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Abstract 

Title of Dissertation: Characterization of the Anti-Cancer Activities of Clinical Candidate 

Galeterone (VN/124-1) and its Novel Analogs in Human Prostate 

and Pancreatic Cancer Models In Vitro and In Vivo 

Andrew Kenneth Kwegyir-Afful, Doctor of Philosophy, 2016 

Dissertation Directed by: Vincent C.O. Njar, Ph.D. 

    Professor 

    Department of Pharmacology  
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Cancer is a “moving target” disease, as the condition progresses, critical driving 

oncogenes evolve. Effective treatment for cancers, such as prostate cancer (PC) and 

pancreatic ductal adenocarcinoma (PDAC) are based on targeting multiple oncogenes 

implicated in disease progression and drug resistance. Our group pioneered the 

development of galeterone (gal, originally designated VN/124-1); a small molecule 

inhibitor that impedes both AR positive and negative tumor growth, suggesting its ability 

to modulate multiple oncogenes. The goal of this thesis was to assess the ability of gal and 

novel analogs to modulate multiple oncogenic targets in a variety of clinically relevant 

human PC and PDAC models to inhibit cell viability, tumor growth and metastatic 

potential.  

 Our studies show that gal and VNPT55 induce proteasomal degradation of AR/AR-

V7, implicating Mdm2/CHIP E3 ligase. Gal/VNPT55 also degraded ARv567es, with 

VNPT55 exhibiting additional effects on AR-V7 mRNA. We also observed significant 



 

 

gal/VNPT55-induced increase in Bax/Bcl-2 ratio preceding cytochrome c release with a 

concomitant cleavage of caspase 3 and PARP, culminating in apoptosis.   

Gal and analogs also repressed pathways implicated in invasiveness (NF-κB, 

Twist1 and Mnk1/2-eIF4E axis), depleted expression of epithelial-mesenchymal-transition 

markers (N-Cadherin, MMP-2/-9 and Snail) and down-regulated putative stem cell factors 

(CD44, Oct-4 and BMI-1). These effects resulted in inhibition of cellular biological 

activities (migration and invasion) in vitro. Furthermore, gal/analogs effectively decreased 

viability of several drug-resistant PC cells. Strong anti-proliferative activity on gal-

resistant cells by the novel analogs unraveled the lack of cross resistance. Additionally, 

anti-tumor activity of gal and VNPT55 on CWR22Rv1 xenograft (CRPC model) 

recapitulated in vitro activities of the compounds, with no apparent host toxicity. 

 Finally, based on the findings that these agents effectively inhibited pathways 

associated with PDAC disease progression and drug-resistance, we assessed the potential 

of the agents as PDAC therapy. Gal/analogs alone or in combination with gemcitabine 

significantly decreased viability of gemcitabine-naive/resistant PDAC cells. Gal/analogs 

also inhibited transcription factors, prominent in PDAC disease progression. These agents 

also caused strong growth inhibition of MiaPaCa-2 xenografts. Together, these data 

demonstrate that gal and novel analogs possess multiple anti-cancer properties, providing 

a strong rationale for their development in prostate and pancreatic cancer therapy.  
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Chapter 1: Introduction 

Cancer Overview 

Cancer is one of the major debilitating genetic diseases afflicting about one in three 

Americans, has been and continuous to be a problem throughout history. It is the second 

leading cause of death in the United States as reported by Siegel et al (Siegel et al, 2015) 

and also by Heron (Figure 1) (Heron, 2015).  

 

Figure 1: Percent distribution of 10 leading causes of death, United States, 2012. 
Modified from Heron et al 2015 (Heron, 2015), highlighting percentage of cancer afflicted in males and 

females in the United States. 

Cancer is a disease resulting from multiple molecular changes at the genomic level 

(Boutwell, 1974), which induces uncontrollable proliferation (Friedewald & Rous, 1944) 

of transformed cells to form masses of tissue. This unchecked growth can result in a benign 

tumor, which does not invade into surrounding tissues, or a malignant tumor which breaks 

off to invade and colonize nearby tissues as well as distant organs. Cancer describes over 

100 forms of related diseases affecting different organs in the human body. The frequently 
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occurring ones are few and cancers originating from 10 different sites accounts for about 

81% of reported cases in the  

United states (Siegel et al, 2015). Molecular mutations that lead to neoplastic 

transformation commonly occur in many types of cancers; however, there exist quite 

significant diversity among individual forms of cancers which are unique and can be 

targeted for therapeutic intervention. 

Regardless of the appreciable diversity between different cancers, the basic and 

fundamental defect common to all cancers is uncontrollable cellular proliferation. This 

abnormal cell growth is regulated by an accumulation of activating mutations (Hanahan & 

Weinberg, 2000), gene amplification  and loss of tumor-suppressor function. For these 

mutations to have any effect on cell growth, they must induce the expression and activation 

of cell cycle genes culminating in cell growth. Since a number  of these transcription factors 

function by  augmenting cell cycle progression (Altucci & Gronemeyer, 2001), to enhance 

cell proliferation (Figure 2), mutations that activate these receptors  cause  overactive 

signaling.  

At the core of neoplastic tumors, is a tightly regulated balance between positive 

regulators (proto-oncogenes), negative regulators (tumor-suppressor genes) and apoptotic 

regulators. Genes such as p21/waf1/Cip1, which is activated by tumor suppressor protein 

53 (p53), and also cyclin-dependent kinase inhibitor 2A (p16ink4A) act as tumor suppressors 

and are most often mutated in the early stages of carcinogenesis.  P21 and p16 exert their 

actions by inhibiting cyclin dependent kinase(cdk) and inducing cell cycle arrest (Altucci 

& Gronemeyer, 2001). 
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Figure 2: Schematic illustration of the effects of Nuclear receptors on cell cycle  
Some steroid receptors (AR, ER and PR) stimulate expression of the gene that encodes cyclin D1, which 

interacts with and activates Cdk4, this enhances cell cycle progression and growth. In an opposite regulatory 

mode, vitamin D3 and retinoic acids can induce expression of the CKI p21, which blocks CDK activity, 

resulting in G1 arrest. Modified from Altucci et al 2001 (Altucci & Gronemeyer, 2001). 

. 
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Carcinogenesis 

Cancer formation involves   conversion of benign hyperplastic cells to malignant 

cells, further genetic and epigenetic changes lead to invasion and metastasis of malignant 

cells (Balmain, 2001; Cairns, 1975; Jones & Baylin, 2002). Conceptually, carcinogenesis 

involves four (4) major processes: tumor initiation, promotion, malignant conversion and 

tumor progression.  

According to Knudson’s “two-hit” hypothesis, the development of a number of 

human cancers, implicates the loss of heterozygosity (LOH) of tumor-suppressor genes 

(Knudson, 2001; Knudson, 1971; Knudson et al, 1976). The basic feature of neoplastic 

development into individual tumors relies on the abnormal proliferation from a single 

altered cell. Cells undergo clonal expansion (Nowell, 1976) to give rise to a tumor derived 

from that cell. Clonal expansion gives rise to a larger population of cells that are susceptible 

to further genetic modifications and malignant conversion (Cairns, 1975; Verma & 

Boutwell, 1980). Normal cells undergo a stepwise process of accumulating molecular 

alterations to eventually culminate in malignant neoplasm. However, not all tissue changes 

are cancer; several changes in tissues from abnormal cell proliferation lead to conditions 

that may or may not lead to cancer 

Continuous proliferation of transformed cells may lead to a buildup of cells that 

may still look normal (hyperplasia). There are several instances where hyperplastic cells 

may be “atypical” and appear abnormal and can be premalignant. Chronic irritation of 

tissue epithelium can also lead to a change in cell type, with one cell type replacing the 

original cell type of that tissue which can be reversed when the stimulating pressure is 

removed (metaplasia) (Maitra et al, 1999). A more serious alteration from abnormal tissue 
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growth can precede neoplasia (dysplasia). These cells look abnormal with maturation of 

the disordered cells and can lead to carcinoma in situ, where the cells are localized in the 

originating tissue and not extended beyond that. Evidence of this progression (metaplasia 

to dysplasia to neoplasia) is best exemplified in uterine, cervix and respiratory tract 

neoplasms (Maitra et al, 1999) represented in Figure 3. 

 

Figure 3: Molecular analysis of EASI preps for the investigation of multistage 

carcinogenesis  
EASI preps resected from a squamous cell carcinoma of the lung, showing different clusters of, Normal, 

hyperplastic, metaplastic, dysplastic, and neoplastic epithelial cells The progression from normal to 

carcinoma shows a loss of heterozygosity of the p53 gene in metaplastic, dysplastic and carcinoma cells. 

Modified from Maitra et al 1999 (Maitra et al, 1999) 

Cancer Staging 

Cancer is a complex syndrome with a progressive loss of gene function and 

activation mutations of several oncogenes, that impacts cellular motility migration and 

invasion and invariably the stage of the disease. A proactive management of the disease 

makes it imperative to determine the severity of disease to direct the course and options of 

treatment and prognosis. To determine the extent of cancer disease progression which aids 
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in predicting survival rates, most types are distinctly classified into five (5) major stages, 

as represented in the schematic (Figure 4).  

 

Figure 4: Schematic illustrating progression of cancer disease 
Four basic stages with a “pre-cancer stage”, stage 0, which can lead to cancer. Stage I-III predominantly are 

localized with an increasing tumor size which may or may not affect lymph nodes. Stage IV shows signs of 

a metastatic disease with a low survival rate. 

These major stages can then be sub-divided into several sub-stages. Staging is 

dependent on a combination of three factors: the size of the tumor, involvement of the 

lymph nodes and spread of the disease (TNM designation)(Greene et al, 2002). Although, 

the TNM system of classification is usually utilized, not all cancers can be staged with the 

TNM designation, like brain and spinal cancers. Cancers like blood, bone marrow and most 

types of leukemia do not have a clear cut staging system. In the TNM designation, T- 

describes the tumor size, N- involvement of lymph nodes and M-describes whether the 

cancer has spread to surrounding and distant organs. In addition to the 3-step TNM system, 

different degrees of tumor size and invasion to distant organs are specified and denoted 

with numbers, higher numbers signifying the severity of the malignancy at that stage. TIS 

describe carcinoma in situ and T1, a tumor that is more localized than a T4. N0 indicates 
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the lack of involvement of the lymph nodes whereas N1-N3, will describe lymph node 

involvement at varying degrees. In addition to the four major classes of cancer stages, most 

cancer types have a stage 0, which is also referred to as carcinoma in situ.  

Ordinarily, this could represent an early initiation of cancer; however, there are no 

signs of invasion of malignant cells into surrounding tissues. Stage I tumors are 

characterized by lesions smaller than 2 centimeters (cm) and localized to the organ it arose 

from. Stage II tumors measure averagely 2-5 cm and still localized and not spread to distant 

organs, at this stage lymph node may possibly be involved as opposed to what pertains 

with the stage I. In Stage III tumors, lesions measure more than 5 cm and surrounding 

lymph nodes are affected.  

At Stage IV, tumor sizes may vary but most significantly, there’s evidence of 

metastasis to different parts of the body with secondary disease developing in different 

regions. Lymph nodes nearby the origin of cancer initiation are generally affected.  

In choosing regimens for cancer treatment, the stage of the disease becomes very 

helpful; the stage is also very helpful in determining the outcome of the disease with or 

without treatment and the patients’ 5-year survival rate. A stage I patient might need less 

aggressive therapeutic treatment than a stage II patient, with a higher 5-year survival rate 

than a Stage IV patient. 

Cancer types affecting different organs have diverse survival rate, due to the 

aggressive nature of each cancer, the vital organ involved and the potential of a metastatic 

disease arising from the primary tumor. However, a stage IV disease in each type of cancer 

shows a grim prognosis in comparison to the stages I, II & III.  An example is represented 

in Table 1 of a list of cancers and their 5-year survival rate. 
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Table 1: Five (5) year survival rate for all stages of different cancers 
Cancer staging are potentially predictive markers that also has implication of survival rates. The latter stage 

of the disease is associated with lower survival rates. Secondary stage Liver cancer, pancreatic, stomach and 

colon cancer shows the worst 5-year survival rate, with prostate and lung cancers showing the highest 5-year 

survival rate. 

Prostate and Pancreatic cancer are two of the most occurring genitourinary and lethal 

cancers respectively in men, with a bleak prognosis and deplorable 5-year survival rate. In 

2015 estimated new cases of prostate cancer in the US alone were 220,800.Although 

estimated incidence of pancreatic cancer was lower at  24,840  in males and 24,120 in 

females,  better medical care and therapeutic interventions in prostate cancer, resulted in a 

lower death rate of  27,540 (12%), whereas a combined mortality rate for pancreatic cancer 
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was 40,560 (82.8%) (Figure 5) (Siegel et al, 2015). This clearly indicates a major issue and 

cause for concern which warrants a lot of research focus. 

 

Figure 5: Cancer incidence and Mortality.  
Ten Leading Cancer Types for the Estimated New Cancer Cases and Deaths by Sex, United States, 2015 

Modified from Siegel et al 2015(Siegel et al, 2015). Although Pancreatic cancer is the 4th leading cause of 

death, mortality vs incidence rate suggests a significantly high deficit in pancreatic cancer therapy 
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Chapter 2: The Prostate: Structure and Function 

The name “prostate” originated from the Greek word “prostates” meaning to stand 

before. It is a small dense muscular exocrine gland with an approximate size of a small 

kiwi fruit, weighing between 20-30 grams in a disease-free state. The gland is below the 

bladder and has two lobes that surround part of the urethra (Figure 6). The prostate gland 

was described by Sir Edward Home in 1806 and Joseph Griffiths in 1889; it forms part of 

the male reproductive system and is the largest accessory in the system.  

 

Figure 6: Structure of the male reproductive system. 
The prostate gland is a small walnut shaped organ that surrounds the urethra, located beneath the bladder and 

anterior to the rectum (Red oval circle) https://www.britannica.com/science/prostate-gland/images-videos 

 

The normal human prostate, disease-free, is made up of five (5) types of acinar cells: 
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• Microvillar cells with several microvilli on the apical surface 

• Secretory cells 

• Holey cells with several small holes 

• Crater cells with broken apical cell membrane and  

• Bare cells appearing smooth with very little microvilli 

In addition to these cell types are the basal, stem cells and neuroendocrine cells. 

Currently the most understood function of the prostate is its secretory feature. The prostate 

gland secretes enzymes, lipids, amines and metal ions that forms 20 to 30% of semen 

during ejaculation, these are also essential for normal function of spermatozoa (Kumar & 

Majumder, 1995).  

Prostate gland secretions are slightly acidic with a pH of approximately 6.6: Table 2 details 

secretions from the prostatic tissue: 

 

Table 2: Prostatic Secretions modified from Kumar et al 1995 
(Kumar & Majumder, 1995) 
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The muscular nature also aids in the expulsion of semen.  The prostate gland is made 

up of 30-50 branched tubuloaveolar glands; this is surrounded by a dense fibro muscular 

stroma. The prostate consists of distinct glandular layers arranged in concentric manner. 

These layers correspond to three zones (Figure 7): 

a. The transition zone makes up about 5-10% of the prostate volume containing 

mucosal glands that empty into the urethra. It is situated in the middle of the 

prostate between the central and peripheral zones. The transition zone grows 

bigger with increase in age and can enlarge to become the largest zone of the 

prostate, pushing the peripheral zone towards the rectum. This might be a case of 

benign prostatic hyperplasia (BPH) 

b. The central zone (CZ) makes up 20-25% of the glands’ volume containing mucosal 

glands with longer ducts and is farthest from the rectum. 

c. The peripheral zone (PZ) which is the major part of the prostate gland accounts for 

70-75% of the bulk of the tissue. The PZ is closest to the rectum and important in 

digital rectal examination (DRE).   
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Figure 7: Prostate gland anatomy: 
A, Sagittal view. B, Axial view: top, base; middle, mid gland; bottom, apex. Published on 09/04/2015 by 

admin. Filed under Hematology, Oncology and Palliative Medicine (Image modified). As the transition zone 

increase in size due to either BPH or prostate cancer, it pushes against the peripheral zone which may help 

detection during a digital rectal exam. 

Prostate Gland function and homeostasis 

Steroid and peptide hormones as well as growth factors help in the proper 

functioning, development and differentiation of the prostate gland (Kumar & Majumder, 

1995). Testosterone is the major hormone that influences prostate growth and function. It 

is primarily produced by the interstitial Leydig cells of the testis and this is stimulated by 

luteinizing hormone (LH) which is secreted by the anterior pituitary gland (Denmeade & 

Isaacs, 2004; Labrie et al, 2005; Tammela, 2004). The luteinizing hormone releasing 

hormone (LH-RH) is secreted directly into the hypophyseal-portal vascular system, from 

the median eminence of the hypothalamus which controls the release of luteinizing 
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hormone. In the prostate the most potent form of androgens is dihydrotestosterone (DHT) 

(Wilson & Gloyna, 1970) and its synthesis is under the actions of 5α-reductase on 

testosterone (Fang et al, 1969). To a lesser extent, the prostate gland is stimulated by 

androstenedione which is produced by the adrenal gland. The pituitary organ is also 

involved in the regulation of adrenal gland secretion of androstenedione, by producing 

adrenocorticotropic hormones (ACTH).  Prolactin also secreted from the pituitary organ is 

reported to stimulate the growth and function of prostatic tissue.  

17α-Estradiol and estrone which are powerful estrogens are synthesized from 

testosterone and androstenedione by enzymatic aromatization predominantly in the fat 

tissue and these estrogens can both enhance and inhibit growth of prostatic tissue. 

Hormonal regulation of the prostate by testosterone and estrogens also exerts a feedback 

mechanism on the hypothalamus and this has been utilized in therapy. A typical example 

of the impact estrogens have on the  progression of prostate cancer, was demonstrated with 

diethylstilbestrol which exerts the negative  feedback effect on the hypothalamus to inhibit 

further secretion of hormones (Citrin et al, 1991) (Malkowicz, 2001). 

Diffusion of testosterone and conversion to DHT in the cytoplasm of prostate cells 

enhances its activity by binding to its cognate receptor the Androgen Receptor (AR) (Liao 

& Fang, 1969; Nuclear Receptors Nomenclature, 1999).  The receptor undergoes post-

translational modifications and translocate to the nucleus and binds to androgen response 

elements (ARE), where it induces the transcription and activation of target genes (Lonergan 

& Tindall, 2011). 
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The Androgen Receptor 

The androgen receptor is a nuclear receptor and  is encoded by the gene localized 

to chromosome Xq11-12 (Figure 8) (Lonergan & Tindall, 2011). AR is a phospho-protein 

with several serine, threonine and tyrosine residues, most of which are contained in the N-

terminal domain of the receptor (van der Steen et al, 2013). The 90 kb long gene encodes 

for a protein with three major functional domains, an N-terminal domain, DNA-binding 

domain and a ligand-binding domain. There are two isoforms of AR: AR-A which is an 87 

kDa protein with N-terminal truncation lacking 187 amino acids and AR-B a 110 kDa full 

length protein. The N-terminal domain (NTD) has several sub-domains required for 

transcriptional activity, constitutive activation and interaction with the c-terminal domain 

to enhance stability of the receptor. The DNA binding domain (DBD), localized between 

the hinge and N-terminal domains is required for interaction of the receptor with DNA 

sequences. The hinge domain harbors a nuclear localization signal (NLS) and also 

functions as a connection between the DNA-binding domain and ligand-binding domain 

(LBD) (Figure 8). 
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Figure 8: Schematic representation of the androgen receptor gene and protein. 
Image modified to show C-Terminal Domain important in mechanism of action of AR antagonists. With 

indications of its specific motifs and domains (Lonergan & Tindall, 2011). 

Androgen receptors are expressed not only in the prostatic tissue but also in bone 

marrow, mammary gland, testicular and muscle tissues. At  steady, the androgen receptor 

is bound to heat shock proteins  (eg.HSP90) (Nemoto et al, 1992). AR activation is 

preceded by ligand binding of androgens to the receptor, which induces conformational 

changes. Activated receptors undergo modifications which include but not limited to: 

dissociation from HSP90, phosphorylation and formation of dimers. Following the 

posttranslational modifications, AR translocate to the nucleus where they bind androgen 

response elements (ARE) with an inverted palindromic 15 nucleotide sequence. These 

changes enhance the recruitment of co-activators and or co-repressors to the bound 

response elements to enhance transcriptional activities of target genes.  
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Figure 9: Summary of AR signaling pathway 
(A) Established pathway of AR exhibits the activation of AR after binding to DHT which induces 

conformational and posttranslational modifications leading to changes in cellular localization. (B)The 

Androgen Receptor can also be activated by the kinase activities of nonreceptor and receptor tyrosine kinases 

that change the phosphorylation status of the receptor which activates the receptor and enhances it nuclear 

localization to bind androgen response elements.(Lonergan & Tindall, 2011) 

In addition to direct binding of AR to DNA sequences to induce gene transcription, 

the receptor also affects gene transcription through interaction with NF-ΚB, STAT and 

activator protein 1 (AP-1). Insulin-like growth factor 1 (IGF-1) is reportedly a target gene 

of AR as well as genes involved in development of male sexual characteristics. The 

androgen receptor also undergoes ligand independent activation, where the receptor is 

activated in either the absence or very low levels of ligands. Extracellular peptides such as  

Interleukin-6 (IL-6), insulin-like growth factor and epidermal growth factor pathways  can 

activate receptor and nonreceptor tyrosine kinases which then  induce phosphorylation of 

the AR to cause its activation and nuclear translocation. (Figure 9) (Lonergan & Tindall, 

2011). The androgen receptor also plays a significant role in the normal development of 
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the prostate  and   a critical function in carcinogenesis of the prostate. The receptor is 

implicated in almost all forms of  prostate cancer (Chodak et al, 1992; Ruizeveld de Winter 

et al, 1994; Sadi et al, 1991) as well as the castration resistant stage of the disease disease 

(Chen et al, 2004; Henshall et al, 2001; Ricciardelli et al, 2005). 

Prostatic Diseases 

The three common disorders that affect the prostate can further be grouped under 

either benign or malignant syndromes. These conditions cause an enlargement of the 

prostate and it may increase the size up to 100 g as opposed to 20-30 g in the normal 

prostate. This causes the urethra to typically narrow and may result in several symptoms 

including difficulty in emptying the bladder, the need to urinate frequently, incontinence 

amongst others.  The two common benign conditions afflicting the prostate are prostatitis 

and benign prostatic hyperplasia. The third disorder is the adenocarcinoma characterized 

by uncontrolled growth and eventual invasion to surrounding and distant organs. 

Prostatitis 

This is mainly caused by infection resulting in inflammation of the prostate. It’s usually 

treated with antibiotics. Reportedly two-ten percent (2-10%) of men worldwide may be 

affected with Prostatitis at least once in the life time. Some studies have linked and 

implicated chronic Prostatitis with cancer risk.  

Benign Prostatic Hyperplasia 

Prostate enlargement also known as benign prostatic hypertrophy increases with 

age and is common in 50% of males over age 50 years. As the prostate enlarges, it pushes 
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against the urethra and causes it to narrow. Excessive cell growth in the transition zone of 

the prostate gland is associated with BPH.  

An enlarged prostate can be detected during a Digital rectal examination. BPH is 

diagnosed when serum prostate specific antigen (PSA) levels are less than 4ng/ml. Another 

test for BPH measures the time in voiding a specified volume of urine to determine if 

there’s any obstruction (Uroflowmetry). In cases where PSA levels are higher than 4ng/ml, 

biopsies are done to rule out the existence of malignant tissues.  

Treatment options for BPH include different medications and or surgery, depending 

on several factors such as age, health condition, and size of the prostate and other medical 

conditions. BPH treatments are mainly directed towards improving quality of life, reducing 

symptoms and progression to more lethal morbidities. Treatment interventions range from 

watchful waiting to open surgery. 

Treatments for BPH 

Untreated BPH can lead to complications and eventual kidney damage. Some 

complications of BPH are urinary tract infections, acute urinary retention, and kidney and 

bladder stones. The following are a number of ways BPH is and can be treated: 

1. Alpha Blockers: these agents act by relaxing the neck muscles in the bladder and 

muscle fibers in the prostate. Medications include: alfuzosin, doxazosin, silodosin, 

tamsulosin and terazotosin. 

2. 5-Alpha Reductase Inhibitors: Hormones involved in the growth of prostatic cells 

are inhibited by 5-alpha reductase inhibitors, these results in the reduction of the 
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prostate gland. Dutasteride and finasteride are two commonly used inhibitors for 

BPH. 

3. Medication Combo: When alpha blockers or 5-alpha reductase inhibitors are not 

efficacious, therapeutic options tend to incorporate a combination of these two 

inhibitors to enhance their activities. Finasteride is commonly combined with 

doxazosin and dutasteride with tamsulosin.  

4. TUNA Treatment: Transurethral needle ablation (TUNA) is an outpatient 

procedure where high frequency radio waves are used to burn specific regions in 

the prostate. The waves are delivered through twin needles.  

5. Hot Water: This procedure is based on the principle of heating a defined area of the 

prostate, by inserting a catheter into a balloon that is situated in the center of the 

prostate and delivering hot water into the balloon to destroy the diseased tissue.  

6. Surgical Choices: Surgery for BPH doesn’t require any external incision, 

transurethral resection is the procedure of choice by using a resectoscope inserted 

though the penis during transurethral resection of the prostate (TURP). Another 

invasive method is to make an incision in the neck of the bladder and the prostate 

to increase the width of the urethra, thereby increasing flow of urine. 

7. Laser Surgery:  Laser surgery for BPH is a procedure where a scope is passed 

through the penis into the urethra to ablate (melting) or enucleate (cutting) the 

excess prostate tissue. 
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8. Open Simple Prostatectomy: In situations where patients have complications with 

bladder damage and a much enlarged prostate, surgery via incisions below the navel 

in the abdomen and portions of the prostate blocking urinal flow are removed by 

laparoscopy.  

9. Self-Care: In cases where men with BPH do not necessarily need medication or 

surgery, several steps are recommended to ease and manage the symptoms: 

• Pelvic-Strengthening exercises 

• Staying active 

• Decreasing caffeine and alcohol consumption 

• Drinking frequently in smaller volumes 

• Desist holding urine 

• Avoid the use of antihistamines and decongestants 

 

Prostate Cancer 

Epidemiology 

Prostate cancer (PC) is  second to lung cancer as the  leading causes of cancer death 

in men (Siegel et al, 2014). In 2014, estimated cases and deaths were 233,00 and 29,480, 

respectively in the US alone (Siegel et al, 2014), making approximately 26% of all 

malignancies diagnosed in men. These numbers only decreased in 2015, to 228,000 for 

incidence and 27,540 estimated deaths (Siegel et al, 2015). Worldwide statistics on prostate 

cancer was estimated at about 1.1 million cases in 2012 and this forms 15% of diagnosed 
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malignancies in men, out of which, the estimated deaths averages 307,000 (Perez et al, 

2015). The current estimate on prostate cancer risk in men is 1 one in seven (Siegel et al, 

2015) and considering  growth and aging, the global incidence of prostate cancer is reported 

to increase to 1.7 million new cases with deaths averaging 499,000 (Ferlay et al, 2010).  

Approximately 75% of cases of the total prostate cancer incidence are registered in 

developed countries (659,000). Highest rates are reported in Australia/New Zealand, 

Western and Northern Europe and Northern America and this has been related to the 

widespread of regular checks and the use of PSA as a diagnostic marker. 

Generally prostate cancer afflicts the aged and is very uncommon in people under 

the age of 40.  The risk of developing the disease increases after the age of 50 and averages 

around Six (6) cases out of a Ten (10) at the age of 65 years or older. Reports show that at 

55 years and above, a person’s risk increases 17 fold as opposed to ages  55 years and 

younger (Bashir et al, 2014). 

The reported incidence rate for prostate cancer in all races is 147.8 per 100,000 and 

for African-Americans who have the highest rates of prostate cancer in the world it 

averages 223.0 per 100,000, which is about 60% higher than it is in whites (139.9 per 

100,000 men). African-Americans also have the higher mortality rates and from 2007 to 

2011 the reported prostate cancer deaths were 2.4 times higher than what was reported for 

whites. 

The risk of getting prostate cancer in men has been positively correlated with 

familial aggregation of the disease (Bashir et al, 2014), with a three time higher risk of 

developing the disease compared to people without a family history. Having a first degree 

relative (father, son and brother) increased one’s risk 2 to 3 fold and having more than one 
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first degree relative afflicted, increases one’s risks 5 times. Of the 64% of prostate cancer 

cases with family history, more than 40% were confirmed to have first degree relatives 

afflicted with the disease. (Lange et al, 2012). A meta-analysis conducted on 33 

epidemiologic studies on risk ratios reported an increase in risk for men with affected 

brothers in comparison to men with affected parents, the cause for these differences are not 

absolutely clear (Zeegers et al, 2003). 

A study conducted in different ethnic backgrounds based on lifestyle and dietary 

factors has implicated the intake of certain food items with an increased risk of developing 

prostate cancer. Whites, Asian-Americans and African-Americans with a high fat diet show 

an increased risk of developing prostate cancer (Whittemore et al, 1995). In addition, red 

meat and dairy products also increased one’s risk significantly and also predicted a worse 

survival at an older age (Song et al, 2013). On the other hand, dietary intake with high fruit 

and vegetables are associated with lower risk of developing the disease (Zhou et al, 2013) 

and selenium which is present in fish and grains was reported to be inversely associated 

with prostate cancer (Vogt et al, 2003). 

Obesity has also been reported to play a role in prostate cancer development with a 

six-fold higher risk than non-obese people in developing prostate cancer. Current findings 

on this subject are mixed. However, reports show that obesity is significantly implicated in 

an aggressive stage of the disease (Hsing et al, 2000). Interestingly, treatment of diabetes 

has been reported to be associated with a reduced risk of developing prostate cancer. A 

large number of epidemiology studies gave credence and  confirmation that patients with 

type-2 diabetes showed, significantly decreased the risk of developing prostate cancer 

(Pierce, 2012). This may be due to the therapeutic agents being administered to diabetic 
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patients. Currently metformin has shown potential in inhibiting proliferation of a number 

of cancer cells.  

Different studies have reports on a positive association of sexually transmitted 

disease (gonorrhea and syphilis) and prostate cancer, however not all these agree, some 

very conflicting. Notwithstanding, being afflicted with prostatitis increases ones risk 

positively in developing prostate cancer (Hosseini et al, 2010). 

Exposure to chemicals such as used in agriculture (pesticides, acetic acid, arsenic 

compounds, polycyclic aromatic compounds, gasoline & diesel engine emission, mono 

nuclear aromatic hydrocarbons, lubricating oils and greases, alkanes with ≥18 carbons and 

solvents), increased ones’ risk of developing prostate cancer. Farmers, as such had a  

twofold increased risk of developing the disease than non-farmers (Parent et al, 2009). 

Smoking is not generally accepted as a risk factor for prostate cancer,  smoking is positively 

associated with prostate cancer mortality, with a 14% higher risk of dying from the disease 

compared to non-smokers (Huncharek et al, 2010). 

Prostate cancer disease development and progression is a result of an accumulation 

of activation mutations and gene silencing. The molecular genetics behind the disease is 

not absolutely understood. However, it is known that sequential occurrence of gene 

changes in the somatic cells gives a growth advantage to the cells harboring these genetic 

mutations. These genetic defects could be either at the nucleotide level (insertion, deletion 

or base substitution) or at the chromosomal level where there could be a gain of an entire 

chromosome or a loss or gain of portions of it.   

Familial clustering of prostate cancer gives evidence of genetic predisposition to 

the disease and currently only 35% of familial risk is explained by known genes. In 1992 
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a study conducted on nuclear families implicated a rare highly penetrant and dominant gene 

which was named HPC1 (Hereditary Prostate Cancer 1). The gene frequency was predicted 

to be 0.003 and caused 43% of cases by age 55 years (Carter et al, 1992). Familial cancer 

was thought to be caused by tumor suppressors which would follow the Knudson two-hit 

hypothesis, where an inherited allele undergoes a first hit, and then the remaining normal 

allele is lost to result in tumor development (Knudson, 1985). Male carriers of mutations 

in the BRCA1 gene also have a threefold increased risk of developing prostate cancer (Ford 

et al, 1994). BRCA1 and BRCA2 confer a relative risk of 3.0 and 2.6-7.0 respectively.  

Germ line mutations in BRCA2 have been found and although rare (1 in 300) they 

do confer up to 8.6-fold risk in men below 65years and such mutations have been 

implicated in aggressive cancers (Castro et al, 2013; Goh & Eeles, 2014). However, its 

direct correlation with risk is not conclusive and suggestions are that they may be serving 

as modifiers to some risk factors, this notion obviously needs further extensive study. 

Alterations in genes such as tumor protein 53 (TP53) and retinoblastoma protein (RB) are 

implicated in pathogenesis of prostate cancer at a later stage (Bookstein et al, 1990; Navone 

et al, 1993).  The loss of function or deletion of NKX3.1 (a tumor suppressor) has been 

implicated in prostate cancer initiation, however, extensive characterization of the coding 

sequence revealed an un-mutated gene sequence (Voeller et al, 1997).  

Gluthathione-S-transferase π (GSTπ) gene is reported to be altered and inactivated 

in prostate cancer. A number of studies suggested that these changes have a significant 

correlation to high risk prostate cancer (Kote-Jarai et al, 2001). Epigenetic modification 

arising from extensive hypermethylation of 5’ promoter sequence on the GSTπ gene has 

been associated with 96% of primary prostatic adenocarcinomas (Lee et al, 1994). Other 
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rare mutations have also been reported in HOXB13, NBS1 and CHEK2 (Goh & Eeles, 

2014). Results from family-based linkage studies, revealed 7 prostate cancer susceptibility 

loci, identified on several chromosomes. There are many factors implicated in prostate 

cancer initiation and progression and studies are still on-going to fully understand the 

disease. 

Detection of Prostate cancer 

Early onset of prostate cancer is asymptomatic and typically people are screened after 

the age of 40 years. The disease is sometimes detected when they patients present with 

symptoms that are also seen as a result of BPH: 

• Frequent urination, especially at night 

• Urgency in urinating 

• Trouble starting urine stream 

• A weak or interrupted urine stream 

• Pain or burning during urination 

• A feeling that the bladder does not entirely empty  

• Blood in the urine and, 

• A nagging pain in the back, hips or pelvis 

The PSA test and DRE are currently the initial methods widely used to detect the 

presence of the disease. These tests also determine whether there is the need for concern, 

and also establish the necessary steps to evaluate a person’s disease status. 
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PSA Testing 

Prostate-specific antigen is a serine protease (Rittenhouse et al, 1998) and was first 

discovered to be produced by the ductal epithelial cells of the male prostate (Sinha et al, 

1987; Wang et al, 1981). It is a 33 kDa glycoprotein with chymotrypsin-like enzyme that 

aids sperm motility by cleaving seminogelin I and II proteins of the seminal coagulum 

(Lilja, 1985). In prostatic tissues PSA exists in a free uncomplexed form, 70% of which is 

proteolytically active. Recent work has shown that PSA is not only produced by the male 

prostate but also by the male and female tissues. PSA exists as free and also complexed 

with serpins in the serum. PSA bound to α1-antichymotrypisin (ACT) makes up 80% of 

total serum PSA (Pizzo et al, 1988), with only trace amounts complexed to α2-

macroglobulin (A2M) (Otto et al, 1998).  

The prostate gland is the main source of PSA in males and measured levels are 

generally lower than 2 ng/ml, with a range of 0.2-0.3 ng/ml for healthy men below the age 

of 30 years. In cases where serum PSA levels exceeds 4 ng/ml, this may suggest some form 

of damage to the prostate tissue (Oesterling, 1991). In seminal plasma, PSA levels are 

between 500,000-3,000,000 ng/ml (Wang et al, 1998). The male urine also contains PSA, 

and the main source is the periurethral glands (Alvarez-Vijande, 1993), however, these 

may not contribute to the serum PSA levels (Oesterling et al, 1996).  

Although PSA levels have proven to be a useful marker in detecting the 

onset/presence of neoplastic cells in the prostate, its usefulness is limited. Increase in PSA 

levels between 4-10 ng/ml can be due to BPH, Prostatitis, prostatic infarction and other 

prior prostatic manipulation (Oremek & Seiffert, 1996; Ornstein et al, 1997; Rana & 

Chisholm, 1994). These reduce its usefulness as a malignancy marker. It’s been reported 
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that only 25-30% of biopsies taken from patients presenting PSA serum levels of 4-

10ng/ml, had foci of adenocarcinoma. When PSA levels in the serum are elevated above 

10ng/ml, it becomes a definitive malignancy marker for prostate cancer. In spite of the 

limitations of PSA assays in determining presence of neoplasm, combining PSA serum 

levels with DRE serves as the best tool in assessing the risk of prostate cancer (Catalona et 

al, 1993; Catalona et al, 1991).  

Comparing the percentage of free PSA in serum gives a more accurate way to 

utilize the PSA testing. The ratio of free to total PSA (% free PSA) has been shown to be 

significantly higher in BPH than in prostate cancer;  this form of testing reduces the number 

of performed biopsies (Marley et al, 1996). For patients whose free PSA levels are 10% or 

less, the likelihood of prostate cancer is high and biopsies are recommended. Another 

modification of a PSA test is the use of the PSA velocity, which measures the increase in 

levels over a period. If the level rises above 0.75 ng/ml per year, prostate cancer is more 

than likely and these tests are administered at the minimum of three times within 18 

months. Other diagnostic methods that improve the accuracy of prostate cancer detection 

have utilized markers such as PCA3, a non-coding mRNA, which is rarely expressed in 

benign prostate tissue but overexpressed in a majority of prostate cancer. 

