Received: 10 July 2019

Revised: 11 November 2019

Accepted: 12 November 2019

DOI: 10.1111/jcmm.14869

ORIGINAL ARTICLE

WILEY

The antitumour activity of 2-(4-amino-3-methylphenyl)-
5-fluorobenzothiazole in human gastric cancer models is
mediated by AhR signalling

Yuling Wang!

| YingLiu! | Tao Tang? | YingLuo' | Malcolm F.G. Stevens? |

Xi Cheng® | YanYang® | Dongfang Shi® | Jihong Zhang® | Tracey D. Bradshaw?

Laboratory of Molecular Genetics of
Aging and Tumor, Medical School, Kunming
University of Science and Technology,
Kunming, China

2School of Pharmacy, Centre for
Biomolecular Sciences, University of
Nottingham, Nottingham, UK

3Atom Bioscience and Pharmaceutical Co.,
Ltd., Zhenjiang, China

Correspondence

Jihong Zhang, Lab of Molecular Genetics of
Aging & Tumor, Medical School, Kunming
University of Science & Technology, 727
South Jing Ming Road, Chenggong County,
Kunming, Yunnan Province 650500, China.
Email: zhjihong2000@126.com

Tracey D. Bradshaw, School of Pharmacy,
Centre for Biomolecular Sciences, University
of Nottingham, University Park, Nottingham
NG7 2RD, UK.

Email: tracey.bradshaw@nottingham.ac.uk

Funding information

Financial support for all work described
herein was provided by the National
Natural Science Foundation of China

(No. 81560601). # Atom Bioscience and
Pharmaceutical Co. Ltd financed additional
in vitro and in vivo studies.

Abstract

Stomach cancer is the fourth most common cancer worldwide. Identification of
novel molecular therapeutic targets and development of novel treatments are
critical. Against a panel of gastric carcinoma cell lines, the activity of 2-(4-amino-
3-methylphenyl)-5-fluorobenzothiazole (5F 203) was investigated. Adopting RT-
PCR, Western blot and immunohistochemical techniques, we sought to determine
molecular pharmacodynamic (PD) markers of sensitivity and investigate arylhydro-
carbon (AhR) receptor-mediated signal transduction activation by 5F 203. Potent
(IC5y = 0.09 pmol/L), selective (>250-fold) in vitro antitumour activity was observed
in MKN-45 and AGS carcinoma cells. Exposure of MKN-45 cells to 5F 203 triggered
cytosolic AhR translocation to nuclei, inducing CYP1A1 (>50-fold) and CYP2W1 (~20-
fold) transcription and protein (CYP1A1 and CYP2W1) expression. G2/M arrest and
yH2AX expression preceded apoptosis, evidenced by PARP cleavage. In vivo, signifi-
cant (P < .01) 5F 203 efficacy was observed against MKN-45 and AGS xenografts. In
mice-bearing 5F 203-sensitive MKN-45 and 5F 203-insensitive BGC-823 tumours in
opposite flanks, CYP1A1, CYP2W1 and yH2AX protein in MKN-45 tumours only fol-
lowing treatment of mice with 5F 203 (5 mg/kg) revealed PD biomarkers of sensitiv-
ity. 5F 203 evokes potent, selective antitumour activity in vitro and in vivo in human
gastric cancer models. It triggers AhR signal transduction, CYP-catalysed bioactiva-
tion to electrophilic species causing lethal DNA double-strand breaks exclusively in
sensitive cells. 5F 203 represents a novel therapeutic agent with a mechanism of
action distinct from current clinical drugs, exploiting novel molecular targets perti-
nent to gastric tumourigenesis: AhR, CYP1A1 and CYP2W1. PD markers of 5F 203

sensitivity that could guide patient selection have been identified.
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1 | INTRODUCTION

Stomach cancer is the fourth most common cancer and second lead-
ing cause of cancer death worldwide. With >950 000 new diagnoses
each year and ~720 000 deaths in 2012, gastric cancer represents
7% of global cancer incidence.! Although worldwide, the incidence
of gastric cancer is declining, it remains highly prevalent in Asia when
compared to the West. China is one of the countries with the high-
est incidence of gastric cancer and accounts for >40% of all new
gastric cancer cases in the world. Indeed, gastric cancer is the third
leading cause of cancer mortality in China. Globally, 5-year survival
for gastric cancer is ~30%; for localized disease, 67% of patients
survive beyond 5 years, but >70% gastric cancer patients possess
metastases (in regional lymph nodes or at distant sites) at the time of
diagnosis. The prognosis for patients with metastatic disease is very
poor: median survival is between 4 months (with supportive care)
and 12 months (with combination cytotoxic chemotherapy); 5-year
survival statistics are dismal (~5%).

