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Background: Telomeric and NHE 111, a c-MYC promoter region is abundant in guanine content and readily form
G-quadruplex structures. Small molecules that stabilize G-quadruplex DNA were shown to reduce oncoprotein
expression, initiate apoptosis and they may function as anticancer molecules.

Methods: Electrospray ionization mass spectrometry, spectroscopy, isothermal titration calorimetry, Taq DNA po-
lymerase stop assay, real time PCR and luciferase reporter assay. Cell migration assay to find out the effect of de-
rivatives on normal as well as cancer cell proliferation.

Results: Among three different dihydroindolizino indole derivatives, 4-cyanophenyl group attached derivative
has shown maximum affinity, selective interaction and higher stability towards G-quadruplex DNA over
dsDNA. Further, as a potential G-quadruplex DNA stabilizer, 4-cyanophenyl linked dihydroindolizino indole
derivative was found to be more efficient in inhibiting in vitro DNA synthesis, c-MYC expression and cancer
cell proliferation among human cancer cells.

Conclusion: The present study reveals that dihydroindolizino indole derivative having 4-cyanophenyl group has
potential to stabilize G-quadruplex DNA and exhibit anticancer activity.

General significance: These studies are useful in the identification and synthesis of lead derivatives that will selec-

tively stabilize G-quadruplex DNA and function as anticancer agents.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Several small molecules play a crucial role in performing various bi-
ological activities. Among the group of biologically active molecules,
scaffolds containing nitrogen were classified into separate groups. In
that, 3-carbolines are considered as an important set of molecules
with a higher anticancer activity. They belong to a group of indole alka-
loids consisting of the pyridine ring, generally found in plants and ani-
mals. They exhibit antitumor activity through DNA intercalation and
topoisomerase [ and II inhibition [1,2]. Molecules with indole group
are widespread in nature and they comprise of various biologically ac-
tive molecules such as tryptophan, serotonin and several plant based al-
kaloids. Indole derivatives are well known for their pharmacological
properties like anticancer [3,4], antitubercular [5], anti-inflammatory
[6-8] and antiasthmatic [9]. Although several anticancer drugs are in
clinical use, cancer remains a major threat even today. For all therapeu-
tic purposes, a single molecule cannot function effectively for a long pe-
riod. Therefore, the design and synthesis of hybrid derivatives have
gained prominence [10]. The search for efficient hybrid derivatives to
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improve their therapeutic index with lesser side effects remains as a
challenge for biologists and chemists even today. These reports
prompted us to examine the use of synthetic dihydroindolizino indole
derivatives with pyrrole and various pharmacophores attached to dehy-
drate 3-carboline moiety in carrying out several biological activities
such as selective interaction and stabilization of G-quadruplex DNA, re-
duction in the overexpression of oncoprotein and proliferation of tumor
cells. Both dihydro 3-carboline and pyrrole moieties individually are
known to show an anticancer activity. Recently, Ravi Chaniyara et al.
synthesized similar hybrid derivatives and reported their improved an-
ticancer activity compared to the individual components [11].

The recent research results involving a non-canonical DNA struc-
tures, like G-quadruplex DNA, revealed that they play a crucial role in
controlling cancer cell proliferation. Now, it has become a challenging
task for researchers to identify suitable derivatives that specifically in-
teract with G-quadruplex DNA and stabilize them. It was shown earlier
that molecules that stabilize G-quadruplex DNA has been considered as
an attractive target for cancer therapy interventions, namely halting
transcription [12,13] and DNA damage response signal [14-16]. A
recent literature search reveals that several small molecules that stabi-
lize c-MYC quadruplex DNA will down regulate c-MYC oncogene
expression [17-21]. Few recently reported potential molecules that
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stabilize G-quadruplex DNA complex are, cationic porphyrins [22,23]
acridine derivatives [24] ethidium derivatives [25] anthraquinone de-
rivatives [26] perylene derivatives [27] and telomestatin derivatives
[28]. Earlier studies from our laboratory,were made to identify suitable
derivatives that interact and stabilize the G-quadruplex DNA [29,30].

G-quadruplex DNA was demonstrated to exhibit structural poly-
morphism under physiological conditions, such as parallel, anti-
parallel, and hybrid configurations [31] and helps in performing the
targeted biological activity. Their existence has been identified in bio-
logically important regions such as telomeric ends of chromosomes
[32], the nuclease hypersensitivity element 1111 (NHE III1), a guanine-
rich 27 base pair region (Pu27) located upstream of the c-MYC promot-
er [33], the c-kit promoter region [34], immunoglobulin heavy chain
switch region [35] and the trinucleotide repeats present in the FMR1
gene [36]. Although, several researchers have proposed the existence
of G-quadruplex structure in cancer cells over the years, only recently,
the occurrence of quadruplex was confirmed using a specific antibody
that binds to G-quadruplex DNA [37].

Formation of G-quadruplex structures occurs through the stacking
of planar G-tetrads held together by Hoogsteen hydrogen bonds that af-
fect biological activities in vitro [38-40]. For the formation of G-
quadruplex complex, primarily it requires a monovalent cations such
as K*, NH{, and Na* in the central cavity [39,40]. G-quadruplexes can
fold into various forms in which DNA strands assemble either into intra-
molecular or intermolecular configurations.

Of late, we have reported the interaction of hybrid 3-carboline deriv-
atives with DNA and their biological activity [41]. In continuation, here-
in we describe the synthesis of hybrid derivatives having dihydro -
carboline and pyrrole groups [dihydroindolizino indoles (DHII)] and
studies on their biophysical, biochemical and anticancer properties.
The general structure of dihydroindolizino indole derivatives (DHII),
the structure of DHII-4CPh, DHII-TPh, and DHII-MPhPy and their general
synthesis are presented in Fig. 1.

2. Materials and methods
2.1. Derivative synthesis

To N-indoloyl pyrrole (0.5 mM) and aldehyde (0.55 mM) in 4 ml di-
chloromethane, PTSA (5 mol%) was added at room temperature and
continuously stirred for 1 to 4 h. After completion of the reaction, the
mixture was diluted with water (5 ml) and extracted with dichloro-
methane (3 x 6 ml). The combined organic extracts were washed
with brine (10 ml), dried over Na,SO4 and concentrated in vacuo. The
residue was purified by column chromatography on silica gel (EtOAc:
Hexanes) to give the corresponding dihydroindolizino indole deriva-
tives (DHII-4CPh, DHII-TPh and DHII-MPhPy). Characterization of each
derivative is shown under supplementary information.

2.2. Preparation of stock solutions of DNA and synthetic hybrid derivatives

In the present study, the G-quadruplex forming DNA sequences
from the human telomeric region and nuclear hypersensitivity element
IIIT1 (NHE I1I1) region of the c-MYC promoter were synthesized. The
human telomeric region contains several stretches of 5'TTAGGG 3’ se-
quences and the NHE III1 region, placed slightly upstream of the c-
MYC promoter is rich in guanine, which was reported earlier to form
the G-quadruplex complex [42-44]. Therefore, the oligonucleotides
used in the present study such as d(T,AGs) and d(T>AGs),, 27 mer c-
MYC quadruplex forming DNA (Pu27), its reverse primer (Pu27 rev)
and a mutated sequence of Pu27, that does not form quadruplex DNA
structure (Pu27-13, 14) was synthesized using ABI 394 DNA synthesizer
(Applied Biosystems, USA) and purified by reverse phase high perfor-
mance liquid chromatography (RP-HPLC). In order to form the G-
quadruplex complex, the d(T,AG3) and d(T>AGs), oligonucleotide solu-
tion was heated to 90 °C and slowly cooled to room temperature. The
DNA samples were dialyzed (1000 molecular weight cutoff membrane)

