d(CGATCG)2 hexanucleotide. Middle panel, Projec-
tion down the helix axis of a d(CGATCG)2 hexanucleotide with the
sandwiched ligand. Lower panel, Space-filling model of intercalated
complex. Left panel, BPTQ; Right panel, Ellipticine. f CD spectra of
calf thymus DNA titrated with (1) 0 uM, (2) 32.50 uM, (3) 65.00 uM,
(4) 97.50 uM, (5) 130.00 uM, and (6) 162.50 uM BPTQ. g Effect of
BPTQ on the electrophoretic mobility of supercoiled DNA. Super-
coiled DNA was pre-incubated with increasing concentrations of
BPTQ for 30 min and subjected to electrophoresis in 1 % agarose gel.
S, plasmid DNA; EB, ethidium bromide; M, molecular weight ladder

Caspase-3 activity

Caspase-3 assay was performed in MOLT-4 cells using
caspase-3 colorimetric assay kit (Sigma, USA) following
the manufacturer’s suggested protocol. The caspase activ-
ity was represented as the concentration of p-nitroanilide
(pNA) formed per min per ml of cell lysate.

DNA fragmentation

Apoptosis was demonstrated by DNA fragmentation.
MOLT-4 cells were treated with BPTQ (5 and 10 uM) for
48 h. After incubation, both treated and untreated cells were
collected, and cytosolic DNA was prepared. DNA was then
analyzed on 1.5 % agarose gel by electrophoresis as previ-
ously described [30].

Western blot analysis

To determine the levels of protein expression, MOLT-4
cells were treated with BPTQ (1, 5, and 10 wM) for 48 h
and whole-cell extracts were prepared as described pre-
viously [31]. The proteins were resolved over 8—10 %
SDS-polyacrylamide gel electrophoresis. After electro-
phoresis, the proteins were electrotransferred onto PVDF
membranes (Millipore, India), blotted with each anti-
body, and detected by chemiluminescent solution (Immo-
bilon western, Millipore, India) in a gel documentation
system (LAS 3000, FUJI, JAPAN). Primary antibod-
ies against Bcl-2, Bax, p53, f-actin (Invitrogen, USA),
caspase-8, caspase-9, BID (Santa Cruz Biotechnology,
USA), and PARP (Calbiochem, USA) were used for the
current study.



Cancer Chemother Pharmacol (2015) 75:1121-1133

1125

0.8 -

0.6 -

0.4 -

0.2 4

0

1.2

1

0.8 -

0.6 -

0.4 -

Absorbance

0.2 -

0

1.6 -

1.2 -

0.8 4

0.4 -

BPTQ Ellipticine
9 puUC19
>50 _ BPTQ (uM)
£ ] semowusn
S 40
i)
£
o 30
g 20 : : _ « 2000 bp
(7]
2 10 - o
o s
2 —
w o T T T 4 .-
400 430 460 490 520 240 260 280 300 320 -

Wavelength (nm)

Statistical analysis

All assays were performed in triplicate. Statistical analysis
of the data was performed by using Student’s 7 test, one- or
two-way analysis of variance. Significance was established
upon a p < 0.05.

Wavelength (nm)

Results

Synthesis

The spectral data support the structure of BPTQ. IR spectrum
shows an absorption broadband between 3100 and 3450 cm ™!
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and medium sharp band at 1664 cm™"! characteristic of quino-
line and NH group. The 'H NMR spectrum of BPTQ showed
the appearance of new signal due to butyl protons. The struc-
ture of the rearranged product was confirmed by its synthesis.

