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Abstract

Preliminary cytotoxic analysis of sulphur containing isosteric analogues of calothrixin B iden-
tified the useful anti-tumour activity of thia/isothiacalothrixin B which necessitated it’s biologi-
cal evaluation in colon and lung cancer cell lines. The isothia analogues induced cytotoxicity
of HCT116 in a time-dependent manner and inhibited the clonogenic survival of HCT116
and NCI-H460 cells in a dose-dependent manner comparable to the standard anti-cancer
drug camptothecin. Herein employing flow cytometry, we demonstrate that isothiacalothrixin
B analogues inhibited proliferation of colon cancer cells by the arrest of cells in S and G2/M
phases over a period of 48 hours at a concentration of 5 uM. Our results also suggest that
the cytotoxicity of thia analogues of calothrixin B is partially mediated by induction of cellular
DNA strand breaks. The UV-Vis spectroscopic studies with CT-DNA revealed groove bind-
ing for calothrixin B and its thia analogues wherein subsequent in silico molecular modelling
studies indicated preferential binding to the AT-rich regions of minor groove of DNA. Fur-
thermore, thiacalothrixin B caused transcriptional activation of p21%2f/¢P1 sromoter and
upregulation of its protein levels independent of p53. The induction of DNA damage
response pathway leads to apoptosis in isothiacalothrixin B but not in thiacalothrixin B
treated cells. The isothia analogues SCAB 4 induced DNA strand breaks and cell cycle
arrest even after treatment for a short period (i.e., 4 hours) and the cell cycle effects were
irreversible. For the first time, this study provides detailed cellular effects on the potential
use of isothiacalothrixin B analogues as cytotoxic agents.

Introduction

The naturally occurring quinocarbazole alkaloid namely, calothrixin B was initially identified
to possess nanomolar growth inhibitory action against HeLa cells [1], and recently, it was
reported to exert its anti-proliferative activity in a panel of cancer cell lines differing in p53 sta-
tus [2]. Although calothrixin B is less potent than its N-oxide bearing calothrixin A, an attempt
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to introduce fluorine substituent to the E-ring of calothrixin B resulted in 3-fluoro calothrixin
B having superior cytotoxic profile comparable to calothrixin A [2]. One useful approach of
modulating the anticancer property involves the replacement of aromatic heterocyclic frame-
work with the sulphur-containing heterocyclic unit which results in a change of regiochemical
features such as size, shape and electron donating ability to assist proper fit of the ligand within
the drug target [3]. The presence of sulfur atom in many experimental and clinically approved
drugs have been widely reported in the literature where the low-lying C-S ¢* orbitals in sul-
phur heterocyclics induce a positive electrostatic potential to favour non-bonding interactions
with the biological targets [3, 4]. Earlier studies with isothiaellipticine, the sulphur isostere of
the pyridocarbazole alkaloid ellipticine is capable of restoring p53 function in a manner analo-
gous to ellipticine, the parent compound [5]. Also, the replacement of carbazole nitrogen
(NH) with sulphur atom resulted in thia calothrixin B [SCAB 1] having a cytotoxic property
inferjor to calothrixin B, however upon its isomerisation yielded isothiacalothrixin B [SCAB
4] having superior anti-cancer potency in cancer cell lines [6]. The synthesis of isosteric ana-
logues of calothrixn B is beneficial both in search of more active yet specific cytotoxic com-
pounds and helps in explaining the mode of action of these compounds on cancer cell lines. In
this report, we evaluated the cytotoxic potential of thia analogues of calothrixin B [SCAB
1-12] in HCT116 (colon cancer cells) and explored the possible mechanism of cell killing by
these analogues. The results from our studies suggest that isothiacalothrixin analogues caused
apoptotic cell death in HCT116 cells through induction of irreversible DNA damage.

Materials and methods
Reagents and antibodies

A detailed procedure on the preparation of calothrixin B and its sulphur analogues [SCAB
1-12], their characterization data (IR, NMR, MS and HRMS spectral analysis) were discussed
in our earlier reports [2, 6]. The > 95% purity of the compounds (calothrixin B, SCAB 1-12)
were determined by high-resolution mass spectral (HRMS) data. In this paper, we discuss the
results from the biochemical studies of calothrixin B and its thia analogues (SCAB 1-12). Sul-
phorhodamine-B (SRB), Crystal violet, Trypan blue, Propidium Iodide (PI), RNase, Dithio-
threitol, Acridine Orange and Ethidium Bromide were purchased from Sigma (St. Louis, MO,
USA). BCA protein assay kit, ECL plus chemiluminescence kit were purchased from Thermo
Scientific Pierce. pGL4.2[luc2/puro] Vector, Reporter 5x lysis buffer and Luciferase assay
reagents were purchased from Promega, Madison, WI, USA. Protease inhibitor cocktail (Cat.
No0.539134) and phosphatase inhibitor cocktail (Cat. N0.524627) were purchased from Calbio-
chem, Merck-Millipore, CA, USA. The nitrocellulose membrane was obtained from Bio-rad.
Specific antibodies against p53, p21"*"/“P! and corresponding secondary antibodies were
purchased from Cell Signaling Technology (Beverly, MA, USA). Antibody to B-actin was pur-
chased from Sigma (St. Louis, MO, USA).

Cell lines and cell culture

Human cancer cell lines HCT116 (colon), NCI-H460 (Lung), U251 (Glioma), MCF?7,
MDA-MB231 (Breast), HeLa and SiHa (Cervical) were purchased from American Type
Culture Collection, ATCC. Cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM, Invitrogen) supplemented with Heat inactivated 10% (v/v) fetal bovine serum (FBS,
Invitrogen) and antibiotic solution (100 pg/ml streptomycin and 100 IU/ml penicillin), in a
humidified atmosphere of 5% CO, at 37 °C. The cells were subcultured and maintained in cul-
ture flasks following the instructions from ATCC.
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Sulphorhodamine-B cytotoxicity assay

The cell viability was measured by SRB assay following the NCI protocol [7, 8]. In brief, the
cells were seeded into 96 well cell culture plates with seeding densities ranging from 1500-
3000 cells /well. The thiacalothrixin B stock solution was prepared in DMSO at a concentration
of 1 mM and subsequently diluted to working concentration of 4 uM in culture media. After
over-night adherence, the cells were treated with different drug concentrations ranging from

4 uM to 0.2 nM for 48 hours. At the end of treatment period, cells were fixed with 10% trichlo-
roacetic acid for 1 h at 4°C and washed with 1% acetic acid. The fixed cells were stained with
0.54% SRB for 15 min, washed three times and left to dry at room temperature. The plates
were developed by solubilising the bound dye with a Tris-Base solution, and the absorbance
was measured at 530 nm using a microplate reader. The half-Maximal growth inhibition
(GIsp) values which are the time zero corrected, reduction in cell number by 50% in compari-
son with that of untreated control was obtained, and standard deviation from at least two inde-
pendent experiments was computed using Microsoft Excel.

Clonogenic assay

The clonogenic assay was performed following established procedure [9] to assess the long-
term effect of the reported analogues on cell viability. In brief, the colon (HCT116) and lung
(NCI-H460) cancer cells were obtained as a single cell suspension and seeded at concentra-
tions of 100 cells/well of a six-well plate (in triplicate). After over-night adherence, the cells
were treated with different concentrations of calothrixin B and its thia analogues for 48 hours
and then washed with Dulbecco’s Phosphate buffered saline. The cells were cultured in fresh
medium without drugs for a period of 14 days until visible colonies formed which are then
stained with crystal violet and photographed.