DHII - 4CPh

McO,C

DHII -TPh

PTSA (5 mol%)
+ ArCHO
CH,Cly, rt, 1-4h

DHII-MPhPy

Ph

Fig. 1. A. General structure of dihydroindolizino indole derivatives. -R, indicates the placement at which various aryl groups were attached. B. The structures of DHII-4CPh, DHII-TPh and
DHII-MPhPy. C. A synthetic scheme for the various dihydroindolizino indole derivatives (DHII-4CPh, DHII-TPh and DHII-MPhPy) used in the present study.
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against two changes of 1 | KBPS buffer (30 mM Potassium Phosphate,
pH 7.0, with 100 mM KCl, pH 7.0) and incubated at 4 °C for 24 h. The
G-quadruplex formed by d(T>AGs) and d(T>,AGs), were used in mass
spectrometry and spectroscopy studies, whereas the synthetic DNA
from NHE III1 region was utilized for other biochemical assays. Stock so-
lutions of G-quadruplex DNA / synthetic DNA primers (1 mM) were
prepared in 100 mM KBPS buffer/TE (pH 7.0). Calf thymus DNA (CT
DNA) was purchased from Sigma Aldrich and used without further pu-
rification. The stock solution of CT DNA (1 mM) was prepared in TE
(pH 7.0). The stock solutions of dihydroindolizino indole derivatives
(1 mM) were prepared by dissolving them in 1:1, methanol:water sol-
vent system.

2.3. DNA melting studies

The effect of the synthetic derivatives on DNA stability will be usual-
ly studied by monitoring the change in the DNA melting temperature
(Tm) in the presence and the absence of each derivative. Melting studies
were performed using ABI Lambda Spectrophotometer (Waltham, MA,
USA) attached with thermal controller. 25 uM CT DNA and human
telomeric G-quadruplex formed by d(T,AGs), were taken in 0.1 cm
path length quartz cuvette and absorbance was recorded in the absence
and the presence of each derivative. CT DNA and G-quadruplex DNA
were taken in TE (pH 7.0) and 100 mM KBPS buffer respectively, and
25 UM of each derivative was gradually added and absorbance was re-
corded at 260 nm. The temperature ramp was maintained at 0.3 °C/s.
Each experiment was repeated thrice and the mean value was
considered.

2.4. Isothermal titration calorimetry (ITC)

The interaction of each derivative with DNA (both dsDNA and G-
quadruplex DNA) was assayed by isothermal titration calorimetry
(ITC) using Microcal VP-ITC (Northampton, MA, USA). All the ITC ex-
periments were carried out by filling the ITC cell with 20 mM DNA
solution (both d(T,AG3), G-quadruplex DNA and CT DNA) and
5 mM of DHII-4CPh, DHII-TPh and DHII-MPhPy derivatives were
taken in the titration syringe. Every time, 60 injections (each injec-
tion delivers 5 ml) of derivatives were added to ITC cell. The addition
of each derivative to G-quadruplex DNA was made at intervals of
180 s. The ITC titration experiment was repeated thrice to eliminate
errors generated while performing the experiment. The integrated
heat/injection data obtained in each ITC titration were fitted using
two independent sites' model to understand the binding affinity of
dihydroindolizino indole derivatives to G-quadruplex DNA. It was
described earlier [45] that the equilibrium of macromolecules, such
as G-quadruplex DNA with multiple ligand binding sites can be ex-
emplified by two different association constants. Thermodynamic
parameters such as, AGy, AG,, AHy, AHy, ASq, AS,, Kq and K, were ex-
tracted directly from the fits.

2.5. Electrospray ionization mass spectrometry (ESI-MS)

The stoichiometry and binding affinity of the derivative, DHII-4CPh
towards dimeric and tetrameric forms of G-quadruplex DNA at a
lower concentration (in nanomolar range), mimicking the physiological
conditions was studied using ESI-MS on an Exactive Orbitrap mass spec-
trometer (Thermo Scientific, USA) in negative ion mode. In mass spec-
tral studies, oligonucleotides with lower mass [d(T,AG3) and d(T,AGs)
»], but nonetheless capable of forming quadruplex structure were used
to get clear spectra. Analysis of ESI-MS data can distinguish the dimeric
and tetrameric folded forms of G-quadruplex DNA. Data acquisition was
made using the Xcalibur software (Thermo Scientific). The source con-
ditions maintained were; sheath gas (N,) pressure, 35 psi; aux. gas
pressure, 5 psi; capillary temperature, 120 °C; capillary voltage,
—50.0 V; tube lens offset voltage, — 60 V; skimmer voltage, —40 V;

and vaporizer temperature, 50 °C. Scanning parameters were: higher
energy collisional induced dissociation (HCD) gas, off; resolution, en-
hanced; microscans, 1; lock masses, off, AGC target, balanced and max-
imum injection time, and 200 ms for a full-scan mass spectrum. For ESI-
MS experiments, the concentration of intermolecular G-quadruplex
DNA (both d(T,AG3) and d(T»AGs),) and derivative was maintained
at 10 nM. All the sample solution was infused into the ESI source at a
flow rate of 5 pl/min by using the instrument's syringe pump and the
spectra were recorded under identical experimental conditions for all
compounds with an average of 25-30 scans.

2.6. Circular dichroism (CD) spectroscopy

DNA conformational studies were carried out on a JASCO 815 CD
spectropolarimeter (Jasco, Tokyo, Japan). Spectroscopic studies were
performed to study the interaction of DHII-4CPh with G-quadruplex
DNA [both d(T,AGs3) and d(T,AGs),] at a micro molar concentration
range. G-quadruplex DNA solution was prepared in 100 mM KBPS buff-
er. To 5.0 M of G-quadruplex DNA formed by d(T>AGs3) and d(T>AGs)-,
2.5 UM and 5.0 uM DHII-4CPh was added and CD spectra was recorded
from 220 nm to 320 nm with a 1 mm path length cuvette. The spectra
were averaged over 3 scans.

2.7. UV-visible spectroscopy

UV-visible absorption spectra were recorded using ABI 35 Lambda
Spectrophotometer (Waltham, MA, USA) at 25 °C. All the experiments
were carried out in polystyrene cuvettes to minimize binding of deriv-
atives to the surface of the cuvettes. 5.0 uM of DHII-4CPh and 5.0 pM
G-quadruplex DNA was prepared in 1:1, methanol:milliQ water and
100 mM KBPS buffer respectively. About 1 ml of 5.0 pM DHII-4CPh
was taken in a 1 cm path length cuvette and each time 5 pl of G-
quadruplex DNA formed by d(T>AGs) and d(T>AGs), was added. Ab-
sorption spectra were recorded in the range of 200 nm to 350 nm. All
the solutions were freshly prepared before commencing the experi-
ment and titration was carried out until saturation of absorbance
occurs.

Absorbance values were recorded after each successive addition of
DNA solution and equilibrated for about 5 min. The data obtained was
fitted in Eq. (1), to obtain binding constant, Kp.

[DNA]
(Sa_sf)

_ Ny, 1 "

(ep—&f)  Ky(ep—&y)

where ¢, erand g, are the apparent, free and bound complex extinction
coefficients, respectively. In particular, & was found from the calibration
curve of the isolated DHII-4CPh in solution and by following the Beer's
law €, was determined as the ratio between the measured absorbance
and DHII-4CPh concentration, Absorbance / [DHII-4CPh]. A plot of
[DNA] / (g2 — &) vs. [DNA] provide the slope of 1 / (¢, — &) and the in-
tercept Y is equal to 1 / K}, (€, — &¢). The ratio of the slope to the Y inter-
cept provides the binding constant (Kp).

