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Abstract
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The proliferation in human prostate carcinomas, PC3 and MDA-PCa-2b, was analyzed for cells
treated with LLW-3-6 and celecoxib in the presence and absence of sulfasalazine. LLW-3-6 was
more potent than celecoxib at mediating a dose-dependent reduction of viable PC3 cells. Cotreatment with a non-lethal dose of sulfasalazine diminished the potency of both drugs in this cell
line. The effects of the drugs in MDA-PCa-2b cells were less significant than those observed in
the PC3 cells. Localization of COX-2 in LLW-3-6- and CBX-treated PC3 cells is consistent with
protein aggregation known for cells responding to stress stimuli. To complement this, an analysis
of the theoretical binding interactions of LLW-3-6 was completed to illustrate the potential of
LLW-3-6 to bind to COX-2 in a manner similar to that of celecoxib. Studies to further define the
mechanism of action for LLW-3-6 are ongoing.
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For inflammation-associated human cancers; including those arising from the colon,
prostate, brain and lung; the ability of celecoxib (CBX) (Figure 1) to inhibit the enzymatic
activity of cyclooxygenase-2 (COX-2) makes te drug an attractive therapeutic option. CBX
is reported to prevent the development and progression of a range of cancers. For patients
with less severe basal cell carcinoma (BCC), the topical application of CBX is reported to
decrease the development of new BCCs by approximately 50% (1). The drug has shown
promise as an adjunct to surgery in reducing the number of adenomatous colorectal polyps
in patients with hereditary colon cancer susceptibility syndrome such as familial
adenomatous polyposis (FAP) and sporadic adenomas (2–4). In addition, CBX has
demonstrated anticancer effects in established invasive lung carcinomas and breast cancers,
both in vitro and in vivo (5–7). The use of CBX with other drugs as an adjuvant or neoadjuvant produced anticancer effects in established invasive lung carcinoma and breast
cancer (5, 6, 8) as well. CBX has been reported to inhibit the proliferation of prostate cancer
cells; however, this effect has not been reported in prostate cancer patients (9, 10).
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Like CBX, sulfasalazine (SAS) (Figure 1) is of interest for developing combination
therapies (11). The clinically approved drug inhibits Akt signaling and cystine-glutamate
antiporter system xCT in prostate cancers (12, 13). Its therapeutic effect derives from its
metabolite 5-aminosalicylic acid (5-ASA), which acts against ulcerative colitis and other
inflammatory diseases. In the prostate cancer cell line DU-145 in vitro and PC3 xenografts
in nude mice, SAS-induced cystine starvation is reported to inhibit cell growth (14).
However, the potential for drug-drug interaction, when used in combination therapy, may
antagonize rather than potentiate therapeutic efficacy.
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The benzimidazole-based molecule, LLW-3-6 (Figure 1) has not been studied as extensively
as its parent compound CBX. The molecule was designed to be structurally similar to CBX,
retaining the relative size and shape of CBX while having a reduced lipophilicity with
respect to the COX-2 inhibitor. As such, it is expected that the activity of LLW-3-6 would
parallel that of CBX. In previous studies, the molecule was reported to inhibit the growth of
PC3 cells (15). The present study seeks to further evaluate the activity of LLW-3-6 in
comparison to that of CBX. The effects on the proliferation of human prostate carcinoma
(PC3 and MDA-PCa-2b) were examined for cells treated with each drug independently and
in combination with SAS. PC3 cells, a metastatic adenocarcinoma, are typically used to
study the therapeutic utility of drugs against androgen-independent prostate cancers. In
comparison, MDA-PCa-2b cells can be utilized to measure drug efficacy in androgendependent cells. The proliferation assays were complemented by evaluating the localization
of COX-2 after drug treatment and the development of a theoretical model for the
interaction of LLW-3-6 with COX-2.

Materials and Methods
Drugs
Celecoxib (CDX, 4-[5-(4-methylphenyl)-3-(trifluoromethyl)-1H-pyrazol-1-yl]
benzenesulfonamide) and sulfasalazine (SAS, (E)-2-hydroxy-5-((4-(N-(pyridin-2yl)sulfamoyl)phenyl)diazenyl) benzoic acid) were purchased from Sigma Chemical Co. (St.
Louis, MO, USA). LLW-3-6 (4-(1-(p-tolyl)-1H-benzo[d]imidazol-2yl)benzenesulfonamide) was synthesized in the lab of Dr. Winfield at Spelman College (15).
