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A B S T R A C T

β-Boswellic acid (β-BA), a potent NF-kB signaling pathway inhibitor, has shown synergistic anti-cancerous activity
(NCT03149081, NCT00243022 and NCT02977936) in various clinical trials as complementary therapies. The
study has been conducted to investigate the effect and efficacy of 2-pyridin-4-yl methylene β-boswellic acid
(PMBA) and 5-Flourouracil (5-FU) in combination therapy for the treatment of KRAS mutant colon cancer.
Analysis of isobologram showed synergistic combination index (CI > 1) of PMBA and 5-FU against the HCT-
116G13D and SW-620G12V cell lines. The growth-inhibiting PMBA also caused apoptosis mediating effects with
dose-dependent increase in caspase-3 activity, while inhibiting the formation of colonies in combination with 5-
FU. As evident, PMBA affected colorectal 3D CSC properties including the ability to self-renew along with the
expression of multi-drug resistance genes, viz., ABCB1, ABCC1 and ALDH1A1, ALDH1A2, ALDH1A3, ALDH3A1,
and CSC markers like CD44, CD166, EPCAM, OCT-4, SOX-2, and NANOG compared with those in 2D model
explaining the expression pattern of oncogenic KRASG13D, G12V mutation. When examined for plasma level of
PMBA (20 mg) and PMBAþ5-FU (20 þ 40 mg), a time-dependent increase in the level of the drug (5-FU) was
detected, indicating its absorption and bioavailability with excellent half-life of the PMBA for both routes of
administration (IV and Oral), thereby indicating a new adjuvant therapy for KRAS mutant colon cancer.
. Qayum), sks@iiim.ac.in (S.K. Singh).
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1. Introduction

Among all cancer types, colon cancer is the second leading cause of
death worldwide accounting to 19.3 million cases and 10 million deaths
by 2020 (GLOBOCAN). Various limitations in the on-going therapies are
due to resistance imposed by cancer cells to chemotherapeutic drugs,
ultimately leading to reoccurrence with less improvement in the overall
survival of the patients. The major chemo-therapeutic approaches of
mono and combination regimens used to treat cancer have not been
consistently successful due to non-selectivity and early attainment of
drug resistance and recruitment of other salvage pathways by the cancer
cells (Mokhtari et al., 2017). The combination therapy, however, holds a
greater potential for controlling cancer, primarily due to its steady evo-
lution in usage and application of new substances, especially of natural
origin. The progressive increase in the applicable knowledge of cancer
biology, pharmacology and toxicology improved the design of clinical
trials and their combinatorial use with early stages of the disease (Dor-
oshow and Simon, 2017). Also, several natural compounds have been
investigated for their ability to improve the chemo-sensitizing effects of
5-FU in colorectal cancer (Afrin et al., 2018, 2021).

In combination therapy, the interaction of drug becomes more
effective when the sum of combined drug exhibits synergism in which
the effect is greater than the sum of the effects of the single agents used,
thereby producing 1 þ 1>2 effect. In the scheme of isobologram
analysis, various parameters include: Additive (CI ¼ 1)- when the
combined effect of drug A and drug B is equal to the individual effect
exhibited by drug A and drug B; Synergism (CI< 1)-when the combined
effect of drug A and drug B is more than the individual effect exhibited
by drug A and drug B; and Antagonism (CI > 1) when the combined
effect of drug A and drug B is less than the individual effect of drug A
and drug B (Ting-Chao Chou, 2010). The use of combination drugs in
animal and/or clinical application provides the required thrust, as the
therapeutic effect of combined drugs is generally proven better than
that of a monotherapy. By combining agents, the synergistic promoting
properties with favourable pharmacokinetic (PK) makes it possible to
decrease the dose and/or dosing frequency of the drug in order to
achieve blood concentrations of the combination sufficient for cancer
growth suppression. The initial combination-screening is easily
possible in in-vitro analysis which can help to predict which drug in-
teractions will occur at the therapeutic doses in order to identify drug
combinations with favourable PK profiles worthy of evaluation in
clinical trials. Constitutive activation of RAS/RAF/MEF/ERK pathway
in cancerous cells renders EGFR inhibitors, first generation TKIs Gef-
tinib and Erlotinib, ineffective with loss of control over EGFR signaling
(Eberhard et al., 2005). Likewise, in EGFR monotherapy, due to
downstream KRAS mutation, none of the TKI drug (tyrosine kinase
inhibitors) is effective, accounting for no EGFR drug is in compilation
till date (Roberts and Der, 2007). However, combination therapy came
into existence due to less toxicity imposed on normal cells with mul-
tiple targets. Also, achieve a low therapeutic dosage of drug which is
synergistic in nature and increased therapeutic index providing more
potent effect. Various combination regimens used for colon cancer
treatment like, CAPOX (Osawa et al., 2014), FOLFIRI (Lu et al., 2014),
FOLFIRI-CETUXIMAB (Heinemann et al., 2021), FOLFOX (Schultheis
et al., 2013), FOLFIRI-BEVACIZUMAB (Beretta et al., 2013), FU-LV
(Gramont et al., 2000), XELIRI (Delord et al., 2005), and XELOX
(Cassidy et al., 2004), etc. have been found to be effective and
successful.

5-Fluorouracil (5-FU) though having worked as an anti-metabolite
chemotherapeutic agent for the colorectal cancer treatment has taken a
backseat due to several limitations pertaining to its low bioavailability
and short half-life (Zhang et al., 2008). To overcome the drawbacks of
5-FU, comprehensive research has been conducted to enhance its ther-
apeutic efficiency in order to successfully deliver 5-FU to tumor sites
(Almahdi et al., 2020). The inability of single agent chemotherapy to
eliminate CSCs has again diverted the focus towards combination-drug
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targeting of CSCs. A combination of Salinomycin and Docetaxel, and
Thymoquinone (TQ) and 5-FU has been shown to effectively kill gastric
CSCs by preventing drug resistance and reoccurrence (Yang et al., 2020).
The main cause of relapse is the subpopulation of cancer stem cells
(CSCs) which give rise to chemo-resistance to a large extent bestowing
tumor the invasive and differentiation potential. A target based broad cell
line (NCI-60) profiling from diverse panel of cancer tissues revealed
synergistic efficacy of PMBA in KRASG13D, G12V mutant colon cancer cell
lines. In the present study, observation has been extended to combination
therapy to treat colon cancer, particularly KRAS mutated colon cancer.
Among the 21 in-house novel β-boswellic acid derivatives, PMBA was
found to be the most potent cytotoxic candidate with selectivity in killing
KRAS mutant colon cancer cells (Kumar et al., 2016). In the current
scenario, various combinations of PMBA and 5-FU have been analyzed
for their potential to target KRAS mutant colon cancer cell with the hy-
pothesis that the combinatorial therapy would provide a more efficient
regimen for treatment of the cancer.