2.8. PCR stop assay

In this assay, the effect of dihydroindolizino indole derivatives
(DHII) on c-MYC G-quadruplex DNA stabilization followed by inhibition
of in vitro DNA synthesis was studied. This assay was carried out by
adopting the protocol described earlier [46]. The nuclear hypersensitiv-
ity element III1 (NHE III1) region, present upstream of c-MYC P1 pro-
moter, that controls 80-90% of c-MYC transcription, was taken as a
template in the PCR stop assay. The 27 base DNA strand (Pu27) and its
complementary strand (Pu27 Rev) were employed in this assay. Fur-
ther, a mutated Pu27 strand, in which the guanines at the 13th and
14th positions were changed to adenosines (Pu27-13, 14) was
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considered to examine the effect of the derivatives on non-G-
quadruplex forming DNA. The positions indicating base modifications
in Pu27-13, 14 are shown in bold. The DNA sequences used in the PCR
stop assay are shown in the following table.

S.no Name of the oligonucleotide Sequence of a DNA strand

1. Pu27 5’-TGGGGAGGGTGGGGAGGGTGGGGAAGG-
3/
2. Pu27 rev 5’-ATCGATCGC TTCTCGTCCTTCCCCA-3’

3. Pu27-13,14 5'-TGGGGAGGGTGGAAAGGGTGGGGAAGG-3'

To the PCR mixture (25 pl) containing 10 mM Tris-HCI (pH 8.3),
with 50 mM KCl, 1.5 mM Mg(OAc),, 5 uM of Pu27 and Pu27 rev oli-
gonucleotides incubated at 4 °C for 6 h with various concentrations
(2 uM, 4 pM, 6 uM, and 8 uM) of DHII-4CPh, DHII-TPh and DHII-
MPhPy, 1 mM dNTPs, 5 units of Tag DNA polymerase were added
and PCR reactions were performed. PCR reaction was also carried
out under the same conditions with Pu27-13, 14 and Pu 27 rev, in
the presence of 2 UM to 8 M concentration of DHII-4CPh alone, be-
cause it showed maximum inhibition with Pu27 quadruplex. PCR
carried out with 27 base DNA strand (Pu27) and its complementary
strand (Pu27 Rev) in the absence of the dihydroindolizino indole de-
rivative was considered as control. Stop assay with control, Pu27 and
the mutant form of Pu27 namely Pu2-13, 14 samples will not only
argue the role of each derivative on G-quadruplex stabilization
followed by inhibition of in vitro DNA synthesis but also it will help
to evaluate the derivative's effect on the inhibition of polymerase.
Stop assay was performed using the ABI thermal cycler (Foster City,
CA, USA). Initial denaturation was performed at 94 °C for 3 min,
followed by 20 repeated cycles each having 94 °C for 30 s, 58 °C for
30 s, and 72 °C for 30 s. After PCR, 5 pl of the amplified product was
loaded on a 12% non-denaturing polyacrylamide gel with 1x TBE.
The in vitro DNA synthesis band intensity was measured using Bio
Rad Gel Doc XR + system (USA). Percentage inhibition of DNA syn-
thesis was calculated using Eq. (2) and the inhibition constant K;,
for each dihydroindolizino indole derivative was calculated by
using Eq. (3) (Cheng-Prusoff equation).

Percentage of inhibition = % x 100 (2)

C — band intensity with control.
L — band intensity with derivative.

(@

[dNTP]

Inhibition constant (K;) =1+ K, dNTP (3)

IC50 — half maximal inhibitory concentration.
[dNTP] — concentration of dNTPs used.
Ky, — Michaelis constant.

2.9. Luciferase reporter assay

Role of G-quadruplex DNA stabilization by a synthetic
dihydroindolizino indole derivatives and subsequent inhibition of
gene expression was evaluated using the luciferase reporter assay.
About 1 x 10° HeLa cells were seeded and grown in DMEM medium
supplemented with 10% FCS in a six-well plate. The Del 4 plasmid (a

gift from Vogelstein laboratory) which harbors the 22-mer c-MYC
quadruplex forming sequence was cloned slightly upstream of the lucif-
erase reporter gene. Likewise, in Del 4 mutant plasmid (a gift from
Chowdhury laboratory) instead of c-MYC, a mutated DNA sequence,
which does not form a G-quadruplex structure [47] due to G to A change
was cloned. In Del 4 mutant plasmid also, the mutated DNA sequence
was cloned slightly upstream of the luciferase reporter gene. The DNA
sequences used in the Del 4 and Del 4 mutant plasmids are shown
below.

S. no. Name of the plasmid DNA sequences cloned
1. Del 4 5'-GGGGAGGGTGGGGAGGGTGGGG-3’
Del 4 mutant 5’-GGGGAGGGTGAAGAGAGTGGGG-3'

About 1 pg of Del-4 or Del-4 mutant plasmid was transfected into
Hela cells grown to 75% confluency using Lipofectamine 2000 as per
manufacturer's protocol. After 5 h of transfection, the cells were washed
twice with PBS and fresh media was added. The cells were treated with
0 uM, 2 uM, 4 pM, 6 pM and 8 uM of DHII-4CPh for 24 h and 48 h. The
cells were then lysed with Cell Culture Lysis Reagent (CCLR) buffer
(Promega Luciferase Assay System Cat No-E1500) with continuous pi-
petting at 48 °C for 30 min. Luciferase expression was determined
using a Dual Luciferase assay kit (Promega) on chemi-luminescence de-
tection system (Chemi-Smart 5000, Vilber Lourmat, Germany). The
samples in the presence of DHII-4CPh were normalized with the data
obtained in the absence of derivatives. All the experiments were repeat-
ed thrice to minimize errors.

2.10. Real time PCR for gene expression

Exponentially growing B16F10 melanoma cancer cells (1 x 10°) in
Dulbecco's Modified Eagle Medium (DMEM), supplemented with 10%
Fetal Calf Serum (FCS) were seeded in six well plates. The B16F10 cells
were processed with different concentrations of DHII-4CPh, (0 pM,
2 pM, 4 pM, 6 pM and 8 pM) for 24 h. The cells to which no
dihydroindolizino indole derivative added was considered as control
and they were incubated for 24 h under similar conditions. After 24 h
of treatment, the cells were lysed using Trizol reagent (Invitrogen)
[48] and RNA was extracted. To about 1 pg of total RNA, 20 pl reaction
mixture containing 1x Moloney Murine Leukemia Virus Reverse
Transcriptase buffer (M-MLV buffer) from Promega (catalogue no.
M5313), 500 uM dNTP, 100 pmol oligo dT primer, and 100 units of
M-MLV reverse transcriptase (from Promega), DEPC-H,0 was
added. Mixtures were incubated at 42 °C for 60 min for reverse tran-
scription and then at 92 °C for 10 min to inactivate the enzyme. PCR
was performed by preparing 20 pl reaction mixture contained 1x
PCR buffer, 500 uM dNTPs, 0.15 pM p-actin primers, 1.5 uM c-MYC
primers, 1 unit of Taq polymerase, 0.1% DEPC-H,0, and 3 pl of the
cDNA template. The PCR reaction was carried out in an ABI Perkin
Elmer Thermal Cycler and the product was amplified. The amplifica-
tion conditions are as follows: 95 °C for 5 min, followed by 36 cycles
of 95 °C for 1 min, 50 °C for 1 min, and 72 °C for 1 min. The amplified
products were separated on a 1.5% agarose gel, and photographs
were taken on a Bio-Rad Gel Doc XR + system (USA). Expression of
B-Actin was used as a reference in the real time PCR experiment.
The ¢-MYC and B-actin primers used in real time PCR are given
below.