BPTQ binds to DNA through intercalation

Different spectroscopic methods were used to study the
interaction of BPTQ with DNA. UV-visible spectrum of
BPTQ was characterized by three maxima at 244, 288, and
341 nm. Figure 2a, b, and c shows the absorption spectra of
BPTQ in the absence and presence of C. perfringens DNA,
calf thymus DNA, and poly[d(G-C)] DNA, respectively. The
addition of increasingly higher concentration of DNA led to
hypochromic changes in its visible absorption spectra, as a
result of the formation of more stable complexes. The extent
of hypochromism in BPTQ absorption of about 60 %, as
the composite band at 288 nm, was higher with poly[d(G-
C)] DNA compared to calf thymus DNA (58 %) and C. per-
fringens DNA (50 %). A clear, single isosbestic point was
observed for each DNA (at 278 nm for poly[d(G-C)] DNA
and C. perfringens DNA, at 309 nm for calf thymus DNA)
which suggests that BPTQ and DNA were related linearly
by stoichiometry. These spectral characteristics may suggest
a binding mode, involving intercalative interaction between
the drug chromophore and the DNA base pairs. The 1:1 and
1:2 Benesi—Hildebrand methods were used to investigate the
association constants and stoichiometries of the interactions
in the two systems [22, 23]. 1:1 and 1:2 (See Supplementary
Material, Fig. A1) plots of a set of experimental data of the
BPTQ-DNA system showed that the linear fit of 1:1 Ben-
esi—Hildebrand plot (with a correlation coefficient R?>0.99)
was more than the linear fit of 1:2 Benesi—Hildebrand plot
for all three DNA tested, suggesting that interaction pair was
more likely in the 1:1 form. The association constant (K,)
of the BPTQ with C. perfringens DNA, calf thymus DNA,
and poly[d(G-C)] DNA was calculated to be 0.558 x 10%,
1.289 x 10* and 1.466 x 10* M~!, respectively.

DNA-binding constants were also determined by fluo-
rescence spectroscopy. The optimal excitation and emis-
sion wavelength for BPTQ were, respectively, 288 and
446 nm. Fluorescence of BPTQ was quenched signifi-
cantly (72 % hypochromism) upon increasing addition of
calf thymus DNA and a classical shift in the emission peak
(about 16 nm) toward lower wavelength occurred (Fig. 2d).
The intrinsic binding constant of 0.819 x 10* M~! was
obtained, confirming the result obtained in the UV-visible
spectral study. These spectral measurements indicate that
BPTQ binds to DNA.

To test whether BPTQ intercalated into DNA, DNA melt-
ing analysis was performed, as the intercalation of small
molecules into the double-helix is known to increase the
T, of DNA. The extinction coefficient of DNA bases at
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260 nm in the double-helix form is much less than that of
the single-stranded form; hence, melting of the helix leads to
an increase in the absorbance at 260 nm [32, 33]. The DNA
melting study was carried out with calf thymus DNA in the
absence and presence of BPTQ. The 7,, for calf thymus
DNA without ligand was 65 °C, and with BPTQ, a single
transition at 70 °C was observed. Hence, it is evident that the
binding of BPTQ to DNA was through intercalation.

It is also known that the intercalation of some linear or flat
aromatic molecules into the double-stranded polynucleotides
induces large chirality changes and consequently significant
effect in their CD spectra [34]. The CD spectrum of free calf
thymus DNA exhibits a positive absorption band at 280 nm
and a negative band at 245 nm, characteristic of the B-form
of DNA. The positive and negative bands were, respectively,
due to base stacking and helicity of the DNA [35]. Figure 2f
shows the induced structural changes of DNA by the addi-
tion of BPTQ in terms of the molar ellipticity. Upon increas-
ing addition of BPTQ, the negative peak showed the decrease
in the molar ellipticity and was shifted from 245 to 255 nm.
The positive peak also decreased gradually. Such changes
in CD spectra reflect the distortion in the helical nature of
B-DNA. Drug-base stacking and the dipole—dipole interac-
tions stabilizing the intercalated drug in the helix resulted in
the shift of peak to a larger wavelength (and hypochromism)
of the chromophore transition [20, 35].

Strong evidence for the intercalative binding of BPTQ to
the double-helix DNA was obtained from gel mobility shift
assay, by observing changes in the mobility of supercoiled
DNA upon BPTQ treatment. The mobility of supercoiled
plasmid DNA was retarded dose dependently with BPTQ
addition (Fig. 2g). Ethidium bromide served as positive
control.