2. Materials and methods

2.1. SRB assay

In 96-well micro-titer plates, cells- HCT-116G13D and SW-620G12V

(obtained from the NCI-Frederick cancer-DCTD cell line repository) were
seeded at densities ranging from 5000 to 10,000 cells/100 μL/well,
depending on the doubling time. Then, PMBA was added after the
completion of 24 h (using a 7-point dose scale diluted 2-fold) and further
incubated for various time points (24, 48 and 72 h) at different con-
centrations. Paclitaxel was used as a positive control. Then, plates were
incubated under the same conditions for 48 h at 37 �C. After incubation,
the cells were fixed with TCA for 1 h at 4 �C. The plates were then
washed, thrice, with water and allowed to air dry. Using 100 μL of 0.4%
SRB dye, the plates were rinsed three times with water, followed by 1%
v/v acetic acid to remove the unbound SRB. Following drying at room
temperature, the dye was solubilized by adding 100 μL of 10 mM Tris
buffer (pH 10.4). After 5 min, the plates were shaken so that the protein-
bound dye would dissolve. OD readings were taken at 540 nm using a
microplate reader (Thermo Scientific) and IC50 was determined using the
software GraphPAD Prism Version 5.0. The assay was performed in
quadruplicates (Kumar et al., 2016).

2.2. Colony formation assay

HCT-116G13D and SW-620G12V cells (7.5 � 104/mL/well) were
seeded and treated with PMBA (1.7, 2.2 μM), 5-FU (14.7, 78 μM) and
PMBAþ5-FU (1.7þ 14.7, 2.2þ 78 μM) at different concentrations for 24
h. The treated cells were trypsinized, counted and re-seeded at 1000
cells/well in a six-well plate, so as to have colonies of>50 cells to analyse
the colonogenic ability of both the cell lines. Subsequently, cells were
fixed with 1 mL of 4% formaldehyde and stained with 0.5% crystal violet.
Eventually, crystal violet stain was aspirated carefully followed by
thorough rinsing with water three to five times. Then, colonies were
expressed as the number of colony-forming units in treated cells in
comparison to untreated controls (Crowley et al., 2016).

2.3. Scanning electron microscopy

HCT-116G13D and SW-620G12V monolayers incubated with PMBA (1.7,
2.2 μM), 5-FU (14.7, 78 μM) and PMBAþ5-FU (1.7 þ 14.7, 2.2 þ 78 μM)
for 48 h on serum-coated coverslips were treated for 30 min, fixed at 37 �C
(4% formaldehyde, 2.5% glutaraldehyde, 0.1 M sodium cacodylate, pH
7.4) and washed 3X with PBS and post-fixed with buffered 1% Osmium
tetraoxide (OsO4) for 3 h. Samples were then dehydrated through a graded
ethanol series (30, 50, 70, 80, 90, 95, 2 � 100%) followed by hexame-
thyldisilazane (HMDS), and critically point dried. The dried samples were
coated with platinum-palladium alloy using sputter coater (JEOL JEC-300
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FC, Japan). Images were acquired under scanning electron microscopy
(JEOL JSMIT-300, Tokyo, Japan) (Fischer et al., 2012).

2.4. Caspase 3/7 activation assay

HCT-116G13D and SW-620G12V adherent cells following treatment
were rinsed with ice-cold PBS, cell lysis buffer was added and left on ice
for 5 min. Cells were scraped off and transferred to an appropriate tube.
Lysates were sonicated and microcentrifuge for 10 min at 4 �C. Subse-
quently, the supernatant was transferred to the respective tubes. Caspase-
3/7 activity was determined using the caspase-3 fluorescent assay kit
(CST #5723) according to manufacturer's instructions, in 100 μg/well of
total lysate protein of HCT-116G13D and SW-620G12V after treatment with
PMBA (1.7, 2.2 μM), 5-FU (14.7, 78 μM) and PMBAþ5-FU (1.7 þ 14.7,
2.2 þ 78 μM).

2.5. Comet assay

Cells were treated with PMBA, 5-FU or both for 48 h. The DNA
damage was analyzed by SCGE as described (Lu et al., 2017; Shaker and
Melake 2012). Cells were embedded in 75 μL of 0.5% low-melting-point
agarose and microscope slides were immersed in ice-cold lysis buffer
(2.5M NaCl, 100 mM EDTA, 10 nM Tris, 1% sodium laurylsarcosine (pH
10), 1% Triton X-100 and 10% DMSO) for 80 min. The slides were
exposed to alkali (300 mMNaOH and 1 mM EDTA (pH> 13)) for 40 min.
After electrophoresis (25 V, 300 mA, 15 min), the slides were neutralized
in 0.4 M Tris buffer (pH 7.5). The ethidium bromide-stained slides were
analyzed using an image analysis system. Comet tails were measured
using the Kinetic imaging Komet 5.5 assay software and quantified.

2.6. Drug combination assay

For combination synergy studies, cells were plated in 96-well plates
(NUNC) and treated with varying concentration of the compound, either
alone or in combination with the 2-fold co-dilution of both agents which
were screened and compared to the single agent response curve for 48 h.
Cell inhibition was determined using SRB dye (Sigma, 230162). Syner-
gistic effects were determined for PMBA and 5-FU using the Bliss inde-
pendence analysis method through Synergy finder and Calcusyn Version
2.0 (Ianevski et al., 2017; Bijnsdorp et al., 2011).