Treatment of this malignancy includes surgery, radiation ther-
apy and chemotherapy, but clinical practice varies widely inter-
nationally. Most chemotherapy treatments for stomach cancer
are based on the combination of at least 2 drugs, 5-fluorouracil
and cisplatin, or related derivatives capecitabine, and oxalipla-
tin. Other drugs commonly used include paclitaxel, docetaxel,
epirubicin and irinotecan. Systemic toxicities associated with
such cytotoxic chemotherapy regimens include myelosuppres-
sion, heightened infection risk, fatigue, nausea and vomiting, hair
loss, loss of appetite and diarrhoea and are often dose-limiting.?
Although targeted therapies, for example trastuzumab (anti-HER2
antibody) and ramucirumab (anti-VEGFR2 antibody), have recently
been introduced clinically, currently, there remains no internation-
ally accepted standard treatment regimen for this intractable dis-
ease. Thus, gastric cancer presents a significant health burden and
unmet clinical need, and development of novel treatments for this
insidious disease is essential to improve the outcomes and quality
of life for gastric cancer patients.

The benzothiazole pharmacophore has proved important in
medicinal chemistry: agents built upon this scaffold possess ac-
tivity in multiple medicinal and clinical fields—including cancer.
2-(4-Amino-3-methylphenyl)-5-fluorobenzothiazole  (5F 203;
Figure 1) elicits potent, selective antitumour activity in vitro and
in vivo® via a unique mechanism of action. Potent arylhydrocarbon
receptor (AhR) Iigands,4 benzothiazoles induce their own cyto-
chrome P450-mediated (CYP 1A1; CYP 2W1) biotransformation
to electrophilic nitrenium species in sensitive tumour cells only.>®
These reactive species generate DNA adducts (N7-guanine), which
lead to lethal double DNA strand breaks’®—exclusively in cancer
cells expressing cytosolic AhR and inducible CYP1A1 or CYP2W1.
Correlation has been shown between inducible CYP1A1 and sen-
sitivity to 5F 203 in the NCI 60 cell line panel. Sensitivity to 5F 203
in vitro, in vivo and ex vivo in human breast and ovarian tumour

models correlated with induction of CYP1A1.22° Indeed, following
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ex vivo exposure of human tumour cells isolated from ovarian car-
cinoma patients, induction of CYP1A1 and nuclear translocation
of AhR, respectively, have been shown to correlate with sensitivity
to 5F 203.7 Expression of CYP2W1, normally restricted to the
embryonic period, re-emerges in certain colorectal and hepatocel-
lular carcinomas portending progressive disease and poor progno-
sis.1218 cypaw1 expression in colorectal carcinoma cells renders
them sensitive to antitumour benzothiazoles such as 5F 203 and
GW 610, catalysing their conversion to reactive species.'* 5F 203

lysylamide prodrug (Phortress)?1>16

underwent phase 1 clinical
evaluation and was generally well tolerated. Stable disease was
achieved in 28% patients receiving Phortress, with long-term sta-
ble disease observed in 4 (2 renal, 1 colon and 1 mesothelioma)
patients, neither breast nor ovarian carcinoma patients being re-
cruited to the trial.

To date, the effect of antitumour benzothiazoles on gastric cancer
models has not been investigated. Given that aberrant AhR expression
and pathway activation are involved in gastric carcinogenesis;17 both
CYP1A1 mRNA and protein expression are inducible in gastric cancer;
CYP2W1 protein is embryonically expressed in gastrointestinal tis-
sues and highly expressed in gastric cancer;'® we speculate that AhR,
CYP1A1 and tumour-specific CYP2W1 may represent putative molec-
ular targets for anticancer therapy in gastric cancer. We thus tested the
hypothesis that certain gastric cancer models demonstrate sensitivity
to the antitumour benzothiazole 5F 203.

Herein, we report selective and potent activity of 5F 203 in
certain gastric carcinoma models in vitro (nM sensitivity) and
in vivo. Cytosolic AhR expression was demonstrated in MKN-
45 cells; sensitivity to 5F 203 (a potent AhR ligand) correlated
with CYP1A1 and CYP2W1 mRNA and protein induction. 5F
203 evoked S- and G2-phase cell cycle arrest (at 24 hours and
48 hours, respectively), generation of DNA double-strand breaks
as evidenced by YH2AX detection (26 hours exposure) and subse-
quent PARP cleavage signalling cell death (248 hours). In vivo 5F
203 efficacy was observed against MKN-45 and AGS xenografts,
and selective induction of CYP1A1, CYP2W1 and yH2AX protein
expression, detected in MKN-45, but not 5F 203-insensitive BGC-
823 tumours excised 24 hours post-treatment of mice (5 mg/kg 5F
203) indicate AhR signal cascade activation in vivo.

We conclude that stomach cancers whose tumour cells express
cytosolic AhR are likely to be sensitive to 5F 203 and that 5F 203
represents a putative novel therapeutic agent in treatment of certain

gastric cancers.
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FIGURE 1 Structure of 2-(4-amino-3-methylphenyl)-5-
fluorobenzothiazole (5F 203)



1752
2 | \wiLey

WANG ET AL.

