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Abstract
Author: Toluleke Oloruntobi Famuyiwa

Title: Overcoming Multidrug Resistance in Prostate Cancer Cells
Using Nanoparticle Delivery of a Two-Drug Combination.
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Prostate cancer (PCa) is the second most diagnosed cancer in men. The resistance
of prostate cancer to chemotherapy has been linked to the ATP Binding Cassette (ABC)-
Mediated Multidrug Resistance (MDR). This study investigated the combination of 3-
Bromopyruvate (3-BPA) and the anti-inflammatory molecule SC-514 in reducing MDR
in prostate cancer. The compounds were incorporated into a PLGA nanoparticles to
increase delivery to target cells.

To investigate the effectiveness of SC-514 and/3-BPA, cytoxicity assays
including trypan blue dye exclusion, MTT tetrazolium reduction, NBT, LDH release
poly caspase detection, cell titer glow assay, and ELISA were utilized. Both
immunofluorescence and multidrug resistance efflux assays were utilized to estimate the
number of drug resistant cells. SC-514 was encapsulated in PLGA nanoparticles via
single-emulsion method. SC-514 nanoparticles were analyzed utilizing Scanning Electron

Microscopy (SEM) and Transmission Electron Microscopy (TEM). Liquid

Vi



chromatography—mass spectrometry (LC-MS) was used to measure the amount of SC-
514 released from the nanoparticle. Alternative SC-514 drug release

quantification methods such as colony forming assay, wound healing assay, and transwell
and migration assay were explored.

The combination of 3-BPA and SC-514 was more therapeutically effective
(synergistic effect) than single treatments of either 3-BPA or SC-514. The combination
significantly decreased intracellular ATP and the number of multidrug resistant cells.
The combination reduced NF-KB activation, IL-6 expression, and BCL2 expression
while increasing the expression of BAX. Apoptotic induction in DU-145 and PC-3
prostate cancer cells appeared to occur via a mechanism other than reactive species
(ROS) induction. The SC-514 loaded PLGA nanoparticles have the potential to increase

the bioavailability of SC-514 and 3-BPA for prostate cancer treatment.
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Chapter 1: Introduction

1.1 Literature review

1.1.1Prostate Cancer

Prostate cancer (PCa) is the most diagnosed male cancer and second leading cause
of male cancer deaths in the United States (R. L. Siegel, Miller, & Jemal, 2020)(Miller et
al., 2019). It is expected that one out of nine men will develop PCa throughout their
lifetime (R. L. Siegel et al., 2020). The 2020 estimates for PC diagnoses and deaths in the
United States are 191,930 and 33,330, respectively(R. L. Siegel et al., 2020). Despite the
decrease in PCa incidences in United States within the past decade (2008-2017) the
percentage of incidences has remained relatively constant(R. L. Siegel et al.,
2020)(Miller et al., 2019). PCa account for 15% of all cancers in men worldwide

(Applegate, Rowles, Ranard, Jeon, & Erdman, 2018).

Prostate cancer poses a major economic limitation for humans. The economic
limitation on patients makes prostate cancer one of the deadliest diseases. Patients with
advanced stage of the disease have a low quality of life and they constantly visit the
hospital for extremely expensive treatments. Regardless of the costly treatment of
prostate cancer, there are life threatening transformations in the patient’s body system

(Hanahan & Weinberg, 2011; R. Siegel & Naishadham, 2013; Yuan et al., 2014).



The life-threatening transformation in the patient’s system is due to uncontrollable
division of the prostate cancer cells even after chemotherapy. Chemotherapy may be
ineffective as a result of spontaneous accretion of tissues with polymorphous phenotype

during treatment (Chaudhary, Umar, & Mehta, 2014).

This is illustrated in figure 1A and 1B in this current study. Biologically, prostate
cancer cells possess six defining characteristic features that favor continuous
proliferation. These features include invasion and metastasis, proliferative signaling,
evasion of growth suppression, resistance to cell death, replicative immortality, and
angiogenesis (Nazir, Hussain, Ayub, Rashid, & MacRobert, 2014). These features

differentiate them from healthy cells (Nazir et al., 2014).

Cancer researchers have made significant efforts to reduce deaths because of
prostate cancer. Conventional treatment modalities comprising of radiotherapy,
chemotherapy, gene therapy, immunotherapy, surgery and prostate specific membrane
antigen (PSMA) targeted therapy have been developed to treat prostate and other human
cancers (Al-Mamgani et al., 2010; D’Amico et al., 2010; Dal Pra, Cury, & Souhami,
2010; Janib, Moses, & MacKay, 2010; Kohli & Tindall, 2010; Moore, Pendse, &
Emberton, 2009; M. S. Muthu & Singh, 2009; Oyelere, 2008; Roscigno et al., 2005).
Unfortunately, the standard treatment regimens frequently destroy healthy cells and thus
cause considerable harmful side effects. Specific challenges faced by chemotherapeutic
agents in cancer treatment include poor solubility, rapid deactivation, restricted bio-
distribution, low therapeutic index, severe side effects, poor pharmacokinetic and poor

pharmacodynamics performance (Amato, Teh, Henary, Khan, & Saxena, 2009; Beer &



Bubalo, 2001; Chaudhary et al., 2014; Heidenreich, von Knobloch, & Hofmann, 2001,

Pomerantz & Kantoff, 2007).

Other challenges faced by chemotherapy include non-responsive treatment of
androgen independent and metastatic prostate cancers. (Amato et al., 2009; Letsch,
Schally, Szepeshazi, Halmos, & Nagy, 2004). In this perspective, the materialization of
combination therapy provide a new opportunity for researchers to solve these

shortcomings in conventional chemotherapy (Chaudhary et al., 2014).

Figure 1. Inverted microscope pictures of prostate cancer cells before treatment. 1A: PC-3 prostate
cancer cells after 48 h of cell culture just before drug treatment. 1B: DU-145 prostate cancer cells after 48h
culture just before drug treatment.



