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Introduction

Abstract

Objectives Benzothiazoles (BZTs) represent organic compounds with different
biological actions. In this study we aimed to investigate ten newly synthesized BZT
derivatives as potential anti-tumour agents against prostate cancer in vitro and
in vivo.

Methods The cytotoxic effect of these compounds was screened on the human
prostate cancer cell lines PC-3 and LNCaP. The most effective compound,
N’-formyl-2-(5-nitrothiophen-2-yl)benzothiazole-6-carbohydrazide, was further
characterized regarding its dose- and time-dependent effects on cell viability and
proliferation (XTT test) as well as on adhesion and spreading (real-time cell ana-
lyzer xCelligence), migration (scratch-wound repair assay) and invasion (Boyden
chamber) of the cells. This BZT derivative was also tested as an inhibitor of angio-
genesis (chicken chorioallantoic membrane assay), clonogenic activity (soft agar)
and matrix metalloproteinase 9 (gelatin zymography).

Key findings N’-Formyl-2-(5-nitrothiophen-2-yl)benzothiazole-6-carbohydra-
zide significantly inhibited all tested properties of the prostate cancer cell lines and
showed low toxic in vitro and in vivo effects. The in vitro anti-tumour activity of
this compound was confirmed by the in vivo effects on PC-3 xenografts in nude
mice. Tumour growth was decreased in treated compared with untreated mice.
Conclusions These results suggest the potential capacity of BZTs and in particu-
lar N’-formyl-2-(5-nitrothiophen-2-yl)benzothiazole-6-carbohydrazide as anti-
tumour agents for the treatment of prostate cancer.

Prostate cancer (PCa) continues to be the most common
cancer in men with a predicted incidence of 241470 for
2012 in the USA." Despite progress in the early diagnosis
and curative treatment options for PCa, 4-12% of patients
already suffer from metastases at the time of diagnosis."!
Approximately 30% of patients experience a relapse within
10 years following radical prostatectomy.” These patients
require hormonal treatment and later, in the hormone
refractory stage, chemotherapy. However, the limited effi-

cacy and significant side effects of the available chemothera-
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peutic agents demonstrate a need for the development of
novel antineoplastic agents for the treatment of advanced
PCa.”

Benzothiazole (BZT) compounds and their active cyto-
chrome P450 (CYP) 1A1 metabolites are chemicals with
diverse pharmacological uses such as analgesics, anticonvul-
sants, antimicrobials and antineoplastics.**! Several studies
have demonstrated the potent anti-tumour effects of differ-
ent BZT compounds, whereby various mechanisms target-
ing the basic properties of adhesion, proliferation,
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migration and invasion of cancer cells have been described
(reviewed by Ahmed eral!®). CYP1Al, a CYP isoform,
modifies BZTs to active and inactive metabolites and essen-
tially influences the mode of action of several BZT deriva-
tives.”! Recently, a suppressed secretion of several matrix
metalloproteinases (MMPs) by a BZT analogue was
shown.® This effect is of special interest since the upregula-
tion of MMPs, among them particularly MMP-2 and
MMP-9, is correlated with the degree of malignancy and
tumour progression.” Thus, MMP-9 could be considered a
potential target for the development of new anti-cancer
compounds.

The antineoplastic activity of certain BZTs prompted us
to synthesize novel BZT derivatives as potential agents
against PCa. The aim of this study was to evaluate the
in vitro and in vivo effects of these new compounds with
regard to their characteristics as potential inhibitors of the
essential steps of tumour development, such as cell viability,
growth, adhesion, migration, invasion and neoangiogenesis,
and of MMPs.

Materials and Methods
Synthesis of benzothiazole derivatives

The synthesis of the BZT compounds followed the general
scheme shown in Figure 1. Ten different BZT derivatives
were synthesized and used in this study. Detailed data on
the synthesis procedures, including the physico-chemical
characteristics of these compounds, are provided as supple-
mentary information (Appendix S1 that accompanies the
online version of the article).

Cell lines

Human prostate tumour cell lines (PC-3, LNCaP) and non-
tumour epithelial cell lines (HK-2, proximal tubule epithe-
lial cells; ARPE-19, retinal pigment epithelium cells) were
obtained from the German Collection of Microorganisms
and Cell Cultures (Braunschweig, Germany) and American
Type Culture Collection (Manassas, VA, USA). For cell
growth, RPMI medium supplemented with 10% fetal
bovine serum (FBS), streptomycin (50 pg/ml) and penicil-
lin (50 U/ml) was used in a humidified atmosphere of 95%
air and 5% CO, at 37°C (Gibco-InVitrogen, Karlsruhe,
Germany and PAA Laboratories, Pasching, Austria).

Measurement of cell viability and
cell proliferation

A 96-well microtitre plate (tissue culture grade) with 0.1 ml
of RPMI medium per well was seeded with 5 x 10° PC-3 or
1.2 x 10* LNCaP cells. After 24 h at 37°C, the cells were
exposed to the BZT compounds (5-100 pg/ml for 72 h),
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and the dose-dependent outcome on survival was evaluated
compared with the vehicle control."” The compounds were
dissolved in dimethyl sulfoxide (DMSO) and diluted with
cell culture medium so that a final concentration of the
DMSO solvent in the culture medium was always lower
than 0.2%, a dose which was not cytotoxic and does not
interfere with the colorimetric XTT test (Roche Diagnos-
tics, Mannheim, Germany).

A 50% reduction in cell viability for the tested com-
pounds compared with vehicle-treated cells was defined as
the cytotoxic IC50. All tests were repeated three times. The
most cytotoxic compound was chosen for further evalua-
tion using the IC50 value. The time-dependent effects on
cancer cell proliferation were measured as previously
described.""?! Briefly, PC-3 (1x10°) or LNCaP cells
(2.4 x 10°) were seeded in 6-well plates in RPMI containing
10% FBS and the corresponding compound at its IC50
value. Trypsinized cells were collected from compound- or
vehicle-treated wells and the number of viable cells was
counted with a haemocytometer at 24-h intervals for a
period of 96 h. All trials were carried out in triplicate.