2 | MATERIALS AND METHODS
2.1 | Chemicals

5F 203 was synthesized at the University of Nottingham (UK), pre-
pared as 10 mmol/L stock solutions in dimethyl sulfoxide (DMSO),
stored in aliquots and protected from light at -20°C. Reagents,
unless specified otherwise, originated from Sigma-Aldrich Ltd.
Materials used and methods conducted at Atom Bioscience
and Pharmaceutical Co. Ltd. are described in Supplementary

Information (Sl).

2.2 | Celllines and culture conditions

Gastric cancer cell lines MKN-45, KATO IlI, NCI-N87, SGC-7901 and
BGC-823, were obtained from the Chinese Academy of Sciences cell
bank. Cells were cultured in RPMI 1640 medium supplemented with
10% foetal bovine serum (FBS). MCF-7 HCT116, HepG2 and PC-3
cells, obtained from the American Type Culture Collection (ATCC),
were grown in RPMI 1640 medium supplemented with 10% FBS.
Cells were incubated in a humidified atmosphere of 95% air and 5%
CO, at 37°C.

2.3 | MTT assay

Cells were seeded into 96-well plates at a density of 4 x 10° per
well and allowed to attach overnight. Dilutions of 5F 203 (0.01-
50 pmol/L) were prepared in culture medium from 10 mmol/L
stock solutions and following 3 days of incubation (37°C, 5% CO,).
Sterile-filtered 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) (20 pL; 5 mg/mL in phosphate buffered saline)
was added to each well (final concentration 0.4 mg/mL). Plates
were re-incubated for 4 hours allowing metabolism of MTT by vi-
able cells to insoluble formazan crystals. Medium and unconverted
MTT were aspirated, and DMSO (150 pL) was added to each well
to ensure complete formazan solubilization; absorbance was read
on a BioTek SynergyH1 microplate reader (490 nm). Compound
concentrations causing 50% inhibition (IC,) values were calcu-

lated by interpolation.

2.4 | Western blot analysis

Cells were lysed in RIPA lysis buffer (25 mmol/L Tris HCI (pH 7.5),
2.5 mmol/L EDTA, 2.5 mmol/L EGTA, 20 mmol/L NaF, 1 mmol/L
Na,VO,, 100 mmol/L NaCl, 20 mmol/L sodium -glycerophosphate,
10 mmol/L sodium pyrophosphate and 0.5% triton X-100) supple-
mented with a protease inhibitor cocktail (Roche). Cellular proteins
(30 pg) were separated by SDS-PAGE and electro-transferred onto
PVDF membranes. Membranes were blocked in Tris-buffered saline

(TBS) containing 5% milk and 0.1% Tween-20 at room temperature.

Membrane incubation with 1° Abs (AhR, CYP1A1, PCNA, yH2AX,
PARP and beta-actin, sourced from Santa Cruz or Cell Signaling) was
conducted overnight at 4°C. Membranes were washed at room tem-
perature before incubation with 2° Ab (GE) conjugated with horse-
radish peroxidase for 1 hour. Detection was performed with Super
Signal Chemiluminescent reagent according to the manufacturer's
protocol (Tanon, China).

2.5 | Cell cycle analysis

Exponentially growing cells were harvested and seeded in 6-well
plates (2 x 10° cells/well; 2 mL medium). Cells were incubated
overnight and then treated with 1 pmol/L 5F 203 for 3, 6, 12, 24
or 48 hours. Attached and floating cells were pooled and pelleted
by centrifugation (132g, at 4°C, 5 minutes), and cell pellets were
washed with PBS and re-suspended in 0.3 mL hypotonic fluoro-
chrome solution (0.1% sodium citrate, 0.1% Triton X-100, 50 g/mL PI
and 0.1 mg/mL ribonuclease A) and then stored overnight at 4°C in
the dark. Fluorescence of Pl-stained DNA was detected on a BD Cé

cytometer, and data were analysed using Cé software.

2.6 | RT-PCR

Human gastric cancer MKN-45 cells were treated with 1 pmol/L
5F 203 for 3, 6 and 12 hours. Total RNA was extracted by using
TRIzol and incubated with RNase-free DNase. Primers for CYP1A1,
CYP1B1, CYP2S1 and CYP2W1 were designed with Primer Express
software (Applied Biosystems) using the gene bank sequence for
human CYP1A1 mRNA (forward 5-TCGGCCACGGAGTTTCTTC-3,
reverse 5'-GGTCAGCATGTGCCCAATCA-3’), human CYP1B1 mRNA
(forward 5-TGAGTGCCGTGTGTTTCGG-3', reverse 5-GTTGCT
GAAGTTGCGGTTGAG-3'),human CYP2S1 mRNA (forward 5-GCGCT
GTATTCAGGGCTCAT-3', reverse 5-CTTCCAGCATCGCTACGGTT-3/,
human CYP2W1 mRNA (forward 5-AGCTATGTGGACGCCCT
GATCCA-3’, reverse 5'-ACGCGTCTAGCTCCTCCTGCAC-3'). cDNAs
were synthesized from RNA (2 pg) using promega GoScript cDNA syn-
thesis kit according to manufacturer's instruction. SYBR Green PCR

amplification was performed with real-time PCR system.