Cell cycle analysis

The distribution of cells in different phases of cell cycle was determined by the phase distribu-
tion of DNA content using propidium iodide (PI) staining. For nocodazole experiment,
HCT116 were treated with calothrixin B/thiacalothrixin B alone (5 pM) for 20 hours or pre-
treatment of cells with calothrixins for 4 hours followed by 0.4uM nocodazole for additional
17 hours. In the case of DRC experiment, the cells were treated with different concentration
(0.5, 1 and 2 pM) of thiacalothrixins and the adherent cells were collected omitting the floating
cells at different time points (24 and 48 hours after treatment) by trypsinisation, washed twice
with phosphate-buffered saline (PBS) and fixed with 70% ethanol. Before staining, cells were
washed with PBS and stained with PI (20 pg/ml) in PBS containing Triton X-100 (0.1% v/v)
and RNase A (0.2 mg/ml) for 1 h at room temperature. Cell cycle distribution was analyzed
using a Beckman-Coulter flow cytometer.

DNA cleavage studies

The ability of thiacalothrixins to cleave pBSK plasmid DNA was determined in the presence of
Dithiothreitol (DTT) and ferric chloride by agarose gel electrophoresis [2]. In brief, the plas-
mid DNA (250 ng) was incubated at pH 8.0 in 20 mM HEPES buffered solution containing
varying concentrations of calothrixins, 200 uM DTT and 200 uM FeCl;. The cleavage reactions
were carried out at 37°C for 1-hour following which the addition of loading dye stopped the
reaction and electrophoresed in 1.5% Agarose gel containing 0.5 ug/mL ethidium bromide at
100V in Tris-acetate-EDTA (TAE) buffer. Finally, the gel was photographed under UV light.
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The DNA bands (linear and supercoiled forms) from representative experiments were quanti-
fied using Image].

Alkaline COMET assay

The alkaline COMET assay was performed by following the reported procedure [10] with
slight modification. Briefly, the cells were collected by trypsinisation at the end of drug treat-
ment period, and a cell suspension containing 10 cells in 150 pl pre-warmed low melting
point (LMP) agarose (0.5% PBS) was made. The above cell suspension was rapidly spread

on doubly-frosted microscope slides (Rohem, India) pre-coated with normal melting (NMP)
agarose (1%) and covered with a coverslip. Once the gel got solidified following incubation of
the slide at 0°C, the coverslip was gently removed, and the third layer of 100 ul NMP agarose
(0.5% PBS) was added. The slides were then incubated in lysis buffer (2.5 M NaCl, 0.1 M
EDTA, 10 mM Tris—HCI pH 10, 10% DMSO and 1% Triton X-100 both freshly added) for 1
hour at room temperature. The slides were transferred to electrophoresis tank containing elec-
trophoresis buffer (0.3 M NaOH and 1 mM EDTA, pH >13) and incubated for 40 minutes at
room temperature. Electrophoresis was then carried out at room temperature in fresh electro-
phoresis buffer for 24 min (0.7 V/cm; 300 mA). The slides were then dried at 4°C, stained with
ethidium bromide solution (20 pg/ml) and photographed under a UV-fluorescent microscope
(magnification, x100; Nikon, Japan). The comets were quantitated using Comet Score software
(Rex Hoover, TriTek Corpn.) and are expressed in terms of percentage of DNA migrated from
the comet head to the tail region. [11]

DNA binding studies

The CT-DNA solution was prepared, and its concentration was determined from the UV
absorbance at 260 nm using molar extinction coefficient €559 = 6600 M ‘tem™ following the
protocol of Ghosh et al. [12, 13]. The absorbance at 260 and 280 nm was recorded to determine
the purity of DNA solution where the A,s0/A,g0 ratio > 1.85 depicting that the DNA was suffi-
ciently free from protein [14]. Various concentrations of DNA were used to obtain a varied
molar ratio of the DNA-compound adduct. Absorbance values were recorded on a double
beam UV-2250 UV—VIS spectrophotometer (Shimadzu, Japan). Absorption titration experi-
ments were conducted by keeping the concentration of calothrixin B or its thia analogues as
constant (3x 10> mol L") while varying the CT-DNA concentration from 0 to 1 x 10~* mol
L. Absorbance values were recorded after each successive addition of DNA solution.

DNA-drug molecular docking studies—Binding energy

The target DNA 1DSC, an octamer complexed with actinomycin D was obtained from
protein data bank (PDB) [15]. The structure of 1DSC and the nucleotide base pairs (5’ -D
(*GP*AP*AP*GP*CP*TP*TP*C) -3 ) was used for the analysis wherein the co-crystallized
ligand was removed from the above structure. The receptor DNA (1DSC) and the selected
calothrixins such as calothrixin B, SCAB 1-12 were taken for in silico docking studies. The
Chemsketch software was used to draw the structure of calothrixins [16]. Following which
their energies were minimized for each compound using UCSF Chimera [17] for flexible
conformations of the compounds during the docking. The flexible docking study was carried
out using Autodock v4.0. Essential hydrogen atoms, Kollman united atom type charges and
solvation parameters were added with the aid of Autodock tools [18]. This server integrates
Lamarckian genetic algorithms. Each docking experiment was derived from ten different con-
formations. The relative stabilities were evaluated using free energy simulations and their
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binding affinities. The interaction analysis were calculated and visualised through the PyMol
[19].

DNA-drug molecular studies—Binding mode

Preparation of the ligands and DNA. The calothrixin B and its thia analogues were
sketched using sketched module embedded in Schrodinger suite and were taken for minimiza-
tion using Ligprep module of Schrodinger 09 (Ligpep 2.3, Schrodinger Suite 2009) [20] where
probable tautomeric and ionization states at pH = 7 + 1 followed by minimization with OPLS3
force field (Ligpep 2.3, Schrédinger Suite 2015) [20]. The different oligomeric DNA viz PDB
ID’s: 453D [21] was performed using protein preparation wizard of Schrodinger 09 where
missing hydrogen, the bond order was assigned followed by energy minimization. The resul-
tant PDB co-ordinates were taken for docking studies.

Molecular modelling. Molecular docking of calothrixin B and its thia analogues were
used as ligands against 453D and 1D98 using Glide XP 5.8 programme [22, 23]. Glide XP
employs an anchor-and-grow sampling approach and a different functional form for Glide
Score. The docked conformation corresponding to the lowest free energy (or highest score)
provided by Glide program was selected as the most probable binding pose of top calothrixins
B and its thia derivatives.

Visualisation of docking results. Once the docking was performed, best poses for hydro-
gen bonding, hydrophobic and nt-n interactions were analysed using Chimera Visualisation
tool [17], PyMol version 1.3 (The PYMOL Molecular Graphics System;) [19] and Glide (Schré-
dinger, LLC, New York, NY, USA) programs [22, 23].

Western blot analysis

Protein expression was determined by Western blot. In brief, at specific time points after drug
treatment, the total proteins from cells were extracted using modified RIPA buffer (10 mM
Tris-Cl (pH 8.0), 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% SDS) containing prote-
ase and phosphatase inhibitor cocktail. The protein content in the lysates was determined
using BCA assay kit. 20 pg of protein was loaded per lane. Following separation by SDS-PAGE,
the proteins were transferred onto a nitrocellulose membrane and blocked by 5% non-fat milk
for 1 hour at room temperature. The membrane was incubated overnight at 4 °C with primary
antibodies and with the appropriate horseradish peroxidase (HRP)-conjugated secondary anti-
body (1 hour at room temperature). An ECL chemiluminescent plus substrate kit was used for
detection following manufacturer protocol.