1.1.1. Metabolic Activity in Normal Prostate Cells Versus Malignant Prostate Cells

Metabolic Activity in Normal Prostate Cells Versus Malignant Prostate Cells
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Figure 2. A clear knowledge of the mechanism of ATP production in prostate cancer cells and normal
prostate cells and normal prostate cells. This is important in achieving better treatment outcome in drug
combination therapy and nanomedicine. (Oloruntobi Famuyiwa, Jebelli, Kumi Diaka, & Asghar,

2018a)(Changlin Li et al., 2019)(Israelsen & Heiden, 2010)

Metabolic Pathways that Influence Prostate Cancer Cell Survival
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Figure 3.Metabolic pathways regulate the production of energy and nutrients for prostate cancer
(PCa) cells’ survival. This regulation may impact the immune system’s fight against PCa in multiple ways

(Casey et al., 2015; Edlind & Hsieh, 2014; Fiaschi et al., 2012).
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1.1.2 Nanoparticle (NP) Delivery of Chemotherapy Drugs to Prostate Cancer
Patients

The use of nanoparticles (NPs) for enhanced drug delivery in prostate
cancer treatment has been extensively explored in many studies. However, there are
serious limitations to nanoparticle delivery of drugs to prostate cancer. It has become
increasingly obvious that the physicochemical properties of the nanoparticles dictate the
volume of the nanoparticles needed for the drug delivery. The volume of nanoparticles
used in turn determines the therapeutic efficacy of the drug and the nanoparticle delivery
system. In this study, we reflect on the physical chemistry of NP-

mediated drug delivery to the target cell/tissue during prostate cancer treatment.

Controlled drug delivery systems have attracted diverse research interests over the
years (Koshy, Zhang, Grolman, Stafford, & Mooney, 2018; Y. Lu, Aimetti, Langer, &
Gu, 2016; Meléndez-Ortiz, Varca, Lugdo, & Bucio, 2015; Pakulska, Miersch, &
Shoichet, 2016; Raave, van Kuppevelt, & Daamen, 2018). This system is a useful
mechanism in prostate cancer treatment. Designing nanoparticles that selectively
recognize and kill prostate cancer cells in the body, remains an innovative concept (Min,
Caster, Eblan, & Wang, 2015; Peer et al., 2007; Rao et al., 2015). The knowledge has
motivated researchers to build nanoparticles with unique physicochemical properties such
as, size, shape, and surface chemistry. These nanoparticles are programmed with a
multitude of biological and medical functions (Albanese, Tang, & Chan, 2012; Nel et al.,

2009) that are vital for effective treatment of prostate cancer.



The prospects of using nanoparticle in clinical oncology are expanding every day.
Numerous nanoparticles have been developed to increase bioavailability profiles of
hydrophobic chemotherapeutic drugs such as SC-514 and Quercetin. This mode of
delivery enables the administration of lower doses of the drug (SC-514 and Quercetin)
and thereby minimizing the adverse effects found with systemic drug administration in
clinical practices. Nanomedicine has increased the quality of life of prostate cancer
patients (Vizirianakis, 2011). Nanoparticle study is expected to lead to major advances
involving the functionalization of the surface of the nanoparticles to improve the
sensitivity and specificity of existing anti-cancer drugs. Hence, nanoparticle drug delivery
studies are promising platforms for the synthesis of cell-specific anticancer agents
(Boulaiz et al., 2011).

Nanoparticles of biodegradable copolymers are emerging as a promising drug
delivery vehicle for prostate cancer treatment. These nano-carrier systems possess a diverse
range of beneficial features including the significant reduction in concentration of the drug.
These particles also have the ability to develop better pharmacokinetics (H. Zhang et al.,
2011). Nanoparticles are therapeutic enhancers of anticancer drugs through passive or
active targeting while reducing the lethal effects of drugs to healthy cells and tissues (T.
Chen & Wong, 2008).

The use of nanoparticles (NP) for prostate cancer treatment has made a
revolutionary impact in the area of therapeutics (Ahmed, Omar, elghaffar, Ragb, & Nasser,
2011). These release systems have been shown to enhance the stability of various
therapeutic agents such as tiny hydrophobic moieties, peptides, and oligonucleotides

(Carey & Frenkel, 2000). Due to the small size of nanoparticles, the surface area to volume



ratio is very large and can lead to the release of drugs at concentrations high enough to kill
prostate and other cancer cells (S. Li et al., 2007).The drug release mechanisms are mainly
effected by pH, temperature, light, and hydrophobicity, among other factors (Chaudhary et
al., 2014).The non-covalently bonded drugs have been released through hydrophobicity-
induced phenomena via applying hydrophobic/hydrophilic forces to the nanocarriers
(Gang et al., 2007; J. Kumi-Diaka, Merchant, Haces, Hormann, & Johnson, 2010). The
high surface area of the nanoparticles allows enhanced drug loading efficiency and targeted
drug delivery with minimum leakage and toxicity (Jayaprakash & Marshall, 2011).
Nanoparticles present prolonged distribution of bioactive particles with higher
body retention and permeability (W. Pu, Wang, & Zhou, 2015). These are different types
of nanoparticles, including organic nanoparticles (polymers, dendrimers, solid lipid),
inorganic nanoparticles (magnetic iron oxide, quantum dots of various mineral
compositions of silica), and protein-based nanoparticles (viruses and aloumin) (Chaudhary
et al., 2014). Each type could allow distribution of bioactive molecules to the target organs
of interest (W. Pu et al., 2015). In this chapter, the focus is on polymeric nanoparticles.
Polymeric NPs show some advantages with respect to other drug delivery systems;
such as more stability during storage (Miller, Jacobs, & Kayser, 2001). Polymeric
nanoparticles could reduce the multi-drug resistance that characterizes many anti-cancer
drugs, by a mechanism of internalization of the drug (Davda & Labhasetwar, 2002) thereby
reducing efflux from cells mediated by the P-glycoprotein (I Brigger, Dubernet, &
Couvreur, 2002). A study showed that Docetaxel (DTX) and curcumin (CUR) loaded lipid-
polymer hybrid nanoparticles (LPNs) impacted the highest cytotoxicity and synergistic

effect of drug treatments in tumor cells in vitro (Yan et al., 2016). Also, the conjugation of



targeting peptide to superparamagnetic iron oxide nanoparticles (SPIONSs), resulted in
more precise delivery of these agents to tumor sites (Yeh, Hsiao, Wang, Lan, & Wu, 2016).