Although serum PSA increases with advanced pathological stage, its usefulness in 

predicting staging is not promising (Partin et al, 1990). However, its increase in 

concentration may give a prediction on histological differentiation in patients with grade 4 

tumors that are poorly differentiated, these poorly differentiated tumors exist in the 

interstitial space and produce PSA that leaks into the extracellular fluid (Oesterling, 1991; 

Oesterling et al, 1988; Partin et al, 1990). The fact that PSA levels do not predict staging 



29 

 

well, coupled with the fact that PSA levels per gram of tumor tissue decrease with Gleason 

grade (Partin & Oesterling, 1994), makes its use as a prognostic tool, limited. Advanced 

metastatic disease is characterized by an exceptionally high PSA level, with the 

characteristic half-life of 2-3 days; it makes PSA an excellent marker for yet undetected 

metastasis. PSA levels return to baseline 48 hours after surgery (Rittenhouse et al, 1998), 

thus in cases where it does not return to baseline, it helps as an indicator of existing disease 

and also useful in monitoring recurrence of tumorigenicity. 

Digital Rectal Examination 

. In a digital rectal examination, irregularities or abnormally firm area in the prostate 

is evaluated by a doctor inserting a lubricated, gloved finger into the rectum towards the 

prostate to feel for any bumps that might be cancer. However, not all prostate cancer can 

be detected this way. DRE has been shown to be less effective than PSA blood test, 

although it does detect some inconsistencies in the prostate, hence its combination with 

PSA test for prostate cancer screening. 

Markers probed for in needle biopsies 

Although biopsies are done at a later stage following results from PSA testing and 

DRE, it does indeed help to avoid radical treatment when not necessary. Proliferation 

marker Ki67 is routinely stained by immunohistochemistry (IHC) during biopsies to 

differentiate between aggressive and indolent prostate cancer (Berney et al, 2009). A 

combination of four proteins assessed by IHC has shown usefulness to predict biochemical 

recurrence (PTEN, SMAD4, cyclin D1 and SPP1) (Ding et al, 2011).  Cell cycle 

progression markers have shown great potential in predicting outcomes in a number of 

studies in TURP, needle biopsy and radical prostatectomy specimens (Cuzick et al, 2011).  
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Staging and Grading in Prostate Cancer 

Primarily, staging is evaluated in a number of different ways, clinical and 

pathological staging. Staging creates room for risk stratification and distribution for 

reasonable treatment regimens. Initial DRE gives information about the prostate 

irregularities, whether it’s confined or extended beyond the prostate (clinical staging), and 

biopsy gives more indication of cancer spread. In addition, after surgery, further staging 

can be determined by pathological examination of the removed tissue and its surrounding 

tissues to evaluate whether the disease is locally invasive or metastatic (pathological 

staging). Risk stratification incorporates, PSA testing, DRE and tumor-node-metastasis 

(TNM) staging to enhance proper therapeutic intervention. An example for a clinically 

localized disease is as presented in Table 3. 

 

Table 3: Risk Stratification for Patients with Clinically Localized Disease 
Patients may be allocated to higher risk group depending on the adverse factors (PSA level, DRE, Biopsy 

and Gleason score. (Revised from the NCCN clinical practice guidelines in oncology, v.1.2010 

(www.nccn.org)   

Prostate cancer staging utilizes the TNM staging which medical doctors have found 

very useful in making informed decisions pertaining to treatment. The clinical staging is 

primarily based on results that are collected before surgery. The tests include bone scans, 
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MRI, CT scans, x-rays, biopsy and DRE. Surgery normally involves the resection of the 

entire prostate and some lymph nodes.  Figure 10, represents staging in prostate cancer 

disease, taking into account lymph node involvement, tumor size and metastatic lesions. 

 

Figure 10: TNM staging in prostate cancer. 
http://www.prostatehealth.org.au/home/about-prostate-cancer/staging-grading/ 

The Gleason grading system  

The Gleason grading system determines the abnormal characteristics of the tissue 

after biopsy and is the most commonly used system for histopathological grading (Hsu et 

al, 2004; Maygarden & Pruthi, 2005). It also incorporates the rate of cancer growth and 

differentiated status. Scores are given to the two most common tissue pattern from 1(most 

normal or differentiated) through to 5 (most abnormal or poorly differentiated). The 
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Gleason score is assigned with two numbers which are then added to give a total score out 

of a ten. The most aggressive cancers are given highest Gleason score which also reflect 

the rate of its growth. There are three major risk groups dependent on the Gleason score. 

Gleason score 2-6 describes a low risk (low grade, well differentiated tumor), Gleason 

score 7 describes intermediate risk (intermediate grade, moderately differentiated) and high 

risk describes a high grade, poorly differentiated tumor with a Gleason score of 8-10. 

Gleason scores are represented by the Gleason’s Pattern Scale (Figure 11)(Maygarden & 

Pruthi, 2005).  

 

Figure 11: Gleason grading system 
Gleason scores are assigned based on the primary differentiation viewed microscopically. Gleason grades of 

1 through 5 represents diseased tissue lacking the normal feature. The higher the Gleason score the more 

aggressive the disease. (http://trialx.com/curetalk/2011/07/interpret-your-gleason-grading-score/) 

Prostate Cancer Therapy 

Treatment options for prostate cancer vary depending on the disease severity, tumor 

grade/stage and patient characteristics (age and comorbidity). The type or form of 

therapeutic intervention used, takes into account a combination of the aforementioned 

clinical factors as well as psychological factors. These may include: the need for therapy, 

level of risk, personal circumstances and the desire for a certain therapy based on risks and 
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benefits. In recent years, other forms of monitoring the disease include active surveillance, 

where prostate cancer is carefully monitored for any signs of disease progression. During 

this period, PSA testing and DRE are incorporated and periodically done. In situations 

where changes in PSA levels are observed and DRE determines a significant growth of the 

tumor, treatment options are considered and implemented where necessary. The common 

treatment options include surgery, radiation therapy, hormonal therapy and chemotherapy. 

Surgery 

Early stage disease that’s confined to the prostate normally undergoes radical 

prostatectomy where the entire prostate is removed including some surrounding tissues. 

Radiation Therapy 

Radiation is used to kill cancer cells and its surrounding tissues and this can be used 

in advanced and recurrent prostate cancer. There are three different methods of radiating 

tumor cells: the external beam radiation therapy, Proton therapy and Brachytherapy. In 

external beam radiation therapy, CT scans and MRIs are used to map out the tumor location 

and radiated with x-rays. With Proton therapy the use of protons target cancer cells without 

affecting surrounding tissues. Proton therapy is generally efficacious in treating localized, 

isolated and solid tumors before they spread. As opposed to directing beams of radiation 

or protons, in Brachytherapy, tiny metal pellets containing radioactive palladium or iodine 

are inserted in the diseased prostate tissue by the use of needles. The seeds give off 

radiation over several months killing surrounding prostate cancer cells. The seeds become 

inactive after a year and degrade. 
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Anti-Hormone Therapy  

Since the prostate gland is regulated by hormones, the commonly used method for 

therapeutic intervention is to inhibit the production of hormones and their activity. 

Hormonal therapy also known as androgen deprivation therapy (ADT) specifically inhibits 

the production of testosterone and or its action on prostate cancer cells. Hormonal therapy 

may be used for cancers that has spread from the prostate tissue and also for recurrent 

disease. It may also be used in combination with radiation therapy for advanced stage 

disease. In the early 1940’s, studies by Charles Huggins and his colleagues identified  

androgens as the main fuel of PC growth (Huggins, 1942). Since then, androgen synthesis 

inhibitors and androgen receptor (AR) antagonists have been the focus of research for 

treatment of PC (Chang et al, 1995). Major strategies include inhibiting the endogenous 

synthesis of androgens via the CYP17 pathway (Vasaitis et al, 2011) and antagonizing the 

transcriptional activities of AR (Sadar, 2011; Vasaitis & Njar, 2010). The various types of 

hormonal therapy include: Orchiectomy, Luteinizing-hormone releasing hormone 

agonists, LH-RH antagonists and the use of anti-androgens. 

 Orchiectomy: Since the 1940s this procedure of surgically removing the testicles, 

has been a successful remedy in blocking the release of testosterone. This proved to be 

effective since 90% of testosterone is produced by the testicles. 

 LH-RH Agonists & Antagonists: LH-RH is produced from the hypothalamus as 

a result of a decrease in testosterone levels in the body. The release of LH-RH induces the 

release of luteinizing hormone (LH) and follicle stimulating hormone (FSH) from the 

pituitary gland. LH induces the production and release of testosterone from Leydig cells in 

the testis. LH-RH agonists and their analogs cause a sustained activation and release of 
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LH-RH which inhibits the release of LH and FSH and subsequent inhibition of 

testosterone. Currently FDA approved LH-RH agonists include Eligard, Lupron, Viadur, 

Zoladex and Trelstar. Degarelix, which is a gonadotropin-releasing hormone receptor 

(GnRH) antagonist, binds to the receptors in the pituitary gland and block their interaction 

with GnRH. This works by reducing LH-RH and blocks it from stimulating testosterone 

production, thereby eliminating the initial testosterone surge. 

 Anti-Hormonal Agents: The agents effectively block the action of testosterone 

and are used as either monotherapy, neoadjuvant therapy before local therapy or in 

combination with LH-RH agonists to prevent flare reactions. Another class of anti-

hormonal agents is the 5α-reductase inhibitors which prevent the conversion of testosterone 

to DHT. Anti-androgens can further be sub-grouped into AR antagonist that competitively 

bind to the ligand binding domain of the AR, displacing androgens and inhibiting the 

transcriptional activities of the AR, and secondly, inhibitors of 17α hydroxylase/17,20 

lyase (CYP 17). 

I. Androgen Receptor Antagonist: These agents bind competitively to the AR 

and inhibit/displace androgens from ligand binding domain and prevent them 

from activating the receptor: 

a. Bicalutamide (Casodex) is a highly selective competitive synthetic, 

non-steroidal inhibitor of the AR that was approved in 1995 as a 

combination therapeutic agent with LH-RH agonist for the treatment of 

metastatic prostate cancer. 

b. Nilutamide is also a synthetic non-steroidal anti-androgen not indicated 

for monotherapy but in combination with LH-RH analogs for the 
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treatment of advanced stage prostate cancer. This also acts as an 

antagonist that prevents androgens from binding to the AR.  

c. Flutamide was first introduced in 1975 in the clinic and was approved 

in combination with LH-RH analogs in the treatment of metastatic 

prostate cancer. Its major mode of mechanism is by competitively 

inhibiting androgens from binding to the ligand binding domain of the 

AR. 

d. Enzalutamide (Xtandi®) is one of the recently FDA approved AR 

antagonist (August 2012) for the treatment of castration resistant 

prostate cancer. Its affinity for AR is approximately 8 fold higher than 

bicalutamide and inhibits activation of AR target genes such as PSA and 

TMPRSS2. 

II. 17α hydroxylase/17, 20 lyase (CYP17) Inhibitors: These agents are designed 

and synthesized to prevent androgen production by inhibiting the enzyme 

required for testosterone synthesis from pregnenolone and progesterone. 

Pregnenolone and or progesterone are hydroxylated at C-17 to produce 17α-

hydroxy-pregnenolone and 17α-hydroxy-progesterone by the CYP-17 enzyme, 

the latter then catalyzes the conversion of 17, 20 lyase to DHEA or ∆4A (Bruno 

& Njar, 2007; Hall, 1991; Nakajin & Hall, 1981). CYP-17 has been reported to 

be mainly expressed in the adrenals and testis, however current work has 

suggested its expression in tumor cells as well as adipose tissues (Locke et al, 

2008; Puche et al, 2002). 



37 

 

a. Ketoconazole: This agent was initially designed as a synthetic imidazole 

anti-fungal agent, taken orally for fungal infections. Treatment required 

the use at high doses and patients experienced loss of libido (Yap et al, 

2008), this led to its identification as an anti-androgen that inhibited a 

broad range of enzymes including CYP17 (Loose et al, 1983; Santen et 

al, 1983; Trachtenberg et al, 1983). The application of Ketoconazole 

was limited due to its lack of specificity and increased toxicity, however 

clinical testing of Ketoconazole showed the potential for targeting 

CYP17 as a form of androgen deprivation therapy. 

b. Abiraterone Acetate: Following the discovery of Ketoconazole and its 

inhibition of the CYP-17 enzyme, several clinical trials were conducted 

with Ketoconazole in combination with other agents, which provided 

the impetus to develop more potent CYP-17 inhibitors. Abiraterone was 

designed as a substrate analog of pregnenolone with 3-pyridyl residue 

substitution at C-17 and a double bond at the 16-17-position, theses 

alterations enhances a tightly and irreversible interaction with the heme 

iron of CYP-17 (Kiapp < 1nM). Abiraterone was approved in 2011 by 

the FDA and is a steroidal anti-androgen used in combination with 

prednisone for the treatment of metastatic castration resistant prostate 

cancer. 
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Anti-Mitotic Chemotherapeutic agents 

Systemic agents that disrupt mitotic spindle assembly have been commonly used to 

treat a number of cancers. Microtubule inhibitors such as taxol and the vinca alkaloids have 

shown potency in the clinical setting. This is based on the fact that cancer cells proliferate 

faster and are constantly growing in comparison to normal cell. Cancerous cells are 

therefore targeted, however certain groups of cells in body such as epithelial cells lining 

GI tract, which are constantly being renewed are also affected. 

Microtubules represent one of the important filaments of the cells cytoskeleton, 

implicated in various biological functions such as cell motility, mitosis and intracellular 

transport; this makes it an important target to be exploited in cancer therapy. Microtubule-

associated protein (MAP), actin, intermediate and microfilaments and tubulin forms the 

major microtubular components involved in microtubular dynamics, regulated by their 

polymerization and depolymerization. Recent studies have reported the significance of 

mitogen activated protein kinase (MAPK) and cdc2 kinase in activating MAPs and 

microfilaments (Ookata et al, 1995). 

Based on the mechanism of action of anti-mitotic agents, they can be group into 

two categories, the vinca alkaloids and the taxanes. The first category consisting of vinca 

alkaloids, estramustine, rhizoxin and E7010 act by inhibiting microtubule polymerization. 

The second category (taxanes such as paclitaxel and docetaxel) on the other hand, promote 

polymerization of microtubules and enhance microtubule stability. A study conducted on 

the mechanism of actions of paclitaxel revealed that the latter inhibits the catalytic activity 

of mitogen-activated protein kinase (MAPK) and cdc2 kinase in lung cancer cell lines 

(Fukuoka & Saijo, 1997). 
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Since this class of anti-mitotic agents’ target tubulin activity of rapidly dividing 

cells, their therapeutic potential is limited. Several cellular functions such as cell motility, 

shape, signal transduction, intracellular transport, require proper physiological function of 

microtubules and tubulin targeting agents show deleterious effects on these processes. 

These compounds also cause neurotoxicity by interfering with the function of axonal 

microtubules that are important for neuronal vesicle transport (Nagle et al, 2006). 

• Docetaxel: This agent is an FDA approved drug for treatment of many 

indications including use as either a single line therapy or in combination 

with other drugs for the treatment of hormone refractory prostate cancer. 

• Mitoxantrone Hydrochloride: The combination of mitoxantrone and 

prednisone is used as second-line therapy for metastatic hormone-refractory 

prostate cancer. Mitoxantrone’s mechanism of action is different as it 

disrupts DNA synthesis by intercalating DNA topoisomerase. 

• Cabazitaxel: This agent was approved by the FDA in 2010 for the treatment 

of hormone refractory prostate cancer. Cabazitaxel is mainly used in 

combination with prednisone in the metastatic disease, following resistance 

to docetaxel-based treatment and has shown more potency than 

Mitoxantrone. 

Castration Resistant Prostate Cancer (CRPC) 

In prostate tissues, androgens bind to the androgen receptor, this induces post-

translational modification of the AR, resulting in its activation. AR dissociates from heat 

shop proteins, is phosphorylated, homo-dimerizes and translocate to the nucleus where it 

binds to androgen response elements (ARE) to direct transcription of target genes (Kang 
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et al, 2004; Wang et al, 2005). Activated AR bound to ARE recruits co-regulators and 

transcription factors (Heinlein & Chang, 2002) to induce transcription. ADT remains one 

of the major treatments for prostate cancer since the latter depends on steroid hormones 

and AR to mediate oncogenic growth (Wang et al, 2009). During ADT, production of 

androgens are significantly decreased and this inhibits the transcriptional activities of the 

androgen receptor, impeding tumor growth (Lian et al, 2015). Although ADT is effective 

initially, the disease eventually relapses and there emerges a very aggressive and fatal form 

of prostate cancer. 

The recurrence of prostate cancer (PC) with metastases following androgen 

deprivation therapy  is a major concern since it is the primary cause of death in patients 

initially diagnosed with localized PC (Miyamoto et al, 2004; Vasaitis et al, 2011; Vasaitis 

& Njar, 2010). This more aggressive stage of the disease is referred to as castration-

resistant prostate cancer. Since 2010, the US Food and Drug Administration (FDA) has 

approved five new agents, including, docetaxel plus prednisone, cabazitaxel, abiraterone 

acetate, sipuleucel-T and enzalutamide for the treatment of patients with CRPC (Osanto & 

Van Poppel, 2012; Shapiro & Tareen, 2012). Despite these current therapeutic options, 

CRPC still presents a great clinical challenge due to inevitable development of drug 

resistance (Antonarakis et al, 2014; Li et al, 2013; Mostaghel et al, 2011; Schrader et al, 

2013; Shapiro & Tareen, 2012). 

Studies on the whole genome has implicated genomic rearrangements and 

modifications in the transcriptional program predominantly related to AR signaling in 

CRPC cells (Shtivelman et al, 2014). Resistance to current therapy has implicated ligand 

independent signaling and gene amplification of AR, mutations causing promiscuity (Chen 
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et al, 2004), and emergence of splice variants of the AR that lacks the C-terminal domain 

(AR-Vs) (Dehm & Tindall, 2011). Indeed, the lack of ligand binding domain  in AR-Vs is 

a potential cause of resistance to drugs that target AR via LBD (Antonarakis et al, 2014; 

Li et al, 2013; Mostaghel et al, 2011; Schrader et al, 2013; Sun et al, 2010; Zhang et al, 

2011). A recent study characterized a number of AR splice variants expressed in CRPC 

cells. These had alterations in the transcripts that caused the expression of shorter protein 

forms either lacking the C-terminal region of the AR or duplication of exons in several 

regions (Figure 12). 

The well-characterized AR-V7 (a.k.a., AR3) reportedly increases transcription of 

AR target genes in PC cells (Dehm et al, 2008; Guo et al, 2009a; Guo et al, 2009b; Sun et 

al, 2010; Watson et al, 2010) and has been implicated in a number of cellular processes 

(Figure 13). In fact, expression and transcriptional activity of AR-V7 has currently been 

implicated in enzalutamide (Xtandi) resistance, and a study on blood tests on its expression 

has been related to non-response of patients to Enzalutamide (Table 4)  
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Figure 12: Androgen Receptor splice variants  
The existence of splice variant ARs in prostate cancer cells that results in constitutive activation of the 

receptors. Some variants show truncation at the C-Terminal which results in the expression of receptors 

lacking the ligand binding domain and hence resistant to AR antagonists. Most extensively studied and also 

implicated in drug-resistance and metastases are the AR-V7/AR3 and ARv567es (modified Image from Guo 

et al 2011; highlighted in red, these variants are implicated in resistance to enzalutamide and abiraterone 

therapy.(Guo & Qiu, 2011) 
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Figure 13: Effects of AR3/AR-V7 on cell processes 
Splice variant AR-V7/AR3 is implicated in a number of cellular processes including cell migration, anti-

apoptotic activities by modulating several cell survival pathways and gene expression 

 

 

Table 4: AR-V7 expression impairs response to Enzalutamide 
Clinical studies have shown that AR-V7 expression decreases response to enzalutamide treatment. Patients 

show no significant change in PSA level when AR-V7 is expressed, whereas in the lack of AR-V7, 

enzalutamide treatment led to significant reduction of PSA level. (Modified 

from:urologytimes.modernmedicine.com) 

Phosphorylation of the androgen receptor is implicated in resistance to ADT and 

also in castration resistant prostate cancer (Wang et al, 2009). AR phosphorylation on 

serine 81 (ser-81) residues is induced by cyclin-dependent kinase-1(CDK-1) after ligand 

binding (Chen et al, 2009b). Another group has also showed that this phosphorylation at 

Ser-81 is necessary and precedes androgen-dependent DNA binding (Chen et al, 2012; 

Chen et al, 2009b) and makes the AR responsive to lower concentrations of androgens 
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(Chen et al, 2012). A number of growth factors, cytokines and nonreceptor tyrosine kinases 

have been implicated in activating AR in the absence of androgens (Lamont & Tindall, 

2011). The src nonreceptor tyrosine kinase and other members in this family of receptors 

have been implicated with prostate cancer progression via AR activation (Guo et al, 2006; 

Posadas et al, 2009). Considering the extensive work done on src kinase in prostate cancer 

(in vitro), with very promising findings, several combinational strategies in the clinic with 

docetaxel did not show any improvement in overall survival. 

Phosphatase and tensin homolog (PTEN) is a tumor suppressor which is usually 

mutated in prostate cancer and can induce apoptosis through its interaction with 

Phosphatidylinositol-4,5-bisphosphate 3-kinase/Protein kinase B (PI3K/AKT) (El Sheikh 

et al, 2008; Reid et al, 2010; Sakamoto & Kyprianou, 2010). This mutation inactivates 

PTEN and results in an accumulation of Phosphatidylinositol (3, 4, 5)-triphosphate (PtdIns 

(3, 4, 5) P3) (PIP3), the latter then activates AKT enhancing cell survival and apoptosis 

inhibition (Courtney et al, 2010; Morgan et al, 2009). Several alterations in the PI3K/AKT 

signaling pathway have been reported in 40% of prostate cancers and 70% of metastatic 

prostate cancers (Shafi et al, 2013b). There exists a feedback inhibition loop between the 

androgen receptor and the PI3K/AKT pathway which has been implicated in resistance to 

ADT therapy and emergence of CRPC (Carver et al, 2011; Morgan et al, 2009; Thomas et 

al, 2013). Dual inhibition of both the AR and PI3k/AKT pathway disrupts the feedback 

loop between AR and PI3k/AKT signaling pathways. This simultaneous antagonism 

enhances prostate cancer disease regression with a longer survival than inhibiting either of 

the pathways alone (Thomas et al, 2013). 
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It has also been suggested that drugs that target the N-terminal domain or regions 

other than the LBD of AR could be more potent in antagonizing both fAR and AR-Vs 

signaling (Sadar, 2011). However, other groups envision that agents that cause depletion 

of both fAR and AR-Vs (i.e., androgen receptor degrading agents, ) are most likely to have 

a major impact on hormone-sensitive prostate cancer (HSPC) and CRPC therapy 

(Kwegyir-Afful et al, 2015; Purushottamachar et al, 2013a; Yamashita et al, 2012). 

A number of natural products (Cao et al, 2013a; Li et al, 2011b; Li et al, 2012b; 

Mashima et al, 2010) and related analogs (Yamashita et al, 2012) have been shown to 

induce degradation of both fAR and splice variant AR. The curcumin analog, ASC-J9 has 

exhibited excellent drug-like properties (Shi et al, 2009; Yamashita et al, 2012).  

Epithelial-Mesenchymal Transition (Migration, Invasion and 

Metastasis) 

Therapy for late-stage prostate cancer (PC) remains very limited and few drugs 

have shown modest overall survival for its treatment. Prostate cancer mortality, most 

frequently results from the metastatic disease which makes it important to design and 

develop inhibitors to target oncogenes involved in cellular migration and invasion. PC 

metastasis involves distinct series of genotypic and phenotypic alterations in the cancer 

cell that enhances the cells’ ability to migrate from the organ of cancer initiation to distant 

tissues/organs to repopulate. PC primarily metastasizes to the adrenal gland, bone, liver 

and lung. One of the most crucial changes is the detachment of cells from the primary 

tumor and invading through the surrounding extracellular matrix (ECM) (Martin & Jiang, 

2009; Sakamoto & Kyprianou, 2010). 
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Tumor metastasis involves a series of stages that results in the formation of 

secondary tumors in distant organs. Cells induced to metastasize lose their epithelial 

characteristics and acquire a more mesenchymal phenotype, in a process termed epithelial-

mesenchymal transition (EMT). Mesenchymal/metastatic cells possess the ability to 

penetrate surrounding tissues, by secreting proteins that proteolytically break down 

basement membrane of the extracellular matrix. Invading cells penetrate into the lymphatic 

or vascular circulation. Cells journeying in the circulatory system then undergo 

extravasation by invading the vascular basement membrane and extracellular matrix. At a 

secondary site with conducive microenvironment and growth factors, cells proliferate to 

establish secondary tumors (Figure 14). 

 

Figure 14: Schematic of Tumor Metastasis (Quail & Joyce, 2013) 
Tumor microenvironment enhances cells to acquire a more metastatic phenotype and undergo EMT by losing 

epithelial characteristics and acquiring mesenchymal characteristic. Upregulation of signaling pathways such 

as WNT and TGF-β enhance in cell invasion. Macrophages, platelets and mesenchymal stem cells have been 

implicated to play a crucial role in cancer cell metastasis and colonization of metastatic niches. [Image altered 

from original, to indicate circulating tumor cells(CTC)]. 
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Epithelial-Mesenchymal transition, a critical process in metastasizing cells (Thiery, 

2002) is known to be modulated in part by the transcriptional activities of NF-κB (Chua et 

al, 2007) and the cap-dependent translational complex, MAPK kinase interacting kinase1/2 

(Mnk1/2)-eukaryotic initiation factor 4E(eIF4E) axis (Beggs et al, 2015; Robichaud et al, 

2015).  The NF-κB pathway regulates transcription of EMT genes such as Snail, Slug, 

Twist1 and MMPs. On the other hand, translation of MMPs, Snail and Vegf mRNA is 

tightly regulated by the cap-dependent mRNA translation axis. Activation of matrix 

metalloproteinase enhances extracellular matrix degradation which plays a major role in 

cell migration and invasion, essential for metastatic the potential of cancers. 

Substantial studies have revealed the significance of eIF4E phosphorylation in the 

progression and metastasis of several cancers including prostate cancer (Anthony et al, 

1996; Kerekatte et al, 1995; Li et al, 2002; Nathan et al, 1999; Rosenwald et al, 1999; 

Rosenwald et al, 2001; Wang et al, 2001; Wang et al, 1999a). EIF4F complex translates a 

number of oncogenic mRNA’s involved in cell cycle progression, survival and invasion. 

Interestingly, both the PI3k/Akt/mTOR and Ras/MAPK pathway converge on Mnk1/2-

eIf4E axis (Haghighat et al, 1995)., The PI3k/Akt/mTOR pathway phosphorylates 4E-

binding protein 1/2 (4E-BP1/2) which then releases its inhibitory effect on eIF4E.  The 

increase in phosphorylation of 4E-BP in cancers such as ovarian, lung breast and prostate 

cancers has been implicated in poor patient prognosis (Armengol et al, 2007; Graff et al, 

2009; Rojo et al, 2007). The Ras-MAPK pathway phosphorylates Mnk1/2 which in turn 

activates eIf4E to initiate the formation of the translational complex (Fukunaga & Hunter, 

1997; Waskiewicz et al, 1997). Reports have shown that inhibiting the MAPK pathway 

reduced Cox-2 expression which incidentally has been shown to be modulated by eIF4E 
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phosphorylation. This phosphorylation also mediates protein expression of snail 

(Robichaud et al, 2014).  Although Mnk-eIF4E phosphorylation has been reported to be 

dispensable for normal cell growth and development (Ueda et al, 2004), its role in cancer 

cell transformation is very critical (Furic et al, 2010; Ueda et al, 2010; Wendel et al, 2007). 

Phase 1 clinical trials using an antisense oligonucleotide (ASO) targeting eIF4E (Graff et 

al, 2007) has been conducted. Ribavirin, which also targets eIF4E phosphorylation, has 

also been tested in acute myeloid leukemia (Assouline et al, 2009; Kentsis et al, 2004). 

These studies further emphasize the significance and potential of targeting Mnk1/2-eIF4E 

translation axis in cancer therapy. 

During cancer metastasis, cells are noted to lose the epithelial phenotype and attain 

mesenchymal characteristics to enhance invasion. Studies have shown that several EMT-

induced transcriptional factors (Snail, Slug, Twist1 and Zeb1/2), when activated recruit 

histone deactelyase to E-cadherin promoter and silence the expression of E-cadherin 

(Peinado et al, 2007). These factors also activate genes that are implicated in cell migration, 

invasion, stemness and drug resistance. Twist1, a basic helix-loop-helix (bHLH) 

transcription factor is critical in EMT and stemness has been implicated in PC metastasis 

(Kwok et al, 2005).  

Polycomb group (PcG) proteins enhance modification of the chromatin and are 

implicated in the maintenance of embryonic, adult stem cells and carcinogenesis (Gil et al, 

2005; Konuma et al, 2010; Pietersen & van Lohuizen, 2008). PcG proteins can occupy the 

promoter regions of genes, silencing them. PcG are multimeric transcriptional repressors 

consisting of two complexes Polycomb repressive complex 1 (PRC1) and Polycomb 

repressive complex 2 (PRC2) (Buszczak & Spradling, 2006; Gil et al, 2005; Konuma et al, 
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2010; Pietersen & van Lohuizen, 2008; Rajasekhar & Begemann, 2007; Sparmann & van 

Lohuizen, 2006; Valk-Lingbeek et al, 2004). BMI-1 (B-cell-specific Moloney murine 

leukemia virus integration site 1) is a member of the PRC1 (Park et al, 2004) and has been 

shown to be activated by twist1 (Yang et al, 2010). Several studies have also implicated 

twist1 in N-Cadherin and MMP activation (Hammon et al, 2011; Weiss et al, 2012).  

In a recent breast cancer study, strong correlation between BMI-1 and Nanog was 

established and overexpressing BMI-1 also resulted in an increased expression of nanog. 

BMI-1 overexpression also caused  NF-κB activation and its target genes, thereby 

increasing stemness and drug resistance (Paranjape et al, 2014). An extensive study has 

shown a strong molecular link between cancer stemness and epithelial Mesenchymal 

transition (Yang et al, 2010). 

Autophagy  

Prostate cancer cells use several mechanisms to induce resistance and counteract 

the effects of androgen deprivation or anti-androgen therapy. Autophagy is one of these 

mechanisms that is up-regulated in resistant cells to enhance growth and survival even 

under ADT (Kim et al, 2009). The deleterious and harsh conditions  induced in  tumors by 

taxane-based chemotherapy, targeted kinase inhibition (Farrow et al, 2014), nutrient 

starvation, metabolic stress or ionization radiation amongst others (Yang et al, 2011b) are 

subverted by autophagy induction. 

Autophagy contributes to the maintenance of homeostasis in the cells by degrading 

damaged or long lived proteins and organelles via an evolutionary conserved process 

(Meijer & Codogno, 2009; Mizushima et al, 2008). Autophagic proteins and processes are 

up-regulated during cellular stress, which results in an increase in energy required by the 
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cells for survival (Gozuacik & Kimchi, 2007). Autophagy is characterized by the formation 

of a double membrane structure called autophagosome that encapsulates damaged or long 

lived protein and organelles, this then fuse with lysosomes to enhance the degradation of 

the contents (Pattingre et al, 2008). Autophagosome formation involves several autophagy 

related proteins (Atg) and ubiquitin-like conjugation systems leading to the docking and 

fusion of autophagosome with lysosome, resulting in the  formation of autolysosomes and 

subsequent degradation of their contents by lysosome hydrolases (Glick et al, 2010). 

mTOR complex is a serine/threonine kinase made up of two subunits: mTORC1 

and mTORC2. mTOR tightly regulates autophagy by detecting signals from changes in 

growth factors, amino acid content, hypoxia and energy content (Jung et al, 2010; Laplante 

& Sabatini, 2012). This is translated to modulate several cellular processes including 

autophagy. Nutrient starvation causes mTOR inhibition and this result in autophagy 

activation by initiating autophagosome formation. In the initial stages of autophagy, the 

un-coordinated-51-like kinase (ULK) and class III phosphatidylinositol 3 kinase 

(PI3KCIII) complexes are crucial in the formation of the double-membrane structure. This 

structure (autophagosomal) then localizes to endoplasmic reticulum (ER) (Itakura & 

Mizushima, 2010). The PI3KCIII complex is made up of Beclin 1, the vacuolar protein 

sorting 15 (Vps15) and class III PI3K (Vps34). 

During the latter stages of autophagy, the maturation and elongation of the 

autophagosome involves the microtubule-associated protein 1 light chain 3 (LC3)-

phosphatidylethanolamine (PE) and the Atg12-Atg5-Atg16L complex. Atg10 and 7 serves 

as a catalyst enhancing the interaction between Atg5 and 12, the Atg5-Atg12 conjugated 

complex then binds to Atg16L, noncovalently to form a tetrameric structure (Mizushima 
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et al, 2011). At complete formation of the autophagosome, the complex localizes to the 

outer membrane and gets released. LC3 is first hydrolyzed by Atg4 to LC3-I (cytosolic 

form), then the conjugation of LC3-I with PE producing the lipidated form LC3-II is 

enhanced by Atg7 and Atg3. The Atg5-Atg12-Atg16L complex is also implicated in 

assisting the conjugation of LC3-I with PE. (Mizushima et al, 2011). LC3-II is recycled by 

either delipidation of the molecules on the cytoplasmic side and those inside are degraded 

after the formation of autolysosomes, during this period the content of the autolysosome 

are also degraded. Autophagy and autophagosome formation is represented in Figure 15. 

 

Figure 15: Autophagy process and potential targets for modulating autophagy  
Agents for cancer therapy that induce autophagy have been combined with Chloroquine in clinical 

development for the treatment of several cancers, including prostate cancer (Nakahira & Choi, 2013) 

Interplay between Autophagy and Apoptosis 

 Generally autophagy and apoptosis interact and can act antagonistically to each 

other, however in some cases, extensive autophagy can induce apoptosis (Maiuri et al, 

2007) or necrosis and excessive cytoplasmic degradation leads to autophagic death. 



52 

 

 The anti-apoptotic B-cell lymphoma 2 (Bcl-2) has been shown to interact with 

Beclin 1 through its BH3 domain, Beclin 1 was thus described as a Bcl-2 interacting protein 

(Liang et al, 1998; Sinha & Levine, 2008). Since Beclin 1 is implicated in the initiation 

process of autophagy, its interaction with Bcl-2 in addition to its family members (such as 

Bcl-xl) have been implicated in autophagy inhibition (Pattingre et al, 2005). 

Autophagosome formation is inhibited by ER localized Bcl-2-like molecules by inhibiting 

Beclin1 function, this interaction can be disrupted by JNK-mediated phosphorylation of 

Bcl-2, thus enhancing the autophagic process (Wei et al, 2008). Beclin 1 involvement in 

autophagy has been extensively studied and a number of signaling pathways are known to 

modulate autophagy by interacting with Beclin 1 (Abrahamsen et al, 2012; He & Levine, 

2010; Wirawan et al, 2012) (Kang et al, 2011). 

 During caspase-induced apoptosis, Beclin1, Atg4D and Vps34 are cleaved by 

caspase-3 or caspase-8 which then inhibits autophagy and promote cell death. On the other 

hand, activated caspase 8 can also be degraded by the autophagic process (Cho et al, 2009; 

Djavaheri-Mergny et al, 2010; Hou et al, 2010; Li et al, 2011a; Luo & Rubinsztein, 

2010; Wirawan et al, 2010). Fas-associated death domain protein (FADD)-interacting 

protein FLIP (FLICE-like inhibitory protein) inhibits caspase-8 activity (Golks et al, 

2005; Irmler et al, 1997) and can compete with LC3 in binding to ATG3 which can then 

inhibit autophagy (Lee et al, 2009). During autophagy, Atg5 complexes with Atg12 in 

addition to other Atg proteins to form the autophagosome by associating with the 

isolation membrane (Jounai et al, 2007); when Atg5 is proteolytically cleaved by 

calpain, this generates a truncated form of Atg5 which then translocate to the 

mitochondria to induce apoptosis (Yousefi et al, 2006). Atg7 is also reported to interact 
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with caspase-9 and inhibits its activity, leading to autophagosome formation (Han et al, 

2014). Autophagy and apoptosis crosstalk is represented in Figure 16. 

 

Figure 16: Crosstalk between and apoptosis and autophagy  
Caspase activation cleaves Beclin 1, which inhibits induction of autophagy and pushes cells towards 

apoptosis. Cleaved Beclin1 fragments insert into mitochondria to induce cytochrome c release. Differential 

cleavage of Atg5 by caspases may either lead to blocking of autophagy or further induction of 

autophagy.(Kang et al, 2011) 

Androgen deprivation therapy induces Autophagy 

 On-going work has combined autophagy inhibitors and anti-androgens to inhibit 

the proliferation of prostate cancer cells and tumor growth. Several clinical trials have 

investigated the use of chloroquine in cancers with favorable endpoints (Amaravadi et al, 

2011; Sotelo et al, 2006). Studies have shown that knocking down the androgen receptor 
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in both LNCaP and CWR22Rv1 cells induced autophagy (Jiang et al, 2012). It has also 

been shown that in hypoxic conditions, androgen deprivation increased autophagy (Chhipa 

et al, 2011; Li et al, 2008). Published work has also demonstrated that LNCaP cells treated 

with Bicalutamide induced autophagy and knocking down Atg5 with siRNA sensitized the 

cells to Bicalutamide therapy (Boutin et al, 2013). Studies using enzalutamide, which also 

induces autophagy, showed that, autophagic induction was accompanied by AMP-

activated protein kinase (AMPK) activation and mTOR suppression by phosphorylation of 

Raptor at serine 792 (Nguyen et al, 2014).  