S. no. Name of the primer DNA sequence

1. c-MYC-F 5’ TGAGGAGACACCGCCCAC 3’

2. c-MYC-R 5" CAACATCGATTTCTTCCTCATCTTC 3’
3. -Actin-F 5" AAGAGAGGCATCCTCACCCT 3’

4, 3-Actin-R 5'TACATGGCTGGGGTGTTGAA 3’
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2.11. Cell migration assay

Normal and cancer cells were seeded at 20,000-40,000 cells/cm?
with 0.2 ml/cm? media and incubated for 48 h at 37 °C, 6% CO,, 95% rel-
ative humidity. The DHII-4CPh, DHII-TPh and DHII-MPhPy derivatives
were added to the cells at different concentrations (0 pM, 2 pM, 4 pM,
6 UM, 8 puM, 10 pM, 15 pM, 25 pM, 50 pM) and the cells were incubated
for 24 h. Cells treated with Hermine in the same concentration range
was considered as control. Cancer cells were seeded into a six-well
tissue culture dish and allowed to grow to 90% confluence in a complete
medium. Sufficient care was taken to grow the cells in a single monolay-
er. A sterilized plastic tip (1 mm) that touched the plate as described
[49] wounded cell monolayers. Wounded monolayers were then
washed four times with medium to remove cell debris and incubated
in 0.5% FBS medium in the absence or in the presence of
dihydroindolizino indole derivatives (DHII) and admitted it to grow
for 24 h. Cells were monitored under a microscope fitted with a camera
(Zeiss).

2.12. Statistical analysis

The data procured from different experiments were subjected to sta-
tistical analysis using Student's two-tailed unpaired t-test using
Graphpad Prism software version 4.0 (San Diego, CA, USA). Data was
considered significant if p value < 0.05.

3. Results and discussion
3.1. Synthesis of dihydroindolizino indole derivatives

The dihydroindolizino indole derivatives (DHII) were synthesized
from the reaction of N-indolyl pyrrole with aromatic aldehydes in the
presence of pTSA (5 mol%) in dichloro-methane at room temperature
[50]. Initially, 4-cyano benzaldehyde was used as an aldehyde compo-
nent, which provided the dihydroindolizino indole derivative with 4-
cyanophenyl group (DHII-4CPh) in 86% yield. Likewise, various
aromatic aldehydes having different substitutions and heteroaromatic
aldehydes successfully provided the corresponding dihydroindolizino
indole derivatives (DHII-4CPh, DHII-TPh and DHII-MPhPy) in good
yield. The dihydroindolizino indole derivatives primarily consist of
dihydro B-carboline, pyrrole and various aryl substituents to produce
different aryl-substituted dihydroindolizino indole derivatives (DHII-
4CPh, DHII-TPh and DHII-MPhPy). The p-carboline and (3-carboline-
like structures (depicted in dark black color) in dihydroindolizino indole
and the position of aryl groups in dihydroindolizino indole are shown in
Fig. S1 (under supplementary information).

Table 1

3.2. Interaction and stabilization of G-quadruplex DNA by
dihydroindolizino indole derivatives

3.2.1. G-quadruplex DNA and dsDNA melting in the presence of synthetic
indole derivatives

DNA melting studies are useful to identify the potential of deriva-
tives in stabilizing DNA. In order to understand the extent of stability
provided to different forms of DNA by synthetic DHII derivatives, melt-
ing studies were carried out in the presence of G-quadruplex DNA
formed by d(T,AGs), and CT DNA. The increase in ATy, of the DNA-
derivative complex is consistent with higher stabilization of the com-
plex by the interacting derivative. The melting temperatures (Ty,) of
CT DNA and G-quadruplex DNA formed by d(T,AGs), alone were
found to be 69.8 °C and 54.8 °C respectively. The difference in melting
temperature (AT,,) of CT DNA and G-quadruplex DNA in the presence
of each derivative is shown in Table 1. In general, with all the deriva-
tives, ATy, with G-quadruplex DNA was higher than CT DNA, indicating
their ability to stabilize G-quadruplex DNA better than dsDNA. Among
the dihydroindolizino indole (DHII) derivatives studied, DHII-4CPh
exhibited maximum variation in AT, with both kinds of DNA. The
AT, of DHII-4CPh-quadruplex DNA complex was found maximum
(AT =~ 17 °C), suggesting that the dihydroindolizino indole derivatives
with 4-cyanophenyl group as a pharmacophore (DHII-4CPh) interact
and stabilize G-quadruplex DNA much better than other derivatives se-
lected in the present study [51,52].

3.2.2. Higher affinity and interaction of DHII-4CPh with G-quadruplex DNA
compared to dsDNA

Isothermal titration calorimetry (ITC) is a sensitive microcalorimet-
ric technique for determining derivative's binding affinity, stoichiome-
try and thermodynamic parameters of DNA-derivative complex [53].
To corroborate the DNA melting data and to find the role of DHII-4CPh
in selective interaction and stabilization of G-quadruplex DNA, ITC titra-
tions were carried out with DHII-4CPh, DHII-TPh and DHII-MPhPy de-
rivatives using both forms of DNA (G-quadruplex and CT DNA). ITC
thermograms of DHII-4CPh, DHII-TPh and DHII-MPhPy after interaction
with d(T>AGs), G-quadruplex are shown in Fig. 2. It is obvious from the
ITC results that derivative's binding to quadruplex DNA occurs in two
ways, one with higher and another with lower affinity. The first
one takes place with the considerable entropy change (~—3.0 to
— 8.0 kcal/mol) and the second process proceeds with a significant
change in enthalpy (~— 6.0 to — 8.0 kcal/mol). Although the variation
in entropy and enthalpy alone is not sufficient to determine the molec-
ular interaction with DNA. However, the significant thermodynamic
changes observed due to interaction between the derivative and the
DNA bases will provide a much closer view of their interaction [54].
The binding constants of derivatives in the foremost and second mode
are in the order of 10~ 7 and 1073 respectively. Further, the binding

The AT, values obtained with different DNA-DHII derivatives. The melting temperatures of CT DNA and G-quadruplex DNA formed by d(T»AGs), in the absence of any derivative is 69.8 °C

and 54.8 °C respectively.

s.no Derivative name -R AT (°C) Duplx DNA AT (°C) G-quadruplex DNA
1. DHII-4CPh CN 5.6+ 0.3 16.7 + 0.7
2. DHII-TPh — 414+ 05 10.7 + 0.9
S: /)
3. DHII-MPhPy Ph 45 + 0.7 103 4+ 0.7
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Fig. 2. ITC thermogram obtained on titration between d(T>AGs), G-quadruplex DNA and DHII-4CPh, DHII-TPh and DHII-MPhPy.

constants (K; and K3) with DHII-4CPh are comparatively high, showing
good interaction of DHII-4CPh with d(T>AGs), G-quadruplex DNA. ITC
results, shown in Table 2, support the data obtained from DNA melting
experiments. From the ITC thermogram, it is evident that the stoichiom-
etry between d(T>AGs), G-quadruplex: DHII-4CPh is 1:2.

Further, saturation of the ITC signal in the titration between DHII-
4CPh and CT DNA (dsDNA), occurs in less time (about 30 min) when
compared to G-quadruplex DNA (about 250 min), emphasizes lesser in-
teraction of DHII-4CPh with CT DNA compared to intermolecular G-
quadruplex DNA formed by d(T>AGs3),. The ITC thermogram obtained
on addition of DHII-4CPh to CT DNA is shown in Fig. S2 (under supple-
mentary information). ITC data also substantiate that among the poten-
tial derivatives, DHII-4CPh showed maximum interaction with G-
quadruplex DNA than with CT DNA (dsDNA).