It has been reported that gold NP attached to 3-Bromopyruvate (3-BPA) could
target the mitochondrial membrane potential more selectively and precisely than treatment
with 3-BPA alone (Baltazar et al., 2014; Marrache & Dhar, 2015). Interestingly, gold NP
preferentially kill cancer cells more than normal mesenchymal stem cells due to higher
mitochondrial membrane potential in cancer cells compared to normal cells (Baltazar et
al., 2014; Marrache & Dhar, 2015). Furthermore, oral administration of surface modified
Poly (lactic-co-glycolic acid) (PLGA) NP containing capecitabine delivers the drug to the
prostate cancer more effectively and precisely than a conventional treatment approach
(Sun, Liu, Shao, & Miao, 2015). This drug formulation significantly improves patient
condition by reducing dosing frequency of conventional treatment modality. This delivery
method helps in better management of prostate cancer (Sun et al., 2015). Additionally,
PLGA adjuvant NP systems are reported to elicit a strong T cell immune response, using
100-fold lower doses (0.05 pg) of CpG oligodeoxynucleotide antigen. In previous
studies, PLGA NP systems showed significantly higher cytokine secretion (up to 10-
fold), as well as a comparative antibody response to abnormal body physiology (Diwan,
Elamanchili, Cao, & Samuel, 2004). Inevitably, PLGA systems may be further
developed for tailored drug delivery in both chemo- and immunotherapy in prostate
cancer treatment regimen.

PLGA is a biocompatible member of the aliphatic polyester polymer family of
biodegradable polymers. It has long been a popular choice for drug delivery applications

since its approval by the Food and Drug Administration (FDA) for use in humans (Mccall



& Sirianni, 2013). PLGA nanoparticles can transport hydrophobic drugs such as SC-514
in an aqueous environment for delivery within minutes. The drug enters the cell just by “*
slight contact’ with the phospholipid layer of the cell (D. Hofmann, Messerschmidt,
Bannwarth, Landfester, & Mailénder, 2014). Biodegradable NP constructed from PLGA
polymers are widely used as antigen carriers/adjuvants due to its biocompatible and
biodegradable characteristics. Safety profile and use has been approved by both the US
FDA and the European Medicine Agency (EMA)(Danhier et al., 2012).

PLGA offers unique advantages and properties for drug delivery purposes, like the
world-wide approval for medical use, biodegradability, biocompatibility, and controlled
release (Sun et al., 2015). However, there are considerable challenges that must be
overcome in developing PLGA-based NP systems for drug delivery application. The
challenges: targeting the diseased tissue, cellular uptake together with pre-programmed
intracellular trafficking, and escaping the reticuloendothelial system are not manageable
by a single polymer (Sun et al., 2015). The contact of PLGA nanoparticles with the body
and the impact are mediated via the surface of the PLGA nanoparticles. PLGA-based NPs
have poor loading capacity and display sudden release of drugs to unwanted tissues
and/or cells.

Surface modification of PLGA-particles by grafting with selected biomimetic
ligands can meet some of these challenges. Surface modification can lead to a more
efficacious medication. Effective medications can reduce side effects and improve a
patient’s treatment outcome (Sun et al., 2015). Surface modification of PLGA
nanoparticles can deliver the drug in a more controlled manner throughout the prostate by

using a much reduced dosing schedule to increase the therapeutic efficiency (Sun et al.,



2015). Several modifications have been utilized to overcome these problems. A pH
sensitive PLGA NP system was developed for rapid release of ovalbumin (OVA) antigen
in acidic environments to improve immune response (Danhier et al., 2012). The pH-
based drug release has been used for tumor targeting drug release. This release mechanism
is effective because tumor tissues possess lower pH than normal tissues (Dhar, Daniel,
Giljohann, Mirkin, & Lippard, 2009; Leones et al., 2014; Qu, Yao, Wang, Li, & Zhang,
2012).

Another modification to improve the drug release is the bio-molecular supported
process (Xi et al., 2013). This method is commonly grouped into three parts: ligand
exchange mediated release (R. Shukla et al., 2005), enzymatic release (Lv, Wu, Wan, &
Mu, 2014; Rojo et al., 2004), and chemical reduction-based release (Pernodet et al., 2006).
Delivery of dual or triple antigens in PLGA-NPs, co-delivery of Toll Like Receptor-4
(TLR 4) ligand and Tumor Associated Antigen (TAA) using PLGA-based NPs (Hamdy
et al.,, 2008), may occur through ligand exchange mediated release mechanism.
Hydrophilic or hydrophobic interactions by heating, may occur through chemical reduction
mechanism. This latter interaction permits encapsulated drugs to diffuse out of the matrix
and into the target cell or organ (Chaudhary et al., 2014).