2.7. Colonosphere formation assay

HCT-116-CSC and SW-620-CSC were maintained as non-adherent
colonospheres, grown either in ultra-low adhesion (ULA) plates (Gre-
nier) or in standard uncoated 10 cm petri dishes. Stem cell media (SCM)
composed of DMEM/F12 (500mL), supplemented with fibroblast growth
factor (FGF) (10 ng/mL), epidermal growth factor (EGF) (20 ng/mL), and
10 mL B27 supplement (Life Technologies). Cells were plated as single
cell suspensions at low cell densities and re-supplemented with SCM
every three to four days. Colonospheres were allowed to form for ten
days before they were collected in 15 mL tubes and subsequently
passaged. For passage, colonospheres were rinsed with PBS and me-
chanically dissociated by passaging through a 20G syringe to achieve a
single cell suspension. Cells were centrifuged at 400xg for 4 min and re-
suspended in SCM to achieve the appropriate cell density (Bahmad et al.,
2018; Chu et al., 2009).

2.8. Western blotting

Colonospheres of both HCT-116G13D and SW-620G12V cells were
treated with PMBA, 5-FU or both at 1.7/2.2, 14.7/78 μM for 48 h in
presence and absence of EGF (10 ng/mL). The treated cells were lysed in
RIPA lysis buffer (Sigma, R0278), supplemented with protease inhibitor
mixture (Promega, G6521) and phosphatase inhibitor mix (Thermo,
78420). Lysates were centrifuged at 15,000 rpm for 15 min and protein
3

concentration was determined by Coomassie protein assay (Thermo
Scientific, 1856209). Equal amounts of 70 μg of protein were subjected to
SDS-PAGE analysis and transferred to PVDF membrane (Millipore,
IPVH00010). After blocking with 5% non-fat milk-TBS or 3% BSA-TBS
(for phosphorylated antibodies) in blocking buffer, membranes were
incubated overnight at 4 �C with the specific primary antibodies [p-c-Kit
(CST #3391), c-Kit (CST #3074)], and subsequently incubated with
secondary antibodies [anti-mouse IgG (CST #7076), and anti-Rabbit IgG
(CST #7074)]. After incubation, the membranes were treated with
chemiluminescent HRP substrate and exposed to X-ray film, as per the
already established protocol (Kumar et al., 2016).

2.9. RNA extraction and real-time reverse transcriptase-polymerase chain
reaction (RT-PCR)

Human colon cancer cell lines HCT-116G13D and SW-620G12V were
seeded overnight and treated with PMBA and 5-FU either singly (9.45/
10.7/25 μM) or in combination (1.7 þ 14.7/2.2 þ 78 μM each) for 48 h.
Control cells were treated with DMSO (0.2% final concentration). Total
RNA was extracted from confluent monolayers of parental cell lines and
ten-day-old CSC colonospheres, as per manufacturer's protocol by using
Tri-reagent (Sigma) and incubated with RNase free DNase. cDNA was
synthesized, from an equal amount of RNA (3 μg), using RevertAid cDNA
synthesis kit according to the manufacturer's instruction. SYBR green
PCR amplification was performed using the StratageneMX3000p Real-
time PCR System with specific set of primers as listed in Table using
GAPDH as housekeeping gene. The concentration of RNA and purity was
determined using the NanodropND-1000 (Thermo Scientific, USA) by
measuring the absorbance at 230, 260 and 280 nm. RNA was diluted to a
concentration of 250 ng/μL, aliquoted and stored at -80 �C. 1 μg of RNA
was converted to cDNA using the iScriptcDNA Synthesis Kit (BioRad)
according to the manufacturer's protocol. Samples were diluted in 60 μL
of RNase free deionized water and stored at -20 �C. RNA was also
extracted from confluent CSC cell lines grown in monolayer in either
standard media or SCM. RT-PCR was performed as: initial denaturation
for 2 min at 95 �C, followed by 40 cycles of 5 s at 95 �C; 5 s at 60 �C and
for final extension 72 �C for 5 min (Nolan et al., 2006).

2.10. Pharmacokinetic study of PMBA through oral and IV route

Pharmacokinetic study of PMBA was carried out using healthy adult
male Balb/c mice (20–22 gm) through single dose oral and intravenous
(IV) route. Animals were kept in standard laboratory conditions with ad-
libitum water for a period of one week, and fasted overnight before oral
pharmacokinetic study. On the day of experimentation, animals were
divided into two groups (25/group) for oral as well as IV administration,
which were further subdivided into five subgroups containing five ani-
mals each for sparse sampling. Two blood samples were collected from
each subgroup. Dose was prepared in 0.5% DMSO, 10% solutol HS-15
and 85% water (v/v) as solution form, and administered through oral
route by oral gavage at 20 mg/kg or IV route by tail vein injection at 5
mg/kg, dose volume being was 10 mL/kg. Blood samples were collected
from retro-orbital plexus at 0.083 (for IV only), 0.25 h, 0.5 h, 1 h, 2 h, 4 h,
6 h, 8 h, 10 h, 12 h (for oral only) and 24 h, in microcentrifuge tubes
containing 5% (w/v) disodium EDTA. Each blood sample was centri-
fuged at 8000 rpm for 10 min, and 50 μl plasma from each tube was
further processed with methanol (200 μL) for plasma protein precipita-
tion. The sample was mixed thoroughly by vortexing for 2 min followed
by centrifugation at 14000 rpm for 10 min at 4 �C. Organic layer was
separated and transferred to inner vial for quantitation of PMBA by LC-
MS/MS (Make: Shimadzu; Model: 8030, Japan). Sample concentration
was determined based on the calibration curve prepared by spiking
appropriate concentration of PMBA in blank plasma. Separation was
achieved in Chromolith High Resolution RP-18e column (100� 4.6 mm)
using isocratic mobile phase composition of water containing 0.1% (v/v)
formic acid and acetonitrile (50:50, v/v) at the flow rate of 0.5 mL/min.
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Tandem mass spectrophotometer with electrospray ionization (ESI)
source was operated in positive mode and quantitation of PMBA was
performed on multiple reactions monitoring (MRM) mode with parent
ion/product ion transition pairs of 558.4> 118.9. Plasma concentrations
of PMBA at respective time points were obtained and calculation was
done for various pharmacokinetic parameters (Cmax, maximum plasma
concentration; Tmax, time to reach maximum plasma concentration; T1/2,
elimination half-life; AUC0-t, area under the curve for plasma concen-
tration from zero to the last measurable plasma sample time; AUC0-∞,
area under the curve for plasma concentration from zero to time infinity;
Vd, volume of distribution; Cl, clearance) by non-compartmental analysis
using PK solution software (Summit Research Services, Colorado, USA)
(Yempalla et al., 2015; Magotra et al., 2018).
2.11. Pharmacokinetic study for combination of PMBA and 5-FU in Balb/
c mice through oral route