Cell adhesion, migration and
invasion assays

The xCELLigence Real-Time Cell Analyzer (Applied Science
Roche, Mannheim, Germany) was used to measure cell
adhesion and followed a procedure previously presented.™!]
Briefly, cell attachment and spreading of cultured cells was
automatically analysed by registering the coefficient via
microelectrodes placed on the bottom of a special
fibronectin-coated 96-well plate as electrical impedance in
the cell index." The effect of BZT on the cell migration
was determined by the wound-scrape repair assay in conflu-
ent cells." For testing the effect on cell invasion, we fol-
lowed the Boyden chamber technique as previously
described using LNCaP cells (1 x 10° cells/ml).!""

Matrix metalloproteinase zymography

Cultured human PCa cells (PC-3 and LNCaP cells, 80%
confluence in 6-well plates) were incubated with the BZT
compound at its respective IC50 value in serum-free
medium (24 h at 37°C). This protocol was specified in pre-
vious reports for measuring the gelatinolytic activity of
MMP-2 and MMP-9 in conditioned media using Image]
Software for Windows.""! As molecular weight markers we
used pure human MMP-9 and MMP-2 proteins.

Chicken chorioallantoic membrane
angiogenesis assay

The chicken chorioallantoic membrane (CAM) assay was
used to demonstrate the anti-angiogenic effect of the BZT

© 2012 The Authors. JPP © 2012
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Figure 1 Scheme of synthesis of benzothiazole derivatives (6a—c, 7a-g). i, NH4SCN, Br,, rt; i, 30% KOH/MeOH, A, HCI; iii, nitrobenzene, A; iv,
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derivative.!””

For this purpose, fertilized chicken eggs
(Lohmann Tierzucht, Cuxhaven, Germany) were incubated
at 37°C in constant humidity for 10 days. The CAMs were
revealed by a rectangle in the eggshell and small silicone
rings containing vehicle control or the BZT compound
(at IC50 20 pg/ml) were placed onto the CAM. The two
groups were compared and the number of blood vessels
after 72 h of treatment was recorded by a Kappa digital

camera system.

Measurement of clonogenic activity

We evaluated the anchorage-independent growth of cells
grown in agar.'"'® This included incubation of the PC-3
and LNCaP cells (1x10°) with the vehicle or the BZT
compound at its IC50 concentration on a semi-solid agar
layer (0.6%). After 14 days, clones were stained with
crystal violet and visualized by light microscopy to deter-
mine the total number of colonies and the relative colony
sizes.

Assay of in vitro and in vivo toxicity

To evaluate the in vitro toxicological effect of the most
active BZT derivative, 6a, we used a model based on the
lysis of red blood cells (RBCs), measuring the haemoglobin
released in the supernatant fraction.””” RBCs in 50%
Alsever’s solution were centrifuged at 800g for 10 min and
then washed with saline solution. The BZT compound
(5-5000 pg/ml) was incubated with a 2% final suspension
of RBCs at 37°C for 45 min. The release of haemoglobin by
an equal number of RBCs by hypotonic lysis in 0.05
volumes of water was used as a 100% positive control, while
RBCs treated with saline solution served as negative con-
trols. Results were expressed as the concentration at which
half of the RBCs lysed (LyticC50).

To investigate the in vivo acute toxicological effect of
the BZT, a brine shrimp (Artemia salina) bioassay was
used.™ In brief, artificial seawater was prepared by dis-
solving sea salt in distilled water (38 g/1). The seawater and
a teaspoon of brine shrimp eggs were added to a small
tank, one half of which was covered and the other half
remained uncovered to allow the penetration of light that
attracts hatched shrimps. The tank containing the brine
shrimp eggs was left at room temperature for 24 h to allow
the eggs to hatch. The BZT compound was dissolved in
DMSO and diluted with artificial seawater so that the final
concentration of DMSO did not exceed 0.05%. Different
concentrations of the compound were prepared, in tripli-
cate 96-well plates (50 ul, 5-5000 pg/ml). Brine shrimp
larvae (nauplii, 10-20, 150 ul) were added to each well
and then covered with parafilm at room temperature
for 24 h.'"”! After this period, the number of dead and
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surviving brine shrimps was recorded using light micros-
copy. Each experiment was replicated three times and the
average values were determined. The toxicity was deter-
mined from the 50% lethal concentration values (LC50) as
determined by probit analysis."*!

PC-3 xenografts

All animal protocols were in accordance with the German
animal protection laws and guidelines for the use of living
animals for scientific purposes and were approved by the
Landesamt fiir Gesundheit und Soziales in Berlin. Male
athymic nude BALB/c (nu/nu) mice (5-7 weeks old;
Taconic Europe, Ejby, Denmark) were housed under micro-
biological monitored conditions according to the recom-
mendations of the Federation of European Laboratory
Animal Science Associations Working group.””! We injected
a suspension of 2 x 10° PC-3 cells in BD Matrigel Matrix
High Concentration (Becton Dickinson Biosciences, Hei-
delberg, Germany) (0.1 ml, 1:1 ratio) subcutaneously into
the left flank of each mouse. The tumour growth was meas-
ured each day using digital calipers and the tumour
volumes were calculated using the formula: V=m/6 X 1.69
(length x width)*%.?" Ten randomized mice per group
were treated at the moment when tumours were palpable
(size approx. 250 mm?®). We treated the mice by intraperito-
neal injection, either with a suspension of the DMSO-
dissolved BZT (saline solution—tween 20, 2%) to a final
dose of 5 mg/kg or with vehicle every 24 h for 21 uninter-
rupted days.?” This dose was chosen according to our pre-
vious studies with other organic compounds that showed
comparative IC50 values for PC-3 cells. At the end of the
study, Mice were killed and tumours were removed and
measured.