2.7 | Nuclear and cytoplasmic protein extraction

Nuclear and cytoplasmic protein extraction was performed with the
Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime P0028)
in accordance with manufacturer's instructions. MNK-45 cells were
treated with 1 pmol/L 5F 203 for 1, 2, 3, 6, 24, 48 and 72 hours, and
treated cells were collected and lysed with 200 pL cytoplasmic pro-
tein extraction reagent A (adding PMSF; 1 mmol/L final concentra-
tion). Samples were re-suspended with a pipette and placed on ice for
15 minutes before addition of 10 uL cytoplasmic protein extraction

reagent B. Samples were subjected to vigorous vortexing for 5 seconds
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and then placed on ice. After further centrifugation (16 000 g; 4°C;
5 minutes), samples were lysed with 50 pL Nuclear Protein Extraction
Reagent (adding PMSF to yield 1 mmol/L final concentration) and
mixed vigorously with a pipette. The mixture was then repeatedly vor-
texed for 30 seconds and placed on ice for 2 minutes. Finally, samples
were centrifuged (16 000 g; 4°C) for 15 minutes.

2.8 | Immunofluorescence

Cells were fixed with fixative solution (3% paraformaldehyde and
2% sucrose solution) and permeabilized with 1% NP-40. Cells were
blocked with 5% bovine serum albumin (BSA) for 2 hours before incu-
bation with Abs. AhR (H-211, 1:50 dilution, Santa Cruz) and CYP2W1
(c-7, 1:50 dilution, Santa Cruz) Abs were incubated at 4°C overnight.
2° Abs Alexa Fluor 488 goat anti-Rabbit 1gG (A11034, 1:1500,
Invitrogen) and Alexa Fluor 488 goat anti-Mouse 1gG (A11001,
1:1500, Invitrogen). Samples were stained (DAPI; Invitrogen) for
20 minutes and mounted in the Antifade Mounting Medium, fol-
lowed by analysis with a Nikon epifluorescence microscope.

2.9 | Invivo studies

Balb/c nude mice (6-8 weeks old, 18-20 g) were purchased from
Hunan SJA Laboratory Animal Co., Ltd. BGC-823 and MKN-45
(2 x 10%) cells were subcutaneously (SC) injected into the left and
right flanks, respectively, of nude mice. When the average tumour
volume reached 100 mm?®, mice were randomly divided into 3 groups
and administered ip with a vehicle of saline/Tween 80, 5 mg/kg and
10 mg/kg 5F 203 for consecutive days (days 0-3). For tumour tis-
sue analysis, nude mice-bearing s.c. MKN-45 cells were treated with
5 mg/kg 5F 203 for 24 hours and tumour tissues were retrieved,
fixed with 10% formaldehyde or snap frozen.

Tissue samples were lysed in RIPA buffer containing Protease
Inhibitor Cocktail kit (Roche). Total proteins (50 ug) were separated
by SDS-PAGE and then transferred to PVDF membranes. After
blocking in 2% BSA for 1 hour at room temperature, membranes
were incubated with 1° Abs overnight at 4°C or 2 hours at room
temperature. The membranes were then incubated with horserad-
ish peroxidase-labelled 2° Abs and visualized with ECL. For tissue
quantitative real-time PCR analysis: RNA was isolated from tissue
samples, and cDNA was synthesized by reverse transcription. Real-
time PCR was performed on an ABI Prism 7300 sequence detection
system with SYBR Green PCR master mix following the manufac-
turer's instruction (Applied Biosystems, CA). Immunohistochemical
analysis was performed as described previously.” Briefly, slides
from formalin-fixed paraffin-embedded tissue blocks were depar-
affinised and endogenous peroxidase activity was inhibited using
H,O,. Samples were then stained using 1° Abs (1:50) at 4°C over-
night. Goat anti-rabbit or mouse IgG/horseradish peroxidase was
applied as 2° Abs according to the standard protocols provided by

the manufacturer, followed by incubation of Vectastain ABC Kit

(Vector Laboratories). Slides were examined under an inverted mi-
croscope at 200x magnification (Eclipse TS100, Nikon).