3.3. Interaction and binding between 4-cyanophenyl dihydroindolizino
indole derivatives (DHII-4CPh) and G-quadruplex DNA

3.3.1. ESI-MS studies to understand the interaction of DHII-4CPh with two
different forms of intermolecular G-quadruplex DNA

From the DNA melting and ITC experiments, it is evident that DHII-
4CPh has better interaction with G-quadruplex DNA compared to
dsDNA. It is hard to conclude from the above experimental results,
which form of G-quadruplex DNA has a higher interaction with DHII-
4CPh. ESI-MS studies were performed to find the difference in the inter-
action and the binding stoichiometry of DHII-4CPh toward two forms of
intermolecular human G-quadruplex DNA (dimeric and tetrameric) at a
lower concentration (in the nM range). ESI-MS is a soft ionization tech-
nique, which allows detection of intact non-covalent complexes, espe-
cially at a low concentration [55,56]. Ammonium acetate was used as

Table 2
ITC data obtained when DHII-4CPh, DHII-TPh and DHII-MPhPy interact with d(T,AGs), G-
quadruplex DNA complex..

ITC derived DHII-4CPh- DHII-TPh- DHII-MPhPy-
thermodynamic quadruplex DNA quadruplex DNA quadruplex DNA
parameters

Ky x 1077 4.27 (+04) 1.65 (£0.09) 1.12 (£0.03)
AG; (kcal/mol) —10.45 —9.78 —8.37

AH; (kcal/mol) —242 (+£0.1) —4.27 (+0.07) —4.96 (+0.05)
AS; (kcal/mol) —8.03 —5.51 —341

K, x 107° 5.26 (£0.6) 2.61(40.3) 2.14 (£0.2)
AG; (kcal/mol) —7.70 —7.88 —891

AH, (kcal/mol) —5.79 (£0.1) —6.86 (+£0.08) —7.54 (+£0.09)
AS; (kcal/mol) —1.91 —1.02 —1.37

buffer to obtain clean spectra and 10% methanol to improve spraying
conditions [57]. To look into the interaction of DHII-4CPh with both
the G-quadruplex sequences, negative ion ESI mass spectra were re-
corded and the details are given in Table 3. The mass spectrum of G-
rich single strand d(5'TTAGGG3’) or d(T,AG3) exhibits deprotonated
ions at m/z 614, 922, 933, 942, and 947 (Fig. 3A). The ions at m/z 614
([SSIP™) and m/z 922 ([SS]*> ™) are imputed to the single stranded struc-
ture of d(T,AGs) with the charge states of —3 and — 2 respectively. The
peaks at m/z 933 ([Q, + 2 K-H]®™), m/z 942 ([Q, + 4 K-H[®™), and m/z
947 ([Q, + 5 K-HJ®™) correspond to the intermolecular G-quadruplex
DNA formed by tetrameric d(T,AGs3) structure with the charge states
of —8, —8, and — 8 respectively. ESI-MS data indicate that d(T,AGs3) ol-
igonucleotide can form only tetrameric G-quadruplex.

We speculate that five cations stabilize the G-quadruplex DNA
formed by d(T,AGs). Of these, three ions are connected to guanines
and other two cations are associated with thymidines. It was shown ear-
lier that besides guanines, thymidines also form clusters stabilized by
cations [58]. Since cations were shown to lodge in the cavity in the cen-
ter of quadruplex [59] the ammonium and potassium cations were
placed in the pith of the G-quadruplex formed by d(T>AGs3).

Fig. 3B displays the negative ion ESI mass spectrum obtained when
d(T>AGs) G-quadruplex interacts with DHII-4CPh. The spectrum exhibits
the peaks at m/z 530 ([Q, + DHII-4CPh + 3 K-H]'*~), m/z 614 ([SS]* ),
m/z 922 ([SS]* ), m/z 933 ([[Qa + 2 K-H]¥ ™), m/z 942 ([Q, + 4 K-H|* ™),
m/z947 ([Q, + 5K-HJ®~) and m/z 1003 ([Q, + DHII-4CPh + 4 K + NH,-
3HJ® 7). The ions at m/z 530 ([Q, + DHII-4CPh + 3 K-H]'*~) and m/z
1003 (|Q, + DHII-4CPh + 4 K + NH4-3H]® ™) can be attributed to the
adduct ions formed by the interaction between DHII-4CPh and G-
quadruplex DNA with the charge states of —15 and — 8 respectively.
It is interesting to note that DHII-4CPh interact with a tetrameric form
of d(T»AG3) G-quadruplex DNA at 1:1 stoichiometry. Further, it is ap-
parent that less number of DHII-4CPh-d(T,AG3) G-quadruplex DNA
complex adduct peaks were observed in the ESI-MS spectra (Fig. 3B) in-
dicating comparatively lower interaction of DHII-4CPh with the tetra-
meric form of G-quadruplex formed by d(T,AGs).

The negative ion ESI mass spectrum of G-rich single strand d (5’
TTAGGGTTAGGG3') or d(T>AGs), shows the deprotonated ions at m/z
770 ([Qy + 5 K-H]'°7), m/z 938 ([SS]* ™), m/z 952 ([Qy + 3 K-HF™),
m/z 1251 ([SS]* ), m/z 1270 ([Q, + 3 K-H]°"), and m/z 1508 ([Qs +
2NH4-H]> ™) (Fig. 3C). The ions at m/z 938 ([SS]*™) and m/z 1251
([SS]’7) can be attributed to the single-stranded structure of
d(T»AGs); sequence with the charge states of —4 and — 3, respectively.
Peaks at m/z 770 ([Q, + 5 K-H]'°™), m/z 952 ([Qy, + 3 K-H|®¥7), m/z
1270 ([Qb + 3 K-H]°7), and m/z 1508 ([Qy, + 2NH4-H]° ™) correspond
to the dimeric structures (G-quadruplex having two hairpin DNA
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Table 3

ESI-MS data obtained when DHII-4CPh derivative interact with d(T,AG3) and d(T,AGs), G-quadruplex DNA.

G-quadruplex Derivative m/z (relative abundance)

Charge of the complex Quadruplex: derivative

d(T»AG3) No derivative

d(T>AGs) DHII-4CPh 530

d(T>AGs3)2 No derivative 770

d(T>AGs), DHII-4CPh 696

([SSPP™) 0:0
([SSP*7) 0:0
[Q + 2 K-H]F~ 1:0
[Q. + 4 K-HPF~ 1:0
[Qa + 5 K-HF~ 1:0
[Q. + DHII-4CPh + 3 K-H]">~ 1:1
([SSIP~) 0:0
([SSP>7) 0:0
[Q. + 2 K-H]B~ 1:0
[Q. + 4 K-H]*~ 1:0
[Q. + 5 K-HF~ 1:0
[Q. + DHII-4CPh +4 K + NH4-3H]®~ 1:1
[Qy + 5 K-H]'°~ 1:0
[SS]#— 0:0
[Qy + 3 K-H[*~ 1:0
[SSIP~ 0:0
[Qy + 3 K-H]®~ 1:0
[Qp + 2NH,-H]>~ 1:0
[Qy + 4 K-H]''~ 1:0
[Qy + 5 K-H]'°~ 1:0
[Qy + DHII-4CPh + 4 K-H]'®~ 1:1
[Q, + DHII-4CPh + K-H]®~ 1:1
[Q, + DHII-4CPh + 4 K-H]®~ 1:1
[Qp + 2DHI-4CPh + 3 K + NH4-H]®~ 1:2
[Q, + K-H]*~ 1:0
[Qp + 2NH,-H]>~ 1:0

strands) formed by d(T>AGs3), with the charge states of —10, —8, —6,
and — 5, respectively (Table 3). The m/z values in the ESI-MS spectra,
exactly correspond with two strands of d(T,AGs), instead of four
strands of d(T,AGs), indicating the presence of the dimeric form of G-
quadruplex DNA in solution.