Fluorescence microscopy assay using acridine orange and ethidium
bromide staining

The cellular morphology after treatment with thiacalothrixin B analogues was studied using a
double staining procedure [Ethidium Bromide (EtBr) and acridine orange (AO)] using a fluo-
rescent microscope (Nikon TiE attached with NIS-AR Software) according to the standard
procedure [24]. In brief, HCT116 and NCI-H460 cells (10-50 x 10> cells/well) were grown on
a 12 well plate and cultured with different concentrations of thiacalothrixin analogues for 48
hours. After drug treatment, cells were washed with PBS and then stained with acridine orange
(20 pg/mL in PBS) and ethidium bromide (40 ug/mL in PBS) for 10 minutes at room tempera-
ture in the dark. After staining, the cells were washed twice with PBS and observed under a
UV-fluorescent microscope (magnification, x100; Nikon, Japan).
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DNA fragmentation assay

The procedure reported by Herrmann et al., [25] was followed adopting slight modification
for the isolation and analysis of apoptotic DNA fragments. In brief, HCT116 cells were treated
with thiacalothrixin B analogues at a concentration of 5 uM for 48 hours, harvested using tryp-
sin. The detached cells were collected by centrifugation and washed twice with ice-cold PBS
buffer. The cells were then lysed using a buffer containing 1% NP-40 in 20 mM EDTA, 50 mM
Tris-HCI, pH 7.5. The lysate is then centrifuged at 3000 rpm for 5 minutes to get clear superna-
tant to which 10 pl of 10% SDS and 10 pl of 5 mg/ml RNase A were added and incubated at
56°C for 90 minutes followed by digestion with proteinase K (final concentration 2.5 pg/ul) for
at least 2 hours at 37 °C. DNA was isolated from the above mixture by the standard phenol-
chloroform extraction method. The DNA pellets obtained after 70% ethanol wash step was air
dried at room temperature for a few minutes and re-suspended in 50 pL of Tris-Cl pH 8.0
buffer. The prepared DNA samples were loaded onto a 1.5% gel electrophoresis, stained with
ethidium bromide and the band obtained was visualised using the UV Gel Documentation
system.

Luciferase promoter analysis

HCT116 cells were transiently transfected with different expression constructs (p21P-luc2 and
P21PAp53-luc2) using lipofectamine 3000 following the manufacturer’s protocol. After trans-
fection, the cells were detached using mild trypsinisation procedure and seeded at a density

of 20 X 10* cells per well of a 96 well plate. Sixteen hours after transfection, the cells were
exposed to different concentrations of thiacalothrixin B analogues for 48 hours. Firefly lucifer-
ase activities present in the cellular lysates were determined using luciferase assay reagent, and
the light emission was quantitated using Spectramax microplate reader (Molecular Devices,
San Diego, USA). Luciferase activities were normalised based on total protein concentrations.
The p21"*7/“P! promoter constructs used for the study were created in the following way.

The promoter of human p21™*"/“P! between positions -2300 and +8 contained in a plasmid
pWWP-luc was a gift from B. Vogelstein (Johns Hopkins Univ., Baltimore, MD, USA) [26].
The Hindlll promoter fragment (-2300/+8) was subcloned to pGL4.2 (Iluc2/puro) vector to
produce p21P-luc2. The minimal promoter construct p21PAp53-luc2 was made by subcloning
the Kpnl-HindIlI fragment from positions —300 to +8 to pGL4.2 (luc2/puro) vector.

Statistical analysis

Data were expressed as Mean + S.D. from at least three independent experiments. Data were
statistically analyzed using student t-test test in Graph-Pad Prism 5.0 software (Graph-Pad
Software, Inc, San Diego, CA, USA) with values of P < 0.05 being considered statistically
significant.

Results

Isothiacalothrixins showed enhanced cytotoxic potential in human cancer
cell line panel

The cytotoxicity of thia analogues of calothrixin B (Fig 1 and S1 Table) were evaluated in a
panel of tumour cell lines of different tissue origin in a serial 5-fold titration (4 uM to 2 nM)
where the parent analogue calothrixin B and commonly used cytotoxic agent camptothecin
was set for direct comparison. Cell death was assessed using Sulphorhodamine-B (SRB) assay.
The GI;, value is the concentration of 50% of maximal inhibition of cell proliferation after 48
hours of drug treatment to cancer cell lines. The Gl values of the promising analogues are
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Fig 1. Chemical structures thia/isothiacalothrixin B analogues. The calothrixin B (CAB 1) is the naturally occurring anti-cancer alkaloid
from the cyanobacteria Calothrix. The carbazole nitrogen group (-NH) was replaced with sulphur atom to result in thiacalothrixin B (SCAB 1)
which upon isomerization results in isothiacalothrixin B (SCAB 4). The substitution with fluorine atom on the E-ring or A-ring of
isothiacalothrixin B results in SCAB 6 and 11, respectively.

https://doi.org/10.1371/journal.pone.0202903.g001

summarised in Table 1, and the corresponding growth curves are represented in Fig 2. The
replacement of indole nitrogen atom of naturally occurring calothrixin B with sulphur atom
resulted in thiacalothrixin B (SCAB 1) having reduced cytotoxic profile. However, isomeric
isothiacalothrixin B (SCAB 4) and its fluorinated analogues (SCAB 6 & 10) exhibited
enhanced potency (almost >5 fold) in comparison to calothrixin B as well as thiacalothrixins
B which was, comparable to the reference drug camptothecin. These results suggest that the
profound antineoplastic activity of isothiacalothrixin B analogues are related to the isomeric
modification of thiacalothrixin B (Fig 1). The cervical carcinoma cell line HeLa was found to
be highly sensitive to thia analogues whereas no definitive trend towards sensitivity was dis-
played by other cancer cell type taken in the study.

Table 1. In vitro cytotoxicity data for calothrixin B and its thia analogues against seven human tumour cell lines.

Compound Name Average GI;5, + S.D. (uM)*
HeLa SiHa HCT116 MDA-MB 231 U251 MCF7 NCI-H460
Calothrixin B (CAB 1) 0.47 £0.09 3.50+ 0.71 0.65+0.07 0.16+0.02 2.25%0.35 0.26+0.01 >4
Thiacalothrixin B (SCAB 1) 0.29 +£0.03 >4 1.10+0.00 >4 >4 >4 >4
isothiacalothrixin B (SCAB 4) 0.07+0.02 0.35+0.07 0.23+0.03 0.2240.06 0.25+0.05 0.23+0.04 0.28+0.09
3- Fluoro-isothiacalothrixin B (SCAB 6) 0.06 £0.00 0.34 £0.02 0.50+0.00 0.70+0.10 0.67+0.12 1.6+0.10 0.65+0.07
11- Fluoro-isothiacalothrixin B (SCAB 10) 0.09 +£0.01 0.33 £0.08 0.28+0.04 0.30+0.00 0.30+0.00 1.9+0.24 0.40+0.00
Camptothecin 0.19 +£0.03 0.55 +£0.00 0.05+£0.01 0.4£0.01 0.01+£0.01 0.06£0.00 0.006+0.003

?. Values represent mean from at least two independent experiment

https://doi.org/10.1371/journal.pone.0202903.t001
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Fig 2. Isothiacalothrixins caused potent growth inhibition of cancer cell lines. Dose-response graphs of calothrixin B analogues assayed in a
panel of nine cancer cell lines. Overlays of the percent growth of all nine cell lines following a 48 hours treatment with varying doses of
calothrixin B (A), thiacalothrixin B (B), isothiacalothrixin B (C), 3-Fluoro isothiacalothrixin (D), 11-Fluoro isothiacalothrixin (E). HeLa (solid
green circle), SiHa (solid blue triangle), MCF7 (solid cyan inverted triangle), NIC-H460 (solid magenta diamond), MDA-MB231 (solid yellow
left-sided triangle), U251 (solid yellow right-sided triangle), HCT-116 (solid navy hexagon).