3 | RESULTS

3.1 | Activity of 5F 203 against gastric cancer cell
lines

The activity of 5F 203 was tested against gastric cancer cell lines, 5F 203
demonstrated potency against MKN-45 and AGS cells with mean IC,
values of <0.09 umol/L and ~0.04 pmol/L, respectively, and the activity
is similar to that observed in MCF-7 cells which are already known to
be sensitive to 5F 203.% However, 5F 203 is inactive against SGC-7901,
BGC-823 and KATO Il gastric cancer cells (IC50 values >50 pmol/L;
Table 1). Kunming NCI-N87 cells demonstrated resistance to 5F 203
(mean IC,, value 22.63 pmol/L), and however, against NCI-N87 cells at
Atom Bioscience, sensitivity to 5F 203 was evident (IC;, ~ 24 nmol/L).

Thus, within a gastric cancer cell line panel, 5F 203 demonstrates
both selectivity (>250-fold) and potent activity against MKN-45 and
ACS cells.

3.2 | Intracellular distribution of AhR in gastric
cancer cell lines

To investigate intracellular distribution of AhR, cell lysates were pre-
pared following extraction using cytosolic and nuclear fraction kits,
and subjected to Western blot. A substantial fraction of AhR was de-
tected in the cytoplasmic fractions of KATO Il and MKN-45 lysates
(Figure 1). In contrast, low levels of AhR were present in the cyto-
plasm of NCI-N87 and BGC-823 cells, and very faint AhR expression
was detected in SGC-7901 cells. Furthermore, the AhR localization
in the cytoplasm was confirmed by immunofluorescence (Figure 2B).

Interestingly, high levels of AhR were present in nuclei of NCI-87 cells.

TABLE 1 Activity of 5F 203 against human gastric (and MCF-7
breast) cancer cell lines

Cell lines IC,, (Mean £ SD pmol/L)
MCF-7 0.089 +0.027

MKN-45 0.041% 0.090 + 0.0076

ACS 0.039°

SGC-7901 >50

BGC-823 >50

KATO LU >10? >50

NCI-N87 0.024° 1.54+0.41

Note: Cells were seeded at 4 x 10°. Following 72-h exposure to

5F 203, MTT assays were performed (maximum concentration
examined = 50 pmol/L).

?Data generated by Atom Bioscience and Pharmaceutical Co. Ltd. Cells
were seeded at 3 x 10°. Following 72-h 5F 203 treatment, Alamar Blue
assays were adopted to determine cell growth and viability; maximum
concentration tested = 10 pmol/L.
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3.3 | Induction of CYP mRNA by 5F 203 in MKN-45
gastric cancer cell line

To investigate whether 5F 203 can induce CYP1A1, CYP1B1, CYP2S1
and CYP2W1 mRNA expression in sensitive MKN-45 cells, MKN-45
cells were treated with 5F 203 (1 pmol/L) for 6 and 12 hours and mRNA
levels for these genes were measured by RT-PCR. 5F 203 induced an
increase in MRNA levels of both CYP1A1 and CYP2W1 in MKN-45 cells
(Figure 3). Treatment caused remarkable >50-fold and ~20-fold induc-
tion in CYP1A1 and CYP2W1 mRNA levels, respectively, compared
with the control. Modest (5-fold) induction of CYP1B1 mRNA was

CYP2W1 gene expressions in cells treated with 1 pmol/L 5F 203.
MKN-45 cells were treated with 5F 203 (1 pmol/L) for 6 and 12 h,
RNA was isolated, and real-time PCR was performed to measure
CYP1A1, CYP1B1, CYP251 and CYP2W1 mRNA levels

observed. However, the levels of CYP2S1 after treatment remained

similar to control.

3.4 | 5F 203 induced AhR translocation and CYP1A1,
CYP2W!1 expression in MKN-45 gastric cancer cell line

To assess whether 5F 203 could activate the AhR signal transduction
pathway, AhR translocation from cytoplasm to nucleus was monitored
in MKN-45 cells by immunofluorescence microscopy. In control cells
(vehicle-treated MCF-7 and MKN-45 cells), AhR is localized exclusively
in the cytoplasm. However, after treatment with 5F 203 (1 pmol/L) for
24 hours, AhR had translocated completely to nucleus (Figure 4A). To
confirm immunofluorescence studies, the effect of 5F 203 on the sub-
cellular distribution of AhR protein was investigated by Western blot in
sensitive MKN-45 cells. After treatment with 5F 203 (1 umol/L) for 6,
12 and 24 hours, AhR protein had translocated from cytoplasm to nuclei
(Figure 4B).

Faint constitutive expression of CYP1A1 and CYP2W1 was
detected in cytoplasm and nuclei of MNK-45 gastric cancer cells.
Following treatment of cells with 5F 203 (1 pmol/L) for 6 and 12 hours,
enhanced CYP1A1 and CYP2W!1 protein levels were expressed; induc-
tion of CYP1A1 and CYP2W1 could initially be detected after 6-hour
treatment of cells. Induction of CYP2W1 expression (by 1 pmol/L 5F
203; 24-hour exposure) was further confirmed by immunofluores-
cence in MCF-7 and MNK-45 cells (Figure 4C,D).