The major considerations in determining the method for drug delivery are the parameters
that influence biocompatibilities and bioactivities of nanoparticles. Particle size is one of
the most important parameters that determine biocompatibilities and bioactivities of
nanoparticles. Particle size has a direct relevance to the stability of drug formulations (Sun
et al., 2015). The delivery efficiency of PLGA nanoparticles is impacted by all the drug

releasing factors mentioned above.
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A study showed that epigallocatechin 3-gallate (EGCG) loaded NP system
functionalized with a PSMA inhibitor on the surface significantly enhances binding to
PSMA with respect to the nonfunctionalized NP. This led to an increased anti-proliferative
activity in in vitro assays toward PSMA-positive PCa cells, without affecting normal cell
viability (Sanna et al., 2011). Recommendations to augment delivery efficiency of PLGA
nanoparticles to prostate cancer include; surface functionalization of PLGA NPs with the
A10 2'-fluoropyrimidine ribonucleic acid (RNA) aptamers (that recognize the prostate-
specific membrane antigen (PSMA) on prostate cancer cells) and biotin to modify the
surface of PLGA nanoparticles (Chan, Valencia, Zhang, Langer, & Farokhzad, 2010).
Biotin is a small molecule that can induce efficient receptor-mediated endocytosis (S. Chen
etal., 2010). Growing evidence suggests a role for biotin in cell signaling , gene expression,
and chromatin remodeling, together with its potential involvement in inhibiting prostate
cancer cell proliferation (Zempleni, 2005). Previous work indicated that molecular
modification of PLGA nanoparticles with biotin did not change the process of nanoparticle
nucleation and growth in solution. There was no evidence of change in shape, size or
aggregation of biotinylated nanoparticle compared to the control nanoparticles (CPs)
(Gagliardi, Bertero, & Bifone, 2017). This observation further justifies the suggested use
of biotin to functionalize PLGA nanoparticle.

In conclusion, clinical effectiveness of nanoparticles has many limitations (Stefan
Wilhelm, Anthony J. Tavares, Qin Dai, Seiichi Ohta & Harold F. Dvorak and Warren
C. W. Chan, 2016). A central strategy for addressing all these issues is to increase the
delivery efficiency and specificity of the drug on the targeted tumor. If delivery efficiencies

increase from 1% to 10%, the volume of nanoparticles needed to release the same
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concentration of drug decrease from 90ml to 9ml (Stefan Wilhelm, Anthony J. Tavares,
Qin Dai, Seiichi Ohta & Harold F. Dvorak and Warren C. W. Chan, 2016). The lower the
volume of nanoparticles used in prostate cancer treatment the lesser the chances that
healthy tissues and cells will be impacted with toxicities. The reduction in the volume of
nanoparticles in contact with healthy cells and tissues implies increase therapeutic

efficiency of the drug and the nanoparticle delivery system.

1.2 Hypothesis
The combination of 3-BPA and SC-514 (free and nanoparticle delivered) will be
more therapeutically effective and reduce MDR than the single treatments of SC-514 (free

and nanoparticle delivered).

1.3 Specific Aims

Aim1: To determine the therapeutic interaction of 3-BPA and SC-514 combination on
ABC transporter-mediated MDR in prostate cancer.

Aim 2: To determine the therapeutic efficacy of PLGA nanoparticle delivered 3-BPA
and/or SC-514 on ABC transporter-mediated MDR in prostate cancer.

Aim 3: To investigate the survival pathways involved in ABC transporter mediated MDR

in prostate cancer

12



Chapter 2: Interaction between 3-bromopyruvate and SC-514 in prostate cancer

treatment

2.1Abstract

Prostate cancer (PCA) is the second most diagnosed cancer in American men. The
high incidence of prostate cancer has been attributed to failures in single treatment of
chemotherapy. Failure of mono treatment is mediated by heterogeneity and plasticity of
prostate cancer cells. 3-Bromopyruvate has been widely studied for the treatment of
prostate cancer. However, its clinical therapeutic efficiency has been limited due to
numerous side effects and drug resistance. SC-514 is a relatively new drug. Very little
information exists on the anti-cancer effects of SC-514. Nevertheless, SC-514 might be
able to overcome side effects of conventional chemotherapy. 3-BPA is a strong
potentiator of chemotherapeutic drugs. 3-BPA has the potential to potentiate the anti-
cancer activity of SC-514. The combination of 3-BPA and SC-514 might be able to
inhibit prostate cancer carcinogenesis despite the existence of heterogeneity and plasticity
of prostate cancer cells.

This study aims to investigate the potential interaction between 3-BPA and SC-
514 during treatment of prostate cancer. The bioassays used in this study include trypan
blue exclusion, MTT tetrazolium, NBT, LDH cytotoxicity, and poly caspase assay.
Combination Index (CI) calculation was used to investigate the antagonistic, synergistic

or additive interaction between 3-BPA and SC-514. One-way ANOVA was utilized to

13



compare the cytotoxic effects of 3-BPA, SC-514 and the combination of 3-BPA and SC-

514 on DU-145 cells and PC-3 cells prostate cancer cells.

Results suggested a weak negative (r=-0.29) to moderate negative (r=-0.42)
correlation between ROS released and cell death. In addition, there was a weak
correlation (r=0.19) between percentage ROS induced and percentage apoptotic death.
There was a positive correlation between the concentration of drug and cell death in DU-
145 and PC-3 prostate cancer cells.

The overlap in mechanisms of action of 3-BPA and SC-514 increased the impact
of SC-514 on prostate cancer cells. Hence, the combination of 3-BPA and SC-514 was
more therapeutically effective (synergistic effect) than the single treatments of either 3-
BPA or SC-514. The synergistic effect between 3-BPA and SC-514 did not occur by
ROS induction only. The apoptotic induction in DU-145 and PC-3 prostate cancer cells
appears to occur via a mechanism other than reactive species (ROS) induction. This study
suggests that the combination of 3-BPA and SC-514 as a therapeutic regimen can inhibit

prostate cancer carcinogenesis effectively.
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2.2 The mechanism of anticancer effects of 3-BPA