Single dose oral pharmacokinetic study of PMBA was carried out
using healthy adult Balb/c mice (20–22 gm) after necessary approval
from Institutional Animal Ethics Committee (IEAC no. 68/91/8/16) of
CSIR-Indian Institute of Integrative Medicine, Jammu, India. Twenty
animals were kept in standard laboratory conditions with water ad libi-
tum for a period of one week before experimentation. Animals were
fasted overnight and divided into four groups containing five animals per
group on the day of experimentation. PMBA and 5-FU dose was prepared
in 0.5% v/v DMSO, 10% v/v Solutol and Water (q.s) and administered
through oral route at 20 mg/kg with dose volume of 10 mL/kg. Blood
samples were collected from retro-orbital plexus at 0 (pre-dose), 0.25 h,
0.5 h, 1 h, 2 h, 4 h, 6 h, 8 h and 10 h in microcentrifuge tubes containing
5% (w/v) disodium EDTA. Blood samples were collected two times from
each group to execute pharmacokinetic study using sparse sampling
technique. Each blood sample was centrifuged at 8000 rpm for 10 min to
obtain each of 50 μL plasma which was further processed with methanol
(200 μL) for plasma protein precipitation. Then, sample was mixed
thoroughly by vortexing for 2 min followed by centrifugation at 14000
rpm for 10 min at 4 �C. Organic layer was separated and transferred to
Figure 1. Morphological and Phenotypic response of KRAS mutant colon cancer ce
inhibited colony formation in KRAS mutant CRC cells (HCT-116G13D and SW-620G12V

violet stain after a 10-day treatment with DMSO, PMBA, 5-FU or both for 48 h n ¼
electron microscopy images of control and treated HCT-116G13D and SW-620G12V cell
monolayer (50,000 cells) for 24 h and further cultured in the presence or absence of P
The arrow indicates the membrane blebbing, disappearance of microvilli and form
treatment with PMBA alone and in combination. (C) HCT-116G13D and SW-620G12V ce
by Caspase 3/7 activation kit in the regulation of apoptosis. n ¼ 3, ns (non-significa
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HPLC vial for analysis. PMBA was dissolved in DMSO and diluted further
with Methanol to obtain calibration curve (0.39–2000 ng/mL) by spiking
appropriate amount into the blank plasma. Quantitation of PMBA was
carried out using LC-MS/MS (Make:Shimadzu; Model:8030). Plasma
concentrations of PMBA at respective time points were obtained and
calculation was done for various pharmacokinetic parameters by non-
compartmental analysis using PK solution software (Summit Research
Services, Colorado, USA) (Dheer et al., 2019).
2.12. Quantification and statistical analysis

The results were expressed as mean � standard error of mean (SEM).
Significance between controls and treated samples was calculated using
Student's t-tests. Significance between controls in different cell lines was
calculated using one and two-way ANOVAs and t-tests. Statistical cal-
culations were performed using GraphPad prism version 5.0 (Chicago,
USA). All analyses used p < 0.05, P < 0.01, P < 0.001 for determining
significance *, ** and *** respectively.

3. Results

3.1. PMBA inhibited proliferation of KRAS mutated colon cancer cell lines

On the basis of information obtained from the Sanger Institute COS-
MIC database, SRB assay has been performed on KRAS mutant colon
cancer lines - HCT-116G13D and SW-620G12V (NCI-DCTD, USA. After 48 h
treatment, PMBA exhibited potent inhibitory activity resulted in IC50
values of 1.7, 2.2 μMwhereas 5-FU exhibited IC50 of 14.76 and 78.33 μM
in HCT-116G13D and SW-620G12V.
3.2. PMBA restricted KRAS-mutant colorectal cancer growth

On apoptosis regulation, PMBA remarkably induced cell apoptosis
disrupting cellular integrity in KRAS mutant colon cancer cell lines-HCT-
116G13D and SW-620G12V by inducing ~20 times increased expression of
caspase-3 activity (Figure 1B,C), indicating that caspase-3 expression is
lls to inhibitor PMBA treatment in 2D culture. (A) Quantified images of PMBA
), but showed no effect on KRAS wild-type CRC cells (HT-29) stained with crystal
3, ns (non-significant); **P < 0.01; ***P < 0.001. (B) Representative scanning
s in 2D culture were shown. HCT-116G13D and SW-620G12V cells was grown as a
MBA, 5-FU or the combination (PMBAþ5-FU) for 48 h. DMSO served as control.
ation of apoptotic bodies in both the HCT-116G13D and SW-620G12V cells after
lls were treated with the PMBA for 48 h at indicated concentrations and assayed
nt); ***P < 0.001.
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activated by PMBA. Whereas in-vitro colony assay was performed to
measure the cell proliferation capability i.e. the ability of a single cell to
grow into a colony. This assay tests each and every cell in the population
for its ability to undergo unlimited divisions. HCT-116G13D and SW-
620G12V cells were treated with different concentrations of PMBA, 5-FU
and PMBAþ5-FU at 1.7, 2.2 μM,14.7,78 μM and 1.7 þ 14.7, 2.2 þ 78 μM
in which colonies were formed after 14 day treatment. It was found that
PMBA significantly decreased colony formation in colon cancer cells
(HCT-116G13D and SW-620G12V cells), but more proficient results were
seen in combination of PMBAþ5-FU as compared to the untreated con-
trol (A) (Figure 1A).