ADT has been known to cause hypoxia in the tumor microenvironment that induces 

autophagy (Jain et al, 1998). Low oxygen levels in tumor microenvironment induce 

autophagy through multiple mechanisms, including hypoxic pathways such as HIF-1 and 

also mTOR inhibition. Multiple genes affecting nutrient availability and thus autophagy 

are affected by the androgen signaling pathway. In prostate cancer, after androgen removal, 

cells undergo energetic stress that triggers the autophagic response (Chhipa et al, 2011). 

Energy deficiency as a consequence of androgen removal, results in AMPK activation 

which drives mTOR suppression, promoting fatty acid oxidation and glycolysis (Chhipa et 

al, 2010). 

Galeterone (VN/124-1/T0K-001/3β-(hydroxyl)-17-(1H-

benzimidazole-1-yl) androsta-5, 16-diene) and its analogs 

Galeterone 

Galeterone (Gal) was discovered as part of an ongoing search to design and 

synthesize potent small molecule inhibitors that exhibit strong anti-prostate cancer 

activities for clinical development. Designing specific compounds to potently inhibit  17α-
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hydroxylase/17,20-lyase (CYP17), the key enzyme which catalyzes the biosynthesis of 

androgens from progestins, 3β-(hydroxy)-17-(1H-benzimidazole-1-yl)androsta-5,16-diene 

(galeterone or TOK-001, formerly called VN/124-1) was identified as a selective 

development candidate which modulates the androgen receptor (AR) signaling pathway at 

multiple points reviewed (Kwegyir-Afful et al, 2015). Galeterone is 17-heteroazole 

steroidal analog, currently in phase III clinical development for metastatic castration 

resistant prostate cancer. 

 

Figure 17: Lead Optimization of Galeterone 

Initial synthetic studies to identify selective CYP 17 inhibitors, yielded a group of 

pregnene derivatives with substitutions at C-17 and C-20. These compounds showed higher 

potency than Ketoconazole (Klus et al, 1996; Li et al, 1992; Li et al, 1995; Li et al, 1996). 

Based on the structure and function of CYP17 a new generation of small molecule 

inhibitors was designed and synthesized that antagonized both CYP-17 and the androgen 

receptor (Clement et al, 2003; Grigoryev et al, 1999; Handratta et al, 2005; Moreira et al, 

2008; Njar & Brodie, 1999; Njar et al, 1998). Characterizing these new compounds 

revealed the lead compound, galeterone, to have the most anti-tumor activity in vivo, 
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although it was neither the most potent CYP-17 inhibitor in vitro nor the greatest AR 

antagonist. 

Using several in vitro and in vivo human prostate cancer models, it has been 

established that galeterone (gal) inhibits CYP17, antagonizes fAR, and degrades both fAR 

and AR-Vs in vitro; and also reduces the expression of these proteins in tumor xenografts 

(Bruno et al, 2008; Bruno et al, 2011; Clement et al, 2003; Handratta et al, 2005; Njar et 

al, 1998; Njar et al, 1996; Schayowitz et al, 2010; Schayowitz et al, 2008; Vasaitis et al, 

2008). What is most interesting is that gal inhibits AR positive and negative prostate cancer 

cell growth, suggesting involvement of additional targets (Bruno et al, 2008). 

In a previous study, gal’s effects on inducing endoplasmic reticulum stress response 

in androgen receptor (AR) negative prostate cancer cells was established (Bruno et al, 

2008). Preclinical studies in androgen-independent PC cells showed that gal upregulated 

genes involved in endoplasmic reticulum stress response (ERSR) (Bruno et al, 2008). 

Protein expression of several unfolded protein response (UPR) markers that influence 

protein translation, eIF2α and CHOP were shown to be modulated after gal treatment in 

PC-3 cells. Phosphorylation of eIF2α increased considerably with a significant increase in 

CHOP, this led to investigation of the efficacy of gal in PC-3 xenografts. Interestingly, the 

study showed significant reduction in tumor volumes and weights of PC-3 xenografts with 

gal treatment.  

AR-positive LAPC4 xenografts were established and treated with gal. At the end 

of the study, protein expression analysis of UPR and ERSR markers in tumor sections 

however revealed that, contrary to that observed in vitro, effects seen on eIF2α 

phosphorylation and BIP were not significantly different between treated and untreated 
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groups. On the other hand, cyclin D1 protein expression was evidently down regulated in 

vivo significantly. Cyclin D1 mRNA translation is known to be tightly regulated by the 

cap-dependent mRNA translation machinery (Rosenwald et al, 1995; Rosenwald et al, 

1993) and since its protein expression was down-regulated  in vitro and in vivo, both in 

AR-negative and AR-positive cells, we surmised that galeterone may potentially exhibit 

some inhibitory effects on  mRNA translation . 

 The effects seen on protein metabolism (Bruno et al, 2008)  and the compound’s 

anti-AR activity (Purushottamachar et al, 2013b) led to the hypothesis that gal exerts its 

anti-prostate cancer activities by subverting several oncogenic targets. 

In recent studies, Tokai reported that gal suppressed castration-resistant and 

enzalutamide-resistant prostate cancer growth in vitro and also blocked nuclear 

translocation and decreased AR dependent genes (PSA, TMPRSS2, and Nkx3.1) (Nakouzi 

NA, 2013). Furthermore, recent clinical data show that administration of gal to four distinct 

CRPC patient populations, including treatment-naive, non-metastatic; treatment-naive, 

metastatic, abiraterone-refractory and enzalutamide-refractory patients resulted in 

clinically meaningful PSA reductions and an acceptable safety profile (Montgomery G, 

2014; Taplin M-E, 2014b). Additionally, following a recent report by our group that gal 

also strongly degrades AR-V7 (Purushottamachar et al, 2013a), Tokai conducted a 

retrospective study of their phase 2 clinical data and reported positive clinical data in 

patients with AR C-terminal loss. This data showed PSA50 response in 6 of 7 (85.7% 

response) CRPC patients with AR C-terminal loss, suggesting that gal has activity in AR-

Vs-expressing CRPC patients (Montgomery G, 2014; Taplin M-E, 2014b). This data is in 

contrast to a recent study where no AR-V7-positive patient had any appreciable clinical 
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benefit from enzalutamide or abiraterone therapy (Antonarakis et al, 2014), which clearly 

differentiates gal from these related aforementioned androgen/AR targeting drugs.  

Design and synthesis of analogs of Galeterone 

 Considering that every compound that has been approved by the FDA for the 

treatment of all stages of prostate cancer has encountered resistance in the clinic, it is 

imperative to be proactive to constantly investigate, design and synthesize small molecule 

inhibitors that are more potent than existing ones. Increased interests and design of more 

potent compounds may help stay ahead of resistance development and also be able to 

properly combat resistance. Continued efforts on improving the efficacy of gal in prostate 

cancer treatment and also development of more potent analogs, has seen changes being 

made to gal to develop prodrugs and also changes on the 3β-OH of gal with several active 

subgroups that potentially can increase the activity of compounds. 

Based on rigorous structure activity relation (SAR) studies (Purushottamachar et 

al, 2013b), lead optimization strategies with galeterone led to the design and synthesis of 

several lead compounds (Figure 17), which have shown increased potency and anticancer 

activity in prostate cancer cells.  

Our current new lead compounds (VNPT55, VNPP414 and VNPP433-3β), despite 

the promising clinical success of gal, has shown significant superior anticancer activity 

generating the basis for further development of gal-based compounds. Because we have 

established that the Androgen Receptor degrading (ARD) activity appears to be the reason 

why gal is more efficacious than abiraterone or enzalutamide in experimental (in vitro and 

in vivo models) (Bruno et al, 2011; Nakouzi NA, 2013; Purushottamachar et al, 2013b) and 
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the clinical settings (Montgomery G, 2014; Taplin M-E, 2014a; Taplin M-E, 2014b), we 

have focused on strategies to discover more potent drug-like Androgen Receptor 

Degrading Agents (ARDA)s for further development (Purushottamachar et al, 2013b). 

Hypothesis and Specific Aims 

Rationale-Prostate cancer 

Prostate cancer (PCa) therapy is dependent on the stage of diagnosis. Primarily, 

surgery and radiation is used for clinically localized prostate cancer. The standard of care 

treatment for patients who present with systemically recurred disease or locally advanced 

or metastatic disease is androgen-deprivation therapy. Recent studies have implicated the 

transcriptional significance of splice variant ARs (AR-Vs) in CRPC and resistance to two 

recently approved prostate cancer (PC) drugs, abiraterone acetate (Zytiga®) and 

enzalutamide (Xtandi®). Recent reports have shown cross resistance between the taxanes, 

abiraterone and enzalutamide (van Soest et al, 2013). The significance of the MAPK and 

PI3K pathways has opened up investigations into dual acting inhibitors and combination 

treatment for prostate cancer. These pathways both crosstalk with the AR and are also 

involved in cancer cell motility and metastasis.  The promising effect of gal and its analogs 

in both in vitro and in vivo models of human prostate cancer provides a strong rationale for 

the current study.  The overall goal of this study is to elucidate the molecular targets and 

mechanisms affected in androgen receptor downregulating agents-induced tumor 

regression and in vitro anti-proliferative activities. The efficacy of ARDAs on cell 

migration and invasion in vitro will also be investigated using PC3 and DU145 cells.  
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Hypothesis 

We hypothesize that the multi-target effects of ARDAs (Gal as the lead compound) on 

activated oncogenic pathways involved in ADT resistance and CRPC will increase their 

efficacy in inhibiting prostate cancer proliferation, migration, invasion and tumor 

growth. We also predict that, the inhibitory effects on resistance-inducing pathways, 

such as NF-κB and Twist1 signaling pathways will enhance ARDAs activities in drug 

resistant prostate cancer cells lines and synergize with docetaxel in docetaxel-resistant 

prostate cancer cells  

Specific Aim 1: Evaluate the molecular mechanism involved in Gal/VNPT55-induced 

AR/AR-V7 degradation and apoptotic induction in prostate cancer cells. 

Hypothesis: Gal induces AR/AR-V7 degradation via the PI3k-Akt-Mdm2/CHIP 

proteasomal pathway and induces apoptosis via the caspase intrinsic pathway. 

Strategy: 

� Determine the effects of ARDAs on full length and splice variants 

(AR-V7 and ARv567es) protein expression and mRNA levels. 

� Determine the role of the PI3K, MAPK and caspase pathways in 

Gal/VNPT55-induced degradation of both full length and splice 

variant AR-V7. 

� Determine the role of proteasomal inhibition and E3 ligases 

interaction in Gal-induced AR/AR-V7 degradation. 
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� Investigate the effects of calpain and caspase inhibition on Gal-

induced AR protein depletion. 

� Determine whether ARDAs induces apoptosis via the intrinsic or 

extrinsic pathways. 

� Determine the specificity of ARDAs on nuclear receptors and AR 

expressed in normal epithelial   and normal stromal prostate cells 

Specific Aim 2a:  Determine the modulatory effects of gal and analogs on oncogenic 

pathways in inhibition of prostate cancer cell migration and invasion. 

Hypothesis: Gal and its analogs regulate the expression of key oncogenic 

proteins in the PI3K-mTOR and MAPK pathways to inhibit cell migration and 

invasion. 

Strategy: 

� Use functional assays to determine anti-migratory and anti-invasive 

activities of ARDAs in AR-negative and AR-positive prostate 

cancer cells (PC3, DU145 and CWR22Rv1). 

� Determine efficacy of ARDAs in inhibiting colony formation of 

both AR-negative and AR-positive prostate cancer cells 

(CWR22Rv1 PC3 and DU145 respectively). 

� Evaluate the molecular effects on key proteins in PI3K, MAPK and 

NF-κB signaling pathways that exhibits pivotal roles in cancer cell 

migration and metastasis. 
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� Determine whether the effects seen on other key oncogenic proteins 

are as a result of AR depletion or multiple-targeted effects of 

ARDAs. 

� Determine effects of ARDAs on protein expression and mRNA 

levels of E-Cadherin, Twist1, Snail/Slug and MMP-9. 

� Evaluate the effects of ARDAs on protein expression of BMI-1, 

Oct-4, Nanog, CD44 and β-Catenin. 

Specific Aim 2b:  Determine the efficacy of ARDAs in inhibiting cell proliferation of 

drug resistant cells. 

Hypothesis: Based on the observed effects of gal and its analogs in sub-aim 2a, 

we hypothesize that ARDAs will show significant activity in inhibiting proliferation 

of drug-resistant cells and androgen receptor independent cells. 

Strategy: 

� Cell viability assays (MTT colorimetric assay) using Gal and its 

analogs on Docetaxel, Mitoxantrone and Enzalutamide resistant 

cells. 

� Western blot analysis on the effects of Docetaxel resistance on AR 

expression and ARDAs’ effects on key signaling proteins (AR, 

Mnk1/2, phospho-eIf4E). 

� Evaluate the ability of ARDAs to inhibit colony formation of 

resistant cells. 
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� Develop Gal (VN/124-1 or TOK-001) resistant cells, using LNCaP 

and CWR22Rv1 cells and analyze AR/AR-V7 expression levels and 

also do a microarray to determine genome wide expression changes. 

� Determine whether there is cross-resistance between gal and its 

analogs, by performing cell viability assays on galeterone-resistance 

cells and also evaluating genome wide changes on galeterone-

resistant cells after treating these cells with VNPT55, VNPP414 and 

VNPP433-3β at 5 µM for 72 hours. 

Specific Aim 3: Determine the anti-tumor activity of ARDAs in a relevant castration 

resistant prostate cancer model. 

Hypothesis: The multiple-target effects of ARDAs, downregulating AR/AR-V’s, 

modulating the translation of metastatic dependent mRNAs and depleting putative 

stem cell factors will enhance its activity in inhibiting tumor growth of castration 

resistant prostate cancer xenografts. 

Strategy: 

� MTD (maximum tolerable dose) studies on VNPP433-3β in nude 

mice.  

� Evaluate the efficacy of ARDAs (Gal and VNPT55) in CWR22Rv1 

xenografts. 

� Western blot analysis on AR/AR-V7, Mnk1/2, Oct-4, Cyclin D1, 

Bax, Bcl-2, BMI-1 and β-Catenin in tumor tissue samples treated 

groups compared to controls.  
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� Immunohistochemical staining of tumor AR/AR-V7, Mnk1/2, and 

peIF4E, Slug, PCNA, peIF4E and BMI-1 on fixed sections.  

� Assessment of toxicity: analyzing gross anatomy by H & E 

staining of liver, kidneys, lungs and weight of animals. 

Chapter 3: Materials and Methods 

Compounds and Reagents 

Galeterone and its analogs (VNPT55, VNPP414, and VNPP433-3β), and second 

generation analogs with the steroidal skeleton were all designed and synthesized in our 

laboratory. Enzalutamide was purchased from Eli Lilly (Indiana USA) and docetaxel and 

mitoxantrone was purchased from Cell Signaling. Gemcitabine and Erlotinib were 

purchased from sigma Aldrich. Compounds were either dissolved in dimethyl sulfoxide 

(DMSO) or 100% ethanol or kept at room temperature until they completely dissolved and 

stored at -200 C. Calpeptin and ZVAD-fmk were purchased from Santa Cruz. Abiraterone 

acetate was synthesized in our laboratory based on the original structure. 

PI3K inhibitor (LY294002), MAPK inhibitor (U0126), rabbit polyclonal antibodies 

against AR, pMdm2, β-actin, Gapdh, pAkt (S473), pAkt (T308), CHIP, PARP, caspase 3, 

pMdm2, p42/44, phospho p42/44, secondary antibodies, anti-mouse and anti-rabbit HRP 

were purchased from Cell Signaling. Cell culture reagents (FBS, RPMI, and DMEM) were 

from Invitrogen. Gal and VNPT55 were synthesized in our laboratory as previously 

reported (Handratta et al, 2005; Purushottamachar et al, 2013a). PhosphoAR (pAR) was 

purchased from Imgenex. AR-V7 (AR3) expression plasmid was obtained from Dr. Yun 

Qiu, University of Maryland, and Baltimore. AR-V7 antibody was purchased from 

Precision Antibodies.  Dr. Stephen Plymate, University of Washington School of 
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Medicine, Seattle donated ARv567es expression plasmid. Mdm2 Monoclonal antibody and 

polyclonal antibodies against AR N20, ERβ, PR, RARα, RARβ, and AR (mouse 

monoclonal) were purchased from Santa Cruz. Hsp90, phosphoAR and Hsp70 antibodies 

were purchased from BD Pharmingen. CHIP monoclonal antibody was from Sigma 

Aldrich, USA. ECL detecting kit was from Thermo Scientific. 

Mnk1/2, eIF4E, p-eIF4E, N-cadherin, E-cadherin, Snail, Slug, MMP-2/-9, 

secondary antibodies, anti-mouse and anti-rabbit HRP were purchased from cell signaling. 

CGP-57380 was purchased from Sigma Aldrich. Oct-4 and Nanog were kind donations 

from Dr. Raju Khatri of the Biochemistry department, University of Maryland, Baltimore. 

BMI-1 and CD44 antibodies were obtained Amanda Schech (Ph.D.) and Professor Angela 

Brodies’ (PhD) laboratory, Pharmacology Department, University of Maryland, Baltimore. 

EZH2 mouse monoclonal antibody was from Dr. Yun Qiu. Twist1 polyclonal antibody was 

from Santa Cruz and the mouse monoclonal antibody from Abcam. β-Catenin and Vegf 

antibodies were from BIOSS.  

Cell culture   

CWR22Rv1, LNCaP, PC3, C4-2B and DU145 cells, immortalized untransformed 

prostate epithelial cells (PWR-1E) and immortalized untransformed prostate stromal cells 

(WPMY-1) were purchased from American Type Culture Collection (ATCC). Prostate 

cancer (CWR22Rv1, LNCaP, PC3, C4-2B and DU145 cells) cells were maintained in 

phenol red RPMI supplemented with 10% FBS and 1% penicillin-streptomycin antibiotics 

(Invitrogen). For experiments using anti-androgens and prostate cancer cells, cells were 

cultured in phenol red-free RPMI 1640 supplemented with 5% charcoal dextran FBS and 

1% penicillin-streptomycin. WPMY-1 cells were maintained in high glutamine DMEM 
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(ATCC) supplemented with 5% FBS and PWR-1E cells were maintained in Keratinocyte-

SFM (1X) with 1 X 2.5 µg epidermal growth factor (EGF) human recombinant and 1 X 25 

mg Bovine pituitary extract (Invitrogen).  

CWR-R1, CWR-R1 (10E), CWR-R1 (100E) and CWR-R1 (MTX-20nM) prostate 

cancer cells were obtained from Dr. Yun Qiu of the Pharmacology department, University 

of Maryland, Baltimore. CWR-R1 cells were made resistant to docetaxel at 10 nM [CWR-

R1 (10E)], 100 nM [CWR-R1 (100E)] and to Mitoxantrone at 20 nM [CWR-R1 (MTX-

20nM)]. These cells were maintained in regular phenol red RPM1 supplemented with 10% 

heat inactivated FBS and 1% penicillin-streptomycin antibiotics. Resistant cells were 

maintained in media supplemented with the respective compounds at the resistant 

concentration. All other culture conditions were as all prostate cancer cells. 

PDAC cells [S2-013, HS766T, SVP10, Panc-1, Gemcitabine-resistant MiaPaCa-2 

(MiaPaCa-GR) and gemcitabine-erlotinib-resistant MiaPaCa-2 (MiaPaCa-GTR)], were 

kind donations from Dr. F. Sarkar, Wayne State University, School of Medicine, Detroit. 

MiaPaCa-2 cells were obtained from ATCC. S2-013, HS766T, SVP10, Panc-1 and 

MiaPaCa-2 cells were maintained in high glucose DMEM supplemented with L-glutamine, 

10% FBS and 1% penicillin-streptomycin antibiotics. MiaPaCa-GR cells were maintained 

in high glucose 10% FBS supplemented with L-glutamine 1% penicillin-streptomycin 

antibiotics and 200 nM gemcitabine. MiaPaCa-GTR was maintained in the same media as 

MiaPaCa-GR, with additional 2 µM of erlotinib. In performing experiments with ARDAs, 

PDAC cells were maintained in normal growth media that cells are normally passaged.  

Cells were subcultured every 3 days and kept in a humidified incubator (5% CO2) 

at 370C. Cells were maintained in a monolayer at the highest confluence of 90%. 
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Western blot analysis 

Cells were lysed with radioimmunoprecipitation assay (RIPA) buffer (Sigma), 

supplemented with 1X protease inhibitors (Roche), phosphatase inhibitors (Thermo 

Scientific), 1 mmol/L EDTA and 1 mmol/L PMSF (Sigma). Lysed cells were clarified by 

pelleting in a table top micro centrifuge at 13300 rpm for 15 min at 40C. 50 -100 µg total 

cell lysates were denatured in 5X loading buffers and boiled at 99 0C for 5 min and 

subjected to SDS-PAGE. Briefly, proteins were separated on either 10% or 12.5% 

Tris/Glycine gel and transferred to a polyvinylidiene difluoride (PVDF) membrane 

overnight. Membranes are blocked with 4% bovine serum albumin (BSA) in Tris-buffered 

saline and tween (TBST) for 1 hour at room temperature. Antibodies are incubated on 

membranes, using manufacturers’ dilution/optimized dilution overnight at 40C. 

Membranes are washed 3X 15 minutes each wash with TBST and incubated with 

secondary antibodies anti-immunoglobulin G (IgG) horseradish peroxidase (HRP) 

conjugate at room temperature for 1 hour. Membranes were subsequently incubated in 

Pierce Chemilumiscence reagent for a minute then exposed to X-ray films in the dark room. 

Images and bands were quantified using ImageJ for densitometry analysis.   

Immunoprecipitation 

Cells were treated with gal (10 µM) for 11-14 hours to elucidate fAR-Mdm2/Hsp90 

and AR3-CHIP/Hsp70 interaction. In ubiquitination assays, cells were treated with 20 

µmol/L gal for 24 hours with or without MG132 (5 µM) and lysed with radio 

immunoprecipitation assay (RIPA) buffer. A thousand (1000) µg of total cell lysates was 

pre-cleared with 30 µl of protein A/G sepharose beads (Santa Cruz), for 45 minutes and 

pelleted for 1 minute at 13300 rpm. Supernatant were collected and incubated with 1 µg of 
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polyclonal antibody per 500 µg of total protein and rotated at 4 0C for 12 hours. Complexes 

were washed 3X with lysis buffer and 2X SDS loading dye added to elute proteins prior to 

separation on a 10% Tris/glycine gel, following western blot protocol. 

Plasmid and small interfering ribonucleic acid (siRNA) 

Transfection 

DU145 cells were transfected with 0.5 µg of AR-V7/AR3 or ARv567es expression 

plasmid, using the Qiagen Effectene transfection reagent following manufacturers’ 

protocol. Transfection reagents and complexes were washed off 16 hours after transfection 

and replaced with phenol red free media supplemented with 5% charcoal dextran FBS for 

20 hours. Transfected cells were treated with agents for 24 hours and lysed with RIPA 

buffer. 

  LNCaP and CWR22Rv1 cells were transfected with 100 nM of Mdm2 or 

CHIP/STUB1 siRNA using lipofectamine RNAiMAX (Invitrogen) for 12 hours adhering 

to manufacturer’s protocol. Scrambled siRNA was transfected as controls. siRNA 

complexes were replaced with phenol red-free media and treated with agents for 24 hours.  

PC-3, DU145, LNCaP, CWR22Rv1 and S2-013 cells were transfected with 25 and 

50 nM Mnk1 and/or AR siRNA (Invitrogen) for 72 hours. Scrambled SiRNA were 

transfected as controls. Briefly, 20 µl of lipofectamine RNAiMAX (Invitrogen) reagent 

was incubated with 25 or 50 nM of siRNA in 1 ml of OPTI-MEM media for 15 minutes at 

room temperature. Ten centimeter (10 cm) petri dish plates were subsequently coated with 

siRNA complexes for an additional 15 minutes. Three (3) mls of cell suspended in DMEM 

media without pen/strep were added to plates for 16 hours; RNAi complexes were washed 

off and replaced with regular media.  
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Cell viability assays MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-

diphenyltetrazolium bromide, colorimetric assay) 

MTT assays were performed as described in our previous publications 

(Purushottamachar et al, 2013b). Briefly, 2000-5000 cells (depending on proliferation rate 

of cell line) were seeded in 96 well plates overnight (approximately 12 hours to allow 

attachment). Cells were then treated with serially diluted compounds in culture media. 

Media with compounds is replaced on the 3rd day. On the 8th day media is aspirated and 

200 µl of MTT reagent added to cells (diluted in phenol red free media) for 2 hours, after 

which MTT reagent is aspirated and 100 µl of DMSO added to dissolve crystals. Using a 

microplate reader, the absorbance readings are captured and data analyzed with graphpad 

prism 4 software. 

Combination studies to assess Synergy, additivity or antagonism   

 To analyze interactions between ARDAs and CGP-57380, chloroquine, docetaxel 

and gemcitabine, MTT cell viability assays were performed for the indicated compounds 

with the respective cell lines.  The GI50 values were calculated using graphpad prism. Two 

different compounds were combined at a constant ratio and cells treated just as in cell 

viability assays. The fraction of cells affected after treatment period was analyzed as 

described previously (Chou et al, 1993). The calcusyn software was used to determine the 

combination index (CI), where CI<1 indicate synergy, CI=1 indicates additive and CI>1 

indicates antagonism.  

Cell Cycle analysis 

 Cells were seeded in 6-well plates at 60% confluence overnight to allow cells to 

attach. The cells were then subsequently serum starved with phenol-red free RPMI to arrest 
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the cells at G0/G1 phase. After 12 hours, media was replaced with complete RPMI media 

supplemented with 10% FBS and cells treated with compounds at (5-20 µM) for 24 hours. 

After the indicated time point, cells were washed 2X with phosphate-buffered saline (PBS) 

and thoroughly resuspended in 200 µl of PBS. Seventy percent (70%) ethanol was used to 

fix the cells. The fixation step was incubated at 40C overnight. Cells were washed twice 

with 2ml PBS and pelleted at 800g for 5 minutes. Cells were resuspended in 500 µl PI 

staining solution and incubated for 20 minutes at 37 0C. Cells were covered with aluminum 

foil and then analyzed with the flowjo software.   

Apoptosis Assays 

The Acridine orange (AO) and ethidium bromide (EB) (Sigma Aldrich) apoptotic 

detection assay was used to determine apoptotic cells. Briefly, cells were treated in 6 well 

plates at 2.5 µM for 72 hours. Cells were washed 1X with warm PBS and incubated in 400 

µl of 0.1% EB and 0.2% AO in PBS at 370C for 30 minutes. Cells were again washed once 

with warm PBS and images taken using fluorescence microscope Nikon TE2000 

microscope. Flow cytometry analysis was used to detect cell death in cells, using the 

Moxiflow equipment. Cells were exposed to different concentrations of gal and analogs 

for 24 hours. The Annexin-V-fitc apoptosis detection kit (BD Biosciences) was used 

following manufacturers protocol. Briefly cells were trypsinized and washed 1X with 

warm PBS and kept in 1X binding buffer. Cells were counted and stained with 5 µl of 

Annexin V and PI each in 100µl of 1X binding buffer. Cells were incubated at 370C for 15 

minutes and analyzed by Moxiflow equipment. 
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RNA isolation and real-time polymerase chain reaction analysis 

Cells were seeded in 6-well plates at 0.3 x 106 cells per well and treated with 

indicated concentrations of compounds for 24 hours. Ribonucleic acid (RNA) was isolated 

with the Qiagen RNeasy reagents following manufacturer’s protocol. Eighteen hundred 

(1800) ng of RNA were reverse transcribed into cDNA using high capacity cDNA reverse 

conversion kit (life technologies). Full length androgen receptor (fAR) primers, androgen 

receptor splice variant 7 (AR-V7) and internal control 18S primer sequences used were as 

reported in Guo et al (Guo et al, 2009a). Relative expression levels of fAR and AR-V7 

were quantified with the comparative ΔΔCt using 18S as internal control. 

Relative mRNA levels of Mnk1, E-cadherin, matrix metalloproteinase-9 (MMP-9), 

Twist1, Snail and B cell-specific Moloney murine leukemia virus integration site 1 (BMI-

1) (forward: 5’-AAATGCTGGAGAACTGGAAAG-3’ and reverse: 5’-

CTGTGGATGAGGAGACTGC-3’) were quantified with the comparative ΔΔCt   using 

18S as internal control. Primers for E-cadherin, Twist1, and Snail were as reported in 

Schech et al., 2013 (Schech et al, 2013). 

Chromatin immunoprecipitation 

Treated cells were cross-linked with 1% formaldehyde at room temperature for 30 

minute and crosslinking neutralized with 125 nM glycine for 5 minutes. Cells were washed 

and resuspended in FA lysis buffer. Samples were sonicated 10 secs for 10 X. Clarified 

samples were incubated with 5 µg of NF-ΚB (p50) or 5 µg of Twist1 antibody and 30 µl 

of agarose A/G beads for 14 hours at 4 0C. Control samples were incubated with 5 µg of 

normal rabbit IgG and beads alone as negative controls. Complexes were washed 3X with 

wash buffer and eluted. The qiaquick PCR purification kit was used in purifying products 
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resulting from immunoprecipitation. Realtime PCR analysis was conducted on resulting 

purified DNA. Primers used human BMI-1 promoter primers: forward: 5’-

GGTCAAGTACATGTGAC-3’ and reverse: 5’-TCTCCTCTAGCTTGCAG-3’. PCR 

reaction was amplified for 50 cycles with a 60 0C annealing temperature. Values were 

normalized to input controls. 

Nuclear/cytosol fractionation. 

Cellular fractionation was done using the Active Motif nuclear/cytosol kit, 

following manufacturer’s protocol. Treated cells were washed once with 1X dPBS 

supplemented with phosphatase inhibitors and scraped in the same with a rubber 

policeman. Cells were pelleted in a swing bucket centrifuge at 500 rpm for 5 minutes and 

resuspended in 250 µl of hypotonic buffer and incubated on ice for 10 minutes. Twenty-

five (25) µl of detergent was added and vortex briefly for 10 seconds. Nuclear was pelleted 

in a table top micro-centrifuge at 10,000 rpm for 30 seconds. Supernatant was stored as 

cytosol fraction and nuclear pellet washed 2 X with 1 X hypotonic buffer. Pellet was lysed 

for 30 minutes in 50 µl of complete cell extraction buffer and sonicated twice for 10 secs. 

Nuclear debris was pelleted in a cold micro-centrifuge for 20 minutes at 13300 rpm. 

Immunocytochemical analysis 

PC-3 and DU145 cells were seeded and grown to 70% confluence in an 8-chamber 

slide. Cells were then treated with galeterone and VNPT55 at 5 and 10 μM in regular media 

for 24 hours. Treated cells were fixed in 3.7% formaldehyde/PBS for 10 minutes. This was 

aspirated and washed 2X with PBS and then permeabilized with 0.25% triton X-100/PBS 

for 5 minutes and washed again 2X with PBS. We then proceeded to block cells with 5% 

BSA, 0.5% NP40 in PBS for 1 hour. E-Cadherin, Twist1 antibodies were diluted in 2.5% 
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BSA in PBS at 1:1000 and 1:500 respectively. This was incubated at 4 0C overnight 

thereafter washed 3X with PBS. Alexa and Rhodamine conjugates were used at 1:1000 and 

1:200 respectively and incubated for 1h, complexes were washed off two times with 1X 

PBS and stained with DAPI for 5 minutes at 1:5000 (cell signaling). After 3 washes with 

1X PBS, slides were mounted with 15 μl fluoromount-G (Fisher) and images taken with a 

Zeiss microscope. 

Cells were seeded and grown to 70% confluence in an 8-chamber slide. Cells were 

then treated with galeterone and VNPT55 at 5 and 10 μM in regular media for 24 hours. 

Treated cells were incubated with 125 nM mitotracker red CMXRos (cell signaling) for 30 

minutes. Immunostaining was carried out as above. Alexafluor 488 conjugated cytochrome 

c (BD Pharmingen) and Bax antibodies were diluted at 1:500.  

 

Analysis of secreted MMP-2/-9 by Zymogram Gel 

Effects of ARDAs on MMP-1/-2/-9 secretion were analyzed by gelatin 

zymography. Cultured media from LNCaP (36 hours), PC-3, DU145, MiaPaCa-2 and S2-

013 after 72-hour treatment was collected and concentrated with 0.5 ml amicon ultra 

centrifugal columns (Millipore, Bedford, MA). Samples were quantified and 50 µg of 

conditioned media electrophoresed on a 10% SDS-polyacrylamide gel containing 0.1% 

gelatin. Gels were briefly washed with de-ionized water and renatured in 1X renaturing 

buffer for 20 minutes (2X), on a rocker at room temperature. Gels were developed in 1X 

developing buffer for 48 hours and stained with page blue and de-stained with de-staining 

solution (50% methanol, 10% acetic acid and 40% water). Bands representing MMP-2 and 

MMP-9 were scanned and quantified. 
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Cell motility (scratch-wound-healing) assay 

  PC-3, DU145 Panc-1 and S2-013 cells were seeded at 5 X 105 per well in 24-well 

plates over 24 hours to form a uniform monolayer. Cells were serum-starved in serum-free 

media for 12 hours. Cells in a monolayer were scratched with a 200 µl pipette tip and 

images taken at 0h. Cells treated with indicated compounds and concentrations were 

incubated at 370C for 12 hours.  Images were taken using the Zeiss microscope. 

Invasion Assay 

Trans-well Boyden chamber, 8-µm pore size, (BD biosciences) were coated with 

matrigel mixed in serum-free media (1:4) and allowed to sit at room temperature for 2 

hours. In invasion assays, 1 X 104  cells/well, were seeded in the top chamber in serum-

free media with or without indicated concentrations of compounds. Bottom chamber was 

filled with 600 µl of regular media with 10% fetal bovine serum. Experimental set-up was 

placed in a 37 0C incubator for 24 hours. Cells at the top chamber were scraped off with 

cotton swabs and migrated cells at the bottom of the inserts were fixed with ice cold 

methanol and stained in 0.05% crystal violet. In most invasion assays, pre-coated basement 

membrane extract (BME) inserts were utilized to maintain uniformity, in thickness of 

basement membrane and thus resistance during invasion. 

Colony formation assay 

0.1 X 103 cells per well were seeded in a 6-well plates and allowed to attach 

overnight (16h), cells were treated with compounds in regular media (RPMI with 10% 

FBS) at the indicated concentrations and replaced every 3rd day for 14 days or until visible 

colonies could be counted. Colonies were washed and stained with 0.05% crystal violet for 
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30 minutes. Colonies were scanned and quantified with ImageJ colony counter. Results are 

represented as the mean of triplicates. 

Maximum Tolerable Dose (MTD) Studies 

 Toxicity of VNPP433-3β was evaluated in male nude mice. The first study was an 

acute dosing with 25, 50 and 100 mg with vehicle control. Animals were put in groups of 

3. After administering a bolus dose intraperitoneally, weights of mice were taken 2X a 

week for duration of 16 days. Animals were sacrificed. The maximum tolerated dose was 

then used in chronic dosing at 0.1, 0.25, 0.5 MTD, where animals were injected 5X a week 

for 16 days and weights of mice taken 2X a week. At the end of the chronic dosing animals 

were sacrificed and liver, kidneys and lung were harvested for H & E staining to evaluate 

toxicities.  

Developing Resistance cells and Microarray Analysis 

 LNCaP and CWR22Rv1 cells were cultured in doses of Galeterone from (0.1 to 14 

µM). Concentrations were increased at 0.5 µM and maintained at a particular concentration 

and media replaced every 3 days until cell death reduced and cells started to grow 

aggressively. Cells were eventually maintained at 3, 6 and 9 µM for LNCaP cells and 4.5, 

9 and 14 µM for CWR22Rv1 cells. Resistance cells were developed and maintained for 

over 24 months. MTT cell viability assays were performed on these cells to ascertain their 

resistance to Galeterone and compare their 50% growth inhibition constant (GI50) values to 

the parental cell lines. Cells were re-named LN-124R (for LNCaP Galeterone resistant 

cells) and RV1-124R (for CWR22Rv1 galeterone resistant cells), with the concentrations 

at which they are resistant at the end. 



76 

 

 CWR22Rv1 cells resistant to Galeterone were treated with VNPT55, VNPP414 and 

VNPP433-3β at 5 µM for 72 hours. Cells were treated in triplicates and RNA was isolated 

using Qiagen RNeasy Mini Kit following manufacturers’ protocol. Triplicate samples were 

treated with DNase and analyzed using an Affymetrix GeneChip (Human Transcriptome 

genome wide array 2.0) 

In Vivo xenograft tumor growth 

All animal studies were performed according to the guidelines approved by the 

Animal Care Committee of the University of Maryland, School of Medicine, Baltimore. 

Male severe combined immunodeficiency (SCID) mice 5-6 weeks of age were obtained 

from the National Cancer Institute (Fredrick, MD). Surgically castrated mice were housed 

under complete aseptic conditions, fed autoclaved pellets and sterile water ad libitum. 