3.5 | 5F 203 caused G2/M arrest, DNA damage and
apoptosis in MKN-45 gastric cancer cells

To investigate perturbations in cell cycle distribution after treat-
ment of MKN-45 cells with 5F 203, cells were treated with 5F 203
(1 pmol/L) for 3, 6, 12, 24 and 48 hours and subsequently pro-
cessed for cell cycle analyses. As illustrated (Figure 5A,B), 5F 203
caused significant S-G2/M arrest from 43.81% (control) to 60.9%
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FIGURE 4 AhR translocation and induction of CYP1A1 and
CYP2W1 in cells treated with 5F 203. A, MCF-7 and MKN-45 cells
were treated with 5F 203 (1 umol/L) for 24 h, and treated cells were
fixed and double stained for AhR and DAPI as described under
materials and methods. Stained cells were visualized on Nikon
epifluorescence microscope. B, Treated cells were collected and
lysed (Nuclear and Cytoplasmic Protein Extraction Kit; Beyotime
P0028) in accordance with the manufacturer's instructions and
subjected to immunoblot analysis. C, MNK-45 cells were treated
with 1 pmol/L 5F 203 for 6 and 12 h, and treated cells were
collected, lysed and subjected to immunoblot analysis. D, MCF-7
and MKN-45 cells were treated with 5F 203 (1 umol/L) for 24 h,
treated cells were fixed and double stained for CYP2W1 and DAPI
as described above, and immunofluorescence was visualized on
Nikon epifluorescence microscope

at 24 hours. Significant accumulation of G2/M was detected from
15.26% (control) to 41.49% at 48 hours. In addition, H2AX phos-
phorylation (occurring a sites of DNA double-strand breaks) was
observed after 5F 203 (1 pmol/L; 26 hours; Figure 5C) treatment
in the sensitive cell lines, indicating the presence of DNA damage
in these cells. Immunoblot analysis showed that PARP cleavage oc-
curred 248 hours after 5F 203 (1 pmol/L) treatment (Figure 5D).

3.6 | 5F 203 suppressed gastric tumour growth
in vivo

Independently conducted efficacy studies confirmed that 5F 203
inhibits gastric tumour growth in vivo. MKN-45 and AGS xenograft
growth was significantly inhibited by 5F 203 (2.5 mg/kg or 5 mg/kg
administered iv on 5 consecutive days; P < .01; see Sl). 5F 203 (5 mg/
kg) inhibited tumour growth >50% as assessed by measurement of tu-
mour volumes throughout the experiment and tumour weight at ter-
mination of the experiment (Figure 6A and Figure S1). To investigate
the selective nature of gastric tumour growth inhibition caused by
5F 203 in vivo, MKN-45 and BGC-823 xenografts were transplanted
in opposite flanks of the same mouse. As shown in Figure 6B,C, the
growth of MKN-45 growth was significantly suppressed after 5F 203
administration ip (5 mg/kg, 10 mg/kg), and the relative tumour volume
in 5F 203 (5 mg/kg, 10 mg/kg) groups reduced by 72.55% and 79.30%,
respectively, compared with the control group (P < .001). However,
5F 203 (5 mg/kg, 10 mg/kg) did not inhibit BGC-823 tumour growth.
The bodyweights of mice remained unchanged (Figure 6D), and no
other observable side-effects were detected (behaviour, appetite).
Significant induction of CYP1A1 and CYP2W1 protein and mRNA ex-
pressions was demonstrated (Figure 6E,F) in homogenates of MKN-45
tumours 24 hours after treatment of mice with 5F 203 (5 mg/kg, ip).
The expression of CYP1B1 and CYP2S1 mRNA was not observed. In
addition, y-H2AX protein expression was induced in MKN-45 tumours
24 hours after mice were treated with 5F 203. Neither CYP1A1 nor
CYP2W1 protein was detected in homogenates of MKN-45 tumours
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FIGURE 5 MNK-45 cell cycle distribution, DNA damage
induction and apoptosis after 5F 203 treatment. A, Representative
DNA histograms of MNK-45 cells, MNK-45 cells were treated
with 1 pmol/L 5F 203 for 3, 6, 12 and 24 h, and treated cells were
collected and stained with propidium iodide and analysed by

flow cytometry. B, Quantification of cell cycle distribution after
5F 203 treatment, experiments were performed in triplicate; 3
independent trials. C, Induction of DNA damage and apoptosis by
5F 203, detection of phosphorylated (y) H2AX) and cleaved PARP
by immunoblot analysis. MNK-45 cells were treated with 1 pmol/L
5F 203 for 6, 12, 24 and 72 h. Treated cells were collected and
subjected to immunoblot analysis

recovered from vehicle-treated mice. In BGC-823 xenografts, CYP1A1
and CYP2W1 protein and mRNA expression were neither constitutive
nor induced by treatment of mice with 5 mg/kg 5F 203.