https://doi.org/10.1371/journal.pone.0202903.9002

Isothiacalothrixins induces cytotoxicity in HCT116 cells in a time-
dependent manner

Since the isothia analogues were potent in inhibiting cell proliferation at 48 hours post-treat-
ment to HCT116 cells, the cytotoxic effect was examined beyond 48 hours utilising trypan blue
exclusion assay. The cytotoxic effect of thia analogues of calothrixin B on HCT116 cells was
studied at a dose of 5 uM for 24, 48, 72 and 96 hours post-treatment. Data obtained from three
independent experiments indicated a time-dependent increase in cell death following treat-
ment with isothiacalothrixin B analogues, but not in the parent thiacalothrixin B treated
HCT116 cells (S1 Fig). Further, the percentage of live cell population reduced below 25% after
96 hours of treatment with isothiacalothrixin B analogues. Thus, there is a potent inhibition of

HCT116 cell proliferation by isothia analogues which resulted in the maintenance of cytotoxic-
ity over an extended period.

Isothiacalothrixins inhibits colony formation in cancer cells

The long-term effect of thia analogues of calothrixin B on permanent cell growth arrest and
cell death was assessed through clonogenic survival assays. The isothiacalothrixin B analogues
inhibited the clonal growth of HCT116 and NCI-H460 cells in a dose-dependent manner as
shown in Fig 3 and S2 Fig. Further isothia analogues namely, SCAB 4, 6 and 10 abolished

the clonal growth of HCT'116 cells in a way similar to that of calothrixin B on the other hand;
these analogues could inhibit the colony formation of NCI-H460 cells which are practically
resistant to calothrixin B (Fig 3). Conversely, the thia analogue SCAB 1 was not able to abolish
colony formation even at the higher concentration of 5 uM taken for the study (Fig 3).
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Fig 3. Isothiacalothrixins severely affected the clonogenicity of HCT116 and NCI-H460 cells. The effects of
calothrixin B, thiacalothrixin B and isothiacalothrixin analogues on the clonogenic growth of colon adenocarcinoma
HCT116 and NCI-H460 cell lines. Cells were seeded in a six-well plate and after over-night adherence, treated with
different concentrations (0.1-5 uM) of calothrixin B, thiacalothrixin B and isothiacalothrixins (SCAB 4, 6 and 10), for
48 hours. After drug treatment, the cells were washed with Dulbecco’s phosphate buffered saline and let grow up to 14
days in drug-free medium. Cell colonies were stained with crystal violet and photographed.

https://doi.org/10.1371/journal.pone.0202903.9003

Isothiacalothrixins induces cell cycle arrest in HCT116 cells

The distribution of cells in different phases of the cell cycle after treatment of HCT116 cells
with thia calothrixin B analogues at a different dose and time points was analysed with flow
cytometry and propidium iodide (PI) staining. The result showed that thia calothrixin B
induced only a marginal increase in GO/G1 arrest in a time-dependent manner even at a
higher dose of 10 uM (data not shown). On the other hand, isothia analogue SCAB 4 caused
an accumulation of cells in S and G2/M phase which was maintained over 48 hours of drug
treatment. As shown in Fig 4A and 4B, SCAB 4 at concentrations of 0.5, 1, and 2 pM induced
a remarkable increase in cell populations in both S and G2/M phase. To identify the phase of
the cell cycle, which were most affected by the action of SCAB 4 and 10, the mitotic inhibitor,
nocodazole was added to the culture plates following treatment with thiacalothrixin B ana-
logues. The nocodazole treatment was used to prevent the cycling cells to re-enter G0/G1
phase, which was eventually getting arrested in mitotic phase. Fig 5, shows that no cell cycle
effect (arrest) was observed with 5 uM of thia calothrixin (SCAB 1) treatment to HCT116 cells,
where all the cycling cells got trapped in mitotic phase following nocodazole treatment. How-
ever, in the case of isothia analogues (SCAB 4 and 10), the cells were getting truly arrested in S
and G2/M phase and were unaffected by subsequent nocodazole treatment (Fig 5A and 5B).
Thus, it is evident from cell cycle analysis that isothiacalothrixin B analogues treatment
resulted in the accumulation of cells arrested in S and G2/M phase with a concurrent decrease
in the proportion of cell in the GO/G1 phase.
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Fig 4. Isothiacalothrixin B (SCAB 4) analogues caused time- and dose-dependent arrest of cells in S and G2/M
phases. (A) Cell cycle analysis of human colon HCT116 cells treated with different concentrations (1, 2 and 5 uM) of
the thiacalothrixins B (SCAB 1) or (0.5, 1 and 2 uM) isothiacalothrixins B (SCAB 4) for 24 and 48 hours. (B) The table
shows the Mean + SD percentage of cells in the G0/G1, S and G2/M phases of the cell cycle. Figures are representative
of other two experiments.

https://doi.org/10.1371/journal.pone.0202903.g004
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Fig 5. Isothiacalothrixin B (SCAB 4) but not thiacalothrixin B caused the arrest of cells in S and G2/M phases. Cell
cycle perturbation by thiacalothrixin B (SCAB 1) or isothiacalothrixin B (SCAB 4, SCAB 10) in the presence or
absence of nocodazole. HCT116 cells were treated with 5 pM of thiacalothrixin B and its analogues for 20 hours or 3
hours pretreatment with 17 hours in the presence of nocodazole followed by propidium iodide staining. The
population of cells in different phases of the cell cycle were analysed by flow cytometry. (B) The table shows the

Mean + SD percentage of cells in the GO/G1, S and G2/M phases of the cell cycle. Figures are representative of other
two experiments.

https://doi.org/10.1371/journal.pone.0202903.g005

Isothia analogues directly damage DNA in the presence of a reductant

Gel electrophoresis experiments were performed to monitor the cleavage of pBSK (+) plasmid
DNA when incubated with thiacalothrixins in the presence or absence of metal ion (Fe’* ion)
and dithiothreitol (DTT) as a reductant. The experimental results were shown in Fig 6. A clear
single band was observed for the controls which represent the relatively fast migrating intact
super coil form (SC). The second slow-moving band seen in the drug-treated lanes represents

SCAB 1 2 3 a 5 6 7 8 9 10 11 12 DTT FeCl; DNA

No DTT +DTT

Fig 6. Thiacalothrixin B and its analogues cleaved plasmid DNA in a cell-free system. Supercoiled plasmid DNA
was incubated for 1 hour with 250 uM of thiacalothrixin B analogues, 200 uM of ferric chloride in the presence or
absence of DTT (200 uM). Plasmid DNA was separated by agarose gel and stained with ethidium bromide.

https://doi.org/10.1371/journal.pone.0202903.g006
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the open circular or linear form (RL) which was generated from supercoiled when scission
occurred in one of its strands. There was a significant increase in the amount of linear form
following treatment with thiacalothrixins, the doubly substituted (both A and E ring substi-
tuted isothiacalothrixins) analogues; there was a more significant increase in the linear form
(> 65%). It was evident that the isothiacalothrixins have more ability to induce strand cleavage
of supercoiled plasmid DNA (S3 Fig). An interesting observation to note with the isothiacalo-
thrixin SCAB 4 was a reduction in the band intensities of both linear and supercoiled form
indicating that this analogue might possess nuclease activity which results in degradation of
plasmid DNA even in the absence of reducing agent (Fig 6, lane 4).