A potent anticancer agent known as 3-Bromopyruvate (3-BPA) has been reported to
inhibit ATP production in prostate cancer (PCa) cells by targeting glycolysis, promoting
mitochondrial destruction, and consequently increase oxidative stress (Dell” Antone,
2012). 3-BPA is an antineoplastic compound that targets the Warburg effect (elevated
glycolysis even in the presence of oxygen), as well as mitochondrial oxidative
phosphorylation in cancer cells (Lis et al., 2016). 3-BPA is a lactic acid analog of pyruvate
(the simplest of the alpha keto acids and intermediate in several metabolic pathways),
transported through the same monocarboxylate transporters (MCT) as pyruvate (Zorzano,
Fandos, & Palacin, 2000). 3-BPA mimics lactic acid. Lactic acid is taken up by the cells’
lactate transporters and inhibits hexokinase (Zwaans & Lombard, 2014). MCTs are
involved in the efflux of lactic acid out of the cells (Lis et al., 2016). A study suggested
that 3-BPA uptake is particularly effective because of the overexpression of MCTs in PCa
cells (Pinheiro et al., 2012). The entry of 3-BPA is successfully achieved because lactic
acid and 3-BPA differ in only a single atom (Br), making it impossible for
the cancer cells” MCTs to distinguish between Br and OH (Lis et al., 2016). Once inside
the PCa cells, 3-BPA inhibits glycolysis (2 ATP production machinery). Normal cells are
not inhibited by 3-BPA, as they have a deficiency of MCTs (Pinheiro et al., 2012;
Sadowska-Bartosz, Soszynski, Utaszewski, Ko, & Bartosz, 2014). This deficiency does
not allow 3-BPA to enter the normal cells easily (Pinheiro et al., 2012; Sadowska-Bartosz

etal., 2014).
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Furthermore, 3-BPA inhibits angiogenesis (S. M. El Sayed et al., 2012). 3-BPA induced
the reversal of cancer cell chemo-resistance, where 3-BPA was reported to inhibit the
efflux of chemotherapy through the ATP-binding cassette transporters; and antagonized
the P-glycoprotein-mediated efflux in cancer cells (A. Nakano et al., 2011; Long Wu et
al., 2014; Yu et al., 2012). Multidrug resistance reversal, using 3-BPA might take place
through decreasing ATP content in cancer cells, decreasing HK 1 activity, inhibiting
ATPase activity, and reducing the expression of P-glycoprotein in chemo-resistant
prostate cancer cells (S. M. El Sayed et al., 2012; Isayev et al., 2014; Long Wu et al.,
2014); and thus results in a chemo-sensitization effect.

Clinically, 3-BPA Kkills prostate cancer cells, prevents cancer recurrence, and
reduces chemo-resistance and radio-resistance commonly encountered in clinical
oncology (Isayev et al., 2014). 3-BPA dramatically improved the therapeutic outcome of
a patient having fibro lamellar hepatic carcinoma and/or metastatic melanoma (Author et
al., n.d.; Y. H. Ko et al., 2012). Significant improvements in late stage cancer patients
suggest the potential efficacy of 3-BPA to differentiate between tumor and healthy tissues

(J. F. Geschwind, Ko, Torbenson, Magee, & Pedersen, 2002).

2.3 The mechanism of anticancer effects of SC-514

Not much is known about SC-514. SC-514 is an orally active, ATP-
competitive inhibitor of nuclear factor kappa-B kinase subunit beta inhibitor (IKK-2 or
IKKp). SC-514 blocks nuclear factor Kappa-light-enhancer of activated B cells (NF-kB)-

dependent gene expression with an 1C-so of 3-12 mM (Kishore et al., 2003Db).
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Previous studies have also reported the inhibitory effects of SC-514 on IKKf in
the treatment of tumors and inflammation (Choo, Sakurai, Kim, & Saiki, 2008; Gagnon,
Landry, & Sorisky, 2009; D. M. Hwang et al., 2007; J. Hwang, Lee, Lee, & Suk, 2010;
Jeong, Pise-Masison, Radonovich, Hyeon, & Brady, 2005; X. Lu, Moore, Liu, &
Schaefer, 2011; Oenema et al., 2010; Rasmussen et al., 2008; Syed, Phulwani, & Kielian,
2007; Thompson & Van Eldik, 2009). However, the effect of SC- 514 on proliferation of
PCa cell lines, multidrug resistance and RANKL-induced NF-kB signaling pathways is
hitherto unknown.

ROS-inducing IKKf inhibitor SC-514 enhanced nitrosourea-induced cell death in
melanoma cells (Kai-Wing Tse et al., 2017). SC-514 has been reported to be a selective
IKKp inhibitor and displayed > 10-fold selectivity against 28 other kinases, including
both tyrosine kinases and other serine- threonine kinases (Kishore et al., 2003a).
Inhibition of NF-KB pathway may influence cell survival (Napetschnig, Wu, & Edu, n.d.;
Sakamoto et al., 2013; Z.-H. Wu, Shi, Tibbetts, & Miyamoto, 2006). Although kinases
have a number of similarities, IKKf has a 20- to 50-fold-higher level of kinase activity
for Ikp than IKKa (F. S. Lee, Peters, Dang, & Maniatis, 1998; Mercurio et al., 1997; H.
Nakano et al., 1998; Yin et al., 1998; Zandi, Chen, & Karin, 1998). Hence, this study
investigates the impact of inhibitor of IKK[ on prostate cancer carcinogenesis.

SC-514 dose-dependently inhibits RANKL-induced osteoclastogenesis with an
IC-50 <5uM (Xu et al., 2013). SC-514 inhibits transcription of NF-kappa B-dependent
genes in IL-1 beta-induced rheumatoid arthritis-derived synovial fibroblasts in a dose-
dependent manner (Kishore et al., 2003b). At high concentrations, SC-514 (12.5 mM)

induced apoptosis and caspase 3 activation in RAW 264.7 cells. Moreover, SC-514
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specifically suppressed NF-kB activity owing to delayed RANKL-induced degradation of
IkBa and inhibition of p65 nuclear translocation (Xu et al., 2013). Studies indicate that
SC-514 impairs RANKL-induced osteoclastogenesis and NF-kB activation.

Consistent with this observation, blocking IKKp kinase activity by SC-514
decreases the phosphorylation of p65/RelA at Ser-536 in human T-cell lymphotropic
virus type I-transformed cells (Jeong et al., 2005): Co-treatment of mouse skin with the
IKKB-specific inhibitor SC-514 (1uM) attenuated TPA-induced activation of Akt and
NF-kappaB, and also the expression of COX-2 in hairless mouse skin (D. M. Hwang et
al., 2007). SC-514, a reversible and highly selective inhibitor of IKK-2 (Kobori et al.,
2004), inhibited proliferation of DU-145 prostate cancer cells (Paccez et al., 2013). SC-
514 potentialized the effect of tyrosine receptor kinase (Axl) knockdown on proliferation

(up to 10 fold) and apoptosis (Paccez et al., 2013).