Statistical analysis

The SPSS Statistics 19 (IBM, Chicago, IL, USA) and
GraphPad Prism 5.04 (GraphPad Software, San Diego, CA,
USA) software packages were used for statistical analysis.
Where applicable, the distribution of data was tested using
the Sharp—Wilk normality test (GraphPad $oftware). Data
were analysed using the Student’s #-test and analysis of
variance approaches (one-way, two-way and repeated
measures). Bonferroni correction or the Games—Howell
test for multiple comparisons were applied in case of
homogeneity or inhomogeneity of variances (Levene
test; sphericity estimate epsilon). P < 0.05 (two-tailed)
was accepted as indicating statistical significance. All data
are given as arithmetic means * standard error of the
mean (SEM). The equation Y = Bottom + (Top — Bottom)/
(1 + 10"sics0-X)Hilldope) (GraphPad Software) was used to cal-
culate IC50 values by nonlinear regression of experimental
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data, where X was the logarithm of concentration and Y
was the response.

Results

Effect of benzothiazole derivatives on cell
viability and proliferation of PCa cells

The newly synthesized BZT derivatives shown in Figure 1
demonstrated inhibition of the viability of human PCa cell
lines PC-3 and LNCaP as well as the non-tumour cells
ARPE-19 and HK-2 (Table 1). These effects were compared
with those of the reference anti-tumour agent, dequalinium
(DQ), as previously described by others.*?*! Compounds
6a, 7a, 7b, 7d and 7e showed cytotoxic characteristics in
a dose-dependent manner, inhibiting PC-3 cell viability
at IC50 concentrations of <50 ug/ml. Furthermore,
compounds 6a and 7a were cytotoxic to LNCaP cells at
IC50 concentrations of <30 pg/ml. Special attention was
paid to compound 6a, N’-formyl-2-(5-nitrothiophen-2-
yl)benzothiazole-6-carbohydrazide, because this compound
demonstrated the strongest inhibitory effect, comparable
with that of the anti-tumour agent DQ. This BZT analogue,
hereafter referred to as BZT 6a, was also more toxic to
tumour cells (PC-3 and LNCaP) than non-tumour cell lines
(ARPE-19, HK-2) (Table 1). Although in most cases the DQ
control agent was also more toxic to tumour cells than
normal cell lines, this compound was more toxic in PC-3
than ARPE-19 cells. These results show that BZT 6a showed
toxic effects to tumour cell lines with lower toxicity to
normal cells and in general, the specificity was higher than
the control, DQ. Therefore, the following studies were per-
formed with compound 6a. Figure 2a,b provides a detailed
overview of the dose- and time-dependent effects of this
BZT derivative on the PC-3 and LNCaP cells.

Benzothiazoles against prostate cancer

Effect of benzothiazole derivative 6a on the
adhesion, spreading, migration and
invasion of PCa cells

Compound 6a inhibited the attachment and spreading of
PC-3 cells at its IC50 for up to 3 h after incubation
(Figure 2¢). As shown by the wound-healing assay, cell
migration was also decreased in PC-3 cell cultures treated
with the BZT derivative 6a in comparison with vehicle-
treated cultures (Figure 2d). In addition, the BZT derivative
significantly reduced the invasion of LNCaP cells in
the Boyden chamber assay after 18h of incubation
to 80.2*1.7% compared with 6a-free
(100.4 = 2.9%).

controls

Effect of benzothiazole derivative 6a on
neoangiogenesis and MMP activity

The CAM assay was used to evaluate the effect of the BZT
derivative 6a. A complex network of small and tiny
blood vessels fills the entire chorioallantoic membrane of
chicken embryos. This usually homogeneously distributed
microvasculature was seen in the vehicle-treated CAMs
(Figure 3a). In contrast, we observed a degenerated microv-
asculature in the 6a-treated CAMs. These CAMs showed
avascular fields with degenerated microvessels (Figure 3b).
In addition, the number of blood vessels was significantly
reduced (Figure 3c), suggesting the potential
angiogenic properties of this compound.

MMP-9 was strongly expressed in PC-3 cells while the
expression of this enzyme was clearly lower in LNCaP cells
(data not shown), as previously reported. Compound 6a
was able to reduce the MMP-9 activity in the conditioned
medium of the PC-3 cultures to 14.2 * 0.8% (Figure 4) and
also reduced MMP-9 activity in LNCaP cells. We did not

anti-

Table 1 Cytotoxic effect of benzothiazole derivatives on prostate tumour and non-tumour cells indicated as half-inhibitory concentration IC50
IC50 (ug/ml)°

Derivative® RE=3 LNCaP ARPE-19 HK-2

6a 19.9 = 1.177** 11.2 £ 0.79*** 119.4 £ 4.33 36.4 £ 1.53

6b >50 >50 n.d. n.d.

6¢ >50 >50 n.d. n.d.

7a 32.8 £2.08 299 £ 1.38 n.d. n.d.

7b 36.8 +4.34 40.3 = 1.17 n.d. n.d.

7c >50 >50 n.d. n.d.

7d 29.1 £ 3.20 16.8 £2.48 n.d. n.d.

7e 42.6 =5.04 >50 n.d. n.d.

7f >50 >50 n.d. n.d.

79 >50 >50 n.d. n.d.

Dequalinium 24.6 £ 222 494 = 0.66 18.1 = 1.26 42.4 = 1.52

n.d. = not determined. ®Structures of the numbered derivatives are given in Figure 1. "Data represent means = SEM of three different experiments.
P < 0.05 compared with HK2; **P < 0.01 and ***P < 0.001 compared with the control substance dequalinium and ARPE-19 cells.