Thia analogues of calothrixin B induces DNA strand breaks

The ability of the synthesised thia analogues to induce DNA strand breaks were examined in
mammalian cells. The alkaline COMET assay was used to detect DNA damage in the form of
single-strand breaks and alkali-labile sites after exposure to 5 uM of thia/isothiacalothrixin B
analogues for 48 hours to HCT116 cells. The alkaline comet assay is simple and known for its
sensitivity to detect DNA strand breaks [27]. The single cell suspension obtained from drug-
treated culture plates were embedded in agarose on a microscope slide, lysed and electropho-
resed at a high pH (>13). The nucleoid with broken DNA is drawn towards the anode, thus
appearing as a ‘comet tail’ following staining with ethidium bromide and observed under fluo-
rescence microscope. The images of HCT116 cells treated with thiacalothrixins or calothrixin
B showed the formation of comets whereas no comet pattern was found in control cells (Fig
7). However, the isothiacalothrixin SCAB 4, caused profound DNA strand breaks as evident
from the significant increase in olive tail moment (OTM) and percentage tail DNA (TDNA)
(Fig 7D and 7E) in comparison to its parent compound, SCAB 1. Also, the calothrixin B did
not exhibit DNA strand breaks to the extent of isothiacalothrixin (data not shown). The
increase in DNA damage suggested that isothiacalothrixin induced fragmentation of chromo-
somal DNA leading to apoptotic cell death. Further, the results from DNA cleavage in a plas-
mid DNA-based assay was complemented with the more direct DNA strand breaks in cellular
milieu by comet assay.

DNA binding mode and affinities of thiacalothrixin analogues

Many clinically useful small molecule anticancer agents with accessibility to chromosomal
DNA can bind with genomic DNA [28]. The low molecular weight calothrixins and its thia
analogues often carrying charges resulting in its interaction with DNA. To understand the
DNA interaction with the planar aromatic quinone containing calothrixins/thiacalothrixins,
UV-Vis spectroscopic studies were carried out with representative calothrixins with calf-thy-
mus DNA (CT-DNA). The UV-Vis spectra of the calothrixin B or isothiacalothrixin B, whose
structures are given in Fig 1, are characterized by moderate absorption in the visible regions at
285 and 369 nm (54 Fig). However, upon addition of varying concentrations of CT-DNA to a
fixed amount of calothrixins resulted in little hypochromic shift (4%) without any band shift,
indicating groove interaction between the charged calothrixin species with the bases of DNA
(S4 Fig).

In silico molecular modelling studies with the DNA and calothrixins was carried out to get
some insight on the interaction between them and to corroborate the experiment results. The
docking studies of calothrixins with the 3D structure of IDSC DNA was determined and the
one having lowest binding energy among the different conformations were generated. The
binding energy value obtained from docking interactions is suggestive of the strength of drug-
DNA interaction, where lower the binding energy signifies higher the binding affinity and vice
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Fig 7. Thia analogues of calothrixin B analogue induced DNA strand breaks. Single-cell gel electrophoresis data (comet
assay) in HCT116 cells (A) treated for 48 hours with 5 uM thiacalothrixin B, SCAB 1 (B) or 5 uM isothiacalothrixin B,
SCAB 4 (C). Olive tail moment (D) and mean percentage tail DNA (E) in HCT116 cells exposed to 5 uM of SCAB1 or
SCAB4 for 48 hours. Values are represented as Mean + standard deviation; *, P < 0.05. Experiments were performed in
duplicate.

https://doi.org/10.1371/journal.pone.0202903.9007

versa [29]. The Autodock conformations for calothrixins indicated a lower binding energy val-

ues calothrixin B followed by A and E or A/E halo substituted isothiacalothrixin B analogues

whereas thiacalothrixin B was computed to have higher binding energy value (Table 2). The

calothrixin B has a highest binding affinity for IDSC DNA (binding energy value = -7.2 kcal/

mol), whereas binding energy values for isothiacalothrixin B (SCAB 4) and thiacalothrixin

B (SCAB 1) were -6.13 kcal/mol and -5.49 kcal/mol, respectively.
The different isomeric forms of DNA arise due to its inherent flexibility [30, 31] and choos-

ing the appropriate oligomer conformation for docking studies remains a significant question,

mainly when the mode of binding of a ligand to DNA was not known [32]. Thus, the nature of

Table 2. In silico calculations of free binding energy scores for the calothrixin B and thiacalothrixin B analogues ligands docked with octamer DNA.
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Fig 8. The isothiacalothrixin B analogues fit deep into the minor groove of DNA. Best docking conformations of
calothrixin B and its thia analogues with crystallographic DNA (PDB ID: 453D DNA) towards left and a two-
dimensional representation of key structural moieties along with their base-pair interactions depicted on to the right.

https://doi.org/10.1371/journal.pone.0202903.g008

the chosen oligomer conformation dramatically affects the docking performance when the
ligand interacts with DNA through an induced fit [32]. There are two kinds of non-covalent
interaction between the drug and the DNA, namely groove recognition (minor or major
groove) or intercalation between the base pairs [33]. In general, most of the small molecules

prefer to bind to the minor groove although the major groove offers a larger and shallow bind-
ing pocket with the more H-bonding donor as well as acceptor sites. The planar aromatic mol-
ecules such as ellipticine prefer an intercalative binding wherein structural changes to DNA
(unwinding and lengthening) happens and is contemplated as an induced fit mechanism [32].

In our molecular modelling studies minor groove recognition by calothrixin and its thia
analogues have made a fit, like a lock- and key- mechanism. Due to their flexibility, the isothia-
calothrixin derivatives like SCAB 4, 6, 10 and 12, assume a curved shape that matches DNA
topology and allows a comfortable fit of the ligand in the minor groove (Fig 8). Different bind-
ing poses of calothrixins and its analogues and their residual interactions between base pairs of
DNA (PDB ID: 453D [21]) have been shown in Fig 8. Main factors which govern this type of
interaction depends upon factors viz., van der Waals contacts playing pivotal role reinforced
by hydrogen bonding and electrostatic interactions. Moreover, the selective binding mecha-
nism of the calothrixins and its thia analogues to AT-rich sequences in the minor groove,
indicate that it is possible to achieve sequence-selective binding agents. As shown in Fig 8, for
instance, analogues like SCAB 4, 6 & SCAB 10 did interact strongly with AT-rich sequences,
displaying large residence times. Concerning the thiacalothrixin B analogues the binding free
energies of the isothia analogues, were comparable, with a very favourable average binding
energy of -7.18 kcal/mol for DNA (PDB ID: 453D) Table 3.

Table 3. Docking results of calothrixin B and its thia analogues with DNA (PDB ID: 453D).