Fig. 3D shows the ESI-MS spectrum of d(T,AG3),G-quadruplex
after interaction with DHII-4CPh. The spectrum exhibits the ions at
m/z 696 ([Qy, + 4 K-H]''™), m/z 770 ([Qy + 5 K-H]'°™), m/z 977
(IQy + DHII-4CPh + 4 K-H]'®~), m/z 1001 (|Qp + DHII-4CPh + K-
H]J®7), m/z 1017 ([Qp + DHII-4CPh + 4 K-H]® ™), m/z 1074 ([Qs, +
2 DHII-4CPh + 3 K + NHy4-H]® ™), m/z 1257 ([Q, + K-H]®™), and
m/z 1508 ([Q, + 2NH4-H]> 7). The ions at m/z 696 ([Qy, + 4 K-
H]'' ™), m/z 770 ([Qp + 5 K-H]'°7), m/z 1257 ([Qp + K-H]®™) and
m/z 1508 ([Q, + 2NH4-H]*~) correspond to the two hairpin
structures formed by d(T,AGs), sequence with the charge states
of —11, —10, —6, and —5, respectively. The peaks at m/z 977
([Qp + DHII-4CPh + 4 K-H]'®~), m/z 1001 ([Q,, + DHII-4CPh + K-
H]®7), m/z 1017 ([Q, + DHII-4CPh + 4 K-H]|®~) and m/z 1074
([Qy + 2DHII-4CPh + 3 K + NH4-H]® ) can be attributed to the ad-
duct ions formed by the interaction between DHII-4CPh and the
d(T,AGs), G-quadruplex DNA with the charge states of — 16, —8,
—8, and — 8, respectively. In the ESI-MS experimental data as well
as in Table 3, mostly 1:1 stoichiometry between DHII-4CPh and
d(T2AGs), G-quadruplex was observed. This may be because the exper-
iments were performed at very low derivative and DNA concentration.
Even at lower concentration, due to higher and stronger interaction be-
tween the DHII-4CPh and the d(T,AGs), G-quadruplex molecules, at
least one adduct corresponding to 1:2 stoichiometry was noticed (the
peak with m/z 1074) in Table 3. However, since ITC titration experi-
ments were carried out at higher concentrations and because of greater
affinity and interaction between the DHII-4CPh and the d(T>AG3);, G-
quadruplex DNA molecules, 1:2 stoichiometry was observed. Further,
the presence of relatively more number of intense peaks corresponding
to DHII-4CPh-d(T,AGs), G-quadruplex complex adduct ions in the ESI-
MS spectra (Fig. 3D), reflects the existence of more number of DHII-
4CPh-G-quadruplex DNA complex molecules in solution. These results

indicate higher interaction of DHII-4CPh with dimeric G-quadruplex
formed by d(T,AGs3), over tetrameric d(T>AGs) G-quadruplex.

3.3.2. Binding of DHII-4CPh with two different forms of G-quadruplex at
higher concentration using spectroscopy

ESI-MS studies show that DHII-4CPh has higher interaction with di-
meric G-quadruplex formed by d(T»AGs), than with tetrameric
d(T,AGs) quadruplex at lower concentration. To reassert the interaction
of DHII-4CPh with two different G-quadruplex forms at higher concen-
trations (UM range), spectroscopy studies were performed. Circular di-
chroism (CD) spectroscopy has been used to understand the
conformational changes in G-quadruplex DNA on interaction with
DHII-4CPh. It was reported earlier that parallel G-quadruplexes display
a positive band at around 265 nm and a negative band around 240 nm.
Similarly, antiparallel G-quadruplexes exhibit a positive band at around
295 nm and negative band around 260 nm [60]. The CD spectrum of
5.0 uM d(T,AGs) displays a prominent positive band at 265 nm and a
small negative band at 240 nm, suggesting the existence of parallel in-
termolecular quadruplex in solution [61]. With the addition of 2.5 and
5.0 uM DHII-4CPh, there is a negligible change in the position and the in-
tensity of positive bands (Fig. 4A), indicating a lesser interaction of DHII-
4CPh with G-quadruplex formed by d(T,AGs). Further, the negative
band intensity at 240 nm did not alter much, suggesting no change in
the helicity of DNA after DHII-4CPh interaction. These results indicate
that DHII-4CPh has less effect on d(T,AGs) quadruplex conformation.

On the other hand, the CD spectrum of d(T>AGs), G-quadruplex
DNA is different. It presents a positive band at 265 nm, a small shoulder
at 295 nm and a small negative band at about 240 nm. This suggests the
presence of mixed type parallel-antiparallel G-quadruplex DNA [62].
Fig. 4B shows the CD spectrum of 5.0 pM d(T>AGs), G-quadruplex
DNA before and after the addition of DHII-4CPh. On addition of 2.5 pM
and 5.0 uM of DHII-4CPh to d(T,AGs), G-quadruplex, the positive
bands at 265 nm and 295 nm show considerable hypochromicity with-
out any shift. The hypochromicity of CD band can be ascribed to the par-
tial unfolding of G-quadruplex DNA [63]. Further, the negative band
intensity at 240 nm exhibited a gradual decrease, suggesting changes
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Fig. 3. ESI mass spectra of (A) d(T,AGs) G-quadruplex alone, (B) d(T>AG3) G-quadruplex with DHII-4CPh, (C) d(T>AGs), G-quadruplex DNA alone and (D) d(T,AGs), G-quadruplex with

DHII-4CPh. The peaks marked with “” are adduct ions.

in the DNA helicity. CD experiments emphasize that DHII-4CPh interacts
better with G-quadruplex formed by d(T,AGs), than that formed
by d(T,AGs) and brings detectable conformational change in the
quadruplex formed by d(T,AGs),, These results support the ESI-MS ex-
perimental data.

To gain further insight into the interaction between the DHII-4CPh
and G-quadruplexes, UV-visible spectra were recorded in the presence
and the absence of intermolecular G-quadruplexes formed by d(T,AGs3)
and d(T»AGs),. UV-visible spectrum of DHII-4CPh shows three absorp-
tion peaks at 202 nm, 222 nm and 272 nm (Fig. 5A). On addition of

— — G-Quadruplex DNA alone
40- —— d(T,AG,)G-Quadruplox DNA +
BCHD-4CPh ( 1.0: 0.5)
_‘i‘ e d( T2ACs)s G-Quadruplex DNA
[T BCHD-4CPh (1.0: 1.0)
2 204
w
=
3 OP— ; ' .
H 240 260 280 300
-20- Wavelength in nm

different amounts of d(T,AGs) G-quadruplex to DHII-4CPh, the absorp-
tion peak exhibited hyperchromicity without any shift. No isobestic
point was noticed. By correlating the data with the published results
in the literature, indicates that derivative DHII-4CPh binds to the surface
of d(T,AGs) G-quadruplex DNA [64,65]. UV-visible experiments indi-
cate that, due to the non-covalent surface binding interaction of the
DHII-4CPh derivative, less adducts were seen in corresponding ESI-MS
spectra. Based on the absorbance values obtained, the DHII-4CPh-DNA
binding constant (Kp) was calculated by following the steps mentioned
in the experimental procedure. The binding constant obtained with

B) &0 —— G-Quadruplex DNA alone
—— d(T;AG;)G-Quadruplex DNA +
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Fig. 4. A & B. CD spectra of d(T>AG3) & d(T,AGs), G-quadruplex in the presence and the absence of DHII-4CPh. To the 5.0 uM of G-quadruplex DNA in 100 mM KBPS buffer, 2.5 pM and
5.0 uM of DHII-4CPh was added. With the addition of DHII-4CPh to d(T,AGs), G-quadruplex, both the positive and negative band intensities at 265 nm and 240 nm exhibited a gradual
reduction. Not much change was noticed when DHII-4CPh was added to d(T,AG3) G-quadruplex. The variation in the band intensities was marked with arrows.
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Fig. 5. UV-visible spectrum of (A) DHII-4CPh with d(T,AG3) G-quadruplex DNA and (B) DHII-4CPh with d(T,AG3), G-quadruplex DNA. 5.0 uM of DHII-4CPh was prepared in 1:1 methanol:
milli Q water and 5.0 uM of G-quadruplex DNA was prepared in 100 mM KBPS buffer. Each time to 5.0 pM DHII-4CPh derivative equal aliquots of quadruplex DNA was added.