© 2012 The Authors. JPP © 2012
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Figure 2 Effect of the benzothiazole derivative 6a on cellular characteristics of PC-3 and LNCaP cells. (a) Dose-response curves. (b) Time-response
effects at IC50. (c) Effect on adhesion and spreading of PC-3 cells. PC-3 cells were incubated with the compound at its IC50 concentration of
20 ug/ml or control vehicle (medium-dimethyl sulfoxide, 0.2%) and applied in triplicate onto the fibronectin—coated sensors of the xCELLigence
analyzer. Their attachment and spreading were quantified by real-time cell electronic sensing as cell index after treatment. (d) Effect in a single-
scrape wound model. The pictures are representative images of PC-3 cells captured at the time of wounding and after 24 h. The percentage of
wound area closed at 24 h post treatment (IC50 concentration of 20 ug/ml or control vehicle) was calculated. All results are means = SEM of three
independent experiments. The SEM values were partly very small so that the error bars do not partly exceed the size of the points that indicate the
used benzothiazole concentration in the figure. Significances, calculated in (a) by one-way analysis of variance and the post-hoc test according to
Games—Howell (with equal variances not assumed), in (b) by one-way analysis of variance, Bonferroni corrected testing (with homogeneity of vari-
ances according to the Levene test), in (c) as two-factor study with repeated measures of one factor (with homogeneity of variances according to
the Levene test) and in (d) as Student's t-test: *P < 0.05, **P< 0.01 and ***P < 0.001 compared with the previous concentrations and time in (a)
and (b), respectively, and to control vehicle in (c) and (d).

detect any MMP-2 activity in either of the cell lines tested,
as was also previously reported.!'"?"!

treated tumour cells, as has been previously reported.!""?!
Colonies were either reduced in size and number or in some
cases completely absent in tumour cells treated with com-
pound 6a (Table 2; Appendix S1, Figure SA1), demonstrat-
ing the anti-cancer action of this BZT derivative.

Effect of benzothiazole derivative 6a on the
clonogenicity of PCa cells

Anchorage-independent growth of cell lines is strongly

. . . I ; In vitro and in vivo toxicological effects of
associated with transformation and is highly correlated with 9

L o . . benzothiazole derivative 6a
m vivo tumor1gen1c1ty, 1mvasiveness and tumour gI‘OWth m

mice.”! After 2 weeks of incubation, significant growth-
forming colonies in soft agar were observed in vehicle-

To determine the toxicity of compound 6a, two models
were used: the haemolysis effect on RBCs and the lethality

© 2012 The Authors. JPP © 2012
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Figure 3 Anti-angiogenic effect of benzothiazole derivative 6a. Vehicle control or compound 6a (20 pg/ml) were inoculated onto the chicken cho-
rioallantoic membrane (CAM) on day 10 of chick embryo development and the effect was evaluated 72 h later. Representative microphotographs
(x25) are shown on day 13. (a) Control CAM. Blood vessels are arranged symmetrically and have characteristic branches (arrow). (b) Compound
6a-treated CAM. Compound 6a leads to the degeneration of the vascular network shown as vessel-free areas and vessel branching (arrow). Also
the number of blood vessels is significantly reduced in the compound-6a treated CAMs (c). Blood vessels were counted in four sections of each
CAM and changes are presented as percentage means + SEM in relation to control vehicle in four independent experiments. Significances, calcu-
lated by Student’s t-test: **P < 0.01 compared with control. Arteries and veins are shown by ‘a’ and ‘v’, respectively.
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Figure 4 Activity of MMP-9 metalloproteinase by gelatin zymography
in PC-3 cell after exposure to benzothiazole derivative 6a at IC50 for
24 h. Conditioned medium prepared from subconfluent cultures were
collected, resolved in non-reducing gels containing gelatin (1 mg/ml)
and processed for zones of gel degradation activity. (a) A representa-
tive experiment is shown. (b) The results were quantified in relation to
control vehicle and are presented as means = SEM of percentage of
activity of three different experiments. Significance, calculated by the
Student'’s t-test: ***P < 0.001 compared with vehicle control.

Table 2 Inhibition of clonogenic potential by benzothiazole derivative
6a

Measure? Controls Derivative 6a
Colony formation (%)
PC-3 cells 100 £ 17.6 0.51 = 0.25**
LNCaP cells 100 = 18.3 0
Relative colony size
PC-3 cells 1+0.30 0.02 £ 0.01**
LNCaP cells 1+ 0.05 0

2Colony formation and size relative to non-treated PC-3 and LNCaP
quantified by light microscopy are given as means = SEM of three
independent experiments. **P < 0.01 compared with control (vehicle).

assay on brine shrimp (Table 3). The results show lower
overall toxicity of BZT 6a compared with the control agent
DQ, as the concentration required to achieve appreciable
toxic response on erythrocytes was higher for BZT 6a than
for DQ. This effect was also evident when BZT 6a was
tested in the brine shrimp assay. Thus, both toxicological

Juan R. Rodrigues et al.

Table 3 /nvitro and invivo toxicological profile of benzothiazole
derivative 6a

Compound LyticC50 (ug/ml) LethalC50 (ug/ml)
Derivative 6a >500 101.48 = 3.60***
Dequalinium >200 37.26 = 2.59

Results are expressed as means + SEM of three different experiments.
LyticC50, half-lytic concentration on red blood cells; lethalC50, half-
lethal concentration on Artemia salina (brine shrimps). ***P < 0.001
compared with dequalinium. Each experiment was performed five dif-
ferent times.

evaluations showed that BZT 6a was less toxic than control
DQ. In addition, it is important to note the higher concen-
trations needed to induce toxic effects according to these
assays compared with the cytotoxic IC50 in tumour cells
(Table 1).