3.3. Assessment of DNA damage sensitivity in KRAS mutant cancer cells

PMBA induced comet formation for DNA nucleoids in the intact cells
two KRAS mutant colon cancer cell lines, over a dose range of 1.7, 2.2,
14.7 and 78 μM for 48 h in both the cell lines. The plots revealed clear
dose-response exhibiting ~2–17 fold for HCT-116G13D and SW-620G12V

with higher measures of comet formation respectively, compared with
the corresponding intact normal cells (HEK 293). In addition, for each
cell line, the relative level of comet formation sustained the same array as
varied in the intact normal cell line which exhibited a relatively low
measure of comet formation at low dose but relatively greater measures
at higher doses of combination (28.5 and 70 μM) (Figure 2, Table 1)
(***p < 0.001).
Figure 2. Comet DNA damage detection assay to directly examine whether activation
lines after treatment with PMBA (1.7/2.2 μM)/5-FU (14.7/78 μM) combination ther
represents induction of mutant KRAS rendered cells resistant to PMBA-induced DN
considerable strand breakage on chromosomal DNA and led to the appearance of a
Combined treatment with PMBA and 5-FU as evidenced by an increased comet forma
with combination effects. Comet images (200X) in alkaline gel electrophoresis with
microscope with an excitation filter (510 nm) and a barrier filter (590 nm) by using E
Box indicates Mean � SEM for each cell line, small square within the box indicates m
each cell line denoting the % tail DNA damage. (B) Analysis and quantification of DNA
cells treated with PMBA, 5-FU or both.
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3.4. Combination drug screen act as sensitizers to 5-FU

To inspect the therapeutic potentiality and estimate the reciprocity of
in-vitro to in-vivo data for speculating sensitivity to treat KRAS mutant
colorectal cancer, combination studies were conducted with 5-FU in HT-
29, HCT-116 and SW-620 colorectal cancer cell lines, which carries a
wild type and an activating KRAS mutation (G13D and G12V)
(Figure 3A). The result of combination dose-response screen of PMBA
and 5-FU, which was accomplished in HT-29WT, HCT-116G13D and SW-
620G12V cells assessed both single-combined agent activity and evaluated
additive, synergistic, or antagonistic interactions over an array of doses
(Figure 3B). As single agents, both PMBA and 5-FU revealed dose-
dependent anti-proliferative activity with IC50 values of 1.7 and 2.2
μmol/L for 48 h respectively. A heat map of the expected response
revealed multiplicative effect, as the two drugs act independently excess
over single agent depicting the doses at which the drug combinations
achieve better than predicted inhibition of cell viability (Figure 3C). The
combination of PMBA and 5-FU was synergistic over the majority of
dose-combinations studied. Accordant with the Bliss method, we
discovered synergy at the majority of doses tested and importantly at
doses that are thought to be clinically pertinent (Figure 3C). Subse-
quently, in-vivo evaluation extended further evidence that this drug
combination generated a higher degree of antitumor activity than that
achievable from single-agent treatment due to improved absorption of 5-
FU administered with PMBA (Figure 3D).
of KRAS would result in decreased DNA damage. (A) KRASG13D, G12V mutant cell
apy for 48 h. DNA damage was quantified via % DNA in tails. Each data point
A damage, as indicated by the increased accumulation of DNA in tails with
n obscure halo around the nucleus of the HCT-116G13D and SW-620G12V cells.
tion further. In contrast, PMBA had modest effects on HEK 293 cells, consistent
HCT-116G13D and SW-620G12Vcells were taken under an Olympus fluorescence
tBr staining. Percentage of comet-positive cells is presented as the Mean � SEM.
ean, and the horizontal bars indicate maximum and minimum values; n ¼ 3 for
damage as measured by comet assay in HCT 116G13D, SW 620G12V and HEK 293



Figure 3. Determination of synergistic combination of PMBA with 5-FU. (A) Combining PMBA with 5-FU inhibitor results in synergistic growth inhibition in KRAS-
mutant colon cancer cell lines as calculated through Calcusyn version 2.1 and Synergy finder. The synergistic interaction between PMBA and 5-FU (validation screen)
were examined across HT-29WT, HCT-116G13D and SW-620G12V cell lines and correlated (Pearson correlation, R) with the synergy scores obtained in the initial screen
treated with indicated concentration pairs of PMBA, 5-FU and with the combination of both. (B) Combination index (CI) at ED50, ED75, and ED90 values of PMBA
with drug (5-FU) combination on two KRAS mutant colon cancer cell lines. The CI values at a Fa value of 0.5, 0.75, and 0.90 for isobologram were calculated with the
Calcusyn version 2.1. Isobolograms of the combination of PMBA and 5-FU (a, b and c), Analysis of the combination of PMBA and 5-FU in (a) HCT-116 cells with a fixed
ratio 1:8.63 of 5-FU: PMBA; (b) SW-620 cells with a fixed ratio of 1:35.4 of 5-FU: PMBA; (c) HT-29 cells with a fixed ratio of 1:3.15 of 5-FU: PMBA. The individual
doses of PMBA and 5-FU, used to achieve 90% (straight line) growth inhibition (Fa ¼ 0.90), 75% (hyphenated line) growth inhibition (Fa ¼ 0.75), and 50% growth
inhibition (Fa ¼ 0.50) were plotted on the x- and y-axes. Combination index (CI) values is represented by points above (indicating-antagonism between drugs) or
below the lines (indicating–synergy). X symbol ED50, plus sign ED75 and (open dotted circle) ED90 (monotherapy PMBA versus combination (CI (5-FU: (PMBA)).
CI*(combination index) obtained from the Fa value which denotes the fraction affected (e.g., Fa of 0.5 is equivalent to a reduction in cell growth). The CI value 1
shows synergism, ¼ 1 show an additive while 1 shows antagonism. þþ Strong synergism, þ synergism, -antagonism. (C) Heat maps encode synergistic effects induced
by PMBA and 5-FU on HCT-116G13D and SW-620G12Vcell lines. Cell lines were arranged into synergistic (red) and non-synergistic (green) by hierarchical clustering of
expression signatures. Based on the activity, an expected GIC50 curve was inferred in which dose-response curves (logistic interpolation) of PMBA at a fixed con-
centration of 5-FU were compared. *P < 0.05; **P < 0.01. Comparison of Bliss synergy scores for the combination of PMBA and 5-FU with HT-29WT, HCT-116G13D and
SW-620G12V.Visualization of the dose–response matrix and the plots of phenotypic responses for the single drugs. (D) Pharmacokinetics study was carried out through
oral administration of alone and combination of PMBA and 5-FU at a dose of 20 and 40 mg/kg in Balb/c mice respectively.
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3.5. Influence of oncogenic KRAS mutation on CSC characteristics of colon
cancer cells