Following a week of acclimatization, approximately 5×106 CWR22Rv1 cells were 

inoculated into both flanks. Tumor-bearing mice (tumor volume around 50-70 mm3) were 

randomized into 3 groups (6 mice in each group; compounds formulated in vehicle) and 

treated as follows: (i) vehicle control (40% β-cyclodextrin in ddH2O, intraperitoneal), (ii) 

galeterone (0.15 mmol/kg, intraperitoneal, twice daily, 5 days/week) and (iii) VNPT55 

(0.15 mmol/kg, intraperitoneal, twice daily, 5 days/week). Tumors were measured twice 

weekly with calipers and tumor volume was calculated by the formula: length x width2 x 

0.5 (mm3). Animals were also weighed weekly and monitored for general health status and 

signs of possible toxicity due to treatments. Mice were sacrificed after the indicated periods 

of treatment and tumors and organs excised. Tumors were divided and either flash frozen 

in liquid nitrogen or placed in 10% buffered formalin for western blot analysis, IHC and 

hematoxylin and eosin (H & E) staining.  
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Immunohistochemical Analysis 

All specimens were kept in 10% buffered formalin for 24 hours after which they 

were embedded in paraffin and 4 μM thick slides prepared and used for immunostaining 

and hematoxylin-eosin staining. Immunostaining sections were de-parafinised, soaked in 

alcohol, and antigen retrieval was performed for formalin fixed tissues by heating in citrate 

buffer (pH = 6). Sections were blocked in 3% hydrogen peroxide for 5 minutes, followed 

by incubation with the appropriate antibody and epitopes detected using the Ultra-sensitive 

Avidin-biotin complex (ABC) staining kit (Thermo fisher scientific, USA). The images 

were captured with an EVOS® FL Auto Imaging System (Life Technologies). 

Statistical analysis 

All in vitro experiments were repeated at least three times and reported as means 

with standard error of the means (S.E.M) where applicable. Western blot on in vivo samples 

were repeated in at least 2 different tumor sections from different animals. Student T-test 

and Analysis of variance (ANOVA) were used to determine the significance of deviations 

or lack thereof. 
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Chapter 4: Results: 

Specific Aim 1: Evaluate the molecular mechanism 

involved in Gal/VNPT55-induced AR/AR-V7 

degradation and apoptotic induction in prostate cancer 

cells. 

 

Effect of gal and VNPT55 on full length AR and splice variant AR-

Vs 

Recent efforts in our lab are focused on designing and synthesizing more potent 

analogs of gal (Purushottamachar et al, 2013b) which targets and deplete full length 

AR/splice variant AR-Vs (fAR/AR-V7) to inhibit the growth of prostate cancer cells 

(Purushottamachar et al, 2013a). Our initial attempt to compare gal and its new lead analog 

was determined using cell viability assays in LNCaP and CWR22Rv1 cells (Figure 18). 

VNPT55 exhibited stronger growth inhibitory activity (GI50 = 0.87 and 2.45 µM vs. LNCaP 

and CWR22Rv1, respectively) compared to gal (GI50 = 3.35 and 4.46 µM vs. LNCaP and 

CWR22Rv1, respectively). 
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Figure 18: Gal and VNPT55 decrease cell viability in AR positive PC cells.  
Cell viability assays were conducted in LNCaP and CWR22Rv1 cells over a 7-day period and cell viability 

analyzed by graphpad Prizm 4. GI50 values were plotted on a bar chart to compare growth inhibition activities 

of both gal and VNPT55. Analysis of GI50 values shows a significant increase (p<0.05) in potency of VNPT55 

over gal in both cell lines. 

Based on the recent report that gal decreases fAR mRNA in LNCaP cells (Soifer et 

al, 2012), we compared the effects of gal and VNPT55 on fAR/AR-V7 mRNA levels. Both 

gal and VNPT55 decreased fAR mRNA levels in LNCaP cells (Figure. 19, left panel). 

Interestingly, although gal had no effect on AR-V7 mRNA, VNPT55 significantly 

decreased AR-V7 mRNA even at 1 µmol/L (Figure. 19, right panel) in CWR22Rv1 cells. 

It is interesting that minor modification to the parent compound increases the analog’s 

potency and efficacy in modulating fAR/AR-V7 at both transcriptional and 

posttranslational levels.  
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Figure 19: Gal and VNPT55 downregulate AR/AR-V7 mRNA. 
 (A), LNCaP cells treated with increasing concentrations of gal and VNPT55 (1, 5, 10, 20 μM) for 24 hours 

and mRNA collected, qRT-PCR analysis of fAR mRNA; * p < 0.01, ** p < 0.001. B, CWR22Rv1 cells were 

treated with increasing concentrations of gal and VNPT55 (1, 5, 10, 20 μM) for 24 hours and mRNA 

collected, qRT-PCR of analysis of AR-V7 mRNA levels 

To establish and compare the efficacies of gal/VNPPT55 on AR-Vs, we analyzed 

the potency of gal and VNPT55 in depleting protein levels of fAR/AR-V7 in CWR22Rv1 

cells (Figure 20, left panel). Densitometry analysis of the efficacy of gal and VNPT55 on 

AR/AR-V7 protein levels shows a strong decrease of AR/AR-V7 to 0.4/0.3 after gal 

treatment and a more profound decrease after VNPT55 treatment to 0.3/0.09 of AR/AR-

V7, respectively (Figure 20, right panel). In agreement with our earlier report 

(Purushottamachar et al, 2013a), the efficacy of VNPT55 on cell viability and AR-induced 

depletion appears to be superior to that of gal. 
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Figure 20: Gal and VNPT55 significantly deplete fAR/AR-V7 protein expression. 
Effects of gal and VNPT55 on fAR/AR-V7 in CWR22Rv1 cells (left panel), densitometry for three (3) 

replicates of experiments **p < 0.001 (right panel), show significant decrease of fAR/AR-V7 protein 

expression. 

It is well documented that CWR22Rv1 cells express a number of AR-Vs (Guo et 

al, 2009a; Kong et al, 2015). Thus, to eliminate the possibility of AR-V7 antibody cross-

reacting with other AR-Vs and to specifically determine its effects on particular AR-Vs, 

DU145 cells were transfected with AR-V7 expression plasmid and treated with gal or 

VNPT55. At concentrations of 5 and 10 µM, each compound significantly depleted AR-

V7 (Figure 21, right panel). Transfection of ARv567es (AR splice variant expressed in CRPC 

(Sun et al, 2010)) and subsequent treatment with gal/VNPT55 yielded similar results (Fig. 

21, left panel).  
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Figure 21: Gal and VNPT55 deplete protein expression of AR-V7 and ARv567es.  
(Left panel) DU145 cells were transfected with 0.5 μg of ARv567es expression plasmid as in B and treated with 

gal and VNPT55 (5 and 10 μM) for 24 hours, (right panel) DU145 cells transfected with 0.5 μg of AR-V7 

expression plasmid for 16 hours and Cells subsequently treated with gal and VNPT55 (5 and 10 μM) for 24 

hours. 

We also confirmed the effects of gal and VNPT55 seen on AR protein expression 

by incubating LNCaP cells for 48 hours with the indicated compounds at 5µM and 

performed immunocytochemical analysis, counterstaining with DAPI.  Here we observed 

the same depletion effects, via decrease in fluorescence stain (Figure 22). 

 

Figure 22: Gal and VNPT55 deplete AR nuclear expression. 
LNCaP cells were serum starved for 12 hours and subsequently treated with indicated compounds for 72 

hours. Decrease in AR nuclear stain suggested that VNPT55 retained the AR degradation activity of the 

parent compound (gal). 
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Gal and VNPT55 antagonize AR transcriptional activity 

 Gal has been shown to antagonize AR transcriptional activity by using several 

binding assays and luciferase activity inhibition. In these studies, gal shows binding to the 

androgen receptor and inhibiting it. Current studies, in our laboratory, to establish 

VNPT55’s mode of action in antagonizing AR activity, showed that VNPT55 bound less 

strongly to AR compared to galeterone.  

However, our studies also showed that in addition to depleting fAR protein and 

mRNA level, VNPT55 also decreases mRNA levels of splice variant AR-V7. We also 

evaluated the effects of VNPT55 on AR transcriptional activity. (Figure 23). We exposed 

LNCaP cells to increasing concentrations of galeterone and VNPT55 for 24 hours. 

Although the time point for calculating EC50 was not long enough, we observed that just 

as with galeterone, VNPT55 had a lower EC50 value in depleting PSA than AR as shown 

in Figure 23. This suggests that in addition to degrading the receptor, VNPT55 like gal 

antagonizes the transcriptional activity of AR. A recent published work on gals activity on 

AR indicated that gal inhibited AR from binding to chromatin (Yu et al, 2014). These 

recent findings demonstrate that gal and its analogs may use several mechanisms in 

antagonizing the transcriptional activities of the androgen receptor.  

In addition, even though VNPT55 was more efficacious in depleting the AR over a 

24-hour time point, with a lower EC50 value, the fold change in decreasing PSA expression 

between the two agents was comparable and not significantly different. This suggests that, 

although our binding studies indicated that VNPT55 had weak interaction with the 

androgen receptor compared to gal, it may in fact antagonize its transcriptional activity 

more potently. 
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Figure 23: Gal and VNPT55 antagonize AR transcriptional activity  
(A), Western blot analysis were performed in LNCaP cells with increasing concentration of VNPT55 and 

protein expression of AR and PSA evaluated after 24 hours. (B), Densitometry of western blot bands were 

analyzed with ImageJ and dose-effect curves plotted to compute EC50 values analyzed with graphpad prism, 

(C) Bar chart was used to emphasize the fold change in antagonizing AR transcription of PSA. 

Gal/VNPT55 induced proteasomal degradation of AR/AR-V7 

The proteasomal pathway has been described as one of the major mechanisms 

regulating AR turnover (Gioeli & Paschal, 2012; Hoeller & Dikic, 2009; Lin et al, 2002a; 

Lin et al, 2002b). To determine the involvement of the 26S proteasome in gal- or VNPT55-

enhanced depletion of AR/AR-V7 protein, we co-treated LNCaP and CWR22Rv1 cells 

with gal or VNPT55 and a proteasome inhibitor, MG132. As shown in Figure 24, 

proteasomal inhibition significantly rescued gal- and VNPT55 induced fAR/AR-V7 

degradation in both LNCaP and CWR22Rv1 cells.  
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Figure 24: Gal/VNPT55-induced AR/AR-V7 degradation is via the proteasome 
(A), LNCaP and (B) CWR22Rv1 cells treated with gal at 20 µM for 16 hours, thereafter, MG132 (5 µM) 

was added for an extra 8 hours. Immunoblot analysis was carried out on fAR and AR-V7 protein expression 

Our previously published report implicated intracellular calcium ion ([Ca2+] i) 

release and induction of ERSR in PC-3 PC cells as a possible mechanism of action of gal 

(Bruno et al, 2008). Because other studies have established Ca2+-dependent, calpain-

mediated breakdown of f-AR in human PC cells (Chen et al, 2010a; Pelley et al, 2006; 

Sivanandam et al, 2011; Yang et al, 2008), we considered it important to determine whether 

gal’s depletion of AR may implicate calpains. Indeed, although inhibition of calpains with 

calpeptin (Cal) did not entirely rescue gal/VNPT55-induced AR degradation (Figure 25), 

it indicates to a minor extent (~20%), that the possible release of Ca2+ induced by gal 

treatment enhanced AR depletion. In addition, we evaluated the effects of caspases, if any, 

on Gal-induced AR protein depletion, from Figure 26, we observed that, with the use of 
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pan caspase inhibitor (ZVAD-fmk), caspases do not play any significant role in gal-induced 

AR degradation. 

 

Figure 25: Calpain activation decreases fAR expression in vitro. 
(A), LNCaP cells treated with galeterone (top panel) and VNPT55 (bottom panel) with or without calpeptin 

(40 μM) for 24 hours and western blot analysis carried out on AR protein expression. (B), Densitometry 

analysis of protein expression in A. 

 

 

Figure 26: Gal-induced Caspase activation plays no role in AR degradation. 
(A), LNCaP cells were treated with 10 µM of gal with or without caspase inhibitor, ZVAD-fmk (20 μM) for 

24 hours and AR protein expression analyzed. (B), Densitometry analysis of AR protein expression 

normalized to control. 
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Since ubiquitination precedes 26S proteasomal protein degradation (Baumeister et 

al, 1998), we examined whether gal enhanced AR and AR-V7 ubiquitination. Gal treatment 

in the presence of MG132 significantly increased AR ubiquitination compared to MG132 

alone (Figure 27, left panel) in LNCaP cells. In CWR22Rv1 cells (Figure 27, right panel), 

immunoprecipitated AR-V7 in the presence of gal and MG132 interestingly also shows an 

increase in AR-V7 ubiquitination. 

 
Figure 27: Gal induce ubiquitination of AR and AR-V7.  
(A), LNCaP and CWR22Rv1 (B) cells were treated with gal at 20 µM for 16 hours, thereafter, MG132 (5 

µM) was added for an extra 8 hours and 1 mg of total cell lysate used in immunoprecipitation and probed 

with ubiquitin antibodies. 

Implication of Akt and Mdm2 phosphorylation in gal/VNPT55-

induced AR degradation 

 PI3k activation induces phosphorylation of Akt (at Ser473 and Thr308), Mdm2 (at 

Ser166) and AR (at Ser210/213 and Ser790) this posttranslational modification can serve 

as a signal for AR ubiquitylation and subsequent degradation (Deep et al, 2008; Gioeli & 

Paschal, 2012; Lin et al, 2002a; Lin et al, 2002b). We next examined the effects of gal and 

VNPT55 on Akt and Mdm2 phosphorylation. As shown in Figure 28A and B, treatment of 

LNCaP or CWR22Rv1 cells with gal or VNPT55, resulted in increased phosphorylation of 
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Akt at Thr308 and Ser473. Mdm2 phosphorylation at Ser166 also increased significantly. 

It is important to note that, although phosphorylated levels of AR seem to decrease (see 

band intensities), the relative levels of phosphorylated AR to total AR show an increase in 

AR phosphorylation, both in LNCaP and CWR22Rv1 cells (Figure 28 C, densitometry). 

Total AR levels decrease due to depletion effects of gal and VNPT55, so in order to 

quantify phosphorylated AR levels we calculated the p-AR/AR ratio (Figure 28 C). 

We then investigated the significance of Akt/Mdm2 phosphorylation in 

gal/VNPT55-induced AR/AR-V7 depletion. Pharmacological inhibition of PI3k 

(LY294002, 20 µM) in LNCaP cells co-treating with gal/VNPT55 suppressed agent-

induced AR degradation significantly (~90%) (Figure 29 A and B). In CWR22Rv1 (Figure 

29 C) cells, we observed that rescue of gal-induced fAR degradation was similar to the 

trend in LNCaP cells in Figure 29 A. In contrast, AR-V7 depletion was not rescued, but 

was further depleted compared to gal alone treatment. It is well-established that the lack of 

LBD and thus loss of N-C interaction changes AR-V7 dynamics and interacting proteins 

(Cao et al, 2013b; Sarkar et al, 2014). It is reasonable to suggest that this phenomenon may 

contribute to the effects seen when gal is combined with LY294002. 
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Figure 28: Gal and VNPT55 enhance phosphorylation of Akt, Mdm2 and AR.  
(A and B), LNCaP and CWR22Rv1 cells, serum starved for 12 hours were treated with increasing 

concentrations (5, 10 and 20 µM) of gal or VNPT55 for 24 hours. Immunoblot analysis show that gal and 

VNPT55 induce phosphorylation of Akt at Threonine 308 and serine 473. The agents also enhanced 

phosphorylation of Mdm2 at serine 166 (C). Densitometry was done for phosphorylated levels of AR, 

normalizing p-AR to the total AR expression after gal and VNPT55 treatment. Here it was observed that both 

agents enhanced phosphorylation of AR at both serine 210 and 213 
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Figure 29: Pharmacologic inhibition of PI3k/Akt pathway restores AR expression 
(A & B), LNCaP cells were serum starved for 12 hours and pre-treated with 20 µM LY294002 (PI3k 

inhibitor) or 20 µM U0126 (MAPK inhibitor) for 1 hour and then treated with gal/VNPT55 (20 μM). 

PI3k/Akt inhibition rescued the effects of gal on AR, whereas inhibiting MAPK did not rescue gal-induced 

AR depletion (C) CWR22Rv1 cells were serum starved in phenol red free media supplemented with charcoal 

dextran FBS for 12 hours and treated with gal (20 μM) for 24 hours after pretreating with LY294002 (20 

μM) or U0126 (20 μM) for 1 hour. Here we observed similar results with full length AR, however AR-V7 

expression was not restored with neither LY294002 nor U0126 
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The PI3k-Akt and the mitogen activated protein kinase (MAPK) pathways both 

crosstalk with the AR and induce its phosphorylation at different serine and threonine 

residues (Gioeli & Paschal, 2012; Lin et al, 2001; Yeh et al, 1999). To rule out any possible 

involvement of MAPK pathway in gal/VNPT55-induced AR/AR-V7 modulation, U0126 

(20 µmol/L), a MAPK inhibitor, was co-incubated with gal in both LNCaP and 

CWR22Rv1 cells. As shown in Figure 29 A, B and C, the ability of gal to degrade fAR and 

AR-V7 were not blocked in the presence of U0126. 

It has been reported that both LY294002 and UO126 exhibits off-target effects and 

decreases AR protein expression (Agoulnik et al, 2008; Eisold et al, 2009; Liu & Dong, 

2014; Sharma et al, 2002). In agreement with previous reports, we observed that U0126 

suppressed AR expression (Figure 30 A). In addition, we show that U0126 decreased AR-

V7 expression in CWR22Rv1 cells (Figure 30 B). In contrast to the effects of LY294002 

or U0126 on fAR degradation, the combination of these inhibitors with gal cause enhanced 

AR-V7 degradation (Figure 29 C). It is possible that the loss in N-C interaction in AR-V7 

and as a consequence, the loss in c-terminal phosphorylation sites needed to enhance AR-

V7 stability and/or possible off-target effects of the inhibitors may be potentiated by gal. 

Collectively, these data suggest that unlike MAPK kinase, PI3k/Akt kinase plays a 

significant role in gal-induced fAR degradation. 
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Figure 30: PI3k/Akt and MAPK inhibitors shows contrasting effects on AR/AR-V7. 
(A and B). LNCaP and CWR22Rv1 cells were treated with PI3k inhibitor (20 μM) and MAPK inhibitor (20 

μM) for 24 hours and their single effects on AR and AR-V7 analyzed. MAPK inhibitor (U0126) depleted 

expression of AR and AR-V7 modestly. Inhibiting the PI3k/Akt pathway on the contrary showed no effects 

on both AR and AR-V7 

Gal enhances fAR/AR-V7-Mdm2/CHIP interaction 

Mdm2 and CHIP are two of the well-studied and established E3 ligases involved in 

AR proteasomal degradation (Cardozo et al, 2003; He et al, 2004; Sarkar et al, 2014). To 

determine their involvement in gal-induced fAR/ARV7 degradation, Mdm2 or CHIP were 

silenced using small interfering RNA (siRNA) in LNCaP or CWR22Rv1 cells followed by 

treatments with gal for 24 hours. As shown in Figure 31 A, although both Mdm2 and CHIP 

knockdown inhibited fAR degradation, the effect was more significant with Mdm2 

knockdown in LNCaP cells. Conversely, in CWR22Rv1 cells, silencing of CHIP E3 ligase 

exhibited a higher rescue effect on gal-induced degradation of AR-V7 (Figure 31 B). 

Knocking down Mdm2 in CWR22Rv1 cells and treating with gal also showed that Mdm2 



93 

 

is involved in gal-induced AR-V7 degradation, although to a lesser degree (0.5 rescue 

effects as opposed to 0.9 with CHIP knockdown) (Figure 31B). We also knockdown Mdm2 

or CHIP and in the absence of gal, there was no significant effect on fAR or AR-V7 (Figure 

31 C and D). 

 

Figure 31: Knockdown of Mdm2/CHIP E3 ligase rescues Gal-induced AR/AR-V7 

degradation. 
(A), LNCaP cells seeded at 60% confluency were transfected with Mdm2 or CHIP siRNAs (100 nM each), 

with scrambled siRNA as control. Cells were then exposed to 20 µM gal for 24 hours. Results show that 

Mdm2 is more significant in gal-induced AR degradation, although inhibiting the CHIP E3 ligase also 

inhabited gal-induced AR degradation (B), CWR22Rv1 cells were subjected to similar transfection and 

treatment conditions as in A, separated proteins were probed for fAR, AR-V7, Mdm2 CHIP. We observed 

that CHIP E3 ligase is more critical in gal-induced AR-V7 degradation. We did observe a modest rescue 

effect of AR-V7 when Mdm2 was knocked down. (C), LNCaP and CWR22Rv1 (D) cells were serum starved 

for 12 hours and transfected with Mdm2 or CHIP siRNA for 72 hours and protein expression analyzed by 

western blot. 
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Mdm2 has previously been reported to interact and enhance AR ubiquitination 

preceding its degradation via the 26S proteasome (Lin et al, 2002b). From our siRNA 

knockdown experiments (Figure 31 A), we hypothesized that gal enhanced AR-Mdm2 and 

AR-V7-CHIP interactions, thereby increasing the receptors’ ubiquitination and subsequent 

degradation. To ensure immunoprecipitating approximately equal amount of proteins, 

specifically fAR/AR-V7, in both control and treated groups, cells were treated for either 

11 or 14 hours with gal at 10 μM and total cell lysates analyzed prior to 

immunoprecipitation experiments (Figure 32 A and B).  

 

 

Figure 32: Time point shows approximately equal amounts of Immunoprecipitated 

proteins. 
(A & B), Total cell lysates from treated and untreated cells (LNCaP and CWR22Rv1) were analyzed to 

determine the effects of gal before immunoprecipitation assays were conducted. Protein expression was not 

significantly altered after gal treatment at the indicated (11 and 14 hours in LNCaP and CWR22Rv1 

respectively) time points to enable equal amounts of immunoprecipitated fAR/AR-V7.  

 Full length AR has been shown to interact with HSP90 and Mdm2 to either stabilize 

it or enhance its degradation respectively. In our initial efforts to analyze the effects gal 

had on AR and its interacting proteins, we evaluated AR-V7’s interaction with Mdm2 and 
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HSP90 in the presence of gal. Our preliminary screen showed that in the presence of gal, 

interaction between mdm2 and AR-V7 or HSP90 and AR-V7 decreased (Figure 33 A-C). 

 

Figure 33: Gal treatment decreases interaction between AR-V7 and HSP90/Mdm2. 
(A, B & C), Immunoprecipitation assays showed that AR-V7 lost interaction with Mdm2 and HSP90 in the 

presence of gal. 

Treatments with gal greatly enhanced fAR-Mdm2 interaction in both LNCaP and 

CWR22Rv1 cells (Figure 34 A, top and middle panels). Heat shock protein 90 (HSP90) is 

known to interact with AR in a heteromeric complex which enhances stability of the non-

ligand bound receptor (Gioeli & Paschal, 2012; Lin et al, 2002a; Sarkar et al, 2014; Shafi 

et al, 2013a). HSP90 inhibitors such as 17-AAG induce AR-Hsp90 dissociation and 

enhance AR degradation (Solit et al, 2002). We determined the effects of gal on Hsp90-

fAR interaction. Interestingly, we found that in both LNCaP and CWR22Rv1 cells, gal 

treatment significantly reduced this interaction (Figure 34 B, top and middle panels). 

Results from immunoprecipitation assays were consistent with our siRNA 

experiments, in that the CHIP E3 ligase is more significant in gal-induced AR-V7 

ubiquitylation and degradation. Gal enhanced association between CHIP and AR-V7 

(Figure 34 A, bottom panel). A recent report on the  possibility of HSP70-AR-V7 

interaction (Shafi et al, 2013a), prompted us to investigate the effects of gal on this 

interaction if any. Indeed, we found that gal enhanced HSP70-AR-V7 interaction (Figure 
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34 C, bottom panel), suggesting HSP70 involvement in the formation of a degradation 

complex. The Co-IP with AR confirmed increased interactions in LNCaP and CWR22Rv1 

cells, respectively, between fAR and Mdm2 and a loss in interaction between fAR and 

HSPp90 (Figure 34 C, top and middle panels). As shown in Figure 35 C (bottom panel), 

we immunoprecipitated AR-V7 from CWR22Rv1 cell lysates and observed an increase in 

interacting proteins CHIP and HSP70. These data suggest that, changes observed in 

HSP90-AR and HSP70-AR-V7 interactions after gal treatment possibly rendered the 

receptors more susceptible to proteasomal degradation, in agreement with documented 

reports of small molecule-induced fAR degradation via the ubiquitin/proteasome-mediated 

proteolysis pathway (Gioeli & Paschal, 2012; Lin et al, 2002a; Sarkar et al, 2014; Shafi et 

al, 2013a). 

Taken together, these results strongly suggest that gal/VNPT55-induced fAR/AR-

V7 protein degradation is mediated predominantly through the ubiquitin/proteasome 

pathway that involves Mdm2 and CHIP E3 ligases. 
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Figure34:Gal enhances AR-Mdm2, AR-V7-CHIP interaction and AR-HSP90 

dissociation. 
 Input lanes are from control (DMSO) treated cell lysates to confirm molecular weights of 

immunoprecipitated proteins. (A), LNCaP (top panel) and CWR22Rv1 (middle and bottom panel) cells were 

serum starved for 12 hours and treated with 10 µM of gal for 14 hours (LNCaP) and 11 hours (CWR22Rv1); 

1 mg of total cell lysate was subjected to immunoprecipitation with Mdm2 and CHIP rabbit polyclonal 

antibodies. (B), LNCaP and CWR22Rv1 cells were treated as in A and subjected to immunoprecipitation 

analysis with HSP90 and Hsp70 rabbit polyclonal antibodies. (C), Co-immunoprecipitation assays in LNCaP 

and CWR22Rv1 cells with AR (N20) polyclonal and AR-V7 mouse monoclonal antibodies were carried out 

with 1 mg cell lysates after treating with gal (10 μM) for 14 hours (LNCaP cells) and 11 hours (CWR22Rv1 

cells). Membranes were probed for AR, AR-V7, Mdm2, Hsp90 and Hsp70 mouse monoclonal antibodies.  

Gal and VNPT55 induce significant apoptosis in PC cells 

Considering the strong impact gal or VNPT55 have in promoting the degradation 

of AR/AR-Vs proteins, and thus, their preclinical anti-prostate cancer activities and their 

efficacy in the clinic (vide supra), another important focus in this study was also to 

determine whether these compounds induce apoptosis in PC cells. Apoptotic induction was 



98 

 

initially evaluated by the acridine orange/ethidium bromide (AO/EB) dual staining assay 

(Ribble et al, 2005). Treatment of LNCaP or CWR22Rv1 with gal or VNPT55 (2.5 µM 

each) for 72 hours induced apoptosis as assessed by loss of cell membrane integrity and 

nuclear fragmentation (cells stained yellow/reddish orange) (Figure 35). Cells undergoing 

apoptosis loose membrane integrity enabling ethidium bromide to penetrate cells, whereas 

viable cells are only permeable to acridine orange which stains  green (Huang et al, 2012; 

Ramalingam et al, 2014; Ribble et al, 2005). 

 

Figure 35: Gal and VNPT55 induce apoptosis in PC cells. 
Apoptotic induction was analyzed with the acridine orange/ethidium bromide staining assay in LNCaP (top 

panel) and CWR22Rv1 (bottom panel) cells. Indicated cells lines were treated with 2.5 μM of gal or VNPT55 

for 72 hours. Live, apoptotic and necrotic cells stain green, orange and red respectively. Arrows next to L 

indicate live cells; arrows pointing to A indicate apoptotic cells; and arrows pointing N indicate necrotic cells 

Furthermore, we also assessed gal/VNPT55 apoptotic induction by flow cytometry. 

CWR22Rv1 cells treated for 24 hours with gal and VNPT55 (5 and 10 µM) were stained 

with Annexin-v and Propidium iodide, following manufacturers protocol. Interestingly, we 

observed that at 5 µM, gal and VNPT55 significantly induced apoptosis in CWR22Rv1 

cells (Figure. 36).  
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Figure 36: Apoptotic induction measured by fluorescence-activated cell sorting 

(FACS) analysis.  
CWR22Rv1 cells treated with gal and VNPT55 at 5 and 10 μM after 24 hours were collected and washed 2X 

with PBS. Cells were then stained with annexin-v and PI. FACS analysis was performed for apoptotic cells 

Results indicate significant increase in apoptosis with increasing concentration (*p < 0.01, **p < 0.001) 

Further analysis on poly (ADP) ribose (PARP) cleavage, a well-established 

signature of apoptosis (Nicholson et al, 1995), shows a dose-dependent effect on activated 

caspase 3 and cleaved PARP in both LNCaP (Fig 37, left panel) and CWR22Rv1 cells (Fig. 

37, right panel). 

 

Figure 37: Gal and VNPT55 induce PARP and Caspase-3 cleavage.  
LNCaP (left panel) and CWR22Rv1 (right panel), cells were serum starved in phenol-red free media 

supplemented with charcoal dextran cFBS for 12 hours and treated with increasing doses of gal or VNPT55 

(5, 10 and 20 μM) for 24 hours. Cleaved PARP and caspase 3 were analyzed by western blot. We observed 

increase in caspase3 and PARP cleavage with increasing concentration of the agents. 
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As stated earlier, we previously reported that gal modulates intracellular Ca2+ levels 

and endoplasmic reticulum stress response. Increase in intracellular Ca2+ ions is reported 

to activate calpains. This activation can result in calpain-induced-apoptosis, by activating 

a variety of pro-apoptotic proteins such as Bid, to enhance cytochrome c release from the 

mitochondria (Smith & Schnellmann, 2012). Thus, we directed our efforts to determine 

whether gal-induced apoptosis was a result of activated calpains, and/or solely due to other 

well-established pathways. Initial attempts with time-dependent analysis of gal on PARP 

cleavage showed this to coincide with calpain activation at 12 hours post gal treatment 

(Figure. 38A). To assess whether gal/VNPT55-induced PARP cleavage is a consequence 

of caspase activation via other mechanisms or due to calpain activation, LNCaP cells were 

treated with gal in the presence or absence of the caspase inhibitor, ZVAD-fmk, or the 

calpain inhibitor, calpeptin. Data presented in Figure 38 B and C shows that both gal and 

VNPT55-induced PARP cleavage was predominantly not via calpain activation. 
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Figure 38: Gal and VNPT55 induce apoptosis via the caspase-dependent pathway. 
(A), LNCaP cells were treated with gal at 20 μM for different time points (0, 3, 6, 12, 18, 24 hours)., protein 

expression analysis show that PARP cleavage and calpain activation coincided 12 hours’ post-gal treatment 

(B & C). LNCaP cells were exposed to gal or VNPT55 at 20 µM in combination with calpeptin (40 µM) or 

ZVAD-fmk (20 µM) for 24 hours. The results suggest that gal/VNPT55 induced PARP cleavage does not 

implicate calpain activation 

Since calpain inhibition did not significantly inhibit caspase 3 and PARP cleavage, 

we focused on Bax, a proapoptotic protein which could enhance mitochondrial 

permeability (Aqeilan et al, 2003; Huang et al, 2012; Tan et al, 2006). LNCaP cells treated 

with increasing doses of gal resulted in significant and remarkable enhancement of the pro-

apoptotic protein, Bax and a modest decrease in anti-apoptotic Bcl2 (Figure 39, left blot), 

leading to profound increase of the Bax/Bcl2 ratio (Figure 39, right chart). 

 



102 

 

 

Figure 39: Gal induces Bax upregulation and depletes Bcl2. 
LNCaP cells serum starved for 12 hours were treated with gal (5, 10 and 20 μM) for 24 hours and 

immunoblotted for Bax and Bcl2 (left panel). Densitometry analysis of Bax/ Bcl2 ratio show a remarkably 

strong increase with increase in gal concentration (**p < 0.001) (right chart). 

An increase in Bax and its translocation to the mitochondria has been implicated in 

cytochrome c release into the cytosol (Eskes et al, 1998; Jurgensmeier et al, 1998; Pastorino 

et al, 1998), and it has also been shown that Bax co-localization with mitochondria results 

in Bax protein pore formation to enhance the release of mitochondrial intermembrane 

protein (Antonsson et al, 1997; Eskes et al, 1998; Schlesinger et al, 1997). We therefore 

stained for Bax-mitochondria co-localization in both LNCaP and CWR22Rv1 cells after 

24 hour-treatments with gal or VNPT55. As shown in Figure 40 gal/VNPT55 treatments 

cause Bax co-localization with mitochondria (yellow stains). To show cytochrome c 

release as a result of Bax translocation and pore formation in the mitochondria, we stained 

CWR22Rv1 cells with mitotracker and cytochrome c after a 24-hour gal/VNPT55 

treatment. As illustrated in Figure 41, we see a significant release of cytochrome c, as 

indicated by co-localization of cytochrome c (green) and mitotracker (red) in control 

(DMSO) contrary to treated cells. 
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In summary, gal and VNPT55 induce profound apoptosis in LNCaP and 

CWR22Rv1 cells. Importantly, these promising and robust data differ from previous 

reports which suggest that current PC drugs that block AR transactivation do not cause 

significant apoptosis, which is thought, in part, to be the basis of their failure in the clinic 

(Sadar, 2011). 

 

Figure 40: Gal/VNPT55 enhance Bax-mitochondria co-localization. 
Bax co-localizes with mitochondria and enhances mitochondrial permeability. (Top panel) LNCaP cells were 

treated with 10 μM galeterone or VNPT55 for 24 hours. Cells were then stained with mitotracker (RED 

CMXRos) and Bax antibody. (Bottom panel) CWR22Rv1 cells were treated as in LNCaP cells and 

subsequently stained with mitotracker and Bax antibody. Images were taken and merged. Areas of co-

localization are yellow. Results suggest that gal/VNPT55 enhance Bax co-localization to the mitochondria. 
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Figure 41: Gal/VNPT55 induce cytochrome c release. 
CWR22Rv1 cells were seeded in an 8-chamber slide and treated with gal or VNPT55 (5 and 10 µM) for 24 

hours. Cells were then incubated with 125 nM of mitotracker at 37 0C for 15 minutes after which cells were 

fixed with 3.7% paraformaldehyde and stained with cytochrome c at 40C for 12 hours. In the treatment wells, 

we observe cytochrome c release represented by green fluorescence, contrary to what was observed in control 

wells (yellow fluorescence). 

Effects of Gal and VNPT55 on Nuclear Receptors  

To demonstrate the specificity of gal/VNPT55 and evaluate any off-target effects, 

we assessed the effect of gal or VNPT55 on the levels of related nuclear receptor proteins 

in LNCaP cells, including, progesterone receptor (PR), estrogen receptor beta (ERβ) and 

retinoic acid receptors (RAR-α and -β), which are known to be regulated by the 
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proteasome-mediated pathway (Varshavsky, 2005). As shown in Figure 42 A, whereas 

gal/VNPT55 caused profound depletion of AR, no change in PR, RARα and RARβ protein 

levels were detected. In addition, and as expected, there was a modest up-regulation of ERβ 

(a PC tumor suppressor) (Dondi et al, 2010), as a consequence of AR depletion (Hartman 

et al, 2012). Interestingly, gal had no significant effect on AR expression in immortalized 

untransformed PWR-1E (epithelial) prostate cells (Figure 42 B) and prostate stromal cells 

(Figure 42 C), however VNPT55 did show significant depletion of stromal expressed AR. 

These data suggest that gal and VNPT55 exhibit cell selective induction of AR degradation. 

 

Figure 42: Gal/VNPT55 show no significant effect on PR/RARα/RARβ. 
(A), 12 hours’ serum starved LNCaP cells were treated with gal (5, 10, 20 μM) or VNPT55 (5, 10, 20 μM) 

for 24 hours, using DMSO as control. Contrary to effects observed on AR, there was no observable 

downregulation effects on PR/RARα/RARβ. There was increased in ERβ expression (B), Immortalized 

untransformed prostate epithelial cells (PWR-1E cells) were incubated in phenol red free charcoal dextran 

FBS for 12 hours and treated with gal or VNPT55 at 5, 10 and 20 μM for an additional 24 hours. There was 

no significant effect on AR expression in these noncancerous cells (C), Immortalized untransformed prostate 

stromal cells (WPMY-1) were treated as in (B) and AR expression analyzed. Protein expression of stromal 

cell AR was decreased, although not as significant in LNCaP and CWR22Rv1 cells. 
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Summary and Discussion of Specific Aim 1 

Androgen receptor pathway antagonism is one of the major strategies in prostate 

cancer therapy. Currently gal’s efficacy against HSPC and CRPC cancer cells is strongly 

related to its multiple effects. Additional inhibitory effects of gal on AR binding to 

chromatin were reported by Balk and colleagues (Pelley et al, 2006). Overexpression of 

fAR and AR-Vs is implicated in resistance to current approved therapy in HSPC and CRPC 

(Chen et al, 2004; Dehm & Tindall, 2011). Through the use of clinically relevant PC cell 

lines and pharmacologic inhibitors, we demonstrated that fAR and AR-V7 protein 

degradation by these two novel agents involves predominantly, the ubiquitin-proteasome 

pathway. The potential roles of Mdm2 and CHIP E3 ligases in gal-induced degradation of 

fAR and AR-V7, respectively, are summarized in a model in Figure 43. 

Interestingly, the fact that fAR and AR-V7 mRNA levels and their protein levels 

following treatment of PC cells with gal or VNPT55 were significantly depleted, as well 

as ARv567es protein levels, suggest that these agents could deplete a wide range of AR 

mutants or variants that are expressed in CRPC. AR is known to auto-regulate its 

transcription (Wolf et al, 1993), and a decline of AR protein would be expected to cause 

an increase in AR transcription. However, the fact that we observe a decrease in AR mRNA 

and protein depletion suggests that gal and its analog could sustain a down-regulation of 

AR in PC patients. It is also important to note that resistance and proliferation abilities of 

PC cells due to activated pathways by non-genotropic activities of AR (Peterziel et al, 

1999) will be eliminated resulting in an enhanced anti-cancer activity. 
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Figure 43: Schematic for gal induced AR/AR-V7 degradation. 
1) Major pathway for gal-induced fAR degradation (left). Gal treatment of PC cells implicates PI3K/Akt 

pathway: Akt phosphorylates AR at Ser210. Active Akt also phosphorylates Mdm2, which enhances 

ubiquitination of AR. Ubiquitinated AR is degraded by the 26S proteasome. 2) Major pathway for gal-

induced AR-V7 degradation (right)). Gal treatment of PC cells stimulates increased interaction between 

CHIP-AR-V7, which then enhances ubiquitination of AR-V7 and targets it to degradation via the 26S 

proteasome. 