Effect of benzothiazole derivative 6a on
tumour growth of PC-3 xenografts

The invivo effect of compound 6a (5mg/kg, i.p.) was
examined by the evaluation of the tumour development in
PC-3 xenografts. The treatment was started when tumours
were palpable, corresponding to a size of approximately
250 mm’. Significantly reduced tumour growth from day 11
until the end of the treatment (Figure 5) was observed for
mice treated with compound 6a compared with vehicle-
treated mice. All mice were observed and weighed daily and
this data showed that the compound dosage was well toler-
ated in all mice, as supported by the in vitro toxicological
experiments. Volumes of the harvested tumours at the end
of the study showed significant differences between the
treated and control mice (450 mm?® = 53 vs 718 mm?® * 82;
P=0.018) and confirmed the in vitro inhibitory effect of
this compound on PCa cells.

Discussion

Over the past ten years BZT-related structures have been
shown to be potential new therapies with different effects
against infections, osteoarthritis and cancer, involving dif-
ferent mechanisms of action.””?! As possible chemothera-
peutics, BZT analogues, such as tetrahydrobenzothiazoles,
have shown anti-tumour properties through inhibition
of p53 transcriptional activity and induction of mito-
chondrial-mediated apoptosis.”” BZT-related compounds
have shown pro-apoptotic effects on tumour cells by
inducing the expression of different proteins, including the
extrinsic apoptosis-initiating receptor TNFRSF6.°! BZT
compounds have shown in vitro cytotoxicity on human
cancer cell lines through caspase-dependent and caspase-
independent pathways inducing apoptosis.*? Several

© 2012 The Authors. JPP © 2012
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Figure 5 /n vivo anti-tumour activity of benzothiazole derivative 6a in
PC-3 xenografts. One week following tumour cell injection, when the
tumours were palpable (around 250 mm?), mice were treated every
day (5 mg/kg, i.p.). The tumour volume was determined every day
using a digital caliper. Values are given as means = SEM, n= 10 for
each group. Significances, calculated as analysis of variance-based two-
factor study with repeated measures of one factor with Bonferroni cor-
rection for post-hoc tests (according to the sphericity criterion epsilon
with indicating equality of variances of the differences between meas-
urements): *P < 0.05; **P<0.01, ***P<0.001 and ****P < 0.0001
compared with control vehicle.

analogues of these structures, such as 2-(4-aminophenyl)
benzothiazoles (CJM-126), represent highly selective classes
of anti-tumour agents that elicit potent growth inhibition
in several human-derived cancer cell lines.**** Also, BZT-
related compounds have shown mutagenic and genotoxic
effects on tumour cells by inducing the expressions of dif-
ferent proteins, including the DNA-damage response genes
CDKNI1A (p21/Cipl) and DNA binding protein 2.1

BZT compounds are also aryl hydrocarbon receptor ago-
nists, resulting in the induction of CYP1A1 and causing the
generation of electrophilic reactive species which form
DNA adducts, producing cell death by activation of the
intrinsic and extrinsic apoptotic machinery.”’ There is a
constitutive expression of CYP1A (CYP1A, CYP1Al and
CYP1A2) in PCa cancer cell lines PC-3 and LNCaP, whereas
normal prostate cells have no detectable CYP1Al. Thus,
hormonal and cancer-specific factors affect the expression
and induction of the phase I metabolic enzymes in prostate
cells.” Indeed, in tumour cells CYP1Al induces the
metabolism and biotransformation of BZT structures to
their reactive toxic species, which are responsible for DNA
adduct formation and cell death, in addition to their
metabolism to inactive metabolites.”’ Thus, selective over-
expression of CYP1A1 in cancer cells is advantageous for
tumour-specific BZT drug design for anti-cancer therapy."”

The BZT compound Phortress (NSC 710305) is a novel,
potent and selective experimental anti-tumour agent that is

© 2012 The Authors. JPP © 2012
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synthesized as a prodrug and has already been introduced
in clinical trials.”’ Its mechanism of action involves
the biotransformation of 2-(4-amino-3-methylphenyl)-5-
fluorobenzothiazole to generate electrophilic reactive
species, which covalently bind to DNA, causing lethal
damage to sensitive tumour cells.’**! Indeed, dose- and
time-dependent DNA damage in vitro and in vivo was also
described,”®’ while the growth of breast (MCF-7) and
ovarian (IGROV-1) xenograft tumours was significantly
retarded by this compound.©®

Our results confirm the biological activity of the BZT
structure. We have shown the potential anti-tumour effect
of a new series of these analogues in human PCa PC-3 and
LNCaP cells (Table 1). The most effective compound tested
in vitro was BZT 6a, whose effects were dose- and time-
dependent (Figure 2a,b). The time-dependency became
apparent between 24-96 h following drug exposure, inhibit-
ing almost 100% of the cell growth.

The absence of an aromatic substitution in the carbohy-
drazide group could be the reason for the structure—activity
relationship of BZT compounds. In this context, com-
pounds 6a and 7a, which lack aromatic ring substitution
and contain only an N’-formyl group, were the most active
structures against the tumour cell lines tested. However, the
substitution of a nitrothiophene instead of a nitrofuran in
position 2 of the BZT nucleus seems to favour the cytotoxic
activity, since compound 6a was more active than 7a
(Table 1). We also noted that as the group substitutions
increased in volume, the invitro anti-tumour -effect
decreased, since 6a > 6b, 6¢c and 7a > 7b > 7d > 7, 71,
7g, 7¢, suggesting a possible size-dependent activity of these
molecules.