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Cell culture
The human cancer cell lines were obtained from the American Type Culture Collection
(Manassas, VA, USA). Cells were grown in Dulbecco’s Modified Eagle’s Media (DMEM)/
F12-K culture medium supplemented with 10% fetal bovine serum (FBS), 100-U/ml
penicillin and 100-μg/ml streptomycin, maintained at 37°C in a humidified atmosphere of
5% CO2. Cells were passaged by exposure to trypsin/EDTA and plated at densities of 5×105
cells per 25-mm culture flask.
Assessment of cell viability
Cells growing near confluency were harvested and re-suspended in culture medium with
supplements. The cells were seeded into 96-well plates at 5×104 cells per well and incubated
overnight to allow adhesion and acclimatization. Cells were then rinsed with 1X PBS and
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then re-suspended in serum-free F12/DMEM medium. After 2 h, the medium was removed
and replaced with fresh medium containing the treatment drug at concentrations of 5, 10, 20
and 40-μM. For co-treated cells, the medium contained the treatment drug at the established
concentrations (5, 10, 20 and 40-μM) and 10-μM of SAS. Treatment was terminated by
removing the medium containing the drug and adding the cell proliferation WST-1 reagent
(Roche Diagnostics, Indianapolis, IN, USA) at 10-fold dilution according to the
manufacturer’s guidelines. Metabolic cleavage of the WST-1 reagent in cells is
accompanied by a change in color from light red to dark red. The intensity of the color
directly correlates with the number of metabolically active cells in the culture and was
quantified at a wavelength of 450-nm using scanning multi-well spectrophotometer
(Midland Scientific Inc., Omaha, NE, USA). Cell viability was reported as percentage of the
controls and computed as follows:
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All experiments were done in triplicate. Cell viability data are shown as the mean±SEM
(Standard Error of Mean) computed from raw data.
Confocal microscopy
Cells on culture slides were fixed with 3% formaldehyde, rinsed with phosphate buffered
saline and incubated with a Monoclonal Anti-COX II antibody (Sigma Chemical Co, St.
Louis, MO, USA) which was diluted 500-fold in 1% serum. Antibody binding was followed
by green fluorescent Alexafluor-conjugated secondary antibody (Invitrogen, Grand Island,
NY, USA). The Zeiss 700 Confocal Microscope (Zeiss Company, Germany) was used for
visualization. Images were pseudo-colored for contrast with the confocal microscopy, to
generate the fluorescent images. Images represent the localization patterns seen with untreated and treated cells at 40× magnification.
Docking analysis
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The structural file for COX-2 in complex with CBX (PDB code: 3LN1) were obtained from
the Research Collaboratory for Structural Bioinformatics Protein Data Bank (PDB, http://
www.rcsb.org/pdb/home/home.do). Docking models were generated using the Molecular
Operating Environment software (Chemical Computing Group, http://
www.chemcomp.com/). With the exception of adding protons and optimizing the orientation
of groups using the LigX function, all computational analysis are based on data imported
from the PDB (16). The best scored structural alignment of LLW-3-6 with CBX was
identified and docked into the ligand binding pocket of the COX-2 receptor. The stability of
the complex was determined by calculated the energy of the ligand interactions (binding
energy) and the overall potential energy of the complex. The energies were calculated using
standard parameters defined by Merck Molecular Force Field (MMFF94). Structures with
root-mean square deviation (RMSD) close to zero are believe to have a predicted
conformation close to that of the original structure.
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The dose-dependent pattern for LLW-3-6 toxicity on PC3 cells (Figure 2a) is comparable to
the results of previous studies (15). In the former assay, each well contained 500 cells while
in the present study 50,000 cells per well were used. Although the two-dimensional
environment of cells in culture is a far cry from the 3-dimensional microenvironment of a
tumor in vivo, the use of 50,000 cells per well in the assays of the current study is at a cell
density similar to that of an in vivo tumor mass. The outcomes of the assays show that less
than 60% of PC3 cells are viable after treatment with 10- and 20-μM of LLW-3-6 for 48 h,
Figure 2a. This is an improved cytotoxic effect over that of CBX for which PC3 cell
viability ranged from 65–80% at the same treatment time and concentrations. In comparison
to the cytotoxicities of the molecules in PC3 cells, the results in MDA-PCa-2b cells were
less favorable. After 24 h of treatment with 20 μM of LLW-3-6, there was approximately a
25% decrease in the number of viable MDA-PCa-2b cells (Figure 2b). However, CBX
demonstrates a slight stimulatory effect at this concentration during the first 24 h. At 48 h,
the molecules have parallel cytotoxicities in MDA-PCa-2b cells, with CBX being more
effective in reducing cell viability.