DHII-4CPh, on interaction with d(T,AG3) G-quadruplex DNA was in the
10% range (Kp = 1.8 x 10° M~ 1).

On the other hand, with the addition of different amounts of
d(T2AG3); G-quadruplex DNA to DHII-4CPh, the absorption peak at
202 exhibited slight hypochromicity and about 4 nm (202 to 206 nm)
bathochromic shift (Fig. 5B). An isobestic point was observed at
230 nm. According the reported data available in the literature, the
hypochromicity accompanied with slight bathochromic shift usually oc-
curs when the derivative intercalate between the two stacks of
d(T»AGs), G-quadruplex [66]. Hypochromicity of the derivative's ab-
sorption peak is due to the interaction between the electronic states of
the derivative with quadruplex DNA bases [67] whereas the
bathochromic shift is related to the decrease in orbitals after derivative
binding to DNA [68]. It was noticed that DHII-4CPh binds to d(T>AGs)»
G-quadruplex DNA with higher affinity which is discernible from its
high binding constant, in the 10° range (K, = 1.1 x 10° M~ !). The
UV-visible experimental data also make it clear that due to higher inter-
action and binding of DHII-4CPh to d(T,AGs3), G-quadruplex DNA, more
adducts were observed in the corresponding ESI-MS spectra.

3.4. Effect of G-quadruplex DNA stabilization on in vitro DNA synthesis and
gene expression

3.4.1. Levels of c-MYC expression in DHII-4CPh treated cancer cells

Expression of a protein in a cell can be elucidated using quantitative
real time PCR. A well-known oncoprotein namely c-MYC expression
levels in cancer cells were reported high in cancer cells compared to
normal cells [69]. Reduction of oncoprotein levels indicates the ability
of a derivative/molecule to induce apoptosis in cancer cells. In order to
determine the effect of derivative treatment on c-MYC expression
in malignant neoplastic disease cells, BI6F10 human melanoma cells
(1 x 10°%) were grown after treating the cells with different concentra-
tions of DHII-4CPh derivative. Interestingly, the expression of c-MYC
was found less in B16F10 cells treated with DHII-4CPh, compared to un-
treated cells. Though the expression of c-MYC was low at 8 uM DHII-
4CPh, the level of expression was reduced to half at around 4 uM con-
centration. Endogenous expression levels of 3-actin remained the
same at all concentrations studied. The gel picture obtained after load-
ing the PCR amplified products on 1.5% agarose gel is shown in Fig. 6A.
A graphical representation illustrating band intensities vs concentration
of DHII-4CPh (shown in Fig. 6B) indicates that the band intensity re-
duces to half when the derivative concentration was at around 4 pM.

RT PCR experiments show that c-MYC expression was reduced in
B16F10 cells after DHII-4CPh treatment, indicating its potential to in-
duce apoptosis in cancer cells. Further, the results indicate that it has
no consequence on the expression of 3-actin when the melanoma
cells were treated with a similar concentration of DHII-4CPh.

3.4.2. Suppression of DNA synthesis in vitro by DHII-4CPh through G-
quadruplex DNA stabilization

DNA binding experiments show that DHII-4CPh has higher interac-
tion with G-quadruplex DNA and the real time PCR experiments re-
vealed that on DHII-4CPh treatment, the expression of c-MYC has
declined without affecting the endogenous expression of housekeeping
gene, 3-actin. To infer the mechanism of action of DHII-4CPh, when lik-
ened to other indolizino indole derivatives, namely DHII-TPh and DHII-
MPhPy, in reducing c-MYC expression, stop assay was carried out with
the three derivatives at different concentrations. Further, this assay em-
phasizes the importance of c-MYC G-quadruplex DNA stabilization by
indolizino indoles in impeding DNA synthesis and transcription ma-
chinery resulting in down-regulation of oncoprotein synthesis in cells.

DNA synthesis products obtained with Pu27 and Pu27 rev primers in
the presence of various concentrations of DHII-TPh, DHII-MPhPy and
DHII-4CPh are depicted graphically in Fig. 7. The effect of the derivative
on in vitro DNA synthesis inhibition, using a non-quadruplex DNA tem-
plate (Pu27-13, 14), was carried out only with DHII-4CPh, as it has been
identified as a potential derivative in previous experiments. The out-
come of this assay shows that with 8 uM DHII-4CPh and Pu27/Pu 27
rev primers the intensity of DNA synthesis bands has brought down to
about 10 AU. On the other hand, the DNA band intensity has not altered
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(indicating c-MYC expression)
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Fig. 6. A. Agarose gel picture showing the PCR amplified products of 3-actin and c-MYC
after treating the B16F10 cells with different concentrations of DHII-4CPh for 24 h. The
concentration of DHII-4CPh in lanes from left to right is 0 uM, 2 uM, 4 uM, 6 UM, and
8 UM. B. Graphical representation showing the variation in c-MYC gene expression in
B16F10 cells before and after the DHII-4CPh treatment.
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Fig. 7. PCR stop assay. Graphical representation showing the variation in the intensity of
DNA bands synthesized in the presence of various concentrations of DHII-4CPh using
Pu27-13, 14 as a template (filled circles). Similarly, intensity of DNA bands obtained in
the presence of DHII-MPhPy (filled squares), DHII-TPh (filled triangles) and DHII-4CPh
(filled inverted triangles) derivative when Pu27 is used as a template. The control samples
were represented with open circles.

to a great extent (it rested at roughly 95 AU) when PCR is carried out
with Pu27-13, 14 and control. Nevertheless, with DHII-MPhPy and
DHII-TPh, the lowest DNA band intensity recorded was ~46 AU and
~25 AU respectively (Fig. 7). Stop assay results reveal that DHII-4CPh
inhibited DNA synthesis at the lower concentration range itself
(2-4 uM). The gel pictures obtained with each set of sample is shown
in Fig. S3. These results support the data obtained from real time PCR ex-
periments. Whereas with DHII-TPh and DHII-MPhPy, DNA synthesis in-
hibition was noted at higher concentrations ranging 6-8 pM. From the
assay results, it is evident that DHII-4CPh stabilizes G-quadruplex DNA
and effectively inhibits in vitro DNA synthesis. Nevertheless, in vitro
DNA synthesis was not affected much even in the presence of DHII-
4CPh when a non-quadruplex forming DNA (Pu27-13, 14) was used
as a template. The outcomes suggest a direct relationship between G-
quadruplex DNA stabilization and inhibition of DNA synthesis. Further,
higher DNA synthesis inhibition will lead to down-regulation of tran-
scription processes in cells. We hypothesize that in real time PCR exper-
iment, the down-regulation of c-MYC expression upon DHII-4CPh
treatment might have taken place due to efficient interaction and stabi-
lization of the G-quadruplex structure formed by the guanine rich se-
quence of the nuclease hypersensitivity element III1 (NHE III1).