The BZT compound 6a also exhibited stronger inhibitory
effects against tumour than against non-tumour cells,
showing higher cytotoxicity to the human PCa cell lines
compared with non-tumour ARPE-19 and HK-2 cells.
Indeed, the selectivity of this structure was also superior
compared with the effects observed for DQ (Table 1). It is
also important to note the possible presence of different
metabolites of BZT compound 6a. Since we found interest-
ing results in human prostate tumour cells, the evaluation
of BZT 6a in metabolically competent cells, ideally in liver
cells and primary hepatocyte cultures rich in drug-
metabolizing and biotransformation enzymes, will be nec-
essary in further studies.*”!

Tumour progression is a multi-step process in which
adhesion plays a pivotal role in the development of recur-
rent, invasive and distant metastasis. In this context,
tumour cells must enter into the blood or lymphatic circu-
lation; this involves the loss of intercellular adhesion and
renders adhesion molecules likely participants in the devel-
opment of metastatic disease. Evidence to date suggests
that adhesion is associated with invasion and metastasis in
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a variety of human malignancies.™"! Our results show that
PC-3 cell adherence to the specific adhesive substrate
fibronectin was inhibited by compound 6a. Due to the fact
that adhesion is related to many extracellular matrix
(ECM) components (e.g. fibronectin, collagens, laminin
and vitronectin with integrins),*?! there are many possi-
bilities for an interaction between ECM components and
the BZT derivative 6a.

New tissue formation, invasion, angiogenesis and cell
motility and migration also represent attractive targets for
the development of new anti-tumour compounds.””’ Our
results show that the BZT derivative 6a inhibited cell
migration and invasion as well as neoangiogenesis. Neoan-
giogenesis is an essential part of tumour progression.
Tumours induce blood vessel growth by secreting different
factors, such as vascular endothelial growth factor, leading
to capillary growth and allowing growth and metastasis of
tumours by supplying the required nutrients. Compounds
that target the tumour vasculature by inhibition of angio-
genesis could lead to potential therapies against cancer
progression.'*!! Our results also show that compound 6a
causes a degeneration in the vascular complex by prevent-
ing the formation of new blood vessels, which was clearly
evident after 72 h of compound incubation, demonstrating
a strong inhibitory effect on neoangiogenesis, as has
already been shown by our group for other potential anti-
neoplastic agents.!""*!

Most of the cells in multicellular organisms are sur-
rounded by a complex mixture of a three-dimensional
network assembled from multiple components, including
collagens, non-collagenous glycoproteins, elastin, proteogly-
cans and matricellular proteins in an organ-specific
manner, which makes up the ECM. The anchorage between
cells and the ECM represents an essential process for cell
survival. MMPs are involved in the breakdown of ECM in
normal physiological processes, such as embryonic develop-
ment, reproduction and tissue repair, as well as in patholo-
gies such as arthritis and cancer.” In arthritis, these
proteases represent an interesting target against inflamma-
tion and BZT derivatives have been proposed as potential
compounds for the allosteric inhibition of MMP-13, which
is involved in articular cartilage turnover and cartilage
pathophysiology associated with osteoarthritis.” On the
other hand, tumour cells have the ability to invade other
tissues and to spread to different organs and the degrada-
tion of the ECM by MMPs, such as MMP-9, represents a
key step for accomplishing these events and even defines the
degree of tumour malignancy.”’ MMP-9 is highly
expressed in cancer cells and is involved in the release of
growth factors that promote tumour development by
increasing migration, invasion and angiogenesis, leading to
the malignant behaviour of carcinomas.™”! Inhibitors of this
enzyme could represent possible drugs against tumour

Juan R. Rodrigues et al.

development. Our results showed for the first time that a
BZT derivative decreased the activity of MMP-9 in human
PCa PC-3 cells, suggesting that this enzyme could be a
molecular target of compound 6a and its probable molecu-
lar mechanisms of action. Thus, the effects of this derivative
on angiogenesis could also be due to the inhibition of
MMP-9, in addition to the other multiple steps of tumour
development, such as proliferation, adhesion, migration
and invasion as shown in this study.

In vitro anchorage-independent growth of cells is one of
the most specific criteria for assessing the cell’s potential for
expression of a transformed phenotype in vivo. This prop-
erty is highly correlated with the ability of the cells to form
tumours in athymic nude mice.”*” Compound 6a strongly
inhibited anchorage-independent growth in human tumour
cell lines, supporting our hypothesis that this BZT could
decrease the development of a tumour-like phenotype in
vivo.

For detailed evaluations of new structures with potential
biological properties, it is necessary to understand their
toxicological properties. BZT 6a showed low toxicity in vitro
with no significant RBC lytic effects reported throughout
the different concentrations of compound tested; low in
vivo toxicity was shown due to the elevated concentration
necessary to induce brine shrimp death (Table 3). In addi-
tion, BZT 6a was less toxic than the control anti-tumour
reagent, DQ, against the non-tumour cells ARPE-19 and
HK-2 (Table 1).

Due to our promising results in vitro and the previously
mentioned low toxic effects we decided to evaluate the
effects of compound 6a in PCa xenografts. We found that
tumour growth and volume of the explanted tumours after
termination of the experiments were significantly decreased
in mice treated with compound 6a as compared with
vehicle control, and that this effect was sustained over the
time. The daily dose of 5 mg/kg was well tolerated by the
mice and no side effects were observed. Probably, the anti-
tumour effect could be enhanced by increasing the dose, as
has been shown in studies with other BZT derivatives with
doses up to 20 mg/kg.*! According to our experience with
other organic compounds and comparative IC50 values, a
dose up to 5 mg/kg should be tested.”” However, the rigor-
ous interpretation of the animal protection law by the local
authority did not permit a dose—effect trial for this first pre-
clinical study.