The ability to form colonospheres was found to be ~3.5 fold for HCT-
116G13D and ~9 fold for SW-620 G12Vcells, and was suggestive of a large
intrinsic CSC population in both of the parental cell lines. Both CSC and
parental cell lines showed varied expression of CD166, CD44 and EpCAM
6

(Figure 4). SW-620-P and HCT-116-P cells had low expression of CD166,
CD44 and EpCAM, which was increased in SW-620G12V–CSCs and HCT-
116G13D-CSCs. The fold change between CSCs and parental cells was
evaluated reciprocal to the expression of the housekeeping gene GAPDH.
SW-620G12V–CSCs and HCT-116G13D-CSCs had a mean of 3.25 and 6.19,
11.2 and 27.5, 17.2 and 11.23 (***p< 0.001) with 6 and 7.7, 5.6 and 17,
19 and 8.6 fold increase in the expression of CD166, CD44 and EpCAM



Figure 4. Quantitative Real-Time PCR was performed to reveal the expression of chemo-resistance proteins and CSC related markers in KRAS mutant colon cancer cell
lines. Categorical expression of CSC markers-CD44, CD166, EpCAM and OCT-4, SOX-2, NANOG was evaluated in HCT-116G13D, SW-620G12V colonospheres and
parental cells by qRT-PCR normalized to the expression of GAPDH. The mean fold change in gene expression�SEM is shown for the CSC cell lines relative to their
respective parental cell lines (n ¼ 3).

A. Qayum et al. Heliyon 8 (2022) e09103
gene expression compared to respective parental cell lines: HCT-116-P
and SW-620-P cells which had a mean of 0.52 and 0.8, 2 and 1.6, 0.9
and 1.3 [24,25]. Whereas expression of OCT-4, SOX-2, NANOG in
parental HCT-116G13D cell line was found to be 0.22, 0.35 and 0.3 with
increase in expression of 10, 3.15 and 4.84 fold with mean of 1.94, 1.65
and 2. Also, in SW-620G12V, the expression in parental cell line was 0.3,
0.27 and 0.48 as upon treatment there was increase in expression up to 7,
8 and 11-fold with mean of 2.11, 3.01 and 3.89, respectively.

3.6. Colonospheres have higher expression of drug resistance related genes

Expression of ABCC1 and ABCB1was significantly higher (~2.6 and
4, ~18.5 and 31-fold) in HCT-116 G13D and SW-620G12V–CSCs
Figure 5. Expression analysis of Drug resistance and CSC markers in HCT 116G13D

members: ABCB1, ABCC1 and ALDH1A1, ALDH1A2, ALDH1A3, ALDH3A1 was quan
expression of the reference gene, GAPDH. The mean fold change in gene expression �
(n ¼ 3).
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compared to HCT116G13D and SW-620G12V–P cells (**p � 0.01, ***p �
0.001) with no change in ABCC1 or ABCG2 expression. SW620–CSCs
had the highest expression of ABCB1 among the cell lines tested,
whereas ABCC1 was expressed at low to moderate levels in all cell lines
tested. These results support the increased expression of ABCB1 and
ABCG2 in CSCs. The gene expression of ALDH1A1, ALDH1A2, ALDH1A3
and ALDH3A1 was also examined using qRT-PCR (Nolan et al., 2006).
Both parental and CSC enriched cell lines had a low expression of
ALDH1A2. ALDH1A3 and ALDH3A1, while it was moderate in both
HCT-116G13D-and SW-620G12V –CSCs with no significant differences
expression between parental cell lines, but HCT-116G13D-and
SW620G12V–CSCs had significantly higher expression of ALDH1A1 (***p
� 0.001,**p � 0.01) (Figure 5).
and SW 620G12V cells. (A9) Gene expression analysis of ABC transporter family
tified in CSCs and parental cells. Target gene expression was normalized to the
SEM is shown for the CSC cell lines relative to their respective parental cell lines
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3.7. Evaluation of 3D colonospheres chemotherapy treatment in response
to PMBA and 5-FU

After ten days of growth, parental and CSC derived colonospheres were
treated with 5-FU (14.7/78 μM) and PMBA (1.7/2.2 μM). HCT-116G13D

parental derived colonospheres were sensitive to treatment with PMBA
(***p � 0.001) and 5-FU. A reduction in metabolically active cells was
accompanied by visible colonosphere dissociation. SW-620G12V-CSC and
HCT-116G13D-CSCs derived colonospheres were resistant to 5-FU treat-
ment (*p� 0.05) even with prolonged exposure (Figure 6). Colonospheres
were also treated with PMBA, 5-FU or both, at doses lower and higher than
Figure 6. Impact of PMBA, 5-FU or both in Pluripotent transcription factors, ABC
liferation in 3D culture: Phase-contrast images of HCT-116G13D and SW-620G12V colon
treatment against PMBA (1.7, 2 μM/mL), 5-FU (14.7,78 μM/mL), or the combination.
(*P < 0.05, ***P < 0.001). (B) c-Kit expression analysed by western blotting in bo
treatment with PMBA and PMBAþ5-FU as compared to 5-FU alone (ns-non-significa

8

the IC50 values and dissociation was seen in response to high doses of
chemotherapy with prolonged exposure. Expressional analysis of c-Kit
through western blotting revealed its role in modulating the tumor initi-
ating colon stem cells through its activation of RAS pathway and treatment
with both PMBA alone or in combination resulted its suppression.