The computational docking analysis provided further
evidence that BPTQ intercalates into DNA. Comparison
of the binding orientation of the BPTQ molecule with the
ellipticine revealed that the BPTQ exhibited similar orien-
tation as that of ellipticine molecule. BPTQ has a strong
preference for the d(GpC)-d(CpG) site as they interca-
lated in d(GpC)-d(CpG) site, and no BPTQ molecules
are inserted in the d(ApT)-d(TpA) site (Fig. 2e). Ellipti-
cine was also earlier reported to possess similar d(GpC)-
d(CpG) preference [26]. The qualitative analysis of the
docked models was based on the lowest energy poses for
molecule. BPTQ-d(CGTACG), docking models showed
lower docking energy (—372.5) than that of ellipticine-
d(CGTACG), (—351.2) suggesting that BPTQ is a potent
DNA intercalator.

BPTQ induces cytotoxicity in cancer cells

To study the cytotoxic effect of BPTQ, MTT assay was per-
formed upon various cancer cell lines derived from leukemia
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Fig. 3 Evaluation of cytotoxicity of BPTQ on different cancer cells.
a Bar diagrams showing comparison of cytotoxicity of BPTQ on
cancer cell lines. Different cancer cells were incubated with differ-
ent concentrations of BPTQ for 48 h, and cell viability was deter-
mined by MTT assay. DMSO served as vehicle control. b Cytotoxic-
ity measured as LDH release upon BPTQ treatment. MOLT-4 cells

(MOLT-4, Reh, HL-60, and NALM-6), breast (MCF7),
colon (COLO 205), kidney (A-498), and mouse melanoma
(B16-F10). Results showed that treatment with BPTQ

were treated with different concentrations of BPTQ for 24, 48, and
72 h. Percentage of LDH released from cells to medium was analyzed
in both treated and untreated cells. In all panels, the data are repre-
sentative of three independent experiments. Mean £ SEM are shown
(*p <0.05, **p < 0.01)

significantly decreased the proliferation of all the cancer
cell lines tested in a dose-dependent manner (Fig. 3a). The
ICs,, values were in the range of 0.5-17 M, with leukemia
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Table 1 IC, values of BPTQ against various cancer cell lines

Cancer type Cell line BPTQ (uM)  Ellipticine (uM)

Acute lymphoblastic MOLT-4 2.05£0.80 0.38 +£0.07
leukemia

Pre-B cell leukemia NALM-6 1.98 £0.02 ND

Promyelocytic leukemia HL-60 12.07 £0.52 1.12+£0.20

Acute lymphocytic Reh 10.04 + 3.18 ND

leukemia
Colon adenocarcinoma COLO-205 16.61 +3.82 0.97 +0.11
4304+0.70 1.86 £0.22
15.54 £2.90 ND
2.72+0.50 1.324+0.13

Breast adenocarcinoma MCF7
A498
B16-F10

Kidney carcinoma
Mouse melanoma

ICs4 values were calculated from the results of the MTT assays by
nonlinear regression of the dose—log response curves. Mean + SEM
are shown

ND not determined

cells appeared to be the most sensitive among the panel of
cell lines evaluated (Table 1). Therefore, further studies were
continued using MOLT-4 cells to elucidate the mechanism of
cell death induction by BPTQ. Interestingly, BPTQ induced
only limited cytotoxicity in normal cell line, 293T, compared
to cancer cell lines studied (Fig. 3a).

Further cytotoxicity was also confirmed by estimating
the release of the LDH enzyme from cells. Lower con-
centrations of BPTQ did not induce the release of LDH.
Nevertheless, BPTQ increased the release of LDH from
MOLT-4 cells at concentrations of 25 and 50 WM (Fig. 3b),
suggesting cytolysis at only higher concentrations of BPTQ
treatment.