2.4 Materials and Methods
2.4.1 Experiment 1

MTT Tetrazolium assay was done to assess the cell viability of the prostate cancer
cells after treatment with 3-BPA and/or SC-514. Results from this experiment will
answer the question “Will the combination of 3-BPA and SC-514 synergistically reduce
cell viability compared to the single treatment of 3-BPA or SC-514?”

Briefly, prostate cancer cells (DU-145 and PC-3) were seeded at a density of
2500 cells/well in 96-well plate. These cells were incubated at 37°C and 5% CO for 48 h.
MTT solution (20ul, 5 pg/ml) were added to the wells in the plate which was incubated for

4h at 37°C. The yellow tetrazolium MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-
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diphenyltetrazolium bromide) (Invitrogen) was reduced by metabolically active prostate
cancer cells after drug treatment (3-BPA, SC-514 and 3-BPA + SC-514), by the action of
dehydrogenase enzymes, to generate reducing equivalents such as NADH and NADPH.
The resulting intracellular purple formazan was solubilized with dimethyl sulphoxide
(DMSO) and quantified by spectrophotometric means, using the ELISA plate reader
(Biotek ELx800) to measure absorbance at 570 nm. The absorbance values recorded were
utilized to estimate the number of live cells in each well after drug treatment.

Computation of the combination index for quantitative determination of drug
interactions: The percentage cell viability values from MTT Tetrazolium assay was used
to determine drug interaction between 3-BPA and SC-514. The combination index
values were used to quantify drug interactions between 3-BPA and SC-514.

The classification of the interactions into categories of synergistic, additive, or
antagonistic was based on applying the formula in equation (1) and equation (2).
Combination index (CI) analyses are widely used methods for evaluating drug
interactions in combination cancer chemotherapy (L. Huang, Jiang, & Chen, 2017). The
Loewe additivity model has been largely used as a reference model when the combined
effect of two drugs is additive.

The model can be written as in Equation 1. (D)1 / (Dx)1 + (D)2 /(Dx)2 =1 where (D)1
and (D). are the respective combination doses of drug 1 (3-BPA) and drug 2 (SC-514) that
yielded an effect of 50% growth inhibition (1C-50), with (Dx): and (Dx). being the
corresponding single doses for drug 1( 3-BPA) and drug 2 (SC-514) that yielded the same
effect, which is by definition the concentrations of drug 1 ( 3-BPA) and drug 2 (SC-514)

that will impact 60% reduction in cell viability. When Eqg. 1 holds, it can be concluded that
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the combined effect of the two drugs is additive. Based on Eqg. 1, the combination index,
defined in Eq. 2, can be used to classify drug interactions as synergistic, additive, or
antagonistic.

Equation 2. Cl = (D)1 / (Dx)1 + (D)2 / (Dx)z2

A CI of less than, equal to, and more than 1 indicates synergy, additivity, and

antagonism, respectively (L. Huang et al., 2017).

2.4.2 Experiment 2

To further evaluate the cytotoxic effects of 3-BPA and SC-514, we used Lactate
Dehydrogenase (LDH) assay to quantify the LDH activity in the drug treated prostate
cancer cells.

Lactate dehydrogenase (LDH) is a cytosolic enzyme present in prostate cancer
cells. Plasma membrane damage releases LDH into the prostate cell culture media after
treatment with 3-BPA and/or SC-514. The released LDH in the media can be quantified by
a coupled enzymatic reaction in which LDH catalyzes the conversion of lactate to pyruvate
via NAD+ reduction to NADH. Diaphorase then uses NADH to reduce a tetrazolium salt
(INT) to a red formazan product that can be measured at 490 nm. The level of formazan
formation is directly proportional to the amount of LDH released into the medium, which
is indicative of the extent of cytotoxicity after 3-BPA and/or SC-514 treatment. Briefly,
cultured prostate cancer cells (DU-145 and PC-3) were incubated with 3-BPA and/or SC-
514 to induce cytotoxicity and subsequently release LDH. The supernatant containing the
LDH released into the medium, is transferred to a new microtiter plate and mixed with the

reaction mixture. After a 30-min room temperature incubation, reactions were stopped by
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adding stop solution. Absorbance at 490nm and 630nm were measured using a plate-

reading spectrophotometer (Biotek ELx800) to determine LDH activity.

2.4.3. Experiment 3

After determining the cytotoxic effects of 3-BPA and SC-514, studies on the
mechanism of action of 3-BPA and SC-514 were initiated. Extremely low or high ROS
levels in prostate cancer cells may be correlated with impaired cell functions. NBT assay
was done to measure the ROS level in the treated prostate cancer cells after treatment with
3-BPA and/or SC-514. This assay answers the question “will the combination of 3-BPA
and SC-514 modulate the ROS levels in DU-145 and PC-3 cells?”.

The anti-cancer effects of 3-BPA and/or SC-514 in the treatment of cells generated
Superoxide ions (O2-) which converted NBT to NBT diformazan. On the other hand, SOD
released by the cells reduces the O concentration and thereby lowers the rate of NBT-
diformazan formation. The extent of reduction in the appearance of NBT diformazan is a
measure of SOD activity present in the drug treated prostate cancer cells (DU-145 and PC-
3). Increase in absorbance reading from absorbance reader (Biotek ELXx800) reflects an

increased level of intracellular ROS in the drug treated prostate cancer cells.