3.8. Drug resistance related gene expression changes following
chemotherapy treatment

Parental monolayer cells, and CSC colonospheres were treated with 5-
FU (14.7/78 μM), PMBA (1.7/2.2 μM) or both for 48 h and qRT-PCR
transporter and ALDH gene expression. (A) KRAS-driven colon cancer cell pro-
ospheres at 48 h following EGF stimulation (10 ng/mL) following chemotherapy
Mean � SEM number of dispersed cells per colonospheres from triplicate shown
th CSC-SW-620 and CSC-HCT-116 and markedly decreased in expression with
nt, ***P < 0.001).
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analysis was done to determine the gene expression levels of ABCB1,
ABCC1, ALDH1A1, ALDH1A3 and ALDH3A1 as compared to control
(untreated) samples. Treatment with 5-FU did not alter the expression of
these genes in any of the cell lines tested. Both ABCB1 and ABCC1ex-
pression was ~4 and 2-fold down regulated in HCT-116G13D- and SW-
620G12V–CSCs in response to PMBA and both (PMBAþ 5-FU) (***p �
0.001) (Figure 7A). Also, increased in response to treatment, ALDH1A1,
ALDH1A3 and ALDH3A1 expression was lower than levels detected in
respective untreated CSCs (**p � 0.01) (Figure 7B). The expression of
stem cell transcriptional factor such as OCT-4, NANOG and SOX-2
(Figure 7C) also found to be down regulated by treatment with PMBA
alone or both PMBAþ5-FU. Collectively, these results provide evidence
that chemotherapy treatment reduces the expression of drug-resistance
associated genes in both CSC.

3.9. Pharmacokinetics of PMBA, 5-FU and PMBAþ5-FU

Pharmacokinetics studies were carried out following oral (PO) and
intravenous (IV) administration of PMBA at a single dose of 20 mg/kg, 5
mg/kg and 40 mg for 5-FU, whereas in combination of PMBA and 5-FU in
Balb/c mice. Mean plasma concentration versus time profiles of PMBA, 5-
FU and PMBAþ5-FU with pharmacokinetic parameters of PMBA, 5-FU
and PMBAþ5-FU are represented in Tables 2 and 3, respectively. Cmax
of PMBA was achieved after 2 h of orally dose administration. The half-
life of the molecule was excellent for both the routes of administration.
Excellent AUCs of the candidate were obtained through IV route in
comparison to oral route. Slow clearance of the molecule after IV
Figure 7. (A) Expression of ABCB1 and ABCC1in CSC-HCT-116 and SW-620 cells wer
regulated its expression effectively in comparison to 5-FU (*P < 0.05; **P < 0.01; ***
increased in HCT-116G13D and SW-620G12V cell lines imparting resistance to chemoth
expression when compared with 5-FU (ns-non-significant, **P < 0.01; ***P < 0.001)
(1.7, 2.2 μM) or both for 48 h and normalized to the expression of GAPDH with chan
and SOX-2), ABC transporter and ALDH variant in CSC and parental cells quantified u
0.001; ns-non-significant. (D) Heatmap and unsupervised hierarchical clustering an
associated with a variable expression as shown compared to control; red is up-reg
gene's expression levels (ClustVis).
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administration was seen in comparison to the oral administration. Oral
exposure of the compound can be improved by approaching various
application of the formulation. Moreover, oral exposure of the candidate
is acceptable based on its proposed therapeutic application, and a num-
ber of drugs available in the market have a similar type of exposure
profile. Overall, PMBA has satisfactory pharmacokinetic profile route
that insinuates further development. Furthermore, Pharmacokinetics
study was carried out following oral administration of combination of
PMBA and 5-FU at a dose of 20 and 40mg/kg in Balb/cmice respectively.
Also, Time vs. plasma concentration profile of both PMBA and 5-FU was
depicted in Table 3. It was observed that PMBA and 5-FU was absorbed
rapidly as time to reachmaximum plasma concentration (Tmax) after dose
administration was only 30 min. T1/2 was increased up to 7.7-fold when
given PMBAwith 5-FU as compared to 5-FU alone. Plasma half-life (T1/2)
of PMBA in combination therapy was found to be excellent as T1/2 more
than 2 h is sufficient for a new chemical entity to proceed for further
clinical research.

4. Discussion

5-FU, a water-soluble anti-metabolite, is being used as a chemother-
apeutic and neoplastic agent in treating colon cancers. On a clinical scale
it has, however, shown considerable limitations owing to its low
bioavailability and attained drug resistance (Christensen e al., 2019). In
advanced CRC, the curative accountability of 5-FU is less than 10–15%.
In order to achieve a better therapeutic effect, with fewer side effects,
various 5-FU combination and formulation strategies have been
e found to be up-regulated but PMBA alone and in combination with 5-FU down-
P < 0.001). (B) Expression comprises of ALDH1A1, ALDH1A3 and ALDH3A1 was
erapeutic drugs. Treatment involving PMBA and PMBAþ 5-FU resulted reduced
. (C) HCT-116G13D and SW-620G12Vcells treated with 5-FU (14.7, 78 μM), PMBA
ges seen in gene expression of pluripotent transcription factors (OCT-4, NANOG
sing RT-qPCR. Results are Mean � SEM (n ¼ 3). *P < 0.05; **P < 0.01; ***P <

alysis of mRNA expression in HCT-116G13D and SW-620G12V–P and CSC cell-
ulated, and green is down-regulated compared to the mean of the individual



Table 2. Pharmacokinetic parameters of PMBA after oral and IV administration in Balb/c mice.
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discovered aiming to overcome its short half-life, poor efficacy, low
bioavailability and higher toxicity. The inefficient selectivity of 5-FU for
cancerous cells limits its effectiveness in cancer chemotherapy in
achieving a proficient effect. Many combination approaches have been
coming forward to overcome these disadvantages of 5-FU in CRC therapy
(Afrin et al., 2018, 2021). 5-FU is an analogue of the pyrimidine nucle-
obase uracil which can enter the cells via facilitated transport
Table 3. Pharmacokinetic parameters of 5-FU, PMBAþ5-FU after
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mechanism. 5-FU is metabolized into fluorodeoxyuridine mono-
phosphate (FdUMP), fluorodeoxyuridine triphosphate (FdUTP) and flu-
orouridine triphosphate (FUTP) which prevent the synthesis of RNA and
thymidylate synthase (TS) activity in cancerous cells. On the 5-FU
catabolism, a rate-limiting enzyme dihydropyrimidine dehydrogenase
(DPD) is catabolized to dihydrofluorouracil (DHFU) and the level is
found to be increased in tumor cells. Mostly, the up-regulation of
oral administration in Balb/c mice.
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dihydropyrimidine dehydrogenase (DPD) gene expression in CRC is
associated with 5-FU acquired drug resistance (ADR) (Zhang et al.,
2008).