BPTQ induces S phase arrest and apoptosis in MOLT-4
cells

Flow cytometry was used to investigate whether the inhi-
bition of MOLT-4 proliferation by BPTQ was mediated
by regulating cell cycle progression (Fig. 4a). MOLT-4
cells showed the typical cell cycle distribution with 53 %
cells in GO/G1 phase, 29 % cells in S phase, and 11 %
cells in G2/M phase (Fig. 4b). Dose response effect of
BPTQ was analyzed at 48 h of treatment. It is interest-
ing to observe that, when MOLT-4 cells were treated
with 5 pM BPTQ, the population of cells in S phase was
significantly increased to 63 %, with a slight increase in
G2 M cell population (17 %, Fig. 4c, d). Accumulation of
cells in G2/M phase was further increased in 10 pM treat-
ment (32 %). Meanwhile, the proportion of cells in GO/G1
was greatly reduced (Fig. 4b). These observations clearly
indicate that the BPTQ arrests cell progression at S and
G2/M phase.

Cell cycle arrest often leads to the initiation of apop-
tosis. To identify the mechanism of cell death induced by

@ Springer

BPTQ, annexin V-FITC and propidium iodide double stain-
ing were performed. Treatment with 1 uM BPTQ resulted
in the increase of apoptotic cell population to 23 %, which
further increased dose dependently to 36 % when treated
at 5 uM (Fig. 4e, f). The necrotic cell population was very
negligible. Confocal imaging of stained cells also supports
the result of flow cytometry. Cells treated with BPTQ were
stained with either by annexin V-FITC alone (early apopto-
sis) or by both annexin V-FITC and propidium iodide dyes
(late apoptosis) (Fig. 4g). Untreated cells did not show any
of the fluorescence, substantiating the mode of cell death
induced by BPTQ was by apoptosis.

BPTQ induces apoptosis through the intrinsic
mitochondrial pathway

Mitochondria have been shown to play a major role in
apoptosis. Depolarization of mitochondrial membrane
potential (A¥, ) was known to be an initial step in mito-
chondria-mediated cell death. The JC-1 dye was used to
monitor A¥,_ upon addition of BPTQ to MOLT-4 cells,
estimated as the 590:530 nm emission ratio. A marked fall
in the membrane potential was observed following 5 pM
BPTQ treatment (p < 0.01, Fig. 5a). The drop in potential
started at about 6 h and continued as time lapsed. Pre-incu-
bation with 50 puM of N-acetyl-L-cysteine did not reverse
the fall in A¥m, ruling out the role of reactive oxygen spe-
cies in the collapse of AY,,..

Downstream of mitochondrial membrane potential
disruption, caspase activation is an essential event in the
execution of apoptosis [36]. To investigate the induction
of apoptosis by BPTQ, colorimetric substrate of cas-
pase-3 was used. Results showed that 5 wuM BPTQ has
significantly increased the intracellular caspase-3 activity
compared to control (p < 0.01). The increase in the cas-
pase-3 activity was about fivefold to that of control and
was reversed when caspase-3-specific inhibitor (acetyl-
Asp-Glu-Val-Asp-al) was added (Fig. 5c). This confirms
that the observed activity was by caspase-3 and not by
other non-caspase proteases. Therefore, it is proved that
BPTQ induces caspase-dependent apoptosis in leukemia
cells.

Further to elucidate the mode of apoptosis, the expres-
sion levels of apoptosis-regulating proteins following
BPTQ treatment were studied (Fig. 5b). As MOLT-4 cells
were sensitive to BPTQ, they were selected for this study.
The Bcl-2 family proteins are known to be the major regu-
lator of apoptosis [37]; hence, the ratio of Bax:Bcl-2 was
determined upon treatment of BPTQ. Results showed that
BPTQ led to a remarkable increase in the Bax:Bcl-2 ratio
by an increase in Bax (proapoptotic) and decrease in Bcl-2
(antiapoptotic) level, particularly at 1 and 5 M concentra-
tions. BID expression was also decreased upon treatment,
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Fig. 4 BPTQ induces cell cycle arrest and apoptosis in leukemia
cells. a BPTQ blocks cell cycle progression at S and G2/M phase.
MOLT-4 cells were exposed to 0.5, 1, 5, and 10 uM BPTQ for 48 h
and then processed as described under “Materials and methods” sec-
tion. Cells were then stained with propidium iodide and analyzed
using flow cytometry. Representative histograms are shown. b-d
Data from (a) represented by bar chart. ¢ BPTQ induces apopto-
sis in leukemia cells. MOLT-4 cells were exposed to 1 and 5 pM of
BPTQ for 48 h, labeled with annexin V-FITC and propidium iodide
as detailed under “Materials and methods” section. Cells were ana-