Further mechanistic analysis revealed that pharmacological inhibition of Akt 

phosphorylation suppressed gal-induced fAR degradation in contrast to the effects seen 

with AR-V7 degradation. Single agent treatment with LY294002 did not significantly 

affect AR-V7 protein expression (See Figure 30), however the combination decreased its 

expression further, and this was the case with MAPK inhibitor also, which leads a potential 

future combination treatment studies to target AR-V7. From our data, Akt and Mdm2 

phosphorylation was significantly implicated in fAR degradation in both LNCaP and 

CWR22Rv1 cells. Using targeted siRNA knockdown of Mdm2/CHIP and 

immunoprecipitation assays we demonstrated that, unlike fAR, gal induction of AR-V7 
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degradation significantly involved enhanced interaction with CHIP E3 ligase. The lack of 

C-terminal domain of the splice variant AR-V7 has been reported to change its dynamics 

and cofactors impacting protein-protein interactions (Lapouge et al, 2008). It is possible 

that this truncation also changes protein-protein interactions induced by gal on the variant 

AR to favor CHIP E3 ligase mediated AR-V7 degradation. Further studies on AR-V7-

CHIP interaction are needed to fully delineate the significant factors involved in AR-V7 

modulation. A recent report suggests that AR phosphorylation impairments may favor 

CHIP E3 ligase-mediated fAR proteasomal degradation (Chymkowitch et al, 2011). This 

may be the case with gal-induced AR-V7 degradation. 

Gal induced dissociation of fAR from HSP90 after treatment in LNCaP cells. 

Although there is sparse literature on AR-Vs and their interactions with co-

activators/chaperones, Weigel and colleagues recently reported that unlike fAR, AR-V7 is 

resistant to inhibitors of the Hsp90-AR heterocomplex and suggested possible existence of 

HSP70-AR-V7 complex (Shafi et al, 2013a). Our data appear to be consistent with this 

report, because AR-V7 degradation was preceded by Hsp70 and CHIP association. 

Perhaps, what’s more interesting is that, although AR-Hsp90 disruptive inhibitors have no 

effect on AR-V7, we show that AR-V7 undergoes ubiquitination and proteasomal 

degradation and hence can be targeted via that pathway. 

In addition to gal’s well-established triple mechanism of anti-AR activity 

(Purushottamachar et al, 2013a; Vasaitis et al, 2008), we report for the first time that gal-

induces robust apoptosis in PC cells in vitro and in vivo. Induction of caspase-3 and PARP 

cleavage is possibly one of the major reasons for the efficacy of gal and its analog in 

inhibiting PC cell growth. We note that the apoptosis-inducing effect of an agent is also 
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dependent on the balance of anti-apoptotic and pro-apoptotic proteins (Bcl-2 and Bax) 

(Ghobrial et al, 2005). Typically, the ratio of Bcl-2 and Bax protein expression is used as 

an index of apoptosis (Mirjolet et al, 2000). We observed a remarkable up-regulation of 

Bax protein levels and a moderate decrease in the Bcl-2 protein levels, leading to an 

increase of the Bax/Bcl-2 ratio. This observation is important, as induction of robust 

apoptosis is crucial for inhibition of growth and progression of PC, and may be considered 

as a paramount predictive marker for forecasting the clinical therapeutic response to gal 

and its analogs. Depletion of Bcl-2 may also contribute significantly to the anti-cancer 

efficacy of gal, as Bcl-2 is known to cause chemo-resistance in prostate cancer (Miayake 

et al, 2000). 

To confirm that most of these effects seen on the various pathways were not a result 

of high utilized doses, we compared induction of apoptosis at different doses (2.5, 5, 10 

and 20 µmol/L) over 24 and 72 hours, using different complementary analytical tools. We 

also evaluated the effects on AR/AR-V7 at low concentrations with positive results. This 

suggests that the effects of gal and VNPT55 (at concentrations ranging from 1 to 20 

µmol/L) on fAR/AR-V7 and apoptosis are not off target or toxic effects. The fact that gal 

and VNPT55 also induce calpain-dependent AR depletion led us to conclude that gal and 

VNPT55 induce well-established cell based mechanisms to inhibit cell proliferation. 

Remarkably, gal and VNPT55 had no significant effect on the expression of fAR 

in immortalized untransformed prostate epithelial cells (PWR-1E). This is very significant 

as it gives an insight to the low toxic nature of the agent, as observed in the clinic (Kwegyir-

Afful et al, 2015; Montgomery G, 2014; Taplin M-E, 2014b), and the potential of a minimal 

effect on AR expressed in healthy non-cancerous tissues. This finding is consistent with 
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the ability of agents to preferentially induce depletion of AR expression in PC tumors, 

without affecting AR expression in normal prostate cells, as recently reported by others 

(Deep et al, 2008; Li et al, 2011b). 

One major mechanism of resistance in CRPC is the overexpression of AR and the 

emergence of splice variant ARs (AR-Vs). Recently approved PC drugs, i.e., abiraterone 

and enzalutamide have been reported to cause rapid induction and increased expression of 

AR-Vs in laboratory and clinical settings (Antonarakis et al, 2014; Li et al, 2013; 

Mostaghel et al, 2011; Schrader et al, 2013; Sun et al, 2010; Zhang et al, 2011). In addition, 

anti-androgens currently used for the treatment of PC do not cause significant apoptosis 

that may contribute to their failures in the clinic (Sadar, 2011). The present study shows 

significant gal-induced degradation of fAR, AR-V7 and ARv567es that are implicated in all 

stages of PC progression and resistance settings (Antonarakis et al, 2014; Li et al, 2013; 

Mostaghel et al, 2011; Schrader et al, 2013; Sun et al, 2010; Zhang et al, 2011). Overall, 

this study yielded results of high translational relevance because it provides strong 

preclinical validation of phase II results and the ongoing pivotal phase III clinical trials of 

gal in PC patients with AR-Vs. 

Future Directions 

Previous studies have shown that gal binds to the LBD of the androgen receptor, it 

would be interesting to determine if the molecule binds to other motifs of the receptor in 

addition to the LBD. This will enable us draw conclusions as to whether binding to the 

receptor is a requirement for inducing its degradation. As stated earlier, VNPT55 binds 

weakly to the AR LBD but degrades it more efficiently than gal. In addition, the effects on 

splice variant AR-Vs which lack the LBD also makes it imperative to investigate whether 
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these small molecule inhibitors bind to any other domain of the androgen receptor. AR 

phosphorylation has been shown to precede its degradation. In this study we focused on 

serine 210/213 phosphorylation resides. Thus, further studies will evaluate the involvement 

of other phosphorylation residues in gal-induced AR/AR-V7 degradation. Although, the 

CHIP E3 ligase has been shown to ubiquitinate AR in the absence phosphorylation, other 

reports have also shown that phosphorylated AR can be ubiquitinated by CHIP prior to its 

degradation. It would be interesting to determine these phosphorylation residues induced 

in the splice variant AR-Vs by gal/analogs, preceding its ubiquitination and proteasomal 

degradation.  

Currently, extensive studies on AR-V7 and ARv567es emphasize their implication 

in drug resistance and metastases. Since a number of other splice variants are also 

expressed in CRPC cells, future work will analyze the effects of gal and it analogs on their 

protein and mRNA expression.  
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Specific Aim 2a: To determine effects on oncogenic pathways 

modulated by ARDAs in inhibiting prostate 

cancer cell migration and invasion. 

Gal’s activity against AR negative cells and xenograft may be due 

to modulation of translation machinery. 

Gal induces ER stress in AR positive prostate cancer cells at low doses 

Previous studies in PC-3 cells revealed that gal upregulated ERSR genes (CHOP 

and phosphorylated eIF2α) (Bruno et al, 2008), which are also known to influence protein 

translation. Following these observations, established PC-3 xenografts were treated with 

gal. Interestingly, it was observed that although gal did not prevent tumor formation; 

average tumor volume and weights were significantly smaller compared to controls. 

Efficacy of gal on PC-3 xenografts in addition to its effects on AR signaling suggested a 

multi-target activity of galeterone.  

Galeterone’s effects on ERSR genes in PC-3 cells were recapitulated in AR positive 

cells (LNCaP and CWR22Rv1) in vitro (Figure 44), increasing CHOP and phosphorylated 

eIF2α (peIF2α). However, analysis of peIF2α and BIP expression in AR-positive LAPC4 

xenografts (Vasaitis et al, 2008) revealed no significant difference between vehicle and gal 

treated groups. In contrast, cyclin D1 protein expression was significantly down-regulated 

in vivo. Since cyclin D1 expression is known to be tightly regulated by the Mnk1/2-eIF4E 

translation complex (Rosenwald et al, 1995; Rosenwald et al, 1993), we surmised that gal 

negatively impacted protein translation. We hypothesized that gal’s efficacy in PC-3 cells 

was not only as a result of ER stress induction but possibly due to additional multiple 

effects on the translation machinery and other oncogenic pathways.  
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Figure 44: Gal induces ERSR markers at low micromolar concentrations. 
1 X 106 LNCaP (left panel) and CWR22Rv1 (right panel) cells were seeded in 10 cm plates in 5% charcoal 

dextran supplemented RPMI and subsequently treated with gal (1-5 µM) for duration of 72 hours. 

Immunoblot analysis revealed that gal, at low micromolar concentrations increased ERSR markers. 

Simultaneous targeting of the androgen receptor and translation machinery 

We performed cell viability assays in PC cells with CGP-57380 (Mnk kinase 

inhibitor) to highlight the significance of inhibiting Mnk1/2. In Figure 45 and Table 5, we 

observed that CGP-57380 GI50 values in DU145 and CWR22Rv1 cells were comparable 

to gal; however, CGP-57380 showed reduced potency in PC-3 cells. A study by Bianchini 

and colleagues reported that PC-3 cells expressed significantly lower levels of peIF4e than 

DU145 (Bianchini et al, 2008), and this may have contributed to CGPs high GI50 values 

observed. 
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Figure 45: Anti-proliferative ability of gal and VNPT55 compared to CGP-57380. 
2500 cells/well were seeded in 96 well plates and allowed to attach overnight. Indicated compounds were 

serially diluted in complete culture media, cells were treated for 72 hours and media and compounds replaced 

for an additional 96 hours. Mtt reagent was used to determine cell viability and dose-response curves plotted 

using graphpad prism 4 to compute GI50 values. Cell viability assay, revealed that CGP-57380 maintained 

modestly low GI50 values, suggesting that significant inhibition of the Mnk-eIF4E axis, decreases cell 

viability  

 

Table 5: GI50 values of gal/VNPT55 and CGP-57380 in AR positive/negative cells. 
Cell viability assays were performed in DU145, PC-3 and CWR22Rv1 cells comparing anti-proliferative 

activities of gal, VNPT55 and CGP-57380. We observed that, with the exception of PC-3 cells, CGP-57380 

Mnk kinase inhibitor decreased cell viability of both AR positive and negative PC cells with GI50 values 

comparable to that of gal/VNPT55. 

To show that gal/VNPT55 exerted their anti-cancer activities, partly through 

antagonizing both AR and Mnk1/2-eIF4E axis, we transfected CWR22Rv2 cells with AR 

and/or Mnk1 siRNA (Figure 46), and analyzed cell viability after treatment with 

gal/VNPT55. Figure 47 shows that in the absence of AR and/or Mnk, GI50 values of 
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gal/VNPT55 were significantly higher in comparison to treated/untransfected cells. This 

suggests that by silencing both AR and/or Mnk1, we eliminated the prime targets of 

gal/VNPT55, thus minimizing their full impact on cell viability.  

 

Figure 46: AR and/ Mnk1 were silenced in CWR22Rv1 cells. 
Western blot analysis was conducted on CWR22Rv1 cells transfected with 50 nM of AR and Mnk1 siRNA 

alone and in combination for 4 days, complexes were washed off and cells lysed after an additional 72 hours 

and analyzed for AR and Mnk1 protein expression. 

 

Figure 47: Growth inhibition after knockdown of AR/Mnk1 and treatment with 

ARDAs. 
LNCaP and CWR22Rv1 cells from figure 46 were seeded at 2500 cells/well in a 96 well-plate, allowed to 

attach overnight and subsequently treated with gal and VNPT55 for an additional 72 hours, cell viability was 

determined as in materials and methods, and GI50 values represented as a barchart. GI50 values of gal alone 

were compared to GI50 values of cells transfected with AR or Mnk1 siRNA or both. This was repeated for 

VNPT55. Analysis shows a significant increase in GI50 values in the absence of AR, Mnk1 or both (*p<0.05). 
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We also evaluated the impact of combining CGP-57380 and gal on PC cell 

proliferation. Using the calcusyn software, combination indices (CI), in both CWR22Rv1 

and DU145 (CI values at ED50 = 10.32393 and 1.58119, respectively) showed 

antagonistic interaction (Figure 48, Table 6 and 7). 

 

 

Figure 48: Isobolograms of combination Gal-CGP-57380.  
CWR22Rv1 and DU145 cells were seeded in 96-well plates and treated with a combination of both 

gal/VNPT55 and CGP-57380 at a constant ratio of their respective GI50 values. After cell viability was 

determined with MTT reagent, the fractional effects of the compounds alone and in combination was 

determined and analyzed by the Calcusyn software to determine the combination indices (CI), to evaluate 

whether compounds act in synergy (CI < 1), additive (CI = 1) or antagonistic (CI > 1). CI values at ED90 

indicate strong antagonism. 

 

Table 6: Combination index of gal and CGP-57380 at ED50, ED75 and ED90. 
Table of results for experiments conducted in Figure 48. Showing CI values in CWR22Rv1 cells. Gals 

interaction with CGP-57380, are strongly antagonistic at all levels evaluated. 
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Table 7: Combination index of gal and CGP-57380 at ED50, ED75 and ED90. 
Table of results for experiments conducted in Figure 48. Showing CI values in DU145 cells 

Complementary colony formation studies were also conducted, treating cells with 

gal, VNPT55, CGP-57380 and their combinations at ratios of their GI50 values. Results 

from colonies revealed lack of enhanced activity (Figure 49). The compounds alone and in 

combination, significantly inhibited colony formation when compared to controls. 

However, growth inhibition when compounds were combined did not show significant 

differences when compared to gal, VNPT55 and CGP at comparable concentrations. 
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Figure 49: Colony formation analyzing combination effects of galeterone, VNPT55 

and CGP-57380. 
1000 cells/well of CWR22Rv1 cells were seeded in 6-well plates and treated with gal/VNPT55 alone or in 

combination with CGP-57380 (left panel), colonies were stained and counted and presented as bar chart 

(right graph). Quantifying colonies, show a significant decrease in colony formation in comparison to control 

(*p<0.05, **p<0.001) 
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Gal and VNPT55 modulate the Mnk1/2-eIF4E axis 

Gal and VNPT55 deplete protein expression of Mnk1/2 PC cells 

EIF4E  plays a critical role in activating  oncogenes implicated in cancer cell 

survival, proliferation and metastasis (Mamane et al, 2004). EIF4E phosphorylation is 

dependent on the kinase activity of the MAPK kinase interacting kinase 1/2 (Mnk1/2), 

which are downstream of the Ras/MAPK pathway. On-going work from our laboratory, 

part of which has been published, showed simultaneous degradation effects of our novel 

retinamides (NR) on the androgen receptor and Mnk1/2 (Mbatia et al, 2015; Ramamurthy 

et al, 2015). Considering the effects of gal seen on cyclin D1 protein expression and the 

possibility that gal and VNPT55 may exhibit multiple activities like the NR, we analyzed 

protein expression of phosphorylated eIF4E in LNCaP, CWR22Rv1, DU145, and PC-

3cells. Our initial analysis on the effects of gal were evaluated in LNCAP and CWR22Rv1 

cells at 1-5 μM over a 72-hour time point (Figure 50) 

 

Figure 50: Gal depletes protein expression of Mnk1. 
LNCaP and CWR22Rv1 cells were seeded at 50% confluence and serum starved for 12 hours. Cells were 

subsequently treated with gal at indicated concentration for 72 hours in phenol-red free RPMI in 5% charcoal 

dextran FBS. Protein expression of Mnk1 and phosphorylated eIF4E show a decrease after protein were 

analyzed at the indicated time point. 
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We further evaluated whether VNPT55 exhibited the same effects on the translation 

axis. Cells were treated with both gal/VNPT55 (5-20 μM) and protein expression analyzed 

24 hours post compound treatment in LNCaP and CWR22Rv1 cells (Figure 51). Indeed, 

gal and VNPT55 decreased eIF4E phosphorylation and also significantly depleted Mnk1/2 

protein expression. Perhaps what was most significant was the fact that gal and its analog 

also had the similar effects on the Mnk-eIF4E axis in both PC3 and DU145 cells (Figure 

52). This was the first proof supporting the idea that depletion of Mnk1/2 by gal and its 

analogs was AR independent,  

 

Figure 51: Gal/VNPT55 deplete Mnk1/2 protein expression. 
LNCaP (left panel) and CWR22Rv1 (right panel) cells were treated with increasing dose of gal/VNPT55 and 

Mnk1/2 protein expression analyzed by western blot with 50 µg total protein. We observed that effects on 

Mnk1 were more pronounced in LNCaP cells, whereas effects on Mnk2 were significantly downregulated in 

CWR22Rv1 cell 

 

Figure 52: Gal and VNPT55 deplete Mnk1/2 in AR negative cells. 
DU145 (left panel) and PC-3 (right panel) cells were treated with gal and VNPT55 at 10 μM for 24 hours. 

Cells were lysed with RIPA buffer and 50 and 100 µg of total protein used in analyzing total and 

phosphorylated proteins respectively. 
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Gal modulate Mnk1 protein via the proteasome and decrease mRNA levels of 

Mnk1 

We also evaluated whether the proteasomal enzyme played a significant role in gal-

induced depletion of Mnk1 protein expression. Interestingly as reported for the novel 

retinamides, depletion effects of gal/VNPT55 on Mnk1 were significantly inhibited by the 

proteasomal inhibitor MG132, in LNCaP and CWR22Rv1 cells (Figure 53 A), suggesting 

the role of the proteasome in Mnk1/2 depletion.  

We next examined whether this enhanced degradation was also preceded by 

ubiquitination. Indeed, gal enhanced Mnk1 ubiquitination prior to its degradation (Figure 

53 B). In attempt to evaluate whether these effects are only seen post-translationally on 

Mnk1, we analyzed mRNA from gal/VNPT55 treated PC cells (PC-3, DU145 and 

CWR22Rv1 cells) and subjected them to quantitative real-time polymerase chain reaction 

(qRT PCR) analysis. Data presented in Figure 53C show that at 5 and 10 µM, both 

compounds decreased mRNA of Mnk1 significantly (p<0.05). We also analyzed 

downstream effects of Mnk1-eIF4E inhibition in LNCaP cells and observed that Cox-2, 

Mcl-1 and cyclin D1 protein expressions were strongly depleted by both gal and VNPT55 

(Figure 53 D). 
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Figure 53: Gal and VNPT55 decrease mRNA levels of Mnk1 and also degrade the 

protein via the proteasomal pathway. 
(A), LNCaP and CWR22Rv1 cells incubated with gal alone or in combination with MG132, to determine the 

role of the proteasomal enzyme in gal/VNPT55 induced post-translational modulation of Mnk1. (B), LNCaP 

cells treated as in A, and 1 mg total protein used in immunoprecipitation analysis and probed with ubiquitin 

antibodies. (C), RNA was collected from PC-3, DU145 and CWR22Rv1 cells incubated with indicated 

compounds for 24 hours. Mnk1 primers were used in quantitative real-time PCR to evaluate effects on mRNA 

expression levels. Although there were no significant differences between the treated groups, in comparison 

to controls, both compounds significantly downregulated Mnk1 mRNA expression in all three cell lines 

(*p<0.05). (D), LNCaP cells were treated with 10 μM of gal/VNPT55 and downstream targets of Mnk-eIF4E 

axis were evaluated 
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Gal and VNPT55 decrease N-Cadherin and up-regulate E-Cadherin protein 

expression 

Based on the significant effects seen in our initial analysis on Mnk1/2-eIF4E axis, 

we hypothesized that gal/VNPT55 may inhibit migration and invasion of PC cells, by down 

regulating factors involved in EMT. Several lines of evidence have implicated an over-

active translational complex in cancer disease progression, migration and metastasis 

(Bianchini et al, 2008; Robichaud et al, 2015).  

The Mnk-eIF4E axis plays a pivotal role in the expression of mesenchymal markers 

such as MMPs and Snail (De Benedetti & Graff, 2004; Graff et al, 2008; Robichaud et al, 

2015). We first examined the effects of gal/VNPT55 at 5 and 10 μM on N-Cadherin protein 

expression in PC-3 and DU145 cells by western blot analysis. As shown in Figure 54, the 

compounds significantly decreased N-Cadherin protein levels and increased expression of 

epithelial marker, tight junction protein zona occludens protein, ZO-1 in PC-3 cells. 

However, effects on N-Cadherin in DU145 were not as significant as was observed in PC-

3 cells.  

We also determined whether gal/VNPT55 had any effect on E-cadherin expression 

levels using fluorescence microscopy. Interestingly, both gal and VNPT55 caused strong 

up-regulation of E-Cadherin in PC-3 and DU145 cells (Figure. 55), suggesting a reversal 

in mesenchymal characteristics to a more epithelial non-invasive state. 
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Figure 54: Gal and VNPT55 Reverse EMT markers. 
Lysates from PC-3 and DU145 cells treated with 5 and 10 µM for 24 hours were subjected to immunoblot 

analysis to evaluate N-Cadherin and ZO-1 protein expression. We observed a significant decrease N-

Cadherin protein expression in PC-3 cells with an increased expression of Zona occludin 1(ZO-1) in both 

cell lines. On the contrary, N-Cadherin in DU145 cells was not remarkably downregulated. 

 

Figure 55: Gal and VNPT55 increase expression of E-Cadherin. 
PC-3 and DU145 cells incubated with gal and VNPT55 at 10 μM for 24 hours were stained with E-Cadherin 

polyclonal antibodies. Images were taken with Zeiss microscope. E-Cadherin expression was remarkably 

increased by both agents. 
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Gal and VNPT55 inhibit MMP collagenase activity in PC cells 

Dysregulation of MMPs play a critical role in carcinogenesis, tumor invasion and 

tissue remodeling (Coussens et al, 2002; Sternlicht et al, 1999; Vu et al, 1998). Activation 

of MMPs enhance cell invasion by degrading the ECM. Migrating and invading cells 

express and secrete MMPs that degrade the ECM; hence we focused our next analysis on 

the expression of MMP-2/-9 in PC cells. As shown in Figure 56 A, MMP-2 was strongly 

down-regulated in CWR22Rv1 cells and both MMP-2/-9 protein expression were also 

markedly downregulated in PC-3 and DU145 cells. Conditioned media from 36 hours’ gal 

treated LNCaP cells were analyzed by zymogram gel. Strong inhibition of collagenase 

activity was observed (Figure 56 B, upper panel and bottom chart) 

 

Figure 56: Gal and VNPT55 deplete MMP-2/-9. 
(A), PC-3, DU145 and CWR22Rv1 cells were analyzed for MMP-2/-9 protein expression after gal/VNPT55 

treatment. Immunoblot analysis showed a decrease in protein expression (B), LNCaP cells were treated with 

indicated concentrations for 36 hours. Conditioned media was analyzed for collagenase activity of MMP-2 

(top), densitometric analyses (bottom bar chart) shows significant decrease in MMP-2 collagenase activity 

in treated groups compared to controls (*p<0.05, **p<0.001)   
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Since AR negative PC cells have been shown to migrate faster than AR positive 

cells in vitro, we analyzed the effects of gal/VNPT55 on MMP activity, prior to conducting 

migration/invasion assays. Conditioned media from PC cells incubated with compounds 

for 72 hours (PC-3 and DU145) were analyzed for collagenase activity. PC-3 (Figure. 57 

A) and DU145 (Figure. 57B) cells were incubated for 72 hours with gal/VNPT55 at 2.5 

and 5 µM. Zymogram gels analyzing conditioned media from PC-3 cultures show a 

significant decrease in collagenase activity. Quantification of digested bands from DU145 

zymogram gels shows a significant down-regulation of secreted MMP-2/-9 (Figure 57 B). 

Clearly, the ability of secreted protein to digest collagen in zymogram gel was significantly 

inhibited by gal/VNPT55.  

 

 

Figure 57: Gal and VNPT55 decrease MMP-2/-9 proteolytic activity. 
(A), PC-3 cells were treated with gal/VNPT55 at 2.5 and 5 µM for 72 hours and media concentrated and a 

zymogram gel used to determine proteolytic activity of MMP-2/-9. (B), DU145 cells were treated as in A, at 

2.5 µM with gal/VNPT55 and analyzed with gelatin gels. Densitometric analysis shows a significant decrease 

in MMP-2/-9 activity in treated controls compared to untreated controls (*p<0.05). 
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Gal and VNPT55 inhibit migration of PC cells in vitro 

We also determined whether gal/VNPT55-induced depletion of EMT markers also 

subsequently caused inhibition of PC cell migration and invasion. Prior to conducting these 

assays, we evaluated cell viability with gal, VNPT55, CGP-57380 and enzalutamide (1-10 

µM), over a 24-hour time point, to show that doses used did not compromise cell integrity 

and also that cell numbers did not increase significantly (Figure 58).  

 

Figure 58: 24 hour MTT cell viability assay. 
To evaluate whether PC-3 and DU145 cells used in migration and invasion assays at indicated compound 

concentrations did not significantly compromise cell numbers and viability, we performed a 24 hour MTT 

cell viability assay with gal/VNPT55, CGP-57380 and Enzalutamide (1-10 μM) for 24 hours and analyzed. 

Results show that after 24 hours, there was no significant differences between untreated and treated cells. 

PC-3 and DU145 cells grown to a monolayer and scratched with 200 μl pipette tip, 

were subsequently treated with gal/VNPT55 (5 µM) over 12 hours Compared to controls 

gal/VNPT55 significantly inhibited migration of both PC-3 and DU145 cells (Figure 59 

A). Wound healing was quantified by the difference in distance at 0 and 12 hours 

normalizing distance migrated to control after 12 hours (Figure 59 B). 
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Figure 59:  Gal and VNPT55 inhibit migration of PC3 and DU145 cells  
(A), PC-3 (top panel) and DU145 (middle panel) cultured in 24-well plates to a confluent monolayer were 

scratched with a 200 µl pipette tip and subsequently treated with indicated compounds for 12 hours. (B), 

Wounds were measured before and after the 12-hour time point. Distance migrated were quantified by 

measuring the difference at time 0 and 12 hours and normalized to control. (Distance migrated = Distance at 

time 0 hour - distance at 12 hours/ Distance migrated by control) (**p<0.001). 
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Gal and VNPT55 inhibit invasion of PC cells in vitro 

Boyden inserts pre-coated with BME were utilized in invasion assays. 0.75 X 105 

PC-3, DU145 and CWR22Rv1 cells were seeded in the upper chamber in phenol red-free 

RPMI (as in schematic, Figure 60) and treated with gal, VNPT55 or CGP-57380.  

 

Figure 60: In Vitro invasion assay set-up. 
Schematic illustrating invasion assay set-up, cells are seeded in the upper chamber on BME pre-coated inserts 

and lower chambers containing media and chemo-attractant (10% FBS). 

Invading cells after 24 hours were stained with 0.5% crystal violet solution (Figure 

61 A) and quantified by counting cells at the bottom part of the insert (Figure 61 B). Gal, 

VNPT55 and CGP-57380 significantly inhibited invasion of PC-3, DU145 and 

CWR22Rv1 cells compared to DMSO treated controls (Figure 61). Notably, gal and 

VNPT55 were significantly more potent than CGP-57380. 
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Figure 61: Gal and VNPT55 inhibit invasion of PC3, DU145 and CWR22Rv1 cells. 
(A), PC-3, DU145 and CWR22Rv1 were seeded in Trevigen BME pre-coated inserts. Cells treated with gal, 

VNPT55 and CGP at 5 μM. (B), Quantified invaded cells show a significant inhibition of PC cell invasion 

(*p < 0.05, **p<0.001). 

Gal abrogates EGF-induced migration and collagenase activity 

Epidermal growth factor family ligands are critically implicated in cell motility and 

tumor invasion (Wells, 1999; Wells et al, 2002). The mTORC2-NF-кB pathway, 

promoting chemoresistance has been shown to be activated by epidermal growth factor 

receptor (EGFR) (Tanaka et al, 2011). Previous studies have shown that MAPK inhibitor 

(U0126) retards cell migration and invasion (Chen et al, 2009a). Here, we compared the 

ability of gal, U0126 and CGP-57380 to inhibit cell migration in the presence of activating 

EGF ligand (10 ng/ml). We observed that both U0126 and CGP-57380 inhibited migration 
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of PC-3 cells (Figure 62A) as prior reported. However, in the presence of EGF ligand, only 

gal and CGP-57380 significantly inhibited cell migration. We also observed that in the 

presence of EGF ligand, cells migrated faster than DMSO treated controls. It was 

interesting that U0126 did not inhibit cell migration in the presence of activating EGF 

ligands. This possibly might be due to the concentration of U0126 used in the assay, as 

different compounds exhibit efficacy at different concentrations. Migration assays were 

repeated at least three times and represented as average ± S.E.M. 

 

Figure 62: Gal inhibits migration of PC3 cells in the presence of activating EGF 

ligand. 
(A), PC-3 cells grown to a monolayer and scratched with 200 μl were treated with EGF (10 ng/ml) alone and 

in combination with gal (5 μM), CGP (5 μM) and U0126 (5 μM). Wound healing was analyzed as in figure 

59 A. (B), gal and CGP significantly inhibited migration in the presence of EGF ligand (*p<0.05). (C), PC-

3 cells treated with TNF-α (10 ng/ml) with or without gal and protein expression analyzed. All experiments 

were repeated at least three times and represented as mean ± S.E.M. 
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Distance migrated were quantified as earlier and represented as a barchart (Figure 

62 B).  We also analyzed the effects on EMT markers in the presence of activating EGF 

ligand. PC-3 cells treated with 10 ng/ml of EGF were subsequently treated with gal at 10 

μM. Figure 62C, indicate that gal is able to deplete MMP-9, Cox-2 and N-Cadherin 

expression 

We also analyzed gal’s ability to decrease collagenase activity in the presence of 

activating EGF ligand. Cells seeded in phenol-red free RPMI, just as in all zymogram 

assays (materials and methods), were treated with gal andVNPT55, alone and in 

combination with EGF. Analysis of MMP-9 collagenase activity in PC-3 revealed that in 

the presence of EGF ligand, gals’ ability to decrease MMP-9 activity was not diminished 

(Figure 63). 

 

Figure 63: Gal decreases collagenase activity in presence of activating EGF ligand. 
To evaluate whether activated MMP-9 could be inhibited by gal as in Figure 62, we treated cells with gal, 

VNPT55 with or without EGF at (gal-5 µM + EGF-10ng/ml) and incubated for 72 hours. Conditioned media 

was concentrated and separated on zymogram gels. We observed, just as in Figure 62 A & B, that gal in the 

presence of EGF, inhibited collagenase activity. EGF treated cells also showed a significant increase in 

MMP-9 activity when compared to untreated controls. Experiments were repeated three times (*p<0.05, 

**p<0.001) 
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Gal and VNPT55 antagonize the NF-κB signaling pathway 

The NF-κB pathway has been implicated in cell proliferation, tumor metastasis, 

angiogenesis, cell survival (Luo et al, 2005) and induction of drug resistance. EMT markers 

such as Snail, Slug, and Twist1 have been reported to be activated by the NF-κB signaling 

pathway.  Twist1 has many times been referred to as a master regulator and is implicated 

in EMT regulation in several cancers including prostate cancer (Kwok et al, 2005). 

Activated NF-κB (p65) heterodimerizes with p50, this complex translocate to the nucleus 

where it binds to cognate DNA response elements in promoter regions to induce 

transcription of target genes (Zhong et al, 1998). 

Considering the effects seen on migration and invasion of PC cells, and also 

downstream targets of NF-κB signaling (E-cadherin, N-Cadherin and Cox-2), we 

proceeded to analyze potential effects of gal/VNPT55 on p-p65 and its transcriptional 

activities. We evaluated expression of NF-κB subunits p65 and p52 and phosphorylated 

p65 after a 24-hour time point post gal/VNPT55 treatment. As shown in Figure 64, gal did 

not affect total protein expression of p65 and p52, but significantly decreased 

phosphorylation of p65 in both PC-3 and DU145 cells. VNPT55 also decreased p65 

phosphorylation markedly in both PC-3 and DU145 cells, with no effect on the p52 subunit. 

However, we did observe a very low decrease in total expression of p65 protein level in 

both cell lines (more prominent in DU145 than PC-3 cells). 
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Figure 64: Gal and VNPT55 downregulate phosphorylation of NF-κB (p65) subunit. 
PC-3 (left panel) and DU145 (right panel) cells were treated with gal and VNPT55 for 24 hours and 50 or 

100 μg of total cell lysates separated on a 10% Tris/glycine gel to analyze p65, p52 and phosphorylated p65 

(p-p65). Total proteins were not significantly affected, on the other hand, phosphorylated p65 was markedly 

downregulated. 

As stated earlier, NF-κB has been implicated in the regulation of EMT transcription 

factors (Li et al, 2012a; Pham et al, 2007) and the Mnk1/2-eIF4E axis also tightly regulates 

the translation of Snail and Vegf mRNA (Korneeva et al, 2010; Robichaud et al, 2015). To 

delineate whether gal/VNPT55 suppression of PC migration and invasion resulted from a 

combined inhibition of both NF-κB and Mnk/eIF4E axis, we analyzed mRNA levels of 

NF-κB target genes, Snail, Twist1, MMP-9 and E-Cadherin. Interestingly, Snail and MMP-

9 mRNA expression were significantly down-regulated with a significant increase in E-

Cadherin mRNA (Figure 65). In contrast, Twist1 mRNA was not significantly affected by 

gal/VNPT55 (Figure 65). This was very interesting since it suggests that gal and its analogs 

selectively modulate genes which are known to be activated by NF-κB. It is possible that 

other pathways involved in activating these genes (e.g. Twist1), may not be affected by gal 

and its analogs. It is also likely that gal/VNPT55 induced modulation of these factors may 

not necessarily be at the protein or mRNA level but via posttranslational modifications. 
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Figure 65: Gal and VNPT55 decrease Snail and MMP-9 mRNA expression. 
MRNA collected from treated PC-3 cells were subjected to quantitative real-time PCR to analyze E-Cadherin, 

MMP-9, Twist1 and Snail mRNA expression (**p<0.001). Interestingly, although we observed modulatory 

effects on Snail, MMP-9 and E-Cadherin, there was no significant effect on Twist1 mRNA at 5 µM. There 

seemed to be an increase in Twist1 mRNA expression at 10 µM of gal and VNPT55 treatment. 

Immunoblot analysis of Snail, Slug, Twist1, Vimentin and VEGF expression, 

showed that both gal and VNPT55 significantly depleted protein expression of Snail, Slug, 

Vimentin and VEGF in both PC-3 and DU145 cells (Figure 66). However as observed in 

mRNA analysis, Twist1 was not significantly modulated (Figure 66). Interestingly 

gal/VNPT55 depleted RhoA (Figure 66), which is involved in cell motility and migration 

(Kurokawa & Matsuda, 2005; Pertz et al, 2006; Sahai & Marshall, 2002). 
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Figure 66: Gal and VNPT55 deplete protein expression of EMT markers 
PC-3 (left panel) and DU145 (right panel) cells were treated with gal and VNPT55 for 24 hours and 50 μg 

of total cell lysates separated on a 10% Tris/glycine gel to analyze protein expression Protein expression of 

Snail, Slug, Twist1, RhoA, vimentin and VEGF were evaluated by immunoblot analysis, which revealed 

marked depletion on these proteins. 

We also evaluated whether decreases in p65 phosphorylation led to a decrease in 

p65 nuclear accumulation after gal/VNPT55 treatment. Fractionation of PC-3 and DU145 

cells after 24 hours’ incubation with gal/VNPT55 at 10 µM, revealed that p-p65 was 

significantly decreased in the nuclear compartment, as opposed to no observed change in 

total p65 (Figure 67A and B, left panel), with a concomitant accumulation in the cytosolic 

compartment (Figure 67A and B, right panel). Interestingly we also observed that Twist1 

was almost completely not expressed in the nuclear fraction in the treatment wells, 

suggesting that these agents strongly inhibited Twist 1 nuclear translocation (Figure 67 A 

and B). 
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Figure 67: Gal and VNPT55 inhibit nuclear accumulation of p-p65 and Twist1. 
PC-3 (A) and DU145 (B) cells were pre-treated with 10 ng TNF-α for 2 hours then subsequently treated with 

gal/VNPT55 at 10 µM for an additional 24 hours. Total cell lysates were subjected to cell fractionation. [PC-

3-Nu and DU145-Nu are nuclear fractions; PC-3-Cyt and DU145-Cyt are cytosolic fractions]. LSD1 was 

used as loading controls for nuclear fractions and lactate dehydrogenase (LDH) for cytosolic fraction 

controls. Twist1, p65 p-p65 and Twist1 expression levels were analyzed in the different compartments 

We next determined whether decreases in nuclear p-p65 had any consequence on 

its transcriptional activities. Primers spanning the NF-κB consensus binding sequence in 

Snail promoter region (Figure 68, upper schematic) were used to amplify cDNA in a 

chromatin immunoprecipitation (ChIP) assay, immunoprecipitating with NF-κB (p65) 

antibody. Our data showed that indeed, gal and VNPT55 decreased p65 binding to Snail 
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promoter region (Figure 68, bottom chart), which may be responsible for the observed 

decrease in Snail mRNA (see Figure 65).  