Expression of AhR and CYP1A1 protein in MKN-45 tumour tis-
sue was analysed by immunohistochemistry. We found that AhR
expression in vehicle-treated mice was mainly in the cytoplasm,
and AhR translocated into the nucleus after treatment with 5F 203.
Furthermore, CYP1A1 protein was induced in the tumour tissues of
mice after 5F 203 treatment (Figure 6G). Lung and liver tissues were
recovered from animals 24 hours after treatment with 5F 203, and

H&E staining revealed minor swelling of cells in the liver (Figure 6H).

4 | DISCUSSION

In this communication, the potent and selective antitumour activ-
ity of 5F 203 (already described in breast, ovarian and renal cancer
models) against gastric cancer cell lines MKN-45 and AGS (IC, value
<100 nmol/L) has been revealed. In contrast, IC values >50 umol/L
were obtained in SGC-7901, BCG-823 and KATO Il cell lines, re-
vealing stark (>500-fold) selectivity (Table 1). Treatment of MKN-
45 cells with 5F 203 triggered cell cycle arrest (Figure 5), H2AX
phosphorylation indicative of DNA double-strand breaks leading
to initiation of apoptosis (Figure 5) strongly suggesting recogni-
tion of DNA-damaging events and failure of repair leading to pro-
grammed cell death, selectively in MKN-45 cells. Efficacy in vivo has
also been demonstrated: 5F 203 significantly inhibited the growth
of MKN-45 (ip and iv administration routes) and AGS gastric xeno-
grafts. Moreover, selective efficacy was observed in mice-bearing
5F 203-sensitive (MKN-45) and 5F 203-insensitive (BGC-823) xeno-
grafts transplanted s.c. in opposite flanks.

The mechanism of action of 5F 203 is distinct from anticancer
agents in the clinical arena. A potent AhR Iigand,20 this lipophilic
agent readily diffuses across cell membranes and binds with high af-
finity to cytosolic AhR. Translocation to the nucleus and binding to
xenobiotic response elements induced transcription of genes within
the AhR battery.21 In breast, ovarian and renal cancer panels, sen-
sitivity to aminophenylbenzothiazols including 5F 203 correlated
with induction of CYP1A1 gene transcription’ and CYP1A1 protein
expression.®

Subsequently, in colorectal carcinoma cell lines, expressing
neither constitutive nor inducible CYP1A1,** CYP2W1 was found
to bioactivate 5F 203 and structurally related 2-(3,4-dimethoxy-
phenyl)-5-fluorobenzothiazole (GW 610); stable knockdown of
CYP2W1 gene led to significant loss of benzothiazole (GW 610, 5F
203) activity in KM12 and HCC 2998 CRC cell lines.??

It was thereafter irrefutably demonstrated that CYP1A1 and
CYP2W1 are able to catalyse production of 5F 203-derived hydrox-
ylamine, and guanine DNA adducts presumably via nitrenium spe-
cies production, underpinning the selective antitumour cytotoxic
activity of 5F 203.° 5F 203 treatment consequently resulted in le-
thal DNA adducts, double-strand breaks and selective cancer cell
death.®

Expression of CYP2S1 mRNA, whose protein product is able to
catalyse conversion of the 5F 203-derived hydroxylamine back to its
parent amine® and may diminish its antitumour activity, was negligi-
bly affected following exposure of MKN-45 cells to 5F 203.

Thus, PD biomarkers of sensitivity to/activity of 5F 203 activity
in in vitro, in vivo and ex vivo breast ovarian, renal and colon cancer
models include cytosolic AhR expression and translocation,'! CYP
1A1 induction,>'%23 CYP2W1 expression,'*?2 DNA adducts' gener-
ation”** and DNA strand breaks.”®

In vitro, strong cytosolic AhR expression together with powerful
(>50-fold) induction of CYP1A1 mRNA and CYP1A1 protein by 5F
203 was detected in MKN-45 lysates, as well as ~20-fold induction of
CYP2W1 mRNA and subsequent protein expression. In contrast, in all
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FIGURE 6 5F 203 suppressed MKN-45 and AGS tumour growth in vivo. A, Reduction in mean MKN-45 and AGS tumour weights
following daily (days 0-4; iv) treatment of mice with 5F 203", B and C, MKN-45 and BGC-823 xenografts were transplanted in opposite
flanks of the same mouse, and mice were treated with 5F 203 (5 mg/kg, 10 mg/kg; ip). B, Representative tumours are shown C, Effect