indicating its cleavage and conversion to proapoptotic
tBID. This indicates that cells were committed to apopto-
sis via the mitochondrial pathway. Since p53 is a known
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lyzed by flow cytometry. Representative dot plots are shown. f Data
from (e) represented by bar chart. g Visualization of annexin V-FITC/
propidium iodide stained cells by confocal microscopy. Left panel,
Untreated cells did not show fluorescence, and in the bright field
image, the integrity of the cells was observed; Right panel, Cells
treated with BPTQ were stained with either by annexin V-FITC alone
(early apoptosis) or by both annexin V-FITC and propidium iodide
dye (late apoptosis). Scale bar, 10 pm. In (b, ¢, d, and f), data shown
are from minimum of two independent experiments. Bar graph shows
mean + SEM

activator of Bcl-2 family proteins, expression levels of p53
were tested. A similar increase in the p53 expression was
noted in BPTQ-treated cells.
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ferent time intervals and then labeled with 10 uM JC-1. Cells were
washed, and fluorescence was measured. The ratio of the reading
at 590 to 530 nm was considered as the relative AV, value. NAC,
N-acetyl cysteine. b Effect of BPTQ treatment on the expression of
apoptotic proteins. Protein lysates were prepared from control and
treated MOLT-4 cells and subjected to immunoblot analysis with
respective antibodies mentioned. Data were presented as bar chart.
B-Actin was used as loading control. ¢ BPTQ increases caspase-3
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expression. MOLT-4 cells were treated with 5 uM BPTQ for 48 h
before harvesting for colorimetric caspase-3 activity assay using
DEVD-p-nitroaniline as substrate. Values were expressed as concen-
tration of pNA formed per min per ml of cell lysate. Ac-DEVD-CHO
represents a caspase-3 inhibitor acetyl-Asp-Glu-Val-Asp-al. d DNA
fragmentation in MOLT-4 cells upon BPTQ treatment. Cells were
treated with BPTQ for the 48 h, and DNA was prepared and then sep-
arated on 1.5 % agarose gel. C represents DMSO-treated control. M
denotes molecular weight marker of 200-bp ladder. Mean £ SEM are
shown (¥*p < 0.05, **p < 0.01)
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Further, the expression of caspase-9, an initiator caspase
of the intrinsic apoptotic pathway, was analyzed. A signifi-
cant increase in the cleavage of caspase-9 was observed,
confirming the intrinsic pathway. It is well known that poly
(ADP-ribosyl) polymerase (PARP) is one of the substrates
of caspase-3, the central executioner of apoptosis. The
treatment of BPTQ led to the cleavage of PARP, as shown
by the accumulation of cleaved product. Interestingly, the
activation of caspase-8 was also observed, suggesting the
involvement of the extrinsic apoptotic pathway in the cell
death induced by BPTQ. These results strongly argue that
cells treated with BPTQ undergo apoptosis.

Chromatin condensation and oligonucleosomal DNA
fragmentation are the nuclear hallmarks of apoptosis.
These phenomena were observed late during apoptosis fol-
lowing activation of caspases and cleavage of substrates. To
analyze the involvement of BPTQ in apoptotic DNA frag-
mentation, DNA was prepared from MOLT-4 cells and per-
formed agarose gel electrophoresis. Figure 5d shows DNA
fragmentation in cells treated with BPTQ, demonstrated by
the formation of the DNA ladder, confirming the induction
of cell death by apoptosis.