  

Figure 68: Gal and VNPT55 decrease NF-κB (p65) activity at Snail promoter. 
(Top panel) Schematic of NF-κB binding site at Snail promoter region. (Bottom chart). PC-3 cells incubated 

with 10 µM for 36 hours were used in a ChIP assay to determine Gal/VNPT55 activities on p65 binding 

activity at Snail promoter region. 

Gal and VNPT55 inhibit Twist1 transcriptional activity 

Since we observed an increase in E-cadherin expression and a decrease in BMI-1 

protein, we hypothesized that Twist1, which has been shown to activate BMI-1 (Yang et 

al, 2010) and repress E-cadherin, is inhibited by gal/VNPT55 from translocating to the 

nucleus to bind and activate BMI-1 and also repress E-Cadherin. BMI-1 (PRC1) works in 

concert with PRC2 proteins to modulate gene expression and it has been shown that BMI-
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1 and Nanog regulate each other via promoter-binding activity (Paranjape et al, 2014; Xie 

et al, 2014). TNF-α has been shown to promote cancer cell invasion via activation of NF-

ΚB (p65), which in turn activates Twist 1 transcription factor to either repress or activate 

target genes during EMT (Li et al, 2012a). To confirm inhibition of nuclear translocation 

of Twist1, we pre-treated PC-3 cells with 10 ng/ml of TNF-α and subsequently treated the 

cells with gal/VNPT55. Our results show that, gal/VNPT55 strongly inhibited Twist1 

nuclear translocation (Figure 69).  

 

Figure 69: Gal and VNPT55 inhibit Twist1 nuclear translocation at 10 µM  
PC-3 cells were pre-treated with 10 ng TNF-α for 2 hours and then co-treated with gal/VNPT55 for an 

additional 24 hours. Cells were fixed in 3.7% paraformaldehyde and stained with Twist1 mouse monoclonal 

antibody. Images were taken with a Zeiss mounted fluorescence microscope. 

We also investigated the resulting transcriptional effects of Twist1 inhibition by 

gal, on BMI-1 promoter enrichment. QRT-PCR analysis revealed a significant decrease in 

BMI-1 mRNA in PC-3, DU145 and CWR22Rv1 cells (p<0.05) (Figure 70). ChIP assays 

showed that Twist1 binding to BMI-1 promoter (Figure 71) was several folds decreased 

after gal/VNPT55 treatment (Figure 72 A and B, DU145 and CWR22Rv1 cell respectively), 

indicating a significant decrease in Twist1 binding to the BMI-1 promoter. This might 

explain the observed decrease in BMI-1 and increase in E-cadherin mRNA level. 
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Figure 70: Gal and VNPT55 decrease mRNA levels of BMI-1. 
RNA isolated from PC-3; DU145 and CWR22Rv1 cells, previously treated with gal and VNPT55 at indicated 

concentrations for 24 hours and analyzed for BMI-1 expression level. Compared to untreated controls gal 

and VNPT55 downregulated BMI-1 activation in all three cell lines (*p<0.05, **p<0.001) 

 

 

Figure 71:Twist1 binding sequence in BMI-1 promoter region.  
Schematic representation of Twist1 binding site in BMI-1 promoter region 
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Figure 72: Gal and VNPT55 inhibit Twist1 binding to BMI-1 promoter. 
(A), DU145 and CWR22Rv1(B) cells were treated with gal/VNPT55 for 36 hours at 10 μM and interaction 

between Twist1 and BMI-1 promoter evaluated using ChIP assay. BMI-1 promoter fold enrichment was 

normalized to input controls and presented as mean ± SEM (**p<0.001) 

Gal and VNPT55 deplete stem-cell like factors and inhibit CFU. 

Since cancer cells undergoing EMT express self-renewal characteristics (Mani et 

al, 2008) we evaluated the effects of gal/VNPT55 on putative stem cell factors in PC cells. 

PC-3 and DU145 cells treated with 10 µM of gal and VNPT55 down-regulated protein 

expression of Nanog, CD44, β-catenin and BMI-1 (Figure 73 A and B). The repressive 

effect of BMI-1 is dependent on PRC2 activity (Pereira et al, 2010). EZH2, a member of 

the PRC2, binds to promoters of target genes and methylates lysine 27 of histone H3 

(H3K27) (Czermin et al, 2002; Muller et al, 2002), methylated H3K27 is recognized by 

PRC1 (Min et al, 2003) and both PRC1 and PRC2 bind promoter regions of target genes 

to maintain their suppression. Treatments with gal or VNPT55 significantly decreased 

protein expression of EZH2 in PC-3 and DU145 cells (Figure. 73 A and B). C-Myc, an 

oncogene implicated in cell proliferation was also down-regulated in both PC-3 and DU145 

cells after gal/VNPT55 treatment (Figure 73 A and B). 
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.  

Figure 73:  Gal and analogs deplete protein expression of stem cell like factors. 
(A), PC-3 and DU145 (B) were treated with gal/VNPT55 as indicated and stem cell-like factors expression 

analyzed by immunoblot with 50 μg of protein lysate. Gal and analog markedly depleted protein expression 

of putative stem cells 

With the multiple activities shown by gal and its analog, it was of interest to 

determine if the compounds could inhibit formation of colonies at low doses over 14-day 

period in AR negative cells, further emphasizing its activities on multiple oncogenes. PC-

3 and DU145 cells were treated with increasing concentrations of gal, VNPT55 and CGP 

(0.5 - 10 μM). Our data shows that at 1 and 2.5 μM, gal/VNPT55 exhibited the same effects 

as CGP at 10 μM and reduced the ability of PC-3 and DU145 to form colonies (Figure. 

74). Colony quantification relative to untreated control show a significant dose-dependent 

decrease in colonies (Figure 75), this also confirms the efficacy of these agents in 

decreasing cell viability of AR positive and AR negative PC cells. 
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Figure 74: Gal and VNPT55 inhibit CFU of PC cells. 
1000 cells/well (PC-3 and DU145), seeded in 6-well plates were treated with indicated concentrations of 

compounds for a period of 14 days. Media containing compounds were replaced every 3 days. Colonies were 

stained with 0.05% crystal violet and counted. 

 

Figure 75: Gal and VNPT55 inhibit CFU (Quantification of colonies). 
Colonies from Figure 75 were counted and presented as bar chart. Colony assays were repeated three times 

and colonies counted in four quadrants of the wells. Results are represented as averages with S.E.M. treated 

cells were significantly inhibited in forming colonies compared to controls (*p<0.5, **0.001) 
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Effects of inhibiting Mnk-eIF4E axis on AR and vice versa 

We analyzed whether effects seen on Mnk1/2 may be a result of gal/VNPT55-

induced AR depletion. Thus, we knocked down AR and analyzed Mnk1/2 protein 

expression and vice versa. Our observations show that, silencing AR had no significant 

effect on Mnk1/2 protein expression. Similar results were obtained when Mnk1/2 were 

silenced and AR protein expression analyzed (Figure 76 A & B, top and bottom panels). 

Our data suggests that the effects of gal and VNPT55 on AR and Mnk-eIF4E may be 

mutually exclusive. 

 

Figure 76: Knockdown of AR shows no significant effect on Mnk1/2 and vice versa. 
(A), LNCaP and CWR22Rv1 (B) cells were transfected with AR or Mnk1 siRNA (25 and 50 nM) for 72 

hours and protein expression analyzed by western blot. Silencing AR in both LNCaP and CWR22Rv1 cells 

did not decrease the protein expression of Mnk1/2. The same was observed with knocking down Mnk1 with 

siRNA. 
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Depletion of AR or Mnk1 induce apoptosis in PC cells 

Since antiandrogens specifically target the AR signaling pathway, we next 

evaluated whether silencing AR or Mnk-eIF4E axis, in separate experiments, would result 

in induction of apoptosis. We analyzed expression levels of apoptotic markers after 

knocking down AR with siRNA. Interestingly, in addition to downregulation of Bcl-2 and 

upregulation of Bax, we observed that AR knockdown resulted in a negative effect on BMI-

1 protein levels (Figure 77 A and B). In CWR22Rv1 cells, we observed similar effects on 

Bcl-2 after AR knockdown. Caspase 3 and PARP cleavage also increased with knockdown 

of AR (Figure 77 B). PC-3 cells also exhibited similar observations when Mnk1 was 

knocked down, increasing both Bax expression and caspase 3 cleavage (Figure 77 C). A 

brief analysis of VNPT55 induced PARP cleavage in CWR22Rv1 cells revealed that 

depletion of Mnk1 coincided with PARP cleavage, six (6) hours post VNPT55 treatment 

(Figure 77 D). Suggesting that this may be one of the mechanisms of VNPT55-induced 

apoptotic induction. 
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Figure 77: Depletion of AR or Mnk1 results in apoptotic induction. 
(A & B), LNCaP and CWR22Rv1 cells were transfected with 25 and 50 nM of AR siRNA for 72 hours. Cells 

were lysed and 50 and 100 µg of total protein lysate separated on 10 and 12.5% tris/glycine gels. Indicated 

proteins were probed for with their respective antibodies. (C), PC-3 cells were transfected with Mnk1 siRNA 

at 25 and 50nM for 72 hours and protein expression analyzed for Bax, Mnk1 and caspase 3 cleavage. (D), 

CWR22Rv1 cells were treated with 20 µM of VNPT55 over a time course and PARP cleavage analyzed 

together with Mnk1 depletion. We observed that knocking down AR or Mnk1 induced apoptosis in PC cells, 

we also observed that VNPT55 may deplete Mnk1 which may lead to increase of Bax: Bcl-2 ratio, leading 

to release of cytochrome c from the mitochondria and eventual cell death. 

Gal and VNPT55 have shown multi-target effects on several oncogenic pathways. 

Considering the effects seen on the AR, Mnk1/2-eIF4E axis and stem cell factors, we were 

curious to evaluate whether siRNA knockdown of Mnk1 would lead to the down-regulation 

of cancer stem cell factors and EMT transcription factors.   

To show that gal/VNPT55’s effects on Mnk1/2-eIF4E axis resulted in the depletion 

of multiple oncogenes as observed in this study, we transiently transfected PC-3 and 
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DU145 cells with Mnk1 siRNA. Factors implicated in self-renewal (β-Catenin, EZH2, 

BMI-1 and Nanog) were down-regulated in PC-3 and DU145 cells (Figure 78 A and B). 

We also analyzed EMT factors (N-Cadherin, MMP-2/-9, Snail, Slug and Twist1); all but 

Twist1 protein expression were significantly depleted (Figure 78 A and B). Previous 

studies have shown that decreasing peIF4E resulted in a concomitant decrease in MMP-2/-

9, Snail, VEGF and β-Catenin protein expression (Lim et al, 2013).  

Several mRNAs have been reported to harbor an internal ribosome entry segment 

(IRES) that makes such mRNAs resistant to inhibiting the Mnk1-eIF4E axis (Jackson et 

al, 2010). Initially we thought that Twist1 may possess such sites that make it resistant to 

Mnk1 knockdown. However, c-Myc is also reported to possess IRES, but inhibiting eIF4E 

phosphorylation reduced its protein expression (Figure 78 A and B). Additional studies are 

needed to delineate Twist1 mRNA translation with or without Mnk1-eIF4E inhibition. In 

summary, these studies clearly show that the effects of silencing Mnk1 (i.e. protein 

translation) mirrors the effects of gal and VNPT55 in PC cells and suggests that Mnk1/2 

may be prime targets of these unique agents. 

 



148 

 

 

Figure 78: siRNA knockdown of Mnk1 results in a subsequent depletion of EMT and 

stem cell markers. 
(A), PC-3 (left panel) and DU145 (B, right panel) cells were transfected with 25 and 50 nM Mnk1 siRNA 

for 72 hours. EMT and stem cell factors were analyzed by western blot. Effects on downstream factors after 

downregulation of eIF4E phosphorylation mirrored effects of gal/VNPT55 on the Mnk-eIF4E axis. 

Interestingly knocking down Mnk1 which resulted in downregulation of eIF4E phosphorylation did not 

deplete Twist1 protein expression. 
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Gal analogs (VNPP414 and VNPP433-3β) exhibit multiple-target 

effects in PC cells 

VNPP414 and VNPP433-3β deplete EMT markers and inhibit PC migration 

and invasion 

In our efforts to characterize the potential of gal and its analogs, most of the studies 

revolved around gal and its carbamate analog, VNPT55. We are yet to show whether these 

novel analogs exhibit effects if any on the ability of CRPC to migrate and invade. In LNCaP 

and PC-3 cells we analyzed the effects of VNPP414 and VNPP433-3β on EMT inducing 

proteins, Figure 79. We observed that the agents exhibited similar activities as gal, in 

depleting protein expression of Mnk1/2, peIF4E and EMT markers. 

 

Figure 79: VNPP414 and VNPP433-3β reverse EMT. 
(A), PC-3 cells were incubated with 10 μM of VNPP414 and VNPP433-3β and indicated proteins analyzed 

by western blot. (B), LNCaP cells which are not known to migrate aggressively was also used to analyze the 

effects of the agents on these mesenchymal factors, to represent an AR positive model. 
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 From our extensive studies with gal and VNPT55, we observed that the effects seen 

at the protein expression level of EMT markers, translated to functional assays in inhibiting 

cell migration and invasion. Although, VNPP414 and VNPP433-3β have shown an 

increased potency with cell viability assays, to assume that these two agents would also act 

in similar manner would be erroneous. We therefore analyzed their ability to inhibit DU145 

cell migration in a scratch wound healing assay (Figure 80 A and B) 

 

Figure 80: VNPP414 and VNPP433-3β inhibit cell migration. 
(A), DU145 cultured in 24-well plates to a confluent monolayer were scratched with a 200 µl pipette tip and 

subsequently treated with 5 μM of indicated compounds for 12 hours. (B), Wounds were measured before 

and after the 12-hour time point. Distance migrated were quantified by measuring the difference at time 0 

and 12 hours and normalized to control. (Distance migrated = Distance at time 0 hour - distance at 12 hours/ 

Distance migrated by control). Distance migrated show that the compounds significantly inhibit PC cell 

migration (**p<0.001). 

  Although we did not compare the efficacy of VNPP414 and VNPP433-3β’s anti-

migratory ability, we observed that these analogs also significantly inhibited migration of 

AR negative DU145 cells, suggesting that they possess similar activities against multiple 

targets just as gal and VNPT55. From our analyzed migration, cell migration in the 

presence of the compounds was less than 40% compared to the control (Figure 80 B). 
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 We also determined the anti-invasive capability of these compounds, using pre-

coated BME inserts. Cells seeded in the upper chamber of the invasion assay set-up was 

treated with 5 μM of VNPP414 and VNPP433-3β and incubated at 37 0C for 24 hours. 

Invaded cells were treated as in materials and methods and quantified. As was observed in 

our previous studies with gal and VNPT55, these agents also significantly inhibited PC-3 

cells from invading through the basement membrane (Figure 81 A & B).  

 

Figure 81: VNPP414 and VNPP433-3β inhibit PC3 cell invasion in vitro. 
(A) PC-3 cells were seeded in Trevigen BME pre-coated inserts. Cells treated with indicated agents at 5 μM 

in the upper chamber in serum free RPMI media. The bottom chamber was filled with 1ml RPMI media 

supplemented with 10% FBS. Set-up was placed in 37 0C incubator for 36 hours. Cells were fixed in 3.7% 

paraformaldehyde for 10 minutes and stained with 0.05% crystal violet; cells in upper chamber were wiped 

off with cotton swabs and invaded cells at the bottom of inserts analyzed by counting. (B), Quantified invaded 

cells show significant inhibition of PC cell invasion (**p<0.001). 

VNPP414 and VNPP433-3β deplete stem cell like factors and decrease CFU 

AR positive and negative PC cells were treated with 10 μM of VNPP414 and 

VNPP433-3β to determine their effects on stem cell-like factors that are often up-regulated 

in invading and resistant cancer cells. In PC-3, DU145, LNCaP and CWR22Rv1 cells, we 

observed a significant depletion of CD44, Nanog, BMI-1 and β-Catenin (Figure 82 A, B, 

C & D). We also performed a 14-day colony formation assay at low doses to confirm the 
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compounds ability to inhibit cell viability at low doses and also inhibit the repopulation of 

single cells into colonies (Figure 83 A & B). From our results the analogs seem to act and 

inhibit cellular functions like the lead compound, gal.  

 

Figure 82: VNPP414 and VNPP433-3β deplete stem-cell factors. 
(A), PC-3, DU145 (B), CWR22Rv1 (C) and LNCaP (D) cells were treated with VNPP414 and VNPP4333-

3β at 10 μM for 24 hours and cell lysate analyzed by immunoblot to evaluate effects on stem cell factors. 50 

μg quantified was used for total protein analysis and 100 μg total protein used for phosphorylated proteins. 
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Figure 83:VNPP414 and VNPP433-3β decrease CFU in both AR positive and negative 

PC cells in vitro. 
A, 1000 cells/well (DU145), seeded in 6-well plates were treated with indicated concentrations of compounds 

for a period of 14 days. Media containing compounds were replaced every 3 days. Colonies were stained 

with 0.05% crystal violet. B, Colonies from A were counted for (PC-3, DU145 and CWR22Rv1 colonies) 

and presented as bar chart. Colony assays were repeated three times and colonies counted in four quadrants 

of the wells. Results are represented as averages with S.E.M. (*p<0.05, **0.001). 
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Summary and Discussion of Specific Aim 2a 

Multiple pathways and oncogenes are implicated in cancer disease progression and 

the great majority of PC mortality is a result of metastatic disease rather than localized 

disease (Norgaard et al, 2010; Sathiakumar et al, 2011). The presence of putative cancer 

stem cells that possess self-renewability and tumor initiating ability enhance resistance to 

therapeutic agents (Li et al, 2007). This stemness has been implicated with EMT (Yang et 

al, 2010). Activity of BMI-1 has also been implicated in docetaxel resistance in PC (Crea 

et al, 2011) and studies have shown that by silencing BMI-1, resistant cells were sensitized 

to docetaxel therapy. Another pathway that increases resistance is the protein kinase 

c/Twist1 axis which has been reported to be involved in enzalutamide resistance and CRPC 

(Shiota et al, 2014).  

The main objective of this study was to evaluate the efficacy of gal and its analog 

on pathways involved in PC metastasis, which are also implicated in drug resistance. Here, 

we report for the first time the inhibitory effects of gal and VNPT55 on Mnk1/2 expression 

with concomitant decrease in peIF4E. EIF4E activation is reportedly elevated in human PC 

(Graff et al, 2009), this promotes tumorigenesis (Furic et al, 2010) and also enhances EMT 

(Robichaud et al, 2015). Down-regulation of peIF4E results in a concomitant 

downregulation of several oncogenic transcription factors implicated in cell invasion, 

proliferation and resistance, as was observed in this study by silencing Mnk1. 

 β-Catenin is normally sequestered by E-cadherin, however in metastatic cells, the 

loss of E-cadherin releases β-Catenin which then forms a complex with T-cell 

factor/lymphoid enhancer factor (TCF/LEF), this activates the transcription of  genes 

including Snail (MacDonald et al, 2009; Rao & Kuhl, 2010) and VEGF (Ceteci et al, 2007). 
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Our data lead us to suggest that gal and analogs may potentially reverse EMT via down-

regulation of N-cadherin expression with concomitant increase in E-cadherin.  

In addition to effects on the translation machinery, gal and VNPT55 showed 

inhibitory effects on the NF-кB pathway. The agents also exhibited differential modulation 

of NF-кB and NF-кB down downstream targets. Perhaps most significantly, is the 

inhibition of Twist1 nuclear translocation. Inhibitory effects on Twist1 may have a high 

clinical impact, as Twist1 is involved in EMT, drug resistance and stem cell renewal. Stem 

cell factors like CD44 have been implicated in tumorigenicity, cell motility and bone 

metastases (Gvozdenovic et al, 2013; Hiraga et al, 2013), and inhibiting these factors may 

prove to have favorable clinical implications. Since BMI-1 is upregulated in CRPC and 

implicated in metastases (mCRPC), its inhibition will greatly impact efficacy of gal and its 

analogs in PC therapy. 

The presence of IRES in some genes, as indicated earlier, makes them resistant to 

Mnk1 inhibition, as we observed with Twist1 protein expression. However, gal/VNPT55 

shows an interesting and hitherto unique mechanism by inhibiting Twist1 nuclear 

accumulation and thus preventing its transcriptional/repressive activities. This indicates the 

potential effects on targets that have not been previously investigated. Another example is 

the decrease in c-Myc protein expression when Mnk1 is depleted. Some microRNAs 

(miRNAs) that modulate E2F1 expression are regulated by c-Myc (O'Donnell et al, 2005). 

C-Myc has also been reported to stimulate EZH2 expression by repressing its negative 

regulator miR-26a (Sander et al, 2008).Although from our first aim, we showed that gal 

and its analog induced apoptosis via the intrinsic pathway, most anti-androgen therapy 

targets the AR and ruling out the fact that these other agents may have multiple effects on 
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the apoptotic pathway, we evaluated whether knocking down the AR alone with siRNA 

would induce apoptosis in PC cells. Secondly, our studies have revealed the effects of gal 

and its analogs on the translation machinery and several studies have implicated the 

significance of Mnk1/2-eIF4E axis in cancer disease progression and metastasis. And 

efforts have been focused on developing therapeutic agents to target the translation 

machinery. Published works have indicated that Bcl-2 mRNA translation was under the 

control of the cap-dependent mRNA translation. So in addition to AR knockdown, we also 

evaluated whether Mnk1 silencing will induce apoptosis. Interestingly, depletion of both 

targets separately using siRNA induced apoptosis by activating caspase and PARP 

cleavage, a decrease in bcl-2 with a concomitant increase in Bax protein expression. This 

suggests that gal and its analogs by targeting these pathways increases their efficacy in 

antagonizing disease progression by not only inhibiting their growth but also inducing cell 

death via multiple mechanisms. 

Gal and VNPT55’s multiple target effects on different signaling pathways are 

summarized in Figure 84. From our studies, we propose that gal/VNPT55 inhibit Snail 

transcription by targeting NF-ΚB phosphorylation and inhibiting it from binding to Snail 

promoter region. Twist1 repression and transcriptional and activities on E-Cadherin and 

BMI-1, respectively, are disrupted by gal/VNPT55 by inhibition of Twist1 nuclear 

translocation. Gal/VNPT55 additional targeting of the Mnk1/2-eIF4E axis, may result in a 

significant and augmented effect on antagonizing multiple signaling pathways. 

In summary, our study demonstrates that gal/VNPT55, target oncogenic protein 

translation, via Mnk1/2 degradation. These two agents markedly attenuate EMT, stem cell 

characteristics and PC cell migration and invasion. As a consequence of these multiple 
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properties, gal/VNPT55 could become promising agents for the prevention of CRPC and 

treatment of both early- and late-stage PC. In addition, these agents may be valuable for 

tackling PC metastasis, a major contributor of PC-associated patient mortality.  

 

Figure 84: Schematic of multiple target effects of ARDAs. 
NF-ΚB (p65) and p50 heterodimerizes and binds to its cognate sequences in promoter regions of target genes 

to activate them, gal/VNPT55 in addition to decreasing p65 phosphorylation levels also inhibits binding to 

the chromatin (1). Twist1 binds to BMI-1 gene to activate its transcription; ChIP analyses shows gal/VNPT55 

inhibits this interaction (2). Twist1 also binds to E-Cadherin promoter to repress its transcription, with 

gal/VNPT55 inhibiting nuclear translocation of Twist1; this significantly inhibits the process and enhances 

E-Cadherin expression (3). Mnk1/2 phosphorylation leads to phosphorylation of eIF4E and subsequent 

formation of the translation complex to translate oncogenic mRNAs (4). Gal and VNPT55 deplete protein 

expression of Mnk1/2 (5) and ultimately inhibit the metastatic potential of Mnk-eIF4E axis (6) 
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Future Directions 

The presence of IRES in genes such as proapoptotic factors enable them evade 

inhibition of cap-dependent mRNA translation. Several other oncogenes which are up-

regulated during carcinogenesis (c-Myc and cyclin D1) have also been reported to express 

these internal ribosomal entry sites; however, studies have shown that silencing the Mnk-

eIF4E axis reduce protein expression of these factors. It is likely that there are several other 

mechanisms involved in translating these mRNAs. Twist1 may be an example of such 

proteins. In our study, the results demonstrate no effect of gal and analogs on both mRNA 

and protein expression of Twist1. It would be interesting to evaluate the mechanisms 

involved in translating Twist1 mRNA in the presence/absence of gal and its analogs. Future 

studies will also be directed at posttranslational modifications induced by these compounds 

on Twist1, which inhibit Twist1 nuclear translocation and transcriptional activity. 

Inhibiting cell migration and invasion in vitro, does not indicate anti-metastatic 

activity in vivo. Future studies with gal and its analog will focus on in vivo metastatic 

models and also analyze the effects on stem cell population in PC. Another interesting 

focus is the implication of miRNAs in modulating oncogenes. Factors such as CD44 and 

Snail are regulated by miR-34a (Liu et al, 2011; Siemens et al, 2011), whereas MMP-2/-9 

and VEGF are modulated by miR-29b (Fang et al, 2011; Foxler et al, 2012). The notion 

arises whether gal and its analogs also modulate miRNAs in exhibiting these multiple 

effects we see on different targets.  
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Specific Aim 2b:  To determine the anti-proliferative activities 

of gal/analogs on drug resistant cells. 

Gal and analogs inhibit cell proliferation of docetaxel, 

mitoxantrone and enzalutamide resistant PC cells 

 We utilized a CRPC cell model (CWR-R1), made resistant to docetaxel (CWR-R1 

10E) and mitoxantrone (CWR-R1 MTX-20nM)(Xie et al, 2008), to analyze potential cross-

resistance between taxanes and gal and its analogs. A recent report has implicated cross-

resistance between taxanes and anti-hormonal drugs (enzalutamide and abiraterone) (van 

Soest et al, 2013). Here we the emphasis was to evaluate whether resistance to these drugs 

would elevate the GI50 values of gal and its analogs, as they are also being developed for 

the treatment of metastatic castration resistant prostate cancer.  

A previous study reported that PC cells resistant to abiraterone showed impaired 

efficacy towards enzalutamide, docetaxel and cabazitaxel, and the same was true for cells 

resistant to enzalutamide (van Soest et al, 2013). Another study showed that AR was 

responsible for conferring cross-resistance between agents targeting AR and docetaxel, and 

that cabazitaxel still retained a high potency against these resistant cells and inhibited the 

growth of tumors resistant to enzalutamide and abiraterone in an AR independent manner 

(van Soest et al, 2015).  

From our data in specific aim 2a, we observed significant effects on pathways other 

than just the AR signaling pathway. These effects suggested molecular mechanisms of 

ARDAs that may possibly enhance their efficacy in antagonizing a wide range of resistant 

pathways and hence the growth of resistant cells  
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 Docetaxel and mitoxantrone resistant cells were developed from CWR-R1 parental 

cells (Xie et al, 2008). Interestingly, these cells also express splice variant ARs, which 

recapitulates what occurs in the clinic where AR-Vs have been implicated in enzalutamide 

and abiraterone resistance (Antonarakis et al, 2014; Nakazawa et al, 2014). However, in a 

recent clinical study,  where the significance of splice variant ARs were evaluated in 

docetaxel resistance,  the preliminary results suggested that  AR-Vs do not play a 

significant role in docetaxel resistance (Antonarakis et al, 2015).  

Our initial experiments were to determine if the fold increase in GI50 values of 

docetaxel in docetaxel and mitoxantrone resistant PC cells, were significantly elevated, 

before analyzing the effects of ARDAs. From Figure 85, we observed that GI50 values in 

the resistance cells were 5, 3K and 10K fold higher in CWR-R1(MTX-20nM), CWR-

R1(10E) and CWR-R1(100E) respectively, compared to the control cell line CWR-R1 

(GI50: 0.49 ± 0.40 nM).  

 

Figure 85: GI50 values of docetaxel in Docetaxel/Mitoxantrone-naïve/resistant cells. 
Drug-naive/resistant cells were seeded at 5000 cells/well in a 96-well plate and allowed to attach overnight. 

Cell viability was analyzed after a 7-day treatment schedule and GI50 values computed from the dose-response 

curve. GI50 values were plotted on a barchart to represent the fold increase in GI50. 
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Consistent with a previous report that showed high activity of anti-androgen 

therapy docetaxel resistant cells (Shiota et al, 2013), we found that, GI50 values of 

abiraterone in docetaxel resistant cells were not significantly different from what was 

observed in the parental cell line (Figure 86), and in fact, was lower in mitoxantrone-

resistant cells. We went ahead and compared the anti-proliferative activity of gal, its 

analogs, and enzalutamide in docetaxel and mitoxantrone resistant cells. From our results, 

we observed that docetaxel and mitoxantrone resistance also impaired the efficacy of 

enzalutamide in these cells lines. In comparison, gal and its analogs maintained fairly 

approximate GI50 values between docetaxel-naive and docetaxel, mitoxantrone and 

enzalutamide-resistant PC cells with no appreciable differences (Figure 87). Fold change 

in GI50 values (gal and analogs), between the drug-naive and drug-resistant cells did not 

exceed two fold. Considering that GI50 values of enzalutamide in the drug-resistant cells in 

comparison to drug-naive cells also did not exceed 2-fold, one might suggest that docetaxel 

or mitoxantrone does not impair enzalutamide’ efficacy appreciably. However, contrary to 

enzalutamide’s high activity in LNCaP cells, appreciably high GI50 values (30 µM) were 

observed in CWR-R1 cells. These values, were further increased in drug-resistant cells (40 

– 50 µM) and may be due to the expression of AR splice variants in addition to factors 

upregulated during docetaxel-resistance. 
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Figure 86: Abiraterone efficacy in docetaxel-resistant cells. 
Cell viability assays performed in drug-naive/resistant cells with abiraterone shows modest efficacy in both 

docetaxel and mitoxantrone-resistant CRPC cells. These values were appreciably lower than what was 

observed with enzalutamide treatment in these same cell type in vitro. 

To confirm the high growth inhibition activity seen in cell viability assays with 

ARDAs in enzalutamide, docetaxel and mitoxantrone-resistant cells, we performed colony 

formation assays over a 14-day period. Cells, counted were seeded at 1000/well in 6-well 

plates, treated with 0.5, 1 and 2.5 µM.  Media containing compounds were replaced every 

3 days and experiment terminated after 14 days. Colonies were stained with crystal violet 

and counted (Figure 88). Indeed, as represented in Figure 88 and 89, gal and VNPP433-3β 

exhibited strong growth inhibition in both drug-resistant cell lines including drug-naive 

cells. Our results confirmed what we observed in the MTT cell viability assays. We also 

observed that VNPP433-3β inhibited colonies more potently at a lower concentration (0.5 

μM). 
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Figure 87: Comparing GI50 constants of gal, its analogs and enzalutamide in drug-

naive/resistant cells. 
Drug-naive/resistant cells were seeded in a 96-well plate and allowed to attach overnight. Indicated agents 

were serially diluted in media and incubated on cells for 8 days, changing media on the 3rd day. MTT reagent 

was added to analyze cell viability and GI50 values computed from the dose-response curve. GI50 values are 

represented on a bar chart to compare differences. Gal and analogs exhibit strong growth inhibition in 

enzalutamide/docetaxel and mitoxantrone-resistant cells. 
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Figure 88: Gal and VNPP433-3 inhibit colony formation of drug-naive/resistant cells 

in vitro 
(A-C) 1000 cells/well (CWR-R1, CWR-R1 (10E), CWR-R1-MTX20nM), seeded in 6-well plates were 

treated with indicated concentrations of compounds for a period of 14 days. Media containing compounds 

were replaced every 3 days. Colonies were stained with 0.05% crystal violet. 
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Figure 89: Quantification of CFU in drug-naive/resistant cells. 
Colony assays were repeated three times and colonies counted in four quadrants of the wells. Results are 

represented as averages with S.E.M. (*p<0.05, **0.001). VNPP433-3β exhibited the most potency against 

docetaxel and mitoxantrone-resistant cells. the highest activity of gal was observed at 2.5 µM. 

Protein Expression analysis in drug-naive/resistant PC cells 

 Docetaxel/mitoxantrone-resistant cells used in this study were previously 

characterized in an article published by Yun Qiu and her group (Linn et al, 2010). 

Microarray analysis on the resistant cells showed that several genes implicated in EMT 

(Snai1 MMP1 and CDH2) were differentially upregulated in the resistant cells. Stem cell 

factors (POU5F1/Oct-4 and Sox-2) in addition to drug efflux proteins (MDR1/Pgp and 

ABCG2/BCRP) were also upregulated and possibly responsible for the observed resistance 

to docetaxel. We determined the protein expression levels of some oncogenes which have 

been shown to be modulated by gal and its analogs. A brief analysis showed that N-

Cadherin which was reported at the gene level to be upregulated (Linn et al, 2010) was also 

overexpressed at the protein level (Figure 90).  
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Figure 90: Relative Protein expression in docetaxel and Mitoxantrone resistant cells. 
(Left panel) 50 μg of quantified total cell lysates of CWR-R1, CWR-R1 (10E) and CWR-R1 (MTX-20nM), 

were separated on a 10% tris/glycine gel and the indicated proteins probed with their respective antibodies 

to determine the expression levels between drug-naïve/resistant cells. (Right panel) Densitometry of three 

representative experiments were averaged and plotted as bar charts. Expression analysis show a significant 

increase of Mnk2, BMI-1, Twist1, peIF4E and N-Cadherin in drug-resistant cells. 

Protein expression analysis of EZH2, Twist1, Mnk1/2, BMI-1 and peIF4E also 

suggested that these factors were up-regulated in docetaxel resistant (Figure 90). 

Interestingly, these factors (EZH2, Twist1, Mnk2 and eIF4E phosphorylation) are depleted 

at the protein level by gal and its analogs. A previous study on docetaxel resistance in PC 

also reported that AR expression was lower in docetaxel-resistant LNCaP cells, and 

targeting the AR signaling in these resistant cells exhibited higher anti-proliferative 

activities than in the parental cell line (Shiota et al, 2013). This also confirmed what was 

observed in the clinic where the efficacy of abiraterone and enzalutamide therapy increased 

overall survival after docetaxel resistance (de Bono et al, 2011; Fizazi et al, 2014; Fizazi 

et al, 2012; Scher et al, 2012).  
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There has been some evidence suggesting depletion effects of abiraterone acetate 

on AR protein expression. Although we did not analyze this in the current study, our MTT 

assays, suggested that abiraterone was more potent than enzalutamide and exhibited lower 

GI50 values in drug-resistance cells. In addition, we did not observe any significant 

difference in the expression of full length AR, on the other hand, AR splice variant 

expression levels were lower in drug-resistant PC cells. (Figure 91).  

It is possible that the low expression levels of AR-V7 in drug resistant cells 

contributed to the modest anti-proliferative activity of abiraterone acetate in this study. 

Since expression of AR-Vs have been implicated in enzalutamide and abiraterone 

resistance, its low expression level and activity of abiraterone was not that surprising. Lack 

of efficacy of enzalutamide on the other hand, was not expected since expression of AR-

Vs in drug-resistant cells were modestly lower. Clearly factors that are up-regulated in 

docetaxel/mitoxantrone-resistant cells (Figure 90), also play a vital role in their resistance 

to enzalutamide. 

 

Figure 91: fAR and AR-V7 protein expression in Docetaxel and Mitoxantrone 

resistant cells. 
Total cell lysates from drug-resistant and drug-naive cells were analyzed for differences in protein expression 

of full length AR and splice variant AR-V.  Protein expression of AR-V7 in drug-resistant cells was lower 

when compared to expression levels in the parental cell line. 
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Expression of Twist1, which has been reported to be activated in docetaxel 

resistance was also increased in both docetaxel and mitoxantrone resistant cell in vitro. 

Studies have shown that docetaxel resistance implicates activation and over expression of 

Twist1 and Y-box binding protein-1 (YB-1) and knocking both down (silencing the gene), 

consequently increased the anti-cancer activities of taxane agents in these cell lines (Shiota 

et al, 2013). We assume that the multiple effects seen in specific aim 2a on Twist1 

transcriptional activities, NF-ΚB, Mnk1/2 and AR/AR-Vs, may be responsible for the high 

growth inhibitory activities of gal and analogs in drug-resistant PC cells. 

Some studies have shown that the constitutively active Mnk2 variant, is 

overexpressed in some cancers (pancreatic) during drug resistance (Adesso et al, 2013). 

Thus we isolated RNA from the parental cell line (CWR-R1) and docetaxel-resistant cells. 

We analyzed Mnk2 mRNA levels by realtime PCR in the cells resistant to 10 nM of 

docetaxel, using the parental as reference. Interestingly, Mnk2 mRNA was significantly 

elevated (Figure 92). This increase in Mnk2 transcription and upregulated eIF4E 

phosphorylation may enhance an overactive translational complex and thus the translation 

of oncogenic mRNAs significant in disease progression. Although, the Mnk-eIF4E axis 

has not been extensively studied in docetaxel resistance, a number of oncogenic mRNAs 

that are potentially translated by this axis are significantly upregulated. The high expression 

of these proteins and our current observations on Mnk2 and peIF4E suggests that this axis 

may play a significant role during docetaxel resistance.  
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Figure 92: Increased Mnk2 mRNA expression in docetaxel resistant PC cells. 
Drug-naïve cells were cultured in regular media and docetaxel-resistant cells were cultured in regular media 

supplemented with 10 nM docetaxel, leading to the studies. Collected mRNA was reverse transcribed to 

cDNA and quantified with realtime PCR analysis.  