Compound No AG (Kcal/mol) Glide Energy (Kcal/mol)

SCAB 6 -7.05 -46.22

SCAB 4 -8.35 -48.10
SCAB 12 -6.73 -43.56
SCAB 10 -6.59 -46.90

SCAB3 -6.19 -48.88

CAB1 -5.58 -48.31

SCAB1 -3.85 -47.21

https://doi.org/10.1371/journal.pone.0202903.t003
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Fig 9. Calothrixin B or thiacalothrixin B but not isothiacalothrixins induced p21 with no upregulation of p53.
Western blot analysis of p53 and p21"*"/“P! protein in HCT116 cells after treatment without or with 5 uM
thiacalothrixin B analogues for 48 hours. The whole cell lysate was immunoblotted with p53 and p21 antibody,
respectively. The same blot was re-probed with B-actin to confirm equal loading of each lane.

https://doi.org/10.1371/journal.pone.0202903.g009

Calothrixin B or thiacalothrixin B induces p21waﬂ/ cipl

in HCT116 cells

To determine whether the cytotoxic effect of thia calothrixin B analogues in HCT116 cells was
analogous to its activation in response to DNA damage, we assessed the protein levels of p53,
a tumour suppressor and p21**!/P! 3 CDK inhibitor which are involved in cell cycle arrest
and apoptosis. Western blotting analysis revealed no upregulation of p53 protein (Fig 9) even
in the case of isothiacalothrixin treated HCT-116 cells which showed signs of DNA damage in
COMET assay. In contrary, the CDK inhibitor p21**""/P* was upregulated in Calothrixin B,
and its thia analogue SCAB 1 treated cells but not with the isothia calothrixins taken for the
study (Fig 9).

but not p53 protein

Calothrixin B or thiacalothrixin B activates p21waf1/ cipl

independent mechanism

promoter by a p53-

To investigate whether the upregulation of p21**™/“P! protein by calothrixins is due to tran-

scriptional activation of the p21"*™/“'P! promoter, a plasmid construct harbouring reporter a
luciferase reporter gene under the transcriptional control of wild-type (p21P-luc2) and trun-
cated (p21PAp53-luc2) p21™*7/9P! promoter, was transfected into HCT116 cells and calo-
thrixin induced luciferase activity was measured. Sixteen hours after transfection, HCT116
cells were exposed to different concentrations of calothrixins for 48 hours, and luciferase activ-
ity was measured as described in “Experimental section”. The transcriptional activity of the
full length (-2300/+8) p21™*"/“P! promoter was significantly increased in a dose-dependent
manner only in the calothrixin B/thia calothrixin B treated cells (Fig 10A). The isothaicalo-
thrixin analogues failed to activate the full-length p21**/“P! promoter at all the concentra-
tions tested. Further to determine whether the transcriptional activation of p21**/<iP!

by calothrixin B or its thia analogue SCAB 1, the HCT116 cells were transfected with a
p21PAp53-luc2 promoter (-300/+8) which lacks the p53 consensus binding site present
towards the 5’end. The activation profile of p21PAp53-luc2 promoter was similar to the full-
length p21**/<P promoter (Fig 10B) indicating that the presence of p53 binding sites in the
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Fig 10. Transcriptional activation of p21 by calothrixin B or thiacalothrixin B independent of p53. HCT116 cells
were transfected with the wild-type (p21P-luc2) or the truncated p21 (p21PAp53-luc2) promoter region, exposed to
different concentrations of calothrixin B or thicalothrixin B analogues for 48 hours, then harvested and assayed for
luciferase activity. Histograms represented firefly luciferase activity in each sample and expressed as fold induction
relative to controls for each reporter, of which the values were taken as 1. All the values are the average of triplicate
samples from a typical experiment; bars, +SE.

https://doi.org/10.1371/journal.pone.0202903.g010

p21 promoter was not required for calothrixins/thiacalothrixins to activate the p21/<iP!

promoter.

Morphologic evidence for isothiacalothrixin induced apoptosis

The presence of a sub-G1 population of cells seen in flow cytometric analysis in thiacalothrixin
treated HCT116 cells suggested induction of apoptosis following the arrest of cells in G1-S
phase. To confirm this, the cellular morphology of drug-treated cells was observed microscopi-
cally following staining of unfixed, non-permeabilized cells with DNA- intercalating dyes acri-
dine orange and ethidium bromide. Acridine orange being cell permeable can enter healthy or
dying cells whereas ethidium bromide can only enter dying or dead cells whose membrane
integrity is compromised. The results obtained with the AO/EB staining of HCT116 cells
treated with thia analogues of calothrixin for 48 hours are shown in Fig 11. The untreated con-
trol cells or calothrixin B and its thia congener SCAB 1 were characterised by a bright green
nucleus with uniform intensity (Fig 11A-11C). Whereas, most of the cells treated with isothaia
analogues (SCAB 4, 6 & 10) were orange-red in appearance (Fig 11D-11F). Fluorescence
microscopic images of the isothiacalothrixin treated cells Fig 11b and 11c, clearly revealed
morphological alterations like extensive nuclear condensation and fragmentation which are
characteristic of apoptotic cells.

Isothia analogues induce DNA fragmentation

Internucleosomal DNA fragmentation is a classic signal of apoptosis in mammalian cells.
HCT116 cultured with DMSO (control) or with 5uM of thiacalothrixin for 48 hours showed
no DNA laddering. However, the cultured HCT116 cells upon treatment with 5uM isothiaca-
lothrixin B analogues (SCAB 4 and 10) contained fragmented DNA wherein a ladder of DNA
bands due to the cleavage of genomic DNA into the nucleosomal size of 180- to 200-bp frag-
ments was seen (Fig 12 lane 3, 4). These results confirm that isothiacalothrixins activated apo-
ptosis in HCT116 cells.
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Fig 11. Isothiacalothrixin B analogues induced apoptotic morphology. HCT116 cells were stained with acridine
orange/ethidium bromide after 48 hours of treatment with calothrixin B/ thiacalothrixin analogues. Cells were
observed under fluorescence microscope (x100 magnification). Viable cells show green fluorescence. Necrotic and
apoptotic cells show orange and yellow fluorescence. (A) Untreated HCT116 control cells. Cells were treated with

5 uM of calothrixin B, CAB 1 (B) 5 uM of thiacalothrixin B, SCAB 1 (C), 5 uM of isothiacalothrixin B SCAB 4 (D),

5 uM of 3-Fluoro isothiacalothrixin B, SCAB 6 (E), 5 pM of 11-fluoro isothiacalothrixin B, SCAB 10 (F). Cells were
observed under fluorescence microscope (x400 magnification), (a) Untreated HCT116 control cells. Cells were treated
with 5 uM of thiacalothrixin B, SCAB 1 (b), 5 uM of 11-Fluoro isothiacalothrixin B, SCAB 10 (c).

https://doi.org/10.1371/journal.pone.0202903.9011

Cellular effects of isothiacalothrixin B analogues are irreversible

To check whether the strong growth inhibitory effects of isothiacalothrixins were reversible,
HCT116 or NCI-H460 cells were initially exposed to Calothrixin B, thiacalothrixin B or iso-
thiacalothrixin for a brief period, i.e., 4 hours. Following which the cell monolayers were then
washed thoroughly to remove the compounds, and the cells were cultured in complete drug-
free medium for a further period, i.e., of 24, 48, 72 and 96 hours for flow cytometry analysis, 48
hours for the alkaline COMET assay and 12 days in the case of the clonogenic assay. The cell
cycle analysis following four-hour treatment of calothrixin B or thiacalothrixin B resulted in
cells reviving to normalcy within 24 hours of growth in drug-free medium whereas arrest of
cells in S-G2/M phase were seen until 96 hours after drug removal in the case of isothiacalo-
thrixin B (Fig 13A and 13B). This indicates that the DNA damage produced by isothiacalo-
thrixin was profound and the cells were unable to repair the damaged DNA even until 96
hours after its exposure to the drug for a short time, i.e., 4 hours. Similar results were obtained
in the case COMET assay, wherein the isothaicalothrixin but not thiacalothrixin B treated
HCT116 cells kept DNA damage until 48 hours after drug removal which was evident from
the appearance of comet tails and increase in olive tail moment and percentage tail DNA (S5
Fig). The above results were reflected on the long-term cell survival wherein the clonogenicity
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Fig 12. Isothiacalothrixin B analogues induced DNA fragmentation. HCT116 cells were treated with 5 uM of
thiacalothrixin B (SCAB 1) or isothiacalothrixin analogues (SCAB 4, 10) The cells were processed as described under
"Materials and Methods section". The isolated DNA was electrophoresed on TAE agarose gel for 1.5 h at 100 V. The
DNA fragments were visualised by staining with ethidium bromide. Lane 1 = DNA from untreated HCT116 cells; lane
2 = DNA from thiacalothrixin B (SCAB 1) treated cells; lane 3 = DNA from isothiacalothrixin B (SCAB 4) treated
cells; lane 4 = DNA from 11-Fluoro isothiacalothrixin B (SCAB 10) treated cells.