Conclusions

The results of this work demonstrated the anti-tumour
activity of new BZT derivatives, particularly the compound
6a  (N'-formyl-2-(5-nitrothiophen-2-yl)benzothiazole-6-
carbohydrazide), which was highly efficient in vitro and in
vivo. The inhibitory effect of this compound on multiple

© 2012 The Authors. JPP © 2012
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essential cell biological functions characteristic of PCa cells Funding
and its low toxic effects make this derivative attractive as a
potential multi-target drug for PCa. We conclude that this
promising compound warrants further detailed analyses in
PCa research to elucidate the molecular mechanism of

action in more detail.

Benzothiazoles against prostate cancer

This study was supported in part by grants from the Foun-
dation for Urological Research (Grant GRUB-3), Berlin,
Germany; the German Academic Exchange Service (DAAD)
(Grant Referat 414, A/07/98623); and the CDCH-UCV

(Grant PG-06-7548-2009/1).

Declarations

Conflict of interest

Acknowledgement

We thank Sabine Becker for her valuable technical

The Author(s) declare(s) that they have no conflicts of

. . assistance.
interest to disclose.

References fibroblast-like synoviocytes. Biochem

. Siegel R etal. Cancer statistics, 2012.

mediated inflammatory
by a benzodioxolylacetylamino-linked

benzothiazole analog in

responses

human

© 2012 The Authors. JPP © 2012
Royal Pharmaceutical Society 2013 Journal of Pharmacy and Pharmacology, 65, pp. 411-422

Biophys Res Commun 2011; 408: 625—
629.

CA Cancer J Clin 2012; 62: 10-29. 9. Stetler-Stevenson WG, Yu AE. Pro-

. Stephenson AJ etal. Defining bio- teases in invasion: matrix metallopro-
chemical recurrence of prostate cancer teinases. Semin Cancer Biol 2001; 11:
after radical prostatectomy: a proposal 143-152.
for a standardized definition. J Clin  10. Denizot F, Lang R. Rapid colorimetric
Oncol 2006; 24: 3973-3978. assay for cell growth and survival.

. Mottet N etal. EAU guidelines on Modifications to the tetrazolium dye
prostate cancer. Part II: treatment of procedure giving improved sensitivity
advanced, relapsing, and castration- and reliability. J Immunol Methods
resistant prostate cancer. Eur Urol 1986; 89: 271-277.

2011; 59: 572—-583. 11. Rodrigues ] etal. New 4-maleamic

. Alam M, Siddiqui N. Synthesis of new acid and 4-maleamide peptidyl chal-
benzothiazole incorporated sulpho- cones as potential multitarget drugs
namides as potent anticonvulsants. for human prostate cancer. Pharm Res
Indian. J Heterocycl Chem 2004; 13: 2011; 28: 907-919.

361-364. 12. Ruiz Y et al. Cytotoxic and apoptosis-

. Latrofa A etal. Structural modifica- inducing effect of ent-15-oxo-kaur-
tions and antimicrobial activity of 16-en-19-oic acid, a derivative of
N-cycloalkenyl-2-acylalkylidene-2,3- grandiflorolic acid from Espeletia
dihydro-1,3-benzothiazoles. Farmaco schultzii. Phytochemistry 2008; 69:
2005; 60: 291-297. 432-438.

. Ahmed K etal. Recent advances on 13. Atienza JM et al. Dynamic monitoring
structural modifications of benzothia- of cell adhesion and spreading on
zoles and their conjugate systems as microelectronic  sensor arrays. [
potential chemotherapeutics. Expert Biomol Screen 2005; 10: 795-805.
Opin Investig Drugs 2012; 21: 619— 14. Rodriguez LG efal. Wound-healing
635. assay. Methods Mol Biol 2005; 294:

. Dubey R etal. 2-(4-aminophenyl) 23-29.
benzothiazole: a potent and selective  15. Nitzsche B etal. Novel compounds
pharmacophore with novel mechanis- with antiangiogenic and antiprolifera-
tic action towards various tumour cell tive potency for growth control of tes-
lines. Mini Rev Med Chem 2006; 6: ticular germ cell tumours. Br | Cancer
633-637. 2010; 103: 18-28.

. Lee YR et al. Inhibition of TNF-alpha-  16. Powell AA et al. Resistance to ursode-

oxycholic acid-induced growth arrest
can also result in resistance to deoxy-
cholic acid-induced apoptosis and

17.

18.

19.

20.

21.

22.

23.

24.

increased tumorgenicity. BMC Cancer
2006; 6: 219.

Mehta R etal. Liposomal amphoter-
icin B is toxic to fungal cells but not to
mammalian cells. Biochim Biophys
Acta 1984; 770: 230-234.

McLaughlin JL et al. Bench-top bio-
assay for the discovery of bioactive
natural products: an update. In:
Rahman A, ed. Studies in Natural
Products Chemistry. Amsterdam: Else-
vier, 1991: 383—409.

Solis PN et al. A microwell cytotoxic-
ity assay using Artemia salina (brine
shrimp). Planta Med 1993; 59: 250—
252.

Nicklas W et al. Recommendations for
the health monitoring of rodent and
rabbit
experimental units. Lab Anim 2002;
36: 20—-42.

Feldman JP etal. A mathematical
model for tumor volume evaluation
using two-dimensions. | Appl Quant
Methods 2009; 4: 455—462.

Rodrigues JR et al. Effect of quinolinyl

colonies in breeding and

acrylate derivatives on prostate cancer
in vitro and in vivo. Invest New Drugs
2011; 30: 1426-1433.

Sancho P et al. Dequalinium induces
cell death in human leukemia cells by
early mitochondrial alterations which
enhance ROS production. Leuk Res
2007; 31: 969-978.

Wang XX et al. The use of mitochon-
drial targeting resveratrol liposomes
modified with a dequalinium polye-
thylene glycol-distearoylphosphatidyl
ethanolamine conjugate to induce
apoptosis in resistant lung cancer

421



Benzothiazoles against prostate cancer

25.