Gal and analogs deplete oncogenic proteins in drug-resistant cells. 

 From our previous results, we observed that gal and its analogs target multiple 

oncogenic pathways which may result in inhibiting cell proliferation. We hypothesized that 

these same targets would be affected in drug-resistant cells, and since most resistance cells 

utilize these pathways to maintain cell proliferation and tumor growth, depleting them may 

decrease cell viability. Oct-4, a stem cell factor, has been shown to be overexpressed in 

docetaxel resistant cells and greatly enhances the resistance characteristics of CWR-R1 

(10E) cell lines. Knocking down Oct-4 with shRNA significantly inhibited cell 

proliferation and colony formation in vitro as well as tumor growth in vivo (Linn et al, 

2010). Previous studies have shown that enzalutamide although, a very efficacious AR 

antagonist, does not significantly deplete AR protein expression nor the splice variant AR-

V7 (Figure 93). The expression of AR-V7 has been implicated in resistance of CRPC 

patients to enzalutamide and abiraterone therapy (Antonarakis et al, 2014).  
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Figure 93: Enzalutamide shows no effect on AR and AR-V7. 
(A), CWR22Rv1 cells were treated with 15 μM of gal, VNPT55 and enzalutamide (MDV3100) and protein 

lysates separated by western blot analysis. AR and AR-V7 protein expression were evaluated with their 

respective antibodies. (B), ImageJ was used to quantify the blots and plotted. Densitometry analysis shows 

that as opposed to gal and VNPT55, MDV3100 caused a significant up-regulation of AR/AR-V7. 

A 24-hour treatment with gal, VNPT55 or enzalutamide in CWR22Rv1 cells show 

that as opposed to gal and VNPT55, enzalutamide did not deplete protein expression of 

both full length AR and splice variant AR-V7 (Figure 93). Furthermore, we observed that 

enzalutamide caused an increase in AR/AR-V7 expression. We have already established 

that gal and its analogs exhibit significant depletion effects on multiple pathways in both 

AR positive and negative PC cells. Here, we treated the parental cell line (CWR-R1) with 

enzalutamide (5-20 μM) over 24 hours. From the western blot analysis, even at 20 μM of 

enzalutamide, there was no significant effect on Mnk1/2, β-Catenin, Nanog, MMP-2 nor 

phosphorylated eIF4E (Figure 94) as opposed to the effects that are observed with gal and 

analogs.  

Although, enzalutamide failed to show any significant effect on protein expression 

of EMT and stem cell markers, we went ahead and evaluated its anti-migratory and anti-

invasive activity in docetaxel-resistant cells. In modulating oncogenes, other mechanisms 
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such as posttranslational modification of the protein/gene play a role in its activation. If a 

small molecule inhibitor can inhibit these modifications, it may antagonize the activity of 

these proteins. Since enzalutamide, in our brief analysis of drug-naive cells, did not show 

any significant effect on EMT markers, we did not evaluate its activity against protein 

expression in drug-resistant cell lines. However, as stated earlier, these drugs may have 

effects on protein modifications, which ultimately may affect several biological processes 

in cancer cells. It is also possible that in addition to antagonizing the transcriptional activity 

of AR, these drugs can also modulate posttranslational modifications and hence activity of 

EMT markers, consequently regulating migration and invasion. 

 

Figure 94: Enzalutamide shows no effects on Mnk and EMT expression. 
Enzalutamide (MDV3100) treated CWR-R1 cells were analyzed for EMT related protein expression.  

Analysis reveals no observable effects on protein expression after a 24 hour treatment with increasing 

concentrations. There was also no significant effect on Mnk1/2 and peIF4E expression 

Gal/VNPP433-3β inhibit docetaxel-resistant PC cell migration and 

invasion 

Gal and analogs exhibit anti-migratory and anti-invasive activities in both AR 

positive and AR negative prostate cancer cells. These novel analogs also showed low GI50 

values in decreasing cell viability of docetaxel, enzalutamide and mitoxantrone resistant 

PC cells. From Figure 90, we observed increased expression of N-Cadherin and other EMT 
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markers (Twist1 and BMI-1) in docetaxel-resistant cells, suggesting a high metastatic 

potential. Since the most debilitating effects of cancer disease arises from the metastatic 

disease, this in addition to the fact that gal and its analogs are being developed for mCRPC, 

prompted us to evaluate whether at low doses, these novel compounds could inhibit the 

migratory and invasive ability of drug-resistant PC cells. Docetaxel resistant cells 

overexpress EMT proteins (Marin-Aguilera et al, 2014) and the polycomb protein BMI-1 

has been implicated in evading docetaxel-induced apoptosis (Crea et al, 2011). EZH2 

overexpression has also been shown to silence miR-31 (pro-apoptotic) and increase E2F6 

(E2F transcription factor 6) expression (Eaton et al, 2014). In that same study. It was 

observed that E2F6 (an anti-apoptotic protein) inhibited docetaxel-induced apoptosis 

(Eaton et al, 2014). Since our studies have shown that gal and analogs significantly 

modulate and deplete EMT markers, it was logical to evaluate whether these effects 

translated to inhibiting biological functional activities.  

A brief analysis of Snail, BMI-1 and Mnk1 in docetaxel-resistant cells after 

treatment with gal and VNP433-3β, show remarkable depletion of these proteins after a 

24-hour time point (Figure 95). Significant effects were observed at both 5 and 10 µM 

concentration. 
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Figure 95: Gal/VNPP433-3β decrease expression of EMT markers in docetaxel-

resistant cells. 
(A), Gal and VNPP433-3β (B), depletes EMT markers dose-dependently after exposing CWR-R1 (10E) cells 

to the inhibitors for 24 hours. Western blot analysis shows a marked downregulation of proteins. 

In Figure 96 and 97, we show that gal, VNPT55 and VNPP433-3β, significantly 

inhibit cell migration and invasion of AR-V7 expressing drug-naïve and drug-resistant PC 

cells. Interestingly we observed that although MDV3100 and Zytiga have not shown any 

significant effects on protein expression of EMT factors, in CWR22Rv1 cells, both drugs 

decreased the number of invaded cells. Both drugs are potent anti-androgens and may 

possibly act by antagonizing the AR as the receptor is known to be implicated in metastases 

(de Bono et al, 2011; Efstathiou et al, 2012; Fizazi et al, 2012).  
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Figure 96: Comparison of anti-migratory and anti-invasive activities of compounds 
(A) CWR22Rv1 cells were seeded in Boyden chambers pre-coated with BME and simultaneously treated 

with 5 μM of indicated agents and incubated for 24 hours. (B), CWR-R1 (10E) cells were seeded in Boyden 

chambers with no collagen nor BME to evaluate the inhibitory effects of the compounds on cell motility 

[`CWR-R1 (10E)-M]. Cells were incubated with compounds for a 12-hour period. (C), CWR-R1 (10E) cells 

were seeded at 0.75 x106 cells in each insert of pre-coated BME Boyden chambers and treated with 5 µM of 

indicated compounds over a 24-hour period [CWR-R1 (10E)-IN]. 

  

Figure 97: Differential anti-migratory/-invasive properties of agents in drug-

naive/resistant PC cells. 
Quantified invaded cells (from Figure 96) show a significant inhibition of drug-naive/resistant PC cell 

migration and invasion by analogs compared to vehicle treated controls (*p < 0.05, **p<0.001). Interestingly 

enzalutamide and abiraterone inhibited invasion of CWR22Rv1 cells 
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CGP-57380 and Chloroquine exhibit modest anti-proliferative 

activities in drug-resistant PC cells  

Considering that resistant cells use several survival mechanisms to evade toxicity 

induced by chemotherapeutic agents, we decided to further evaluate the role autophagy and 

the Mnk-eIF4E axis played in docetaxel and mitoxantrone-resistant PC cell viability. We 

determined whether Mnk and autophagy inhibitors could decrease cell viability of drug-

resistant cells. Indeed, chloroquine (CQ), an inhibitor of autophagy, exhibited modest 

activity in decreasing cell viability of drug-resistant prostate cancer cells (Figure 98), 

although CGP did infact inhibit cell viability, the GI50 values were moderately high (Table 

8).  

Contrary to what we observed with Chloroquine, CGP-57380 had increased GI50 

values in the drug-resistant cells and especially so in the docetaxel-resistant prostate cancer 

cells (Table 8), with an increase of 1.2 and 1.7 fold in GI50 values in mitoxantrone and 

docetaxel-resistance cells respectively. 

We also performed colony formation assays (CFU) with the two inhibitors to 

confirm the results we observed in the MTT cell viability assays. It was interesting to note 

that cell CFU with both compounds show that inhibiting autophagy with Chloroquine 

significantly decrease colony numbers and was more efficacious than the Mnk inhibitor 

(Figure 98). Suggesting that autophagy induction may be implicated in 

docetaxel/mitoxantrone-resistance in PC cells, however this does not preclude the fact that 

chloroquine may have additional activities. 
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Figure 98: Chloroquine decreases cell viability of drug-resistant prostate cancer cells. 
PC cells were seeded at 5000 cells/well in a 96-well plate and allowed to attach overnight. Cells were treated 

with serially diluted chloroquine in complete growth media. Mtt reagent was used to analyze cell viability 

and GI50 values computed by the graphpad prism software. Values show that Chloroquine decreases cell 

viability of drug-resistant cells (docetaxel and Mitoxantrone), with comparatively low GI50 values.  

 

Table 8: CGP-57380 show modest efficacy in cell viability assays. 
GI50 values from CGP-57380 treated drug-naïve/resistant cells show an increase in growth-inhibition 

constant in docetaxel resistant cells. Cell viability assays in drug-resistant cells (docetaxel and mitoxantrone), 

with CGP-57380 show that although the latter decrease cell viability, its effects were not as strong as the gal, 

analogs or Chloroquine. 
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Figure 99: CFU in CGP and Chloroquine treated PC cells. 
(A and B)) 1000 cells/well (CWR-R1, CWR-R1 (10E), CWR-R1-MTX20nM), seeded in 6-well plates were 

treated with indicated concentrations of compounds for a period of 14 days. Media containing compounds 

were replaced every 3 days. Colonies were stained with 0.05% crystal violet and counted. Chloroquine was 

more potent in inhibiting colony formation compared to effects of CGP-57380. 
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The activity of Mnk observed here indicates that, it may not be a potent anti-cancer 

agent and perhaps a more potent Mnk inhibitor may yield better results in antagonizing 

proliferation of drug-resistant cells. Cercosporamide has been shown to be more 

efficacious in targeting and decreasing colony formation in triple negative breast cancer 

(Ramalingam et al, 2014), however its efficacy could also be attributed to the inhibitors’ 

effects on other kinases including Jak3, GSK3β, ALK4 and Pim1 (Konicek et al, 2011). 

The possibility exists that this may be the reason for CGP’s limited efficacy in drug 

resistant cell. However, it’s also possible that docetaxel resistant prostate cancer cells have 

several activated mechanisms which enable them to evade protein translation inhibition.  

The induction of autophagy during drug-resistance supports the efficacy of 

chloroquine and its analogs in treating cancer patients, reported in several xenograft studies 

and clinical trials (Amaravadi et al, 2011; Sheen et al, 2011; Tormo et al, 2009; Yang et al, 

2011a). The ERK pathway, which is reported to be overexpressed during drug-resistance 

has been shown to activate autophagy. Inhibiting mitogen-activated protein kinase kinase 

(MEK) pathway reduces both ERK activation and autophagy induction. Autophagy 

enhances apoptotic evasion by recycling drug-induced damaged proteins (Levine & 

Kroemer, 2008), thus reducing injury to cells and providing energy for cancer cells. In 

therapeutic strategies where drugs are combined with autophagy inhibitors, this may result 

in a potentiated or synergistic effect. 

In this study, we confirm that chloroquine possesses anticancer activities, as has 

been previously reported in melanoma cells and xenografts models (Lakhter et al, 2013). 

Although chloroquine is an autophagy inhibitor, its activity indicates that there are 
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additional properties, in addition to apoptotic induction(Maclean et al, 2008; Tang et al, 

2011; Walls et al, 2010),  which may not have been fully characterized. 

Chloroquine enhances efficacy of anti-androgens 

Numerous studies with chloroquine in prostate cancer emphasize the importance of 

autophagy as a prosurvival pathway (Janku et al, 2011; Kondo et al, 2005). Another study 

also showed that anti-androgen therapy enhanced autophagy, and a combination of 

autophagy inhibitors with enzalutamide, increased the latter’s activity (Nguyen et al, 2014). 

Here, we aimed at inhibiting autophagy in combination with ARDAs to determine whether 

this would enhance the effects of ARDAs. Our initial experiments were performed in drug-

naïve PC cells. LNCaP cells were treated with 20 µM chloroquine for an hour and 

subsequently with gal for an additional 24 hours. Immunoblot assay was used to analyze 

PARP and caspase cleavage in LNCaP cells (Figure 100A). Here we observed that, co-

incubation with chloroquine did not enhance PARP nor caspase 3 cleavage. 

Gal modulates two pathways that are implicated in the regulation of autophagy, 

caspases and calpains. Caspase activation has been reported to cleave Beclin 1 into two 

fragments (N and C), the C terminal fragment then translocate to the mitochondria to 

induce apoptosis, hence losing its ability to induce autophagy (Zhu et al, 2010). Activation 

of calpains by calcium ion release has also been reported as one of gal’s mode of action in 

inhibiting cell viability (Bruno et al, 2008). Calpain activation also inactivates autophagy 

by cleaving Atg5, thereby enhancing apoptosis (see Figure 16) (Yousefi et al, 2006).  

Thus, based on these previous studies on gals’ activities, we evaluated whether 

combining caspase inhibitor (ZVAD-fmk) or calpain inhibitor (calpeptin) with gal would 
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enhance apoptotic induction. We observed that gal in combination with ZVAD-fmk 

significantly inhibited gal-induced Beclin1, PARP cleavage (Figure 100 B), and Bax 

expression. These data suggested that gal induced PARP and Beclin 1 cleavage was via 

caspase activation, which have already been shown in aim 1. Although cleaved PARP 

expression was not enhanced, gal and chloroquine combination increased Bax expression, 

an indication that apoptotic induction may be enhanced. Furthermore, gal and calpeptin 

also increased Bax expression compared to controls (Figure. 99 B). 

 

Figure 100: Inhibiting autophagy potentiate the effects of gal on Bax expression. 
(A), LNCaP cells were incubated with 20 μM of CQ for 1 hour and then treated with gal at 10 μM for an 

additional 24 hours. Cell lysates were separated by immunoblot and probed for indicated proteins. (B), 

LNCaP cells pretreated with CQ, ZVAD-fmk and calpeptin for 1 hour were treated with gal for 24 hours, c-

Beclin 1, Bax, p62 and c-PARP expression were analyzed.  

Finally, we performed combination analysis with ARDAs and chloroquine at their 

respective GI50 values (constant ratio) and analyzed fractional effects of the compounds. 

Using the Calcusyn software we determined whether interactions between gal activity and 

chloroquine were synergistic, additive or antagonistic. Interestingly we observed that gal 

and chloroquine interacted synergistically in inhibiting cell viability, as represented by the 

Isobologram in Figure 101.Combination Index values indicate strong synergy between 



181 

 

these two compounds in LNCaP cells (CI at ED 50, ED7 5 and ED 90 : 0.03766, 0.08107 

and 0.17712 respectively) (Table 9). 

 

Figure 101: Combination analysis of gal and Chloroquine. 
Cell viability assays were conducted for gal and chloroquine individually and GI50 values calculated. Both 

compounds were subsequently combined at their GI50 (constant ratio) and serially diluted and cell viability 

assays conducted. Fractional effects of single agents and in combination were calculated and analyzed by 

calcusyn software to calculate the combination indices at ED 50, ED 75 and ED 90. 

 

Table 9: CI values of combination gal and chloroquine in LNCaP cells 
Combination indices from figure 101 show that gal and chloroquine strongly synergize to decrease cell 

viability of LNCaP cells at all analyzed levels (ED 50, ED 75 and ED 90) 

Combination analysis in drug-resistant cells 

Next, we analyzed interactions between approved drugs and investigational agents 

in the drug-resistant and parental cells. Although cancer cells characteristically employ a 

number of activated signaling pathways and oncogene overexpression, we envisaged that 
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since gal possess multiple activities, it may be possible to target a number of these pathways 

with gal and also inhibit autophagy to potentiate gal’s activity. We performed similar 

studies with enzalutamide, since it’s already been established to induce autophagy and 

showed improved activity in combination with autophagy inhibitors(Nguyen et al, 2014).  

We co-treated CWR-R1 and CWR-R1 (10E) cells with chloroquine and gal or 

enzalutamide and analyzed their combined effects on cleaved PARP, Beclin 1 cleavage 

and LC3-I/II protein expression. Remarkably, both gal and enzalutamide enhanced LC3-

I/II expression in parental cells (Figure 102 A/B). In docetaxel resistant cells, however 

effects of gal and enzalutamide (MDV-3100) alone did not show changes in LC3-I/II 

(Figure 103 A/B). Interestingly, chloroquine enhanced gals ability to induce PARP 

cleavage in both drug-naive and drug-resistant cells, with no apparent change in 

enzalutamide treated drug-naive cells (Figure 102 A and 103 A). Surprisingly, 

enzalutamide also induced Beclin 1 cleavage, which could suggest an inhibition of 

autophagy at low levels; however, published work has shown that autophagy inhibitors 

enhance enzalutamide activity in vivo (Nguyen et al, 2014). This could possibly imply that 

enzalutamide-induced Beclin1 cleavage does not significantly inhibit autophagy. Analysis 

of Beclin 1 cleavage in docetaxel-resistant yielded the same results as was observed in 

drug-naive cells. With the exception of drug-naive CWR-R1 cells treated with gal, Figure 

102 and 103, show increased LC3-II expression, when gal/enzalutamide were combined 

with chloroquine. These results suggested that both anti-androgens induced autophagy in 

drug-resistant cells.  
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Figure 102: Autophagic response after gal/enzalutamide treatment in CWR-R1 cells 
(A), Gal and enzalutamide (B), were incubated with or without chloroquine in CWR-R1 cells for 24 hours 

and protein expression analyzed to determine autophagy induction. LC3-I/II, Beclin 1 and PARP cleavage 

were observed. In gal treated CWR-1 cells, although Chloroquine enhanced PARP cleavage, there was no 

difference in LC3-II expression, however in enzalutamide treatment, there was significant upregulation of 

LC3-II in combination with chloroquine. 

 

Figure 103: Gal/enzalutamide enhance LC3-II expression in drug-resistant cells. 
(A), Gal and enzalutamide (B), were incubated with or without chloroquine in CWR-R1 (10E) cells for 24 

hours and protein expression analyzed to determine autophagy induction. LC3-I/II, Beclin 1 and PARP 

cleavage observed. In docetaxel-resistant cells, chloroquine enhanced expression of LC3-II when combined 

with either agent compared to single-agent treatment 
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In studies using LNCaP cells, where we combined gal and chloroquine, although 

there was no appreciable increase in PARP and caspase-3 cleavage, the CI values from 

combination assays showed a strong synergistic interaction. In CWR-R1 cells, however, 

we observed a significant increase in PARP cleavage in both drug-naïve and drug-resistant 

cells. The next logical step was to determine whether these compounds put together would 

act in synergy in decreasing cell viability of CRPC cells line CWR-R1. As represented in 

Table 10, whereas enzalutamide interacted with chloroquine synergistically at ED50, ED75 

and ED90, synergy was observed only at ED75 and ED90 for gal and chloroquine 

combination.   

In docetaxel-resistant cells, gal interacted with chloroquine weakly synergistic at 

ED75 and ED90, enzalutamide also showed weak synergy at ED50 and ED75. In the case 

of enzalutamide-chloroquine interaction, this difference between the drug-naïve and drug 

resistant cells could be attributed to the fact that in drug-resistant cells, there are multiple 

up-regulated mechanisms in addition to autophagy; and thus the use of chloroquine does 

not necessarily augment enzalutamide activity. However, since in vivo data shows an 

improved efficacy in drug-naive models, further studies in combination could be evaluated. 

Duration of exposure and sequence of drug treatment, may all affect how these compounds 

interact to inhibit cell viability or tumor growth.  

In the case of gal-chloroquine interaction in drug-naïve/resistant cells, we observed 

antagonism at ED50 and then weak synergy at higher doses.  Gal has shown effects on 

multiple pathways, it is likely that at low doses, chloroquine does not complement the 

effects of gal. Further studies, with sequence of combination treatment or ratios of 
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combination are required to provide comprehensive consequence of combining gal and 

chloroquine in drug-resistant PC cell lines. 

 

Table 10: Combination Indices to determine compound interactions in vitro 
Combined compounds at their respective GI50 values at constant ratio. Cell viability assays were conducted 

for gal, enzalutamide, docetaxel and chloroquine individually and GI50 values calculated. Compounds were 

subsequently combined at their GI50 (constant ratio) and serially diluted and cell viability assays conducted. 

Fractional effects of single agents and in combination were calculated and analyzed by calcusyn software to 

calculate the combination indices (CI) at ED50, ED75 and ED90.  

Initial clinical studies showed that both abiraterone and enzalutamide increased 

overall survival in docetaxel-resistant patients; however, the emergence and expression of 

splice variants in CRPC caused resistance to both compounds. We hypothesized that by 

antagonizing Twist1-BMI-1 signaling, gal and its analogs could sensitize docetaxel-

resistant cells to docetaxel therapy. We performed combination studies, just as with 

chloroquine, to determine in vitro interactions between gal/VNPP433-3β/enzalutamide and 

docetaxel in drug-naive/resistant PC cells. In CWR-R1 cells both ARDAs acted in synergy 

with docetaxel. In drug resistant PC cells, however, gal showed only weak to moderate 

synergy with docetaxel, VNPP433-3β on the other hand, showed strong synergy at ED75 
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and ED90. We surmised that at higher doses, the effects on resistant pathways were 

significant to sensitize the resistant cells. Interestingly, enzalutamide had the strongest 

synergy at all levels with docetaxel in the resistant cells. Obviously enzalutamide has 

limited activities on multiple signaling pathways. In combining docetaxel with 

enzalutamide, it is possible that, these agents complement each other in targeting multiple 

pathways that are upregulated, which results in an increased activity in both drug-

naive/resistant cells. On the other hand, if the mode of action of both agents on similar 

pathways are opposite then this combination might not necessarily yield favorable results 

when combined. Agents with similar activities on similar pathways may not also result in 

a synergistic outcome. 

In this thesis project, in addition to already published studies on gal, it has been 

revealed that gal and analogs exhibit effects on multiple pathways. We also found 

antagonistic effects on the Mnk-eIF4E axis and AR splice variants, which are two of the 

most important pathways implicated in CRPC resistance.    

Previously published work, in addition to protein expression analysis conducted by 

us on drug-naive/resistant cells informed us of the limited activities of enzalutamide as 

opposed to the multiple activities of the ARDAs. Although enzalutamide possesses 

superior anti-AR activity (luciferase activity), compared to gal and some of its analogs, we 

surmised that combining gal with enzalutamide, might possibly potentiate enzalutamide’s 

activity and may even act synergistically in drug-resistant cells. Indeed, we observed that 

in all three cell lines, gal and enzalutamide acted in synergy. Interestingly, synergy was 

superior in docetaxel-resistant and mitoxantrone-resistant cells (Table 10) compared to 

drug-naïve cells.  
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CRPC resistance to enzalutamide has been attributed in part to the expression of 

splice variant AR-Vs (Antonarakis et al, 2014) and the overexpression of PKC/Twist1 

signaling pathways (Shiota et al, 2014). The effects observed with ARDAs, as single agents 

or in combination with enzalutamide may easily be explicable and rationalized as ARDAs 

significantly deplete and antagonize resistance-inducing factors.  

Development and Characterization of Galeterone-resistant cells 

Developing compounds and ultimately getting them approved for cancer therapy 

also takes into account potential acquired drug-resistance. It is important to note that almost 

every compound designed and developed for the treatment of different types of cancers 

invariably encounter resistance. This realization provides the impetus to constantly look 

for ‘druggable’ targets and also more potent inhibitors, not only to reduce toxicity but also 

to combat drug-resistance. Thus, we developed gal resistant cells from LNCaP and 

CWR22Rv1 parental cell lines, the most widely used PC cell lines that express full length 

AR and AR-Vs. These studies will allow us to have an idea about the potential pathways 

that might be involved in gal induced-resistance, should it be approved for PC therapy. 

LNCaP and CWR22Rv1 cells were exposed to increasing doses of gal (0.1 through 

to 14 µM) for over 24 months until cells were resistant to gal at different concentrations. 

Cells were maintained in complete culture media containing gal. For LNCaP, cells were 

maintained at (3, 6 and 9 μM of gal) and renamed LN-124R-3 µM, LN-124R-6 µM and 

LN-124R-9 µM. The same was done for CWR22Rv1 and renamed RV1-124R-4.5 µM, 

RV1-124R-9 µM and RV1-124R-14 µM. Images of the morphology of the cells were taken 

to determine whether there would be any changes in cell phenotype. Indeed, we observed 

a gradual transition from epithelial-looking cells (cuboidal-shaped with tight junctions) to 
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a more Mesenchymal characteristic, lacking tight junctions, with a fibroblastic phenotype 

(Figure 104 A and B, LNCaP and CWR22Rv1). In between the epithelial and mesenchymal 

phenotype, cells attain more a more stem cell like characteristic during EMT. 

 

Figure 104: Acquisition of fibroblastic phenotype in Gal-resistant cells 
(A), CWR22Rv1 and LNCaP (B) cells were exposed to increasing concentration of gal over a 24-month 

period and maintained at indicated doses. Images were taken every six months to determine any changes in 

cell morphology. Cell morphology suggests that gal-resistant cells, over time acquired a more fibroblastic 

metastatic phenotype. 

In docetaxel resistance in PC, there is increase in Twist1 activity and BMI-1 

expression, whereas in enzalutamide and abiraterone resistance, there’s upregulation of 

splice variant AR-Vs. CRPC use several mechanisms to evade cell death induced by agents. 

The NF-κB pathway has been implicated in drug-resistance as well Mnk1/2-eIF4E. The 

overexpression of multidrug resistant proteins and drug efflux proteins also contributes to 

drug-resistance (Linn et al, 2010), just to name a few. Knowing these effects helps to take 

informed decisions during therapeutic development. Resistance to ADT is due to the 

emergence of several mutations to enhance the receptors activity, vis a vis, promiscuity, 

constitutive activation, kinase activation and loss of ligand binding domain. Reports of 

splice variants of cyclin D1 have also been shown in prostate cancer (Comstock et al, 



189 

 

2009), this in addition to Mnk2 expression constitutive activation during drug resistance 

(Adesso et al, 2013) makes it imperative to determine potential pathways that may be 

implicated in a would-be galeterone resistance. 

We conducted a brief immunoblot analysis of protein expression on the following:  

fAR/AR-Vs, Mnk1, Bcl-2, p-eIF4E and LC3-I/II in both gal-resistant LNCaP and 

CWR22Rv1 cells. It was rather interesting that in all resistant concentrations in both 

LNCaP and CWR22Rv1 gal-resistant cells, there was absolute loss of fAR and AR-Vs. 

Although Mnk1 expression was upregulated in both cell lines (resistant), CWR22Rv1 

resistant cells showed a significant increase in eIF4E phosphorylation (peIF4E) (Figure 

105 A and B). It has been reported that the loss of AR enhances autophagy in PC cells 

(Boutin et al, 2013; Chhipa et al, 2011; Jiang et al, 2012; Li et al, 2008), so it was not 

surprising to see a significant up-regulated expression of LC3-I/II (Figure 105 A & B).  

To evaluate whether effects seen on the AR and Mnk were being modulated only 

at the protein level, we also analyzed the mRNA expression of full length AR and Mnk1. 

We observed that expression levels of AR mRNA were significantly suppressed in contrast, 

Mnk1 mRNA was significantly upregulated (Figure 106).  
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Figure 105: Protein expression analysis in gal-resistant cells  
(A), Gal-resistant CWR22Rv1 and gal-resistant LNCaP (B) were subjected to protein expression analysis. 

Comparing lysates drawn from resistant cells, we observed a strong depletion of AR/AR-V7, up-regulation 

of Mnk1, increase in eIF4E phosphorylation (especially) in gal-resistant CWR22Rv1. We also observed an 

increase in LC3-II expression (autophagy marker). 

 

Figure 106: mRNA levels of AR and Mnk1 in gal-resistant CWR22Rv1 cells. 
MRNA collected from parental and resistant cells were subjected to quantitative real-time PCR to analyze 

AR and Mnk1 mRNA expression. QRT-PCR analysis showed that AR and Mnk1 mRNA levels were 

significantly elevated compared to the parental (*p<0.05, **p<0.001). 

We further evaluated, whether by removing the resistance-inducing agent (gal), AR 

expression could be restored. Both gal-resistant LNCaP and CWR22Rv1 cells were 



191 

 

subcultured without gal for 14 weeks and the experiment subsequently terminated 

thereafter. Lysates were drawn at specific intervals and western blot analysis performed to 

evaluate whether AR expression would be restored. The data showed that after culturing 

gal resistant cells for 14 weeks without galeterone, the effects which gal had induced in the 

cell lines were not reversed (Figure 107) with respect to AR/AR-V expression level. 

 

Figure 107: Lack of AR restoration after agent removal in gal-resistant cells 
CWR22Rv1 (A) and LNCaP (B) gal-resistant cells were subcultured in media without gal for 14 weeks and 

lysates drawn at indicated intervals. Immunoblot analysis compared expression of AR to the parental. We 

observed that AR protein expression was not restored, after 14 weeks of gal removal from culture media. 

 Epigenetics play a major role in gene activity and expression and are tightly 

regulated by two major modifications to either the cytosine residues of DNA (DNA 

methylation) and or histone modifications (Bernstein et al, 2007; Goldberg et al, 2007). 

DNA methylation is implicated in transcriptional silencing of genes and plays a major role 

in development and tumorigenesis (Esteller, 2008; Feinberg & Tycko, 2004; Vince et al, 

2007). Histone amino terminals are subjected to several different types of posttranslational 

modifications such as acetylation, methylation, phosphorylation amongst others 

(Kouzarides, 2007; Ruthenburg et al, 2007), this can affect chromatin structure and 

subsequently gene transcription (Consortium et al, 2007) (13,25).  

Taking a cue from a report where the investigators induced the reactivation of ERα 

in ERα negative breast cancer cells, using histone deactelyase (HDAC) inhibitors in 
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combination with green tea polyphenol (Li et al, 2010). We treated these cells with HDAC 

inhibitors (SAHA & MS-275), to evaluate whether AR could be re-activated. In gal-

resistant LNCaP cells, SAHA at 2.5 and 5 µM for 72 hours re-activated the AR (Figure 

108, left panel), full length AR reactivation in gal-resistant CWR22Rv1 cells was not that 

significant. It was rather interesting that reactivated AR did not restore PSA expression 

(Figure 10, left panel). This may suggest that reactivated AR was not transcriptional active 

or the PSA gene was silenced, it is also possible that the assay duration did not allow 

transcription of the PSA gene. 

Interestingly, protein expression analysis revealed extra bands with molecular 

weight between fAR and the known AR-Vs even in the HDAC untreated resistant cells, 

which were not significantly evident in our earlier analysis of RV1-124R-14 μM (Figure 

108 B, right panel). There seemed to be an emergence of a “novel” variant of the AR-V 

which is resistant to the activities of gal. 

 

Figure 108: Reactivation of AR using HDAC inhibitors in gal-resistant cells. 
(A) LN-124R-9 µM (left panel) and (B) RV1-124R-14 μM (right panel) were treated with 2.5 and 5 µM of 

SAHA or MS-275 for 72 hours. Cell lysates were quantified and compared to untreated gal-resistant cells 

and the parental cell line. AR/AR-Vs and PSA expression were analyzed with their respective antibodies. 

We observed reexpression of AR in LNCaP cells and an emergence of a “novel” splice variant in gal-resistant 

CWR22Rv1 cells. 
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The purpose for developing gal-resistant cells was not only to determine the 

pathways and mechanism of resistance but also to determine whether gal resistance would 

create cross-resistance between the novel analogs of gal. Our initial efforts were to 

determine with cell viability assays if the analogs would be as efficacious as in gal-naive 

cells. Surprisingly, the novel analogs still maintained low submicromolar GI50 values in all 

the resistant cells (Figure 109). Although GI50 values of VNPT55 were slightly increased, 

it was still less than a 2-fold increase; GI50 VNPP433-3β on the other hand was not 

significantly altered in all gal-resistant cells.  

 

Figure 109 Comparative GI50 values of analogs in gal-resistant cells 
Gal-resistant cells were subcultured for three days without gal, to reduce its effects on the cells. 2000 

cells/well were seeded and allowed to attach overnight. Serially diluted analogs were used in cell viability 

assay and GI50 values computed using the graphpad prism software. Results are represented in a bar chart. 

Analogs of gal, maintained very low GI50 in gal-resistant cells.  
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Comparing anti-proliferative activities of gal/analogs in AR 

positive/negative PC cells 

Although, we have studied the effects of the analogs in LNCaP and CWR22Rv1 

cells, we are yet to determine whether these compounds maintain significantly low 

inhibitory GI50 values in AR negative cells. We have already shown that these analogs 

show efficacy on multiple proteins in AR negative cells, however, that does not give an 

absolute indication of their ability to inhibit their growth and viability. In addition to that, 

since gal-resistant cells lacked the expression of AR, this would give an indication of the 

multiple-target activities of the analogs, and their increased potency.  

Indeed, in PC3, and three AR positive cell lines, the novel analogs showed several 

folds lower GI50 values than gal. Perhaps most importantly, the GI50 values of the analogs 

in the parental cells (LNCaP and CWR22Rv1) were not significantly different from what 

was observed in gal-resistant cells. In PC3 cells GI50 values of VNPP414 and VNPP433-

3β averaged approximately 1.48 and 0.85 μM respectively, which was even less than 

observed in AR positive cells (Figure 110).  

It is absolutely necessary to fully delineate the activities of these compounds to 

determine their ability to target oncogenes and also to analyze their toxic profiles. 

Histopathologic gross analysis of lung, liver and kidney sections failed to demonstrate any 

toxicity of gal and VNPT55. Studies conducted by Tokai pharmaceuticals also showed 

minimal toxicity of gal, and the appreciably high dose being utilized in the clinic seem to 

confirm the minimal toxicity of gal. We propose that this high dose can be improved by 

further investigation into its formulation and possibly active metabolites of gal. However, 

considering potential resistance in the clinic, development of more potent analogs would 

yield compounds that can be used at low doses with low potential toxicities. 
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Figure 110: Cell viability assays comparing efficacy of gal and analogs. 
(A), C4-2B, CWR22Rv1 (B), LNCaP (C), and PC3 (D) cells were seeded in 96 well plates at 5000 cells/well 

overnight. Serially diluted ARDAs were incubated on cells with complete growth media for 72 hours. Media 

and compounds were replaced and incubated for an additional 96 hours. Mtt reagent was added and cell 

viability and GI50 values were analyzed by graph pad prism. 
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Comparing gal and analogs’ ability to deplete oncogenes. 

  Following the remarkable efficacy of the novel analogs against AR-negative PC 

and gal-resistant cells, we further proceeded to determine the effective concentration of the 

analogs that cause 50% (EC50) suppression of AR, AR-V7 and Mnk1 protein expression. 

CWR22Rv1 cells were seeded in 100 mm culture dishes and synchronized in phenol-red 

free media for 12 hours. Cells were treated with increasing concentration of compounds 

(0.1 to 7.5 μM) for 72 hours. Quantified protein lysate was analyzed by immunoblot. AR, 

AR-V7 and Mnk1 protein expressions (Figure 111 A) were quantified by ImageJ software. 

EC50 values for each protein were computed by a dose-effect plot (Figure 111 B), using 

graphpad prism. EC50 values for all four compounds (gal, VNPT55, VNPP414 and 

VNPP433-3β) are represented in Figure 112.  

Although, the analogs were more potent than gal (with several folds lower GI50 

values), their AR EC50 values were not significantly different (Figure 112). However, the 

analogs’ EC50 values for AR-V7 and Mnk1 were several folds lower than gal, 10 to 60 fold 

more efficacious in depleting protein expression of AR-V7 and Mnk1 (Figure 112). The 

ability of VNPP414 and VNPP433-3β to depleteMnk1 expression might be responsible for 

their activity in gal-resistant and AR-negative cells. 
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Figure 111: EC50 values of gal/analogs on AR/AR-V7/Mnk1 protein expression. 
(A) Protein expression analysis on AR, AR-V7 and Mnk1was performed in gal-treated CWR22Rv1 cells 

over a 72-hour time point. (B), Densitometry of protein bands were used in analysis of EC50 values. Dose-

effect curves were plotted using graph pad prism and EC50 values computed. 

 

Figure 112: EC50 values for gal and analogs on AR, AR-V7 and Mnk1. 
Protein expression analysis was used in computing the EC50 values for all compounds on the indicated 

proteins. Western blot bands were quantified with ImageJ and values normalized to controls. Dose-response 

curves were computed with graphpad prism and EC50 values computed. Our observations show that the 

analogs depleted AR-V7 and Mnk1 more potently than gal. 
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We also analyzed the effects of these analogs on cell cycle proteins (Figure 113 A 

& B) and their ability to inhibit cell cycle progression (Figure 114). 

 

Figure 113: Gal and its analogs deplete protein expression of cyclin D1. 
(A & B), Western blot analysis on Gal and analogs treated cells, show a significant depletion of cyclin D1 

protein expression in LNCaP cells.  