Potential regimes are coming along to enhance chemotherapy by 5-
FU and one of the most important objectives of pharmaceutical
research is to discover novel 5-FU combinations to minimize side effects
with improved clinical efficacy. Furthermore, combining nutraceuticals
therapeutic agents with standard 5-FU to enhance its therapeutic efficacy
is another beneficial potential of these drug delivery systems for the
treatment of CRC which can also enhance the sensitivity of tumor cells to
5-FU, so as to overcome drug resistance (Almahdi et al., 2020). A
distinguished sensitivity to KRAS inhibition (in vitro) with PMBA in
cancer cell lines has been established and also confirmed by culture
reliant effect of KRAS expression over monolayer versus 3D-colon
spheroids (Sun et al., 2017; Selby et al., 2017). The extension of these
KRAS-dependency correlations to the in-vivo environment from the
breakthrough that PMBA is highly efficacious in mono- and
combination-studies in several cancer cell lines highlighted its basic
importance of mutant KRAS driving cancer augmentation and mortality
in-vivo. Moreover, these findings not only implicated that 3D-colon
spheroid cultures better speculate the in-vivo sensitivity of KRAS
mutant cancer cells to PMBA, but also promoted that in-vitro studies
determining KRAS dependency using adherent monolayer cell cultures
significantly minimize KRAS peripheral action in-vivo (Fujita-Sato et al.,
2015). The 3D cultures are becoming more frequently recognized and
utilized to better imitate the in-vivo environment and response to
chemotherapy with additional therapeutic targets (e.g., HER2 and EGFR)
(Ekert et al., 2014; Howes et al., 2014). We are not apprised of any
approved oncology drug that exhibits distinctive activity between 2D and
3D cultures as considerable as KRAS inhibition. This has phenomenal
translational inference for interpreting in-vitro synthetic lethal associa-
tion of KRAS as a navigating oncogene. In future clinical assessment to a
KRASG13D, G12V mutated patient; 3D cultures will prove to be an eminent
screen. Further, targeting drug resistance genes (ABCB1, ABCC1,
ALDH1A1, ALDH1A3 and ALDH3A1) in 3D population of colon cancer
cell lines carrying KRAS wild type and mutant profile evaluated the
PMBA and 5-FU combinations (Huang et al., 2009; Vasiliou et al., 2004).
This indicated enhanced efficacy in the activity of 5-FU when combined
with PMBA, and accomplished the drug design for β-BA combinatorial
targeted therapy impacting KRAS mutant colon cancer cells with trans-
muted expression of gene complexes in processes like apoptosis, cell
cycle progression and relocation, which were doubtlessly the out turn of
disordered cellular metabolism, growth, and redox balance.

Collectively, the in-vivo results confirmed that PMBA is broadly effi-
cacious as a single and combination agent throughout colorectal model
and provided evidence that a significant portion of patients with
KRASG13D, G12V mutations would get assistance from KRAS directed
therapies. It is fortuitous to consider that PK profile for PMBA (20 mg)
and PMBAþ5-FU (20 þ 40 mg) enabled maximum target tenancy with
the inherent good chemical and metabolic stability for an increased
stretch of time at the doses employed and sufficient to achieve a thera-
peutic efficacy in the tumor model in mono as well as combination
therapy. This is the first study that demonstrated the effectiveness of
PMBA in combination with 5-FU against KRAS mutant colon cancer. In
this study, we demonstrated that PMBA and 5-FU inhibited HCT-116G13D

and SW-620G12V KRAS mutant colon cancer cells proliferation (in-vitro)
with IC50 value of 1.7 μM/mL, 2.2 μM/mL and HT-29 cells with 25.89 μg/
mL. In our previous study, PMBA was found to be more potent and se-
lective when compared with the IC50 observed with AKBA treatment in
other cancer cell lines (Kumar et al., 2016). The anti-proliferative po-
tential of PMBA on different cancer cell lines has been found to vary,
based on sensitivity and type of cancer. This study has been conducted on
HCT-116G13D, SW-620G12V and HT-29WT cell lines in order to determine
interaction pattern and the efficacy between PMBA and 5-FU by using
Isobologram analysis to assess the qualitative as well as quantitative
measure of nature and interaction range between two anti-tumor agents.
11
Further, SynergyFinder R implemented algorithms to calculate the syn-
ergy scores for dose–response matrix data via Bliss model as a 2D and 3D
synergy map over the dose matrix, revealed the expected response as a
multiplicative effect as if the two drugs acted independently. In the
present investigation, isobologram analysis of different KRAS cell lines
exhibited that PMBA enhanced the cytotoxicity of 5-FU in both
HCT-116G13D, SW-620G12V cells (CI value ED50, ED75 and ED90
0.53–0.76) in a synergistic manner, whereas in HT-29 cells (CI value
ED50, ED75 and ED90 0.55–0.79) it showed concentration additive
behaviour. After determining the efficacy of PMBA alone and in combi-
nation with 5-FU on HCT-116G13D, SW-620G12V cells and HT-29WT cells
in-vitro, pharmacokinetics studies have been carried out to test the effi-
cacy of PMBA against 5-FU in Swiss mice in which T1/2 was increased by
7.7-fold when given PMBAwith 5-FU as compared to 5-FU alone. Thus, it
is imperative to design new combinatorial approaches with PMBA that
allow dose reduction, enhance the drug effectiveness and reduce the
toxicity.
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