https://doi.org/10.1371/journal.pone.0202903.9012
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Fig 13. The cell cycle effects of isothiacalothrixin B (SCAB 4) were irreversible. (A) Cell cycle perturbation at 24, 48,
72 and 96 hours post-treatment for 4 hours with thiacalothrixin B (SCAB 1) or isothiacalothrixin B (SCAB 4).
HCT116 cells were treated with 5 uM of thiacalothrixin B and isothiacalothrixin B for 4 h followed by washing with
PBS, and collection of cells at 24, 48, 72 and 96 hours in the recovery period and staining with propidium iodide. The
percent population of cells in different phases of the cell cycle (B) were analyzed by flow cytometry. The figure is
representative of other two experiments.

https://doi.org/10.1371/journal.pone.0202903.9013

of HCT116 cells was affected by short time treatment with isothiacalothrixin B whereas the
colony forming potential of thiacalothrixin B/calothrixin B treated cells were unaffected fol-
lowing treatment with 5 uM for 4 hours (56 Fig).

Discussion

The natural product calothrixin B and its fluoro analogues have shown potent cytotoxic effects
against certain of human cancer cell lines [2]. Thus, considering calothrixin B as a useful lead
compound to discover novel chemotherapeutic agents, the sulphur isostere analogues of calo-
thrixin B were synthesised [6]. Our preliminary study of the anticancer spectrum of thia ana-
logues of calothrixin B in various cell lines, identified isothiacalothrixins are having potent
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anti-tumour activities [6]. Similar studies with ellipticine, an anti-tumour alkaloid structurally
related to calothrixin B identified thiaellipticine to be equally active and in contrary isoellipti-
cine was inactive [34] whereas the isothiaellipticine was found to be effective as that of
ellipticine. However, several 7-substituted isoellipticines and isoellipticinium salts showed
promising anti-cancer activity in NCI-60 screening and inhibition of human topoisomerase II
activity [35]. The cellular effects of 7-hydroxyisoellipticine on the Acute Myeloid Leukaemia
(AML) cell line, MV4-11 demonstrated the generation of reactive oxygen species (ROS) and
subsequent activation of DNA damage pathway to result in the arrest of cells in G2/M phase
and apoptosis [36]. Also, another isoellipticine derivative, 7-formyl-10-methylisoellipticine
induced ROS mediated cytotoxicity in AML cells and significant reduction of tumour burden
in an AML xenograft mouse model [37]. Although isothiacalothrixin has been reported to
inhibit cancer cell growth in sub-micromolar concentrations, no information concerning the
mode of cell killing has been reported. Thus, this study is the first to demonstrate the cellular
effects of thia calothrixin B and its isomer isothiacalothrixin B in HCT116 and NCI-H460, a
colon and lung cancer cell lines, respectively. The in vitro cytotoxicity assay across six cell lines
showed that isothiacalothrixin B analogues were superior in inhibiting the proliferation of can-
cer cells in comparison to thiacalothrixin B, which itself was less active than the parent ana-
logue, calothrixin B. Also, treatment with 5uM of isothiacalothrixin B analogues to HCT116
cells showed time-dependent increase in dead cells which is not prominent upon similar treat-
ment with thiacalothrixin B. Furthermore, a clonogenic assay was performed to assess the
long-term growth effects of thia analogues of calothrixin B. The clonogenic assay which has
proven predictive value in chemosensitivity test of cytotoxic compounds, correlated well with
the results from SRB assay. Our results demonstrate a concentration-dependent inhibition of
clonogenicity in isothiacalothrixin B treated HCT116 and NCI-H460 cells, suggesting that iso-
thiacalothrixins have a therapeutic potential against the colon and lung cancer.

One of the common mechanisms by which the anti-tumour agents exerts its effect is
through the induction of cell cycle arrest and apoptosis. It has been reported that fluoro ana-
logue of calothrixin B could cause the arrest of cells in the G1-S phase of cell cycle and apopto-
sis in HCT116 cells [2]. We analysed the cell cycle effects of thiacalothrixin B in the presence of
the mitotic inhibitor, nocodazole to ascertain the truly affected population of cells in the cell
cycle. Treatment for 16 hours with nocodazole alone resulted in 70% of the cells progressed
across the cell cycle and arrested in G2/M phase. However, administration of isothiacalothrix-
ins little prior (4 hours) to nocodazole resulted in a decrease in the percentage of cells that
reached G2/M phase. This reduction in G2/M cells was due to arrest of cells in the G1-S phase
of cell cycle whereas thiacalothrixin B treatment to HCT116 cells caused the intermittent G1
arrest of cells which progressed through the cell cycle to get arrested in G2/M phase because of
nocodazole treatment. The results from cell cycle analysis indicate the important sign of dam-
age to the cellular DNA following treatment with isothiacalothrixin B but not with thiacalo-
thrixin B which led to the permanent arrest of cells in G1-S phase.

Literature evidence suggests that DNA damage following treatment with cytotoxic agents
results in the arrest of cells in S or later in G2/M phase, thus allowing time for the cells to repair
damaged DNA [38, 39]. We first demonstrated the ability of isothiacalothrixin B analogues
to induce plasmid DNA strand breaks in the presence of metal ion and a reducing agent,
dithiothreitol. At the cellular level COMET assay has become one of the most commonly used
methods for studying DNA damage [40]. To check for DNA strand breaks, single- cell gel elec-
trophoresis assay (COMET assay) was performed. The results showed that there was a signifi-
cant DNA strand break in isothiacalothrixin treated HCT116 cells which was evident from the
appearance of comet tails and increase in percentage tail DNA. However, the extent of comet
tailing was not prominent among the thiacalothrixin B treated cells. Thus, an underlying
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mechanism of isothiacalothrixin B induced S, G2/M arrest in HCT116 cells seems to be closely
associated with its effect on the integrity of DNA.

There are two major modes of drug binding to DNA which include either intercalation
between adjacent base pairs and interaction into the minor and major groove. Significant
deformation of the DNA to create a binding cavity is required for intercalation whereas
minor groove does not require major changes in DNA conformation [41]. We have previously
reported that the absence of quinone unit in calothrixin B as in the case of quinocarbazloes
favoured intercalation with DNA [2]. In silico studies with quinone containing calothrixin B or
its thia analogues indicated minor groove binding to the DNA with higher affinity to AT-rich
sequences which was confirmed through UV-Vis spectral studies. The overall shape of the iso-
thiacalothrixins resembles that of typical minor groove binders where the presence of quinone
unit favours hydrogen bonding interaction with the AT-rich regions of the DNA. It might also
be possible that calothrixins in general target AT-rich regions of the DNA sequence and there-
fore inhibit transcription and expression of specific genes.