 

Figure 114: VNPP414 and VNPP433-3β inhibit cell cycle progression. 
LNCaP cells synchronized for 12 hours in serum-free media were treated with 2.5 and 5 μM of VNPP414 

and VNPP433-3β and 20 μM of gal, for 24 hours. Cells were stained with propidium iodide and cell cycle 

phases analyzed. VNPP414 and VNPP433-3β exhibited approximately similar effects at 5 µM as gal at 20 

µM. 
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Results from the cell cycle analysis, showed that both analogs arrested cells in the 

G1 phase, interestingly these effects were seen at low micromolar values, 8-fold less than 

the concentration of gal producing similar effects. These compelling results and activities, 

provide a strong rationale for the development and synthesis of the newer and more potent 

analogs to target mCRPC. 

Microarray analysis of gal-resistant CWR22Rv1 cells  

Protein expression and mRNA analysis that was performed on the gal-resistant cells 

barely scratched the surface of the enormous changes effected in the resistant cells. To 

better and fully appreciate the changes that have occurred in these cell lines, we collected 

mRNA in triplicates from CWR22Rv1 gal resistant cells and performed a genome wide 

human transcriptome array.  

We also treated gal-resistant cells (RV1-124R-4µM and RV1-124R-14 µΜ) with 5 

µM of VNPT55, VNPP414 and VNPP433-3β, for 72 hours to evaluate gene expression 

changes induced by the analogs. Figure 115 represents the schematic for developing the 

resistant cells and outline of microarray analysis. Microarray data showed that gene 

expression of the AR was markedly down-regulated more than 30-fold in resistant cells 

compared to parental, as was observed in qRT PCR analysis (Figure 106). Several 

mesenchymal and metastatic markers were up-regulated at the gene level in the resistant 

cells in comparison to the parental. Epithelial marker, E-cadherin, was significantly 

downregulated in gal-resistant cells. Several cytochrome P450 (CYP) enzymes implicated 

in metabolizing compounds were upregulated. Solute carriers involved in drug uptake 

(Thwaites & Anderson, 2011) and implicated in drug resistance were also noted to be 

modulated in gal-resistant cells. A recent study demonstrated that using Bestatin which is 
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a substrate for PEPT1 (SLC15A1) and PEPT2 (SLC15A2) decreased tumor growth after 4 

weeks’ oral administration (Nakanishi et al, 2000). In addition, many of these solute 

carriers are reported to transport anti-cancer agents (Badagnani et al, 2006) into cells and 

have been exploited in cancer therapy.  

A recent review went further to suggest the significance of solute carriers in cancer 

stem cells and whether their expression could be exploited in targeting cancer stem cells 

(Nakanishi, 2007). A brief list of modulated genes in gal-resistant cells (RV1-P vs RV1-

124R-4.5 µM) is represented in Table 11 and 12. The high expression of matrix 

metalloproteinase 1 (MMP-1) (465 fold, Table 11 and Figure 116) in gal-resistant cells 

indicates the acquisition of a more metastatic characteristic, MMP-1 implication in PC 

metastasis has been reported (Pulukuri & Rao, 2008).  

 

Figure 115: Schematic for developing gal-resistant cells and Microarray analysis 
Parental cells were exposed to gal at incremental doses until cells were able to survive at that concentration. 

Media containing increased doses of gal are replaced and cells continued to be sub-cultured until they develop 

resistance to that concentration. Cells were maintained in media containing compounds at indicated 

concentrations over several months. Gal-resistant cells were also treated with analogs to determine potential 

genomic changes induced by the analogs. 
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Table 11: Up-regulated genes in Galeterone-resistant cells (RV1-124R-4.5 μM vs 

RV1-P)  

 

Transcript 

Cluster ID 

Gene Name Fold 

Change 

FDR  

p-value 
TC11002234.hg.1 MATRIX METALLOPEPTIDASE 1 

(INTERSTITIAL COLLAGENASE) 
-465.41 0.000324 

TC12002282.hg.1 SOLUTE CARRIER ORGANIC ANION 

TRANSPORTER FAMILY, MEMBER 1B3 

-105.66 0.000029 

TC07000294.hg.1 INSULIN-LIKE GROWTH FACTOR BINDING 

PROTEIN 1 

-65.73 0.000022 

TC03003211.hg.1 TUMOR NECROSIS FACTOR (LIGAND) 

SUPERFAMILY, MEMBER 10 

-62.95 0.000024 

TC11002228.hg.1 MATRIX METALLOPEPTIDASE 7 

(MATRILYSIN, UTERINE) 

-50.25 0.000209 

TC06001776.hg.1 G PROTEIN-COUPLED RECEPTOR 110 -33.26 0.000024 

TC07003079.hg.1 CYTOCHROME P450, FAMILY 3, 
SUBFAMILY A, POLYPEPTIDE 5 

-30.55 0.000056 

TC03002268.hg.1 TRANSFORMING GROWTH FACTOR, BETA 

RECEPTOR II (70/80KDA) 

-27.61 0.000156 

TC15000971.hg.1 ALDEHYDE DEHYDROGENASE 1 FAMILY, 

MEMBER A3 

-24.46 0.000037 

TC01002741.hg.1 JANUS KINASE 1 -24.2 0.000013 

TC13001638.hg.1 ATP-BINDING CASSETTE, SUB-FAMILY C 

(CFTR/MRP), MEMBER 4 

-23.12 0.000226 

TC07003299.hg.1 CYTOCHROME P450, FAMILY 3, 

SUBFAMILY A, POLYPEPTIDE 5 

-20.92 0.000082 

TC10000475.hg.1 PLASMINOGEN ACTIVATOR, UROKINASE -19.56 0.000028 

TC13000799.hg.1 ATP-BINDING CASSETTE, SUB-FAMILY C 

(CFTR/MRP), MEMBER 4 

-18.63 0.000021 

TC07001184.hg.1 CELL DIVISION CYCLE ASSOCIATED 7-
LIKE 

-17.61 0.000023 

TC07002222.hg.1 CAMP RESPONSIVE ELEMENT BINDING 

PROTEIN 5 

-15 0.000185 

TC01001645.hg.1 NUCLEAR RECEPTOR SUBFAMILY 5, 
GROUP A, MEMBER 2 

-14.42 0.000038 

TC07000722.hg.1 MET PROTO-ONCOGENE, RECEPTOR 

TYROSINE KINASE; MET PROTO-

ONCOGENE (HEPATOCYTE GROWTH 

FACTOR RECEPTOR) 

-13.92 0.00003 

TC12002283.hg.1 SOLUTE CARRIER ORGANIC ANION 

TRANSPORTER FAMILY, MEMBER 1B1 

-12.73 0.000145 

TC10000126.hg.1 VIMENTIN -12.23 0.000013 

TC15002251.hg.1 SMAD FAMILY MEMBER 3 -10.97 0.000253 

TC19000575.hg.1 CYTOCHROME P450, FAMILY 2, 

SUBFAMILY S, POLYPEPTIDE 1 

-9.67 0.000031 

TC17000728.hg.1 MICRORNA 21 -8.82 0.000315 

TC05000782.hg.1 RHO GTPASE ACTIVATING PROTEIN 26 -8.7 0.000059 

TC07002321.hg.1 EPIDERMAL GROWTH FACTOR RECEPTOR -8.4 0.000097 

TC12000642.hg.1 GLI PATHOGENESIS-RELATED 1 -8.15 0.00021 

TC07003171.hg.1 MICRORNA 29A; MICRORNA 29B-1 -7.28 0.000209 
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Table 12: Down-regulated genes in Galeterone-resistant cells (RV1-124R-4.5 μM vs 

RV1-P)  
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Figure 116: Gene expression analysis in gal-resistant cells (RV1-124R-4.5 μM Vs 

RV1-P). 
(A), Gene expression analysis shows that several upregulated genes in gal-resistant cells includes MMP-1, 

CYP enzymes, TGFβ, NF-ΚB1, solute carriers and drug transporters (ABCB6). (B) HeatMap shows a 

downregulation of AR and KLK4 in gal-resistant cells. Genes upregulated in gal-resistance (Red) compared 

to parental. And green indicates genes up-regulated in parental cell line in compared to gal-resistant cells. 
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Figure 117: Gene expression changes observed in gal-resistant cells treated with 

analogs 
Gene expression changes shows an overlap between activities of analogs on modulated genes in gal-resistant 

cells. 

Gene expression changes analyzed for the newer analogs, on gal-resistant cells 

(Figure 117) shows significant number of gene changes. Most of these genomic changes 

overlapped between the treatments, suggesting that these analogs may infact use similar 

mechanism of actions in exhibiting their anti-cancer properties. 

Using the Ingenuity pathway analysis system, we observed that both VNPP414 

(Table 13) and VNPP433-3β (Table 14) downregulated ALDH1L2 and solute carriers in 

gal-resistant cells. Further analysis may yield invaluable insight into resistance-inducing 

mechanisms up-regulated in gal-resistant cells. Anti-apoptotic proteins (Bcl-2) up-

regulated in gal-resistance might also be down-regulated by the analogs. Asparagine 

synthetase (ASNS) reported to be overexpressed in CRPC and implicated in disease 

progression to therapy-resistant state was downregulated by both VNPP414 and VNPP433-
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3β (Table 13 and 14). Infact a study utilizing ASNS inhibitors significantly decreased 

tumor xenograft growth and inhibited cancer cell proliferation (Sircar et al, 2012)  

Table 13: Gene expression changes induced by VNPP414 at 5 μM in gal-resistant 

cells 
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Table 14: Gene expression changes induced by VNPP433-3β in gal-resistant cells 

 

It will be very interesting to fully analyze gene expression changes induced by the 

analogs. We observed that in Figure 117, in addition to modulation of a significant number 

of genes by the analogs in gal-resistant cells, quite a number of these modulated genes 

overlapped between treatments. This may be another indication that these analogs possess 

a similar mode of action, however this similarity did not cause cross-resistance between 

gal and analogs. Clearly there is the need to study the activities of these compounds 

extensively and they may be promising anti-cancer agents, which gives insight to mode of 

actions of agents due to structural modifications.  
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Summary and Discussion of Specific Aim 2b 

 In recent years, treatment options for metastatic castration resistant prostate cancer 

have expanded with the approval of therapeutic agents, such as abiraterone, enzalutamide 

and cabazitaxel. The sequence of administration of these drugs and optimal doses becomes 

very important because of the need to consider toxicity and also the reported cross 

resistance between these drugs. An ongoing clinical study is investigating the utility of 

combining enzalutamide and docetaxel in mCRPC. A previous study which compared the 

efficacy of enzalutamide and docetaxel in mCRPC showed that patient response, to drugs, 

were not significantly different (Suzman et al, 2014). Cross-resistance between the taxanes 

(docetaxel and cabazitaxel) and the AR targeting agents (abiraterone and enzalutamide) 

was related to their mode of action, modulating AR signaling at different points in the 

pathway (van Soest et al, 2013). However, in spite of the efficacies of all these therapeutic 

agents, resistance is constantly being reported. With the emergence of splice variant ARs, 

overexpression of Twist1 and BMI-1, which are implicated in drug-resistance (docetaxel, 

abiraterone and enzalutamide), there still exists the need to discover more potent agents for 

prostate cancer treatment. Published work and ongoing clinical trials implicate the 

significance of autophagy and the efficacy of autophagy inhibitors in prostate cancer 

treatment. 

 In this section of the current study we focused on evaluating the efficacies of 

ARDAs on docetaxel/mitoxantrone/enzalutamide resistant cells and also determined   the 

impact of combining approved FDA drugs, with ARDAs. We envisaged that the multi-

target effects of ARDAs would play a critical role in impeding resistance induced by these 

compounds.  
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Protein expression analysis showed that gal and VNPP433-3β did infact deplete 

Mnk1 and BMI-1 protein levels in docetaxel-resistant cells. These agents exhibited high 

efficacy in anti-proliferative, anti-migratory and anti-invasive activities. Surprisingly, 

although neither enzalutamide nor abiraterone have exhibited any effects on EMT markers, 

they showed considerable anti-invasive properties in drug-naïve CWR22Rv1 cells. 

Autophagy inhibitor Chloroquine showed modest inhibitory effects with surprisingly low 

GI50 values and higher efficacy in drug-resistant cells than enzalutamide. It was also very 

interesting that abiraterone was more efficacious in inhibiting docetaxel-resistant cell 

growth than enzalutamide. This further re-emphasizes the idea that agents exhibit multiple 

properties as opposed to the activity on a specific target for which they were designed to 

inhibit. 

Combination assays with ARDAs, docetaxel, chloroquine and enzalutamide 

yielded very interesting results. Perhaps the most compelling result for our group was the 

fact that gal combined with enzalutamide showed high synergy in drug-resistant cells as 

opposed to modest synergy in drug-naïve cells. This suggests that factors implicated in 

enzalutamide resistance are antagonized by gal hence sensitizing the cells further. At high 

doses gal and VNPP433-3β synergized with either chloroquine or docetaxel in inhibiting 

cell viability and growth of both drug-naïve/resistant cells. These activities need further 

investigation and can be appropriately exploited in combination therapeutics for metastatic 

castration resistance prostate cancer. 

Considering that cancer cells become resistant to agents used in therapy, we 

developed gal-resistant cells to help better understand potential resistant mechanisms and 

also develop counteracting measures. Our investigation of gal-resistant cells revealed very 
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interesting data that can be utilized in the design and development of next generation 

ARDAs. The fact that cross-resistance is nonexistent between the 1st generation and 2nd 

generation ARDAs, with the latter exhibiting strong efficacy in gal-resistant cell, provides 

a strong rationale for their further development. Obviously from the microarray data, we 

note that a number of pathways are up-regulated and the resistant cells also acquire a more 

metastatic potential, both genotypically and phenotypically.  

Signaling pathways such as the MAPK, EGFR pathways are up-regulated. Drug-

resistance proteins and detoxifying genes were all up-regulated. Solute carriers which have 

been reported to be involved in steroid molecules transport and also in their resistance were 

also up-regulated. Anti-apoptotic proteins (Bcl-2), transforming growth factor beta 2 

(TGFβRII) may contribute to resistance to gal, however, overexpression of these pathways 

did not cause resistance to the analogs.  

Depletion and possible silencing of the AR gives further information about what 

might occur in the clinic. The fact that AR could be reactivated in these cells could give an 

indication of what treatment schedule to apply. On-going studies seek to evaluate whether 

the emergence of a novel AR splice variant in gal-resistant CWR22Rv1 could be a potential 

pivotal point for the action of gal analogs. Docetaxel resistant PC cells have been shown 

to express less AR and the use of anti-androgen therapy was efficacious. To determine 

whether gal-resistant cells would be susceptible to enzalutamide or abiraterone therapy, we 

conducted MTT cell viability assays in gal-resistant cells. Both drugs exhibited high GI50 

values not worthy of further analysis, this was expected because of depletion of AR. 

Observing that there was considerable increase in autophagic response, we treated the 

resistant cells with chloroquine and the GI50 values were high. Interestingly, autophagy 
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related 16-like (Atg-16) was up-regulated at the gene level, observed in the microarray 

analysis, this may be responsible for the high expression of LC3-I/II observed in the 

western blot analysis (see Figure 105). 

Though preliminary, our data gives an idea of what to expect and what might work. 

However, from these results, it can be assumed that gal and its analogs have the capability, 

clearly, to destabilize resistance and re-sensitize cells to therapeutic agents. Further work 

on these resistant cells, supported by the microarray data needs to be addressed to fully 

appreciate the potential of gal and analogs and their possible applications. 

Future Directions 

Following the profound activities of gal and its analogs on docetaxel/mitoxantrone 

and enzalutamide resistant cells, future studies will aim at determining their potencies in 

vivo. Docetaxel-resistant cells may be used to develop xenograft models to test these 

compounds, comparing them to efficacies of enzalutamide and abiraterone. In order to 

reduce toxicity and potential resistance, several combination studies were investigated in 

vitro. We intend to perform further studies to evaluate gal’s ability to either potentiate or 

synergize with enzalutamide, docetaxel and chloroquine in drug-naive and drug-resistant 

PC xenografts. 

Our microarray analysis on gal-resistant cells revealed effects on multiple genes 

that modulate metastasis and stem cell characteristics. In RV1-124R-14 µM gal-resistant 

cells we observed emergence of a novel splice variant with a molecular weight between 80 

and 110 kDa. This variant of the androgen receptor may not have been identified 

previously. However, since this isoform emerged after 24 months of gal treatment, we will 
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seek to clone and characterize this variant. We also intend to determine whether the 1st and 

2 nd generation ARDAs exhibit any effect on this “novel” AR splice variant. Rigorous 

analyses of the microarray data will help us understand the potential mechanisms of gal-

resistance which would likely benefit clinical use of gal. 

Specific Aim 3:  Determine the anti-tumor efficacy of ARDAs 

in a clinically relevant CRPC model. 

Evaluating the MTD of VNPP433-3β 

Acute Dosing 

The parental compound, gal, has shown little to no toxicity, considering that 

VNPP433-3β is several fold more potent with sub-micromolar GI50 values. We found it 

necessary to evaluate its MTD and toxicity, in order to determine whether it was beneficial 

to further its development both in vitro and in vivo. We performed an acute dosing, where 

male nude mice were injected once with 25, 50 and 100 mg/kg body weight of VNPP433-

3β formulated in β-cyclodextrin, and observed for two weeks. Considering the efficacy of 

VNPP433-3β in vitro and the fact that it is several fold efficacious than gal, we decided to 

use 100 mg/kg body weight as the highest dose. Body weights were taken twice a week 

and animals examined for any adverse effects (inactivity, skin changes, bleeding). One of 

the three mice died in the 100 mg/kg group on the second day after injections. The rest of 

the animal in groups 25 and 50 mg/kg did not exhibit any signs of toxicity. From the overall 

average body weights and physical appearance of mice there were no apparent toxicities 

from the treatment (Figure 118). 
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Figure 118: Mean body weights of mice treated with one bolus of VNPP433-3β. 
Nude mice were grouped with three mice per dose. Body weights were taken on the first day of injection and 

subsequently on indicated days. Body weights were averaged and compared. At the end of the study there 

was no significant change in body weight 

Chronic Dosing 

Results from the acute dosing indicated that 100 mg/kg body weight of VNPP433-

3β was tolerated well by the two mice in that group. Hence we decided to use 100 mg/kg 

as the maximum tolerable dose for the next phase in determining the viable dose for in vivo 

studies. We then performed a chronic dosing administering 0.1, 0.25 and 0.5 MTD, five 

days a week for two weeks. Body weights were taken as before, twice a week and any 

adverse conditions noted (Figure 119). After 14 days, the experiment was terminated and 

animals sacrificed. Two mice died in the 0.5 MTD group on day 7. All other groups looked 

healthy, including the lone mice in group 0.5 MTD. Based on the acute and chronic dosing 

results, we estimate that the MTD for VNPP433-3β in nude mice is approximately between 

25-50 mg/kg body weight. However, more rigorous toxicology studies are required to 

characterize VNPP433-3β adverse effects. 



214 

 

 

Figure 119: Mean body weight of mice after chronic dosing. 
Nude mice were grouped with three mice per dose. Body weights were taken on the first day of injection and 

subsequently on indicated days. Body weights were averaged and compared. 100 mg/kg treated mouse 

showed a significant decrease in body weight after two observed mortalities. 

Gal and VNPT55 suppress CWR22Rv1 xenograft tumor growth. 

 Gal is currently in clinical development for the treatment of CRPC. Because splice 

variant AR-V7 plays a significant role in castration resistance, we further evaluated the 

efficacy of gal and VNPT55 in CRPC AR-V7 positive CWR22Rv1 xenografts. Male SCID 

mice were castrated and allowed to heal and assigned into three groups of five per cage; 

mice were treated with gal or VNPT55 twice daily, 5days/week (schematic, Figure 120). 

Cells inoculated on flanks of mice after castration grew into sizeable tumors even with 

complete ADT. Castrated male SCID mice bearing CWR22Rv1 tumors were treated with 

vehicle, gal or VNPT55 for 34 days as described in Materials and Methods. As shown in 

Figure 121, gal and VNPT55 significantly inhibited CWR22Rv1 tumor growth by 60% (p 

< 0.0001 vs. vehicle) and 70% (p < 0.0001 vs. vehicle), respectively. Body weights taken 

once a week were analyzed to determine if there were any changes. Interestingly, no host 

toxicity was observed as monitored by changes in body weight throughout the study 
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(Figure 122). The H & E staining of liver, lung and kidney in the treated groups did not 

show any gross organ abnormalities on histological examinations (Figure 123). 

 

Figure 120:  Schematic for PC in vivo study design using CWR22Rv1  xenograft. 
Castrated SCID mice were put into three groups with five mice per group. Animals were dosed twice a day 

with vehicle, gal or VNPT55. Body weights were measured every week during the course of the study. 

 

Figure 121: Gal/VNPT55 inhibit the growth of CWR22Rv1 xenografts. 
Representative tumors from the 2 groups. Effect of gal and VNPT55 was evaluated in castrated CWR22Rv1 

xenograft-bearing mice. Mice (n = 5) were administered with gal (0.15 mmol/kg/twice daily) and VNPT55 

(0.15 mmol/kg/twice daily), by intraperitoneal injection, 5 days per week for 34 days. Tumors were measured 

twice a week. 
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Figure 122: Body weights of mice show no host toxicity. 
Mean body weights of mice were taken once a week for the duration of the study 

 

Figure 123: H & E staining of lung, liver and kidneys shows no gross organ 

abnormalities. 
Hematoxylin and eosin staining of normal organs, formalin fixed and paraffin embedded tissues to show in 

vivo and off-target toxicity or not of compounds 

To further validate the anti-prostate cancer activities of gal and VNPT55 seen in 

vitro; we evaluated the expression levels of fAR, AR-V7 and cell cycle and apoptosis-
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related proteins in vivo using representative tumor samples. Immunohistochemistry 

analysis with anti-fAR and AR-V7 antibody on tumors showed that gal and VNPT55, 

significantly reduced intensities and expressions of fAR and AR-V7 in treated samples 

(Figure 124 A) In addition, a significant decrease in the expression of proliferating cell 

nuclear antigen (PCNA) was observed in gal and VNPT55 treated tumors, suggesting the 

inhibitory effects on cell cycle in vivo (Figure 124 A). Immunohistochemical stain 

quantification of Figure 124 A shows a significant decrease in protein expression in vivo 

(Figure 124 B). 

 

Figure 124: Protein expression analysis in Gal and VNPT55 tumor sections. 
(A) Representative images of full length AR, AR-V7 and PCNA immunostaining in vehicle and treated 

groups. (B) ImageJ was used to quantify Immunohistochemical staining in A.   
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Western blot analysis further confirmed that gal and VNPT55 degrade both fAR 

and AR-V7 in the tumors. As shown in Figure 125 A, both agents caused significant 

depletion of cyclin D1 and Bcl-2 and a concomitant increase in Bax protein expression, 

indicating induction of apoptosis in vivo. Densitometry analysis of fAR, AR-V7 and cyclin 

D1 protein expression in two representative tumors in the treatment groups and the vehicle 

treated group are represented in Figure 125 B. Taken together, these data show that gal and 

VNPT55 suppress the growth of CRPC xenograft tumors in complete androgen-deprived 

conditions possibly via depleting expression of both fAR, its constitutively-active splice 

variant, AR-V7, in addition to inducing significant apoptosis of tumor cells. 

Gal and VNPT55 downregulate expression of Mnk1/2 and BMI-1 in vivo 

Effects seen in vitro are not necessarily observed in vivo as seen with ERSR 

markers in LAPC4 xenografts. Therefore, we found it necessary to determine whether 

effects seen on the translation machinery would be recapitulated in vivo. Tumor sections 

from xenografts studies, were stained with Mnk1/2, peIF4E, Slug and BMI-1 antibodies to 

determine whether effects seen on these markers occurs in vivo as well. Representative 

tumors from gal and VNPT55 treated groups were minced, lysed and used in immunoblot 

analysis. It was interesting to observe that β-Catenin, Mnk1/2, and BMI-1 were 

downregulated in vivo in both treated groups compared to vehicle treated controls (Figure 

126 A & B). Analysis of westerns by densitometry shows a marked downregulation of 

expression of indicated proteins (Figure 127). Staining of parafinised sections of xenografts 

also confirmed observations with western blot analysis (Figure 128 & 129). 
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Figure 125: Densitometry of Protein expression in vivo. 
(A), Xenograft tumor tissues were harvested and analyzed by western blotting. Effects on fAR, AR-V7, 

cyclin D1, Bcl2 and Bax were analyzed in both gal and VNPT55 groups compared to controls. B, 

Densitometry analysis of protein expression from western blot analysis was plotted to quantify the effects 

seen in vivo. Western blot analysis was performed on at least 3 different tumors from the same groups and 

compared to controls. Results indicate a significant downregulation of protein expression in vivo (*p<0.05, 

**p<0.001) 
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Figure 126: Gal and VNPT55 downregulate stem cell factors and Mnk1 /2 expression 

in vivo.   
Protein expression of β-Catenin, Mnk1/2, BMI-1 and Oct-4 were analyzed in Gal (A) and VNPT55 (B) 

treated groups by western blot. This shows that effects seen on expression of indicated protein in vitro were 

also observed in vivo. 

 

Figure 127: Protein quantification of analyzed proteins in vivo.  
Densitometry analysis of protein expression from western blot analysis, in Figure 12, was plotted to quantify 

the effects seen in vivo. Immunoblot analysis was performed in at least 3 representative tumors. 
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Figure 128: Immunohistochemical analysis of protein expression on in vivo 

parafinised sections. 
Representative images of Mnk1/2, BMI-1, Slug and peIF4E immunostaining in vehicle and treated groups. 

Parafinised tumor sections were stained with Mnk1/2 BMI-1, Slug and peIF4E antibodies following protocol 

in materials and methods. Both gal and VNPT55 show strong depletion effects on Mnk1/2, peIF4E, BMI-1 

and Slug. 

 

Figure 129: Quantification of IHC staining in Figure 125. 
IHC staining in Figure 128 were quantified using the ImageJ software and represented as a bar chart. Images 

were taken from 4 different quadrants in 3 replicates. Quantification shows that BMI-1 expression was 

significantly downregulated. 
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Summary and Discussion of Specific Aim 3 

Perhaps the most significant piece of data from this study is the anti-tumor efficacy 

of gal and VNPT55 in fAR/AR-V7 positive CWR22Rv1 xenografts (a difficult-to-treat 

CRPC model). Gal/VNPT55 significantly inhibited tumor growth compared to vehicle 

treated groups, with no apparent host toxicity. Gal and VNPT55 also degraded both fAR, 

AR-V7 in vivo and also depleted cyclin D1 and Bcl-2, but enhanced the level of Bax. In 

strong support of their mechanisms of anti-tumor activities, most effects seen in vitro were 

recapitulated in vivo. 

Perhaps, most importantly is to determine whether these effects observed in vitro 

can be repeated in vivo. From our previous publication, using CWR22Rv1 xenografts in a 

CRPC model, gal and VNPT55 exhibited anti-tumor efficacies by inhibiting tumor growth 

and also depleting protein expression of AR/AR-V7. Here we used tumor sections from 

that study and evaluated whether gal and VNPT55 had any significant effect on Mnk1/2, 

peIF4E, BMI-1 and β-Catenin. Interestingly we observed modest depletion of β-Catenin 

and substantial loss in protein expression of Mnk1/2 and BMI-1 in both treated groups. 

Immunohistochemical staining of Mnk1/2 and BMI1 also confirmed these effects seen in 

vitro.  

Both Gal and VNPT55 have shown minimal to no toxicity in vivo and in fact this 

is exemplified by the current dose that’s being used in the clinic for therapeutic purposes. 

Galeterone is currently dosed at 2550 mg per day, although current formulation strategies 

might allow for this and proper formulation may decrease the efficacious dose used, it gives 

a clear indication of the low toxicity of the compounds. In the in vivo study, we also 

observed that at comparative doses, VNPT55 showed no toxicity and was more efficacious 
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in inhibiting xenograft growth. Since the characteristics of VNPT55 gives an indication 

that it might cleave in vivo to gal, this could be a viable option for a prodrug that possibly 

might use lower doses in treating metastatic castration resistant prostate cancer.  

These observations in addition to its low toxicity suggests that, gal and VNPT55 

characterized properly will enhance their potential application in therapy 

Future Directions 
Putative stem cells have been implicated in drug-resistance. Thus, our next series 

of in vivo studies will be to isolate stem cell populations and develop xenograft models to 

test anti-tumor activities of gal and its analogs. 

Chapter 5: The Pancreas: Structure and Function 

The pancreas (Figure 130) is a long slender organ weighing about 80 g in a healthy 

adult human and is located posterior to the bottom half of the stomach. The pancreas 

consists of two glands intimately connected together, an endocrine (Islets) of Langerhans) 

and an exocrine (acinar and duct tissue) component that are involved in several processes 

in maintaining homeostasis in the body. The pancreas is enervated by the sympathetic and 

parasympathetic nervous systems. The pancreas is stimulated by both these systems, the 

vagus nerve with originates from the dorsal vagal complex of the brain is connected to the 

efferent parasympathetic system. The celiac and superior mesenteric arteries supply blood 

to the pancreas and the splenic vein and the superior mesenteric vein drains the blood from 

the pancreas into the portal vein. 
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Figure 130: Structure of the Pancreas 
Human pancreas showing the different types of pancreatic cells and blood vessel enervation. Micrograph 

shows pancreatic islet depicting alpha, beta and exocrine acinus cells. Image modified from micrograph 

provided by the Regents of University of Michigan Medical School © 2012. http://philschatz.com/anatomy-

book/contents/m46685.html 

The endocrine and exocrine tissues of the pancreas are connected by blood vessels 

and capillaries surrounding the islets before entering the general circulation (Ballian & 

Brunicardi, 2007).. The islet of Langerhans produces hormones that include insulin, 

amylin, glucagon, somatostatin and pancreatic polypeptide. Studies have not been able to 

fully delineate the role of all these hormones, however, the acinar cells of the pancreas have 

been reported to express insulin receptors that are involved in regulation of digestive 

enzyme synthesis of the exocrine pancreas (Korc et al, 1981; Sankaran et al, 1981). 

The exocrine component of the pancreas is mainly involved secreting enzymes that 

aid in the digestion of food. The exocrine cells release these enzymes into pancreatic ducts 

that run along the body of the pancreas, these in turn are released in the duodenum. The 
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acinar cells of the pancreas are mainly involved in the synthesis of digestive enzymes and 

have the greatest rate of protein synthesis of any mammalian organ. 

The endocrine compartment of the pancreas is mainly involved in producing 

hormones necessary for regulating blood sugar levels in the body. The islets of Langerhans 

consist of four different types of cells: the alpha cells, Beta cells, delta cells and PP cells 

(pancreatic polypeptide producing cells). 

Diseases of the Pancreas 

 Disorders that affect the pancreas include pancreatitis, precancerous conditions 

such as pancreatic intraepithelial lesions (PanIN), Intraductal papillary mucinous neoplasm 

(IPMN) and pancreatic cancer. 

Pancreatitis 

Pancreatitis is characterized by inflammation of the pancreas, and this occurs when 

digestive enzymes start acting on the pancreas itself. This can either be an acute or chronic 

problem. 

Pancreatic cancer 

Pancreatic cancer (PAC) is one of the most intractable malignant neoplasms with 

the worst prognosis and mortality rate approaching 99%. The most common type of the 

cancer accounting for 85% of the disease is the adenocarcinoma (pancreatic ductal 

adenocarcinoma, PDAC), which originates from the duct cells in exocrine component of 

the pancreas. The neuroendocrine disease forms a minor part of the disease and arises from 

the islet cells. These tumors uncommon and reported cases average 1000 per year in the 

United States. Currently, Pancreatic ductal adenocarcinoma (PDAC) is  the fourth leading 
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cause of cancer related death in the United States (both male and females) (Niederhuber et 

al, 1995). Almost 80-90% of patients diagnosed present with the metastatic disease and in 

2013, incidence of PDAC incidence was estimated at 45,220 cases out of which 38,460 

were fatal. Despite attempts of resection and adjuvant therapy patients diagnosed with 

pancreatic cancer continue to have poor prognosis. The overall 5-year survival rate for PAC 

is not that promising as it averages 6%. This poor survival rate can be attributed to the 

innumerable mutations presented with the disease, absence or inappropriate early detection 

biomarkers, the desmoplastic stroma characteristic of pancreatic cancer, which hinders 

drug delivery (Chu et al, 2007; Mahadevan & Von Hoff, 2007) and high resistance to 

available therapy. Currently, there is no efficacious treatment for pancreatic cancer. 

Conventional chemotherapy and radiation therapy have shown only limited success in 

improving patient survival. A novel treatment to inhibit cancer cell proliferation with less 

toxicity is quintessential. 

Pancreatic cancer disease progression, just as any other cancer, is accompanied by 

an accumulation of activation and inactivation mutations that enhances cellular 

proliferation, disease metastasis and resistance to chemotherapeutic drugs. KRAS 

oncogene mutation is expressed in 90% of the tumors, maintained in its activated form and 

constitutively activating the RAF-MAPK pathway. Ninety-five percent (95%) of 

pancreatic tumors express inactivated form of cyclin-dependent kinase inhibitor 2A 

(CDKN2A) gene, which results in the loss of the p16 protein. The tumor suppressor p53, 

which impedes cells from bypassing DNA damage and activates proapoptotic signals, is 

mutated in approximately 50-75% of Pancreatic cancer tumors (Maitra & Hruban, 2008).  

The deleted in pancreatic cancer 4 (DPC4/SMAD4) gene (Feldmann et al, 2007), mutated 
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and inactive in about 50% of pancreatic cancer causes abnormal signaling of the 

transforming growth factor beta (TGFβ) surface receptors. 

 Pancreatic stellate cells play a key role in the stroma that surrounds pancreatic 

adenocarcinoma. These stellate cells, when stimulated by growth factors, produce an 

abundance of collagen fibers which contribute to hypoxia in the tumor microenvironment 

(Erkan et al, 2009; Masamune & Shimosegawa, 2009). Stromal cells have been shown to 

interact with the epithelial cells (via paracrine signaling) inducing growth and migration of 

the malignant cells (Zhang et al, 2007). This stromal density has also been implicated in 

poor drug delivery, poor prognosis and resistance of pancreatic cancer. They secrete 

cytokines and overexpress proteins such as COX-2, VEGF, integrins, PDGF receptor, 

stromal cell-derived factor, SPARC (secreted protein, acidic, cysteine-rich) and a very 

active hedgehog pathway which have all been positively correlated with resistance to 

conventional therapy (Infante et al, 2007; Mukherjee et al, 2009). 

Current therapy for pancreatic cancer 

 Since its approval in 1996, gemcitabine (a nucleoside analog) has been established 

as standard treatment for advanced pancreatic cancer treatment. Gemcitabine therapy is at 

best  modest, (Neesse et al, 2011) and this is partly due to the dense desmoplasia and 

acquired resistance. Clinical trials combining several FDA approved drugs with 

gemcitabine to sensitize pancreatic tumors have been conducted (Vaccaro et al, 2011). A 

number of these drugs’ mechanism of action is to increase perfusion or retention of drugs 

in the tumor, resulting in a potentiated effect of gemcitabine. Gemcitabine treatment 

however, reportedly increases activation of the NF-ΚB signaling pathway. Gemcitabine 

treatment also induces the expression of a constitutively active splice variant Mitogen 
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activated protein kinase interacting kinase 2 (Mnk2) (Cencic et al, 2011) which 

phosphorylates eIF4E. EIF4E phosphorylation is known to be a critical step in the 

activation of oncogenic protein translation machinery. 

 Although gemcitabine treatment in the clinic improves overall median survival, it 

remains hardly beneficial and more robust combination chemotherapies or novel inhibitors 

are needed to target the metastatic potential of pancreatic cancer. Phase II and III studies 

investigating combination of gemcitabine and   platinum analogs and irinotecan did not 

show any significantly improved therapeutic response (Rocha Lima et al, 2004; 

Stathopoulos et al, 2006). Some modest benefit was shown by capecitabine in combination 

with gemcitabine. FOLFIRINOX a combination of drugs (5-FU, leucovorin, irinotecan and 

oxalipatin) has been used as first-line treatment and although it showed increased patient 

survival, the toxicity and side effects were reported to be intolerable (Conroy et al, 2011). 

Currently, erlotinib is the only agent that has shown some statistical significance and 

benefits in improvement to therapy when combined with gemcitabine. Following 

presentation of data from the  FOLFIRINOX study, the interest arose to  investigate 

potentially  efficacious combination strategies with drugs that were not gemcitabine based 

(Vaccaro et al, 2011). Several other studies evaluated polychemotherapy regimens where 

3-4 cytotoxic agents were combined with gemcitabine, these yielded promising results 

where the regimens were more efficacious than gemcitabine alone (Reni et al, 2005). 

 Growing evidence implicated the significance of the dense stroma 

surrounding pancreatic adenocarcinoma in drug resistance. These concerns prompted 

studies that were directed at increasing the concentration of active gemcitabine alone, in 

the tumors. Studies in murine pancreatic cancer tumors, however, failed to show significant 
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responses resulting from the  increase of tumoral gemcitabine (Neesse et al, 2013). In 

another study nab-paclitaxel (which reduces cytidine aminase levels) in combination with 

gemcitabine showed improved tumor regression in mouse pancreatic cancer disease (Frese 

et al, 2012). Nab-paclitaxel (an albumin bound drug) acts by depleting the stromal tissue 

which resulted in a significantly enhanced intratumoral gemcitabine concentration. 

The activities of pancreatic stellate cells surrounding PDAC results in poor 

vascularization and increased tumor microenvironment hypoxia, which can induce several 

alterations leading to a metastatic transition. Incidentally, these stellate cells also regulate 

the stroma turnover and can serve as potential drug targets. This dense