Discussion

Currently, DNA and its associated processes have been
recognized as potential targets for several chemothera-
peutic agents. Active research and extensive investiga-
tions have developed many novel DNA-binding thera-
peutic molecules possessing powerful antitumor activity.
As a result of such investigations, many of the anticancer
regimens include a compound that binds to DNA. The
purpose of this study was to examine the DNA binding
and corresponding in vitro anticancer activity of BPTQ,
a novel quinoline derivative. Our experimental findings
clearly showed that the BPTQ is an effective intercalator
of DNA. The evidence is based on the spectral (UV—vis-
ible, fluorescence, and CD), melting temperature, topo-
logical, and computational docking studies. Spectroscopic
results are in agreement with an intercalation of the ellip-
ticine, and other well-known intercalators reported earlier.
First, the hypochromism and the association constants of
BPTQ calculated from UV-visible absorption and fluores-
cence studies were of the same order to that of ellipticine
[38]. The presence of an isosbestic point suggests that
there is only one mode of binding. The strong quenching
in the fluorescence of BPTQ indicates that the aromatic
heterocyclic ring is engaged in stacking interactions with
DNA. Second, the addition of BPTQ stabilizes the duplex
as suggested by an increase in the midpoint denaturation
temperature (7,,) of DNA. Third, titration of DNA with
the BPTQ led to a change in the helical as well as the

base stack region. Considerable changes observed in the
ellipticity are indicative of the intercalative nature of the
BPTQ. Finally, molecular modeling and docking studies
showed that BPTQ intercalates into DNA by base stack-
ing between the d(GpC)-d(CpG) site of the duplex. Many
of the intercalators such as actinomycin D, daunomycin,
and ellipticine are known to possess selective specificity
toward G-C sequence [20, 39]. Similar specificity was
also observed for BPTQ, as judged by its increased level
of binding to poly[d(G-C)] (100 % GC) DNA relative to
that to calf thymus (42 % GC) and C. perfringens (28 %
GC) DNA. Hence, by all these, it is clearly evident that
BPTQ is a typical intercalator of DNA.

On confirming the DNA-binding ability, the potentiality
of BPTQ at the cellular level to induce cancer cell death
was elucidated. Apoptosis is a continually occurring, com-
plicated process of regulated destruction of a cell that main-
tains the homeostatic cellular balance in a normal animal
[40, 41]. Failing to trigger apoptotic cell death may lead to
the development of neoplasia [42]. Therefore, induction of
apoptosis was considered as criteria for screening of a new
cancer chemotherapy agent and most chemotherapeutic
drugs induce apoptosis in malignant cells [42, 43].

A panel of eight cell lines was selected to study the
antiproliferative effect of BPTQ. Our investigations
showed that BPTQ possesses potent cytotoxicity against
all the cell lines tested and significantly reduced the num-
ber of cells upon treatment. The similar dose-response
curve was observed for BPTQ against different cancer
types, and the extent of anticancer ability was more than
the parental APTQ [19]. As leukemia cells were more sen-
sitive to BPTQ, it was used for the elucidation of mecha-
nisms of cell death. BPTQ being the intercalator of DNA,
we expect the DNA-associated processes as its target.
Hence, the effect of the test molecule on cell cycle pro-
gression was evaluated. Interestingly, considerable S and
G2 M arrest was observed upon treatment, which was in
agreement with the earlier reports of well-known interca-
lators [44, 45].

Such arrest often leads to apoptosis of cells, supported
by a dose-dependent increase in population of annexin
V-positive cells upon BPTQ treatment. This was further
evidenced by some of the hallmarks of apoptosis observed
in the present study. Opening of the mitochondrial per-
meability transition pore, a putative highly regulated ion
channel located between the inner and outer mitochondrial
membrane is associated with mitochondria-mediated apop-
totic cell death processes [46]. Bcl-2 family proteins are
the antiapoptotic signals which induce such mitochondrial
dysfunction. Our studies showed that BPTQ induces apop-
tosis in human leukemia cells by increasing the Bax:Bcl-2
ratio and thereby suppressing mitochondrial membrane
potential. Activation of the caspases is the hallmark of
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