Competitive inhibition by various derivatives and the inhibition
constants (K;) for each of the derivatives was calculated using the
Cheng-Prusoff equation (using Eq. (3)). It is 2.82 (£0.067) uM, 1.81
(£0.058) uM and 0.91 (40.065) uM for DHII-MPhPy, DHII-TPh and
DHII-4CPh respectively. The observed inhibition constant for DHII-
4CPh was low, indicating its ease to interact, stabilize c-MYC G-
quadruplex DNA and inhibit in vitro DNA synthesis even at lowest sub-
strate concentrations.

3.4.3. Effect of derivatives on endogenous c-MYC gene expression

From real time PCR and stop assay results, it is unmistakable that
upon increasing the concentration of DHII-4CPh, reduction in c-MYC ex-
pression and enhanced inhibition of DNA synthesis were noticed. To
further validate the assay results and to verify the relationship between
G-quadruplex DNA stabilization and down-regulation of gene expres-
sion, luciferase assay was performed with Hela cells, transfected with
Del 4 and Del 4 mutant plasmids, in the presence and the absence of
DHII-4CPh derivative. When HelLa cells with Del 4 plasmid was treated
with 2 uM, 4 pM, 6 uM and 8 pM concentrations of DHII-4CPh for 24 h
and 48 h, it was strange to observe a significant decrease in relative
light units (RLU) from 1.8 + 0.2, 1.7 4 0.3, 1.5 + 0.2, 1.1 £+ 04 to
1.6 £ 0.1, 1.5 £ 0.3, 0.8 & 0.4, and 0.5 £ 0.1 respectively. Whereas

the variation in the expression of luciferase was insignificant (from
2.2 + 03 to 2.1 4 0.2) even after 48 h of treatment, in samples where
there is no DHII-4CPh derivative was added (Fig. 8). Variation in lucifer-
ase gene expression is apparently due to changes in transcription (rath-
er than translation) because of G-quadruplex DNA stabilization by DHII-
4CPh. This was confirmed in the assay with Del 4 mutant plasmids, in
which DNA sequence that cannot form G-quadruplex DNA structure
was cloned in the place of Del 4 plasmid (details are shown in Fig. S4,
under supplementary information). With Del 4 mutant plasmid, after
24 h of incubation with DHII-4CPh (in the same concentration range),
there is a negligible change in RLU (from 2.2 + 0.2 to 2.1 + 0.1), man-
ifesting same luciferase gene expression irrespective of DHII-4CPh con-
centration. The results of luciferase assay indicate that the G-quadruplex
formation by the c-MYC promoter region sequence and its stabilization
by synthetic DHII-4CPh derivative has remarkable effect on c-MYC gene
expression. Similar results were reported earlier for the repression of c-
MYC and human estrogen receptor alpha through G-quadruplex DNA
stabilization [70,71].

3.5. Role of dihydroindolizino indole scaffolds on cancer cell proliferation
and anticancer activity

3.5.1. Cell migration assay

It was recognized that reduction in oncoprotein expression would
lead to induction of apoptosis and reduction of cancer cell proliferation.
The previous biochemical assays indicate that in BI6F10 cells treated
with DHII-4CPh, the expression of c-MYC (a known oncoprotein) has
slimmed down, showing its potential to diminish cancer cell prolifera-
tion. To verify the strength of dihydroindolizino indole derivatives as
an anti-proliferating agent, human normal and cancer cell lines (CRL-
2115, CRL-2120, MCF-7, A549 and B16F10) were grown in the presence
and the absence of dihydroindolizino indole derivatives. Among the
dihydroindolizino indole scaffolds, 4-cyanopheynl group (DHII-4CPh),
demonstrated higher control over the proliferation of tumor cells than
normal cells. DHII-4CPh could inhibit cancer cell proliferation at a con-
centration as low as 3 pM. The outgrowth of cancer cells was relatively
high when they were treated with DHII-TPh and DHII-MPhPy. The
cells treated with Hermin, a well-known anticancer agent, was consid-
ered as a control in this assay. The effect of dihydroindolizino indole de-
rivatives was high in tumor cells compared to normal cells. It may be
due to increased metabolism and uptake of derivatives by the rapidly di-
viding tumor cells over normal cells. Though the exact reasons are not
known, this assay indicates that with dihydroindolizino indole deriva-
tives, the percentage of viable cells are less when they are given to
B16F10 cells, indicating their higher potential in melanoma cell lines

E=3 BCHD-4CPh for 24 h.
23 BCHD-4CPnh for 48 h.

e
e
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Fig. 8. Bar chart showing the reduction in the reporter activity after 24 h and 48 h of deriv-
ative treated HelLa cells transfected with Del 4 plasmid (which consists of quadruplex
forming c-MYC sequence) in the comportment of a DHII-4CPh derivative. The error bars
indicate stranded errors over three independent experiments.
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Table 4
Cell migration assay results obtained when dihydroindolizino indole derivatives (DHII)
were incubated with normal and tumor cells for 24 h.

S.No. Derivative =~ Maximum cell proliferation inhibition (concentration in uM)

fame CRL-2115 CRL-2120 MCF-7 BIGFI0  A549
1. Hermine 388 + 04 367+ 06 176+ 08 62+ 06 143 + 09
2. DHI-4CPh 164+ 06 167+05 92409 37+04 65+ 08
3. DHI-TPh 159+ 06 154+ 08 112407 81+ 04 129 + 06
4. DHI- 161 + 04 166+ 07 128 +04 94+ 05 13.1 + 0.7
MPhPy

than in any other tumor cell lines. The data obtained from this assay is
shown in Table 4.

4. Conclusions

In the present study, three different dihydroindolizino indole deriv-
atives were synthesized and studied for their ability to selectively stabi-
lize G-quadruplex DNA and inhibit the proliferation of malignant
neoplastic disease cells. Among the derivatives, DHII-4CPh has a higher
interaction with G-quadruplex DNA and selectively stabilizes G-
quadruplex DNA over dsDNA. Among intermolecular quadruplexes, in-
teraction of DHII-4CPh is higher with dimeric G-quadruplex formed by
d(T»AGs), than with tetrameric structure formed by d(T>AGs). Spec-
troscopy results support the ESI-MS data and confirms that DHII-4CPh
exhibit higher affinity and stronger interaction with d(T,AGs),
quadruplex DNA. DHII-4CPh derivative down-regulates c-MYC expres-
sion in tumor cells. In vitro DNA synthesis using the template and
primers from the nuclease hypersensitivity element IlI1 (NHE III1)
region and luciferase reporter assay indicates that c-MYC promoter
transcription is gradually down regulated with an increase of the
DHII-4CPh concentration, in all likelihood due to G-quadruplex DNA
stabilization. Cell migration assay confirms that the dihydroindolizino
indole derivatives will significantly reduce proliferation of the cancer
cells in the micro molar concentration range. Among the
dihydroindolizino indole derivatives, DHII-4CPh exhibited the highest
and selective affinity, interaction and stability toward G-quadruplex
DNA, reduced c-MYC expression, brings down cancer cell proliferation
and induced apoptosis among cancer cells. Such studies will be useful to
identify and develop suitable lead derivatives, which have specific inter-
action with G-quadruplex DNA and exhibit potential anticancer activity.

Abbreviations

DHII-4CPh methyl-3-benzyl-11-(4-cyanophenyl)-6-methyl-6,11-
dihydro-5H-indolizino [6,7-b] indole-1-carboxylate.

DHII-TPh methyl-3-benzyl-6-methyl-11-(thiophen-2-yl)-6,11-
dihydro-5H-indolizino [6,7-b] indole-1-carboxylate.

DHII-MPhPy methyl-3-benzyl-6-methyl-11-(3-methyl-1-phenyl-1H-
pyrazol-4-yl)-6,11-dihydro-5H-indolizino[6,7-b]indole-1-
carboxylate.

PTSA p-toluenesulfonic acid.
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