26.

27.

28.

29.

30.

31.

32.

422

cells. Biomaterials 2011; 32: 5673—
5687.

Kumar B etal
inherent in prostate cancer cells and is
required for aggressive phenotype.
Cancer Res 2008; 68: 1777—-1785.
Freedman VH, Shin SI. Cellular
tumorigenicity in nude mice: correla-

Oxidative stress is

tion with cell growth in semi-solid
medium. Cell 1974; 3: 355-359.
Bondock S et al. Synthesis and antimi-
crobial activity of some new thiazole,
thiophene and pyrazole derivatives
containing benzothiazole moiety. Eur
J Med Chem 20105 45: 3692-3701.
Brantley E et al. Anti-tumor drug can-
didate 2-(4-amino-3-methylphenyl)-
5-fluorobenzothiazole induces single-
strand breaks and DNA-protein cross-
links in sensitive MCF-7 breast cancer
cells. Cancer Chemother Pharmacol
2006; 58: 62-72.

Vicini P etal. Benzisothiazolylimi-
nothiazolidin-4-ones with chondro-
protective properties: searching for
potent and selective inhibitors of
MMP-13. ChemMedChem 2011; 6:
1199-1202.

Christodoulou MS et al. Synthesis and
biological evaluation of imidazolo
[2,1-b]benzothiazole
potential p53 inhibitors. Bioorg Med
Chem 2011; 19: 1649-1657.

Monks A et al. Genotoxic profiling of

derivatives, as

MCEF-7 breast cancer cell line eluci-
dates gene expression modifications
underlying toxicity of the anticancer
drug 2-(4-amino-3-methylphenyl)-5-
fluorobenzothiazole. Mol Pharmacol
2003; 63: 766-772.

Kok SH etal. Synthesis and anti-
cancer activity of benzothiazole
containing phthalimide on human
carcinoma cell lines. Bioorg Med Chem

2008; 16: 3626—-3631.

33.

34.

35.

36.

37.

38.

39.

40.

Hu WP et al. Synthesis, and biological
evaluation of  2-(4-aminophenyl)
benzothiazole derivatives as photosen-
sitizing agents. Bioorg Med Chem
2010; 18: 6197-6207.

Tzanopoulou S etal. Evaluation of
Re and (99m)Tc complexes of 2-(4’-
aminophenyl)benzothiazole as poten-
tial breast cancer radiopharmaceu-
ticals. ] Med Chem 2010; 53: 4633—
4641.

Sato G etal. Assessment of potential
mutagenic activities of a novel benzo-
MAO-A inhibitor E2011
using  Salmonella  typhimurium
YG1029. Mutat Res 2000; 472: 163—
169.

Sterling KM, Jr, Cutroneo KR. Consti-
tutive and inducible expression of
cytochromes P4501A (CYP1Al and
CYP1A2) in normal prostate and
prostate cancer cells. J Cell Biochem
2004; 91: 423-429.

Nandekar PP, Sangamwar AT. Cyto-
chrome P450 1Al-mediated antican-
cer drug discovery: in silico findings.
Expert Opin Drug Discov 2012; 7: 771—
789.

Bradshaw TD et al. Preclinical evalua-

thiazole

tion of amino acid prodrugs of novel
2-(4-amino-3-methyl-
Mol

antitumor
phenyl)benzothiazoles. Cancer
Ther 20025 1: 239-246.

Leong CO et al. Invitro, in vivo, and
in silico analyses of the antitumor

activity of  2-(4-amino-3-methyl-

phenyl)-5-fluorobenzothiazoles. Mol
Cancer Ther 2004; 3: 1565—-1575.
Mathijs K etal. Assessing the

metabolic competence of sandwich-
cultured mouse primary hepatocytes.
Drug Metab Dispos 2009; 37: 1305-
1311.

Juan R. Rodrigues et al.

41. Okegawa T et al. The role of cell adhe-
sion molecule in cancer progression
and its application in cancer therapy.
Acta Biochim Pol 2004; 51: 445—457.
Hynes RO. A reevaluation of integrins
as regulators of angiogenesis. Nat Med
2002; 8: 918-921.

Chodniewicz D, Klemke RL. Guiding
cell migration through directed exten-
sion and stabilization of pseudopodia.
Exp Cell Res 2004; 301: 31-37.

Pepper MS. Manipulating angiogen-

42.

43.

44.
esis. From basic science to the bedside.
Arterioscler Thromb Vasc Biol 1997; 17:
605-619.

Birkedal-Hansen H et al. Matrix met-
alloproteinases: a review. Crit Rev Oral
Biol Med 1993; 4: 197-250.

Folgueras AR et al. Matrix metallopro-

45.

46.
teinases in cancer: from new functions
to improved inhibition strategies. Int J
Dev Biol 2004; 48: 411-424.

Huang S of

stromal metalloproteinase-9 to angio-

47. etal. Contributions
genesis and growth of human ovarian
carcinoma in mice. J Natl Cancer Inst
2002; 94: 1134-1142.

Cifone MA, Fidler IJ. Correlation of

of anchorage-independent

48.
patterns
growth with in vivo behavior of cells
from a murine fibrosarcoma. Proc Natl
Acad Sci U S A 1980; 77: 1039-1043.

Supporting Information

Additional Supporting Information may
be found in the online version of this
article:

Appendix S1. N’-formyl-2-(5-nitrothio-
phen-2-yl)benzothiazole-6-carbohydra-
zide as potential antitumor agent for
prostate cancer in experimental studies.

© 2012 The Authors. JPP © 2012

Royal Pharmaceutical Society 2013 Journal of Pharmacy and Pharmacology, 65, pp. 411-422