of 5F 203 on the growth of MKN-45 and BGC823 tumours. D, Bodyweight of mice after 5F 203 treatment. E, Selective CYP1A1 and
CYP2W1 induction. MKN-45 tumour-bearing mice were treated with vehicle or 5 mg/kg 5F 203 ip, and tissues retrieved 24 h later. nRNA
expression of CYP1A1, CYP1B1, CYP2S1 and CYP2W1 in tumours. F, Protein expression of CYP1A1, CYP2W1 and y-H2AX in tumours. G,
Immunohistochemical analyses of AhR and CYP1A1 expression in tumours. H, H&E staining of lung and liver tissues
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other gastric cancer cell lines within this panel, CYP1A1 induction was
not evident (results not shown). In BGC-823, KATO III, NCI-N87 and
SGC-7901 cytosolic and nuclear lysate fractions, AhR expression ap-
peared low. We may speculate that in cells expressing no/low cytosolic
AhR, there is limited capacity for cytosolic 5F 203-AhR binding, min-
imal translocation to nuclei, and therefore, AhR signal transduction is
not triggered by 5F 203. Intriguingly however, NCI-87 cells expressed
high constitutive AhR in nuclear fractions. Further investigations are
necessary to understand molecular mechanisms underpinning 5F 203
insensitivity in this cell line. It is likely that cytosolic AhR and pathway
activation are fundamental for 5F 203 activity. Notably, NCI-N87 ex-
pressed low cytosolic AhR levels and was the only Kunming cell line
other than MKN-45 to express cytosolic and nuclear CYP2W1. 5F 203
very weakly inhibited Kunming NCI-N87 cell growth with an IC,, value
of 22.63 pmol/L; intriguingly, however, Atom Bioscience NCI-N87 cells
demonstrated exquisite sensitivity to 5F 203 (Gl,, 24.3 nmol/L¥). A
similar paradox has been observed previously in HCC2998 CRC cells
yielding dichotomous Gl values <10 nmol/L or >10 pmol/L (with
no intermediate values). Neither constitutive nor inducible CYP1A1
was detected in HCC2998 cells, and however, CYP2W1 protein was
expressed. It would be interesting to determine whether NCI-N87
cells are responsive to GW 610, as CYP 2W1-catalysed oxidation of
GW 610 is 5-fold more efficient that the CYP 1A1-catalysed bioac-
tivation.® Structurally related GW 610%**2* demonstrated potent ac-
tivity against mammary, ovarian carcinoma (demonstrating inducible
CYP1A1) and also CRC cell lines expressing CYP2W1.

In sensitive breast and ovarian cell lines, following activation
of AhR signalling and induction of CYP1A1, DNA adducts are gen-
erated; similarly, CYP (1A1/2W1)-catalysed activation of GW610
leads to generation of DNA adducts in sensitive cell phenotypes.
DNA adducts precipitate lethal DNA DSBs at which sites histone
H2AX is phosphorylated. yH2AX appeared in a time-dependent
manner (26 hours) after treatment of MKN-45 cells with 1 pmol/L
5F 203; cell cycle perturbations appear to corroborate accumu-
lation of DNA damage as events accumulate significantly in S-
(24 hours) and G2/M-cell cycle phases, presumably as cells attempt
to repair DNA. Emergence of pre-G1 events indicative of apoptotic
populations implies repair failure. PARP cleavage 248 hours con-
firms the apoptotic fate of MKN-45 cells exposed to 5F 203.

Analyses of MKN-45 tumours excised from mice exposed to
5F 203 (or vehicle) exposed in vivo PD biomarkers of sensitivity/
activity (AhR expression, induction of CYP1A1, CYP2W1 mRNA
and protein expression, YH2AX) in gastric cancer corroborating
a role for AhR signal transduction in the mechanism of action of
5F 203.

Thus, for sensitivity to antitumour benzothiazoles to manifest,
the combination of cytosolic AhR and inducible CYP1A1 or CYP2W1
expression seems to be required.

Initial developmental expression and re-expression in certain
tumours of CYP 2W1 implicate roles in growth and tumorigenesis.
Indeed, CYP2W1 is known to be a poor prognostic marker in CRC
and expression in metastatic disease is enhanced compared with pri-

mary malignant sites.?>26 Tumour-specific expression of CYP2W1

infers potential as a putative molecular drug target, able to bioac-
tivate anticancer prodrug candidates at the tumour site (minimizing
systemic exposure to active species). Antitumour benzothiazoles,
for example 5F 203, are bioactivated by CYP2W1 and CYP1A1°—
producing dGuo adducts responsible for cytotoxicity. Discovery of
CYP 2W1 expression in gastric and hepatocellular carcinomas ex-
tends the spectrum of cancer phenotypes potentially demonstrat-
ing sensitivity to potent, selective antitumour benzothiazoles.

The demonstration herein of 5F 203 activity against gastric
cancer models expressing cytosolic AhR and inducible CYP1A1 and
CYP2W1 suggests potential for the development of antitumour
benzothiazoles for treatment of certain gastric cancers which pose
a huge morbidity burden, represent an unmet clinical need, and for
which there is currently no standard of care.
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