Interestingly, the sustained antiproliferative effect of thiacalothrixins was not dependent on
p53 as some of the cell lines tested (HeLa, SiHa, MDA-MB231 and U251) lack functional p53.
This has prompted us to examine the role of p53 if any, on the relevant aspects of the thiacalo-
thrixin B induced DNA damage response of HCT116 cells (which has functionally active p53).
The p53 pathway often gets activated following DNA damage leading to arrest of cells in G1 or
G2/M phase [42]. p21"*/<P! i thought to be an effector for p53-mediated inhibition of cell
proliferation in response to DNA damage [26]. Western blot analysis was employed to investi-
gate the protein levels of p53 and p21"*™/“P! following treatment with thiacalothrixin ana-
logues. As expected, upregulation of p53 protein level was not seen with any of the calothrixin
analogues taken for the study, whereas the positive control camptothecin, a DNA damaging
drug-induced p53 levels. Surprisingly, the p21**"/“P! protein levels were elevated following
treatment with thiacalothrixin B and its parent analogue calothrixin B but not with the isothia-
calothrixin analogues. Thus, taking in to account on the DNA damage induced by isothiacalo-
thrixin B and subsequent arrest of cells in G1 and G2/M phase, without an increase in the
protein levels of p53 strongly support the notion that the induction of cell death is p53- inde-
pendent. Several studies have highlighted the p53-independent induction of cell death follow-
ing DNA damage mediated through the pro-apoptotic p73 [43, 44] or NF-kB (nuclear factor-
kB) [45, 46] or by the degradation of anti-apoptotic protein BCL2 [47], and thus it is possible
that isothiacalothrixin B analogues caused cell death through any of these mechanisms. Both
the thiacalothrixin B and calothrixin B induced accumulation of p21™*™/<P! protein. Studies
with full length and deletion mutant p21***/“"P* Juciferase reporter indicated a significant acti-
vation of full-length (-2300/8+) and the plasmid construct lacking p53-binding sites (-300/+8),
apparently suggesting the transcriptional activation of p21**"/P! by thiacalothrixin/calo-
thrixin B was independent of p53 function. Further, the minimal p21**"/“*! promoter
required by thiacalothrixin B is similar to the region modulated by Ras, highlighting the possi-
ble involvement of HRAS—MAPK-ERK due to the activation of stress response as suggested
for paclitaxel [48] and cisplatin [49].

Following the induction of damage to cellular DNA, a major response is cell death due to
apoptosis. Thus, induction of apoptosis as a possible outcome of DNA damage has been widely
cited in the literature [50]. A morphological study with AO-EB double staining identified
early, and late phases of apoptosis in isothiacalothrixin treated cells which also showed signs of
nuclear condensation. Further, DNA fragmentation was demonstrated by agarose gel electro-
phoresis revealed that isothiacalothrixin B induced apoptosis in HCT116 cells. Furthermore,
to study the ability of HCT116 cells to repair calothrixin induced DNA damage, a challenge
assay was performed. The cells were treated with calothrixins for a short period to induce
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DNA damage and allowed to recover in drug-free media. The cell cycle analysis at different
time points in the recovery period indicated that isothiacalothrixins maintained arrest of cells
until 96 hours in G1 and G2/M phases while thiacalothrixin B or calothrixin B treated cells
have normal cell cycle distribution. Similarly, comet assay at 48 hours during the recovery
period too showed the appearance of comet tails in isothiacalothrixin treated cells but not
with thiacalothrixin B treatment indicating that the former analogues caused irreparable DNA
damage to HCT116 cells. The above result clearly suggests that the integrity of DNA is severely
compromised immediately after treatment with SCAB 4 which eventually leads to cell cycle
arrest in S-G2/M phases which is maintained for a longer period and failure to repair damaged
DNA, ultimately leads to apoptotic cell death in HCT116 cells.

Conclusion

In conclusion, this study recommends that isothiacalothrixin B analogues be considered as a
potent DNA damaging agent that caused apoptosis in HCT116 cell line. Given the fact that
p53 is frequently mutated in tumours, isothiacalothrixin analogues whose cell killing was inde-
pendent of p53 function could be a suitable clinical candidate for anti-cancer therapy. The iso-
thiacalothrixin analogues inhibited the clonogenicity and caused strong arrest of cells in S, G2/
M phases of cell cycle in HCT116 cell line. Further, these analogues readily cleaved plasmid
DNA in the presence of a reductant and caused DNA strand breaks in HCT116 cells leading to
cell death through apoptosis. Also, this study identified p21**"/“P! a5 a mediator of cellular
sensitivity to thiacalothrixin B or calothrixin B. Apart from showing preference of DNA bind-
ing to AT-rich regions; the present study also provides the basis for irreparable DNA damage
as a mechanism of isothiacalothrixin induced apoptosis making these analogues as promising
anti-cancer agents.

Supporting information

S1 Fig. Isothiacalothrixins inhibited the cell viability of HCT116 cells over an extended
period. Cell viability at various time points as assessed by Trypan blue staining of HCT-116
cells following treatment with different calothrixin analogues (5 uM) and camptothecin

(0.5 uM). SCAB 1 (solid black square), SCAB 4 (solid red circle), SCAB 6 (solid green trian-
gle), SCAB 10 (solid inverted magenta triangle), camptothecin (solid cyan diamond).

(TIF)

S2 Fig. Clonogenic survival curves of HCT-116 and NCI-H460 cells. Attached cells were
treated with 0.1-5 uM of calothrixin B, thiacalothrixin B and isothiacalothrixins (SCAB 4, 6
and 10), for 48 hours. After 14 days, surviving colonies were fixed and stained with crystal

violet. Error bars represent the standard error of the mean of three independent experiments.
(TIF)

S3 Fig. DNA plasmid damage induced by different thiacalothrixin B analogues (SCAB
1-12). Experiments were performed in triplicate, and the results are expressed in the form of
histograms representing the mean * standard deviation of the percentage of the linear plasmid
DNA form observed.

(TIF)

$4 Fig. Calothrixin B and its isothia analogue caused little chromic shifts. Effects of increas-
ing concentrations of CT-DNA on the UV-Vis absorption spectra of calothrixin B or thia
calothrixin B analogues. Conditions: Cajothrixin B or thiacalothrixin B» 3x107°mol L™ Cipna
(x107°mol L™Y); a—o: 0; 2; 5; 10; 15; 20; 25; 30; 35; 40; 45; 50; 60; 80; 100. The arrow shows the
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intensity changes in increasing CT-DNA concentration.
(TIF)

S5 Fig. Isothiacalothrixin B (SCAB 4) caused irreparable DNA strand breaks in HCT116
cells. Single-cell gel electrophoresis data (comet assay) in HCT116 cells (A) treated for 4 hours
with 5 uM thiacalothrixin B (SCAB 1), followed by growth in drug free medium for 48 hours
(B), treated for 48 hours with 5 uM thiacalothrixin B (B), treated for 4 hours with 5 uM isothia-
calothrixin B, (SCAB 4) followed by growth in drug free medium for 48 hours (D) and treated
for 48 hours with 5 uM isothiacalothrixin B (E). The Olive tail moment (OTM) and mean per-
centage tail DNA (TDNA) in HCT116 cells exposed to 5 uM of SCAB1 or SCAB4 at above
time points. Values are represented as Mean + standard deviation. *, P < 0.05. Experiments
were performed in duplicate.

(TIF)

S6 Fig. Isothiacalothrixin B (SCAB 4) affected clonogenicity after 4 hours treatment to
HCT-116 cells. Effects of thiacalothrixin B (SCAB 1) and isothiacalothrixin B (SCAB 4) on
the clonogenic growth of colon adenocarcinoma HCT116. Cells were seeded in a six-well plate
and after over-night adherence, treated with different concentrations (0.1-5 uM) of thiacalo-
thrixin B and isothiacalothrixins B (SCAB 4), for 4 or 48 hours. After drug treatment, the cells
were washed with Dulbecco’s phosphate buffered saline and let grow up to 14 days in drug-
free medium. Cell colonies were stained with crystal violet and photographed.

(TIF)

S1 Table. Structural details of thia analogues of calothrixin B with their code names.
(DOCX)
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