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A non-lethal dose of SAS (10-μM) was used to evaluate the effects of the drug on prostate
cell viability when administered with CBX and LLW-3-6. At the maximum concentration
tested in combination with SAS, CBX reduced the viability of PC3 cells more than 50%,
Figure 2C. In the presence of SAS, treatment with the maximum concentration of LLW-3-6
only reduced cell viability by 20%.
The comparative analysis, Figure 2C, of PC3 cells treated with each drug in presence and
absence of SAS suggests SAS antagonizes the activity of LLW-3-6. For both molecules, the
combination with SAS resulted in less than 20% cell death in MDA-PCa-2b cells after 48
hours of treatment with 40-μM of the drug (Figure 2d). However, there appears to be a slight
improvement in cell treatment outcomes for LLW-3-6 when given in combination with SAS
in comparison to the effect of benzimidazole when administered alone.
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The localization of COX-2 observed in CBX treated PC3 cells (Figure 3) has not been
previously reported, but is consistent with the localization of stress response proteins such as
paxillin and vinculin in cells responding to diverse environmental stress stimuli (17).
Similarly, the punctuate staining mediated by LLW-3-6 for COX-2 in PC3 cells (Figure 3) is
similar to that associated with protein aggregation in cells responding to environmental
stress stimuli (18, 19). Due to the limited efficacy of the molecules in the MDA-PCa-2b
cells, focal adhesion was not evaluated in this cell line.
Docking analysis was conducted to complement the focal adhesions assays. The results
indicate that LLW-3-6 occupy a similar binding orientation to that of CBX (Figure 4). Like
CBX, LLW-3-6 forms key hydrogen bonding interactions with Ile503, Gln178 and Ser339.
The affinities of the molecule are similar. However, the CBX–COX-2 complex is slightly
more stable than that involving LLW-3-6 (potential energy are −5.495 and −2.971 kcal/mol,
respectively).
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In this present study, both LLW-3-6 and CBX was shown to reduce the growth of PC3 cells
in a dose- and time-dependent manner. Likewise, both molecules cause COX-2 aggregation
in PC3 cells that was indicative of a response to stress stimuli. Drug-drug interaction can
affect the therapeutic efficacy of of a molecule. Although it appears that the combined effect
of CBX/SAS and LLW-3-6/SAS in PC3 cells are antagonistic, it has not been confirmed if
interactions between LLW-3-6 and SAS are responsible for the attenuation of the cytotoxic
effects observed for LLW-3-6 in PC3 cells when the molecule was co-administered with
SAS. However, the combined effects of these molecules in MDA-PCa-2b, although
minimal, appear to enhance the activity of the drugs. The observations of the current report
warrant further assessment of LLW-3-6 as a therapeutic option to CBX for tissue-specific
cancer treatment as a single drug, but caution needs to be taken with regards to its use in
combination drug treatment.
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Figure 1.

Drugs.
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Figure 2.

Viability of prostate cancer cells treated with CBX and LLW-3-6. A modified MTT assay
was used to measure cell survival as described in the Materials and Methods section. Bar
lines are based on standard error of mean computed for each treatment point. Viability was
measured after 24 and 48 h treatments with each drug. (a) Viability of PC3 in the presence
of each drug. (b) Viability of MDA-PCa-2b cells in the presence of each drug. (c) Viability
of PC3 in presence of each drug and 10-μM of SAS. (d) Viability of MDA-PCa-2b in
presence of each drug and 10-μM of SAS.
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Figure 3.

Localization of COX-2 in PC3 cells. Diffuse fluorescent stain is seen for COX-2 (green) in
untreated, CBX-treated, and LLW-3-6-treated PC3 cells. Nuclear stain is in blue.
Cytoskeleton was stained for F-actin and is shown in red. COX-2 is found at focal adhesions
in CBX treated cells (middle row, yellow arrow). COX-2 punctuate staining in LLW-3-6treated cells (bottom row, yellow arrow).
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Figure 4.
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Model of CBX and LLW-3-6 in the ligand binding pocket of COX-2. CBX is shown in
orange tube structure (RMSD=0.165 Å). The calculated binding energy is −9.36-kcal/mol
and the overall energy of the complex is −5.495-kcal/mol. LLW-3-6 is shown in pink tube
structure (RMSD=0.328 Å). The calculated binding energy is −9.07-kcal/mol and the overall
energy of the complex is −2.97-kcal/mol. The residues of COX-2 are shown as grey stick
structures with the polar surface of the binding pocket highlighted in pink (hydrophilic) and
green (hydrophobic).
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