2.4.4 Experiment 4

We further investigated the mode of cell death in 3-BPA and/or SC-514 treated
cells by detecting caspase activity in the treated prostate cancer cells. Caspase activities
are indicators of apoptosis. Live red image-poly caspase detection assay was used to

detect apoptosis in prostate cancer cells after treatment with 3-BPA and/or SC-514.
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This assay is based on a fluorescent inhibitor of caspases (FLICA™)
methodology, essentially an affinity label. The reagent associates a fluoromethyl ketone
(FMK) moiety, which can react covalently with a cysteine, which is a critical residue in
the caspase mechanism of action and part of specific caspase amino acid sequence. For
poly caspases, this recognition sequence is valine-alanine-aspartic acid (VAD). A
sulforhodamine group (SR) is attached as a reporter. The FLICA reagent is thought to
interact with the enzymatic reactive center of an activated caspase via the recognition
sequence, and then to attach covalently through the FMK moiety. The FLICA inhibitor is
cell permeant and noncytotoxic. Unbound FLICA molecules diffuse out of the cell and
are washed away; the remaining red-fluorescent signal is a direct measure of the amount
of active caspase that was present at the time the inhibitor was added. The amount of
caspase is an indication of the extent of apoptosis in the treated prostate cancer cells.
Activation of the caspase-3 pathway is a hallmark of apoptosis and can be used in cellular
assays to quantify activators and inhibitors of this “death cascade”. Hence, caspases are
cysteine proteases that play a crucial function in many cell deaths and inflammatory
pathways such as apoptosis.

Briefly, 2500 cells/well were seeded in the 96 well microtiter plate and drug
treatment was done after the cells attained fibroblastic with 80-90% confluence growth in
the culture flask as described earlier. To estimate the number of cells with caspase
activities, 100 cells were counted in five different fields under the fluorescence
microscope. Percentage of cells showing caspase activities was calculated. The
percentage of cells indicating caspase activity was plotted against the concentration of the

drugs.

23



2.5 Results

2.5.1 MTT Tetrazolium assay
To evaluate the impact of 3-BPA and SC-514 on percentage cell viability of
prostate cancer cells in vitro, PCa cells were treated with 3-BPA and/or SC-514. Results

are shown in Figure 4 and Figure 5.

Percentage Cell Viability of PC-3 PCa Cells
Treated with Drug
m Percentage of cell viability of PC-3 cells treated with 3-BPA(uM)
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Figure 4. Graph showing the percentage cell viability of PC-3 prostate cancer cells after 48 h treatment
with 3-BPA, SC-514 and 3-BPA + SC-514. Combination treatment of 3-BPA and SC-514 was prepared
with a cocktail of 150uM 3-BPA (IC-50) + varying concentration of SC-514 (0.488uM - 1000uM) Data
represented are the mean +SD of six independent experiments. A one-way anova analysis comparing the
three treatment groups revealed a p-value < 0.01. I1C-50 of SC-514 = 450uM, 1C-50 of 3-BPA = 150uM. IC-
50 of 3-BPA + SC-514 = 0.3uM.
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Percentage Cell Viability of DU-145 PCa cells
Treated with Drug
m Percentage cell viability of DU-145 cells treated with 3-BPA(%)

120 m Percentage cell viability of DU-145 cells treated with SC-514(%)
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Figure 5. Graph showing the percentage cell viability of DU-145 prostate cancer cells after 48 h
treatment with 3-BPA, SC-514 and 3-BPA + SC-514. Combination treatment of 3-BPA and SC-514 was
prepared with a cocktail of 110uM 3-BPA (1C-50) + varying concentration of SC-514 (0.488uM - 1000uM).
Data represented are the mean of +SD of six independent experiments. Single factor one-way anova analysis
comparing the three treatment groups revealed a p-value < 0.01. IC-50 of SC-514 = 250uM, 1C-50 of 3-BPA
= 110uM. IC-50 of 3-BPA + SC-514 = 15uM.

Calculation of combination index in DU-145 Prostate Cancer Cells

Equation (2) CI=(D)1/ (Dx)1 + (D)2 / (Dx)2

Substituting values extrapolated from figure 5 for equation (2): (D)1= 110uM, (Dx)1 = 125

UM, (D)2=31.25UM, (DxX)2-500uM.

110/125 + 31.25/500 = 0.88 + 0.0625 = 0.9425

Based on the standard that CI < 1 synergy; CI = 1 additivity; CI > 1 antagonism.

Combination treatment using SC-514 and 3-BPA was synergistic because 0.9425< 1.
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Calculation of combination index in PC-3 Prostate Cancer Cells

Equation (2) Cl=(D)1/ (Dx)1 + (D)2/ (Dx)2

Substituting values extrapolated from figure 4 for equation (2): (D)1= 150uM, (Dx)1 =
187.5 pM, (D)2= 0.4pM, (Dx)2=1000pM.

150/187.5 + 0.4/1000 = 0.8 + 0.0004 = 0.8004

Based on the standard that CI < = 1 synergy; CI = 1 additivity; CI 1 > antagonism.

Combination treatment using SC-514 and 3-BPA was synergistic because 0.8004< 1.

2.5.2 Lactate Dehydrogenase (LDH) Assay

LDH Cytotoxicity and MTT Cell Viability of DU-145
Prostate Cancer Cells Treated with 3-BPA
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Figure 6. Comparison of LDH cytotoxicity and MTT cell viability of 3-BPA treated DU-145 prostate
cancer cells. DU-145 prostate cancer cells (2500 cells per well) were plated in a 96-well plate in DMEM
medium supplemented with 10% fetal bovine serum and incubated at 37°C and 5% CO,. After 48 h, varying
concentrations of 3-BPA (0.488uM, 0.976uM, 1.953uM, 3.906uM, 7.812uM, 15.625uM, 31.25uM,
62.5uM, 125uM, 250uM) were added to the 96 well plates and incubated for 48 h at 37 °C, and 5% CO..
LDH Cytotoxicity was measured using the Pierce LDH cytotoxicity assay and cell viability measured by
MTT cell proliferation assay.
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LDH Cytotoxicity and MTT Cell Viability of DU-145
Prostate Cancer Cells Treated with SC-514
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Figure 7. Comparison of LDH cytotoxicity and MTT cell viability of SC-514 treated DU-145 prostate
cancer cells. DU-145 prostate cancer cells (2500 cells per well) were plated in a 96-well plate in DMEM
medium supplemented with 10% fetal bovine serum and incubated at 37°C and 5% CO,. After 48 h, varying
concentrations of SC-514 (0.488uM, 0.976uM, 1.953uM, 3.906uM, 7.812uM, 15.625uM, 31.25uM,
62.5uM, 125uM, 250uM) were added to the 96 well plates and incubated for 48 h at 37°C and 5% CO,. LDH
cytotoxicity was measured using the Pierce LDH cytotoxicity assay and cell viability measured by MTT cell
proliferation assay.

LDH Cytotoxicity and MTT Cell Viability of DU-145 Prostate Cancer
Cells Treated with 3-BPA and SC-514 Combination
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Figure 8. Comparison of LDH cytotoxicity and MTT cell viability of 3-BPA + SC-514 treated DU-145
prostate cancer cells. DU-145 prostate cancer cells (2500 cells per well) were plated in a 96-well plate in
DMEM medium supplemented with 10% fetal bovine serum and incubated at 37°C and 5% CO,. After 48
h, varying concentrations of SC-514 (0.488uM, 0.976uM, 1.953uM, 3.906uM, 7.812uM, 15.625uM,
31.25uM, 62.5uM, 125uM, 250uM) + 110uM 3-BPA (I1C-50) were added to the 96 well plates and incubated
for 48 h at 37°C and 5% CO.. LDH Cytotoxicity was measured using the Pierce LDH cytotoxicity assay and
cell viability measured by MTT cell proliferation assay.
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LDH Cytotoxicity and MTT Cell Viability of PC-3
Prostate Cancer Cells Treated with with 3-BPA
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Figure 9. Comparison of LDH cytotoxicity and MTT cell viability of 3-BPA treated PC-3 prostate
cancer cells. PC-3 prostate cancer cells (2500 cells per well) were plated in a 96-well plate in DMEM
medium supplemented with 10% fetal bovine serum and incubated at 37°C and 5% CO,. After 48 h, varying
concentrations of 3-BPA (0.488uM, 0.976uM, 1.953uM, 3.906uM, 7.812uM, 15.625uM, 31.25uM,
62.5uM, 125uM, 250uM, 500puM, 1000pM) were added to the 96 well plates and incubated for 48 h at 37 ©
C, and 5% CO,. LDH Cytotoxicity was measured using the Pierce LDH cytotoxicity assay and cell viability
measured by MTT cell proliferation assay.
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Figure 10. Comparison of LDH cytotoxicity and MTT cell viability of SC-514 treated PC-3 prostate
cancer cells. PC-3 prostate cancer cells (2500 cells per well) were plated in a 96-well plate in DMEM
medium supplemented with 10% fetal bovine serum and incubated at 37°C and 5% CO,. After 48 h, varying
concentrations of SC-514 (0.488uM, 0.976uM, 1.953uM, 3.906uM, 7.812uM, 15.625uM, 31.25uM,
62.5uM, 125uM, 250uM, 500uM, 1000uM) were added to the 96 well plates and incubated for 48 h at 37°
C, and 5% CO,. LDH cytotoxicity was measured using the Pierce LDH cytotoxicity assay and cell viability
measured by MTT cell proliferation assay.
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LDH Cytotoxicity and MTT Cell Viability PC-3 Cells Treated with
3-BPA + SC-514
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Figure 11. Comparison of LDH cytotoxicity and MTT cell viability of 3-BPA + SC-514 treated PC-3
prostate cancer cells. PC-3 prostate cancer cells (2500 cells per well) were plated in a 96-well plate in
DMEM medium supplemented with 10% fetal bovine serum and incubated at 37°C and 5% CO,. After 48
h, varying concentrations of SC-514 (0.488uM, 0.976pM, 1.953uM, 3.906pM, 7.812uM, 15.625uM,
31.25uM, 62.5uM, 125uM, 250puM, 500pM, 1000puM) + 150uM 3-BPA (I1C-s0) were added to the 96 well
plates and incubated for 48 h at 37°C, and 5% CO,. LDH Cytotoxicity was measured using the Pierce LDH
cytotoxicity assay and cell viability measured by MTT cell proliferation assay.

2.5.3 NBT assay measuring the ROS level

ROS Modulation in DU-145 Prostate Cancer Cells
After 48hrs of Drug Treatment
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Figure 12. NBT assay results showing treatment-induced inhibition of SOD/ROS production in DU-
145 prostate cancer cells. Cells were treated as described earlier and subjected to the NBT assay for ROS
determination. The results indicated statistical differences (P< 0.05) between the different treatment regimens
at all concentration points. The results/data points were the means of six independent experiments performed
in triplicates.
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ROS Modulation in PC-3 Prostate Cancer Cells

After 48hrs of Drug Treatment
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Figure 13. NBT assay results showing treatment-induced inhibition of SOD/ROS production in PC-3
prostate cancer cells. Cells were treated as described earlier and subjected to the NBT assay for ROS
determination. The results indicated statistical differences (P< 0.05) between the different treatment regimens

at all concentration points. The results/data points were the means of six independent experiments performed
in triplicates.

2.5.4 Apoptosis Assay

Live red image-poly caspase detection assay in PC-3 cells

Figure 14. Binding of SR-VAD-FMK FLICA to Prostate cancer cells that undergo apoptosis. PC-3
prostate cancer cells growing in 96 well plates were treated with 3-BPA, SC-514, and 3-BPA + SC-514 for
48 h. The cells were then incubated with fam-VVAD-fmk as described in protocol. Cells were examined under
a fluorescence microscope (Nikon Eclipse E600) using incident fluorescence excitation with red fluorescence
(caspase activation), green fluorescence (plasma membrane integrity) and blue fluorescence (nuclear
morphology) released from treated cells. Magnification of image was X 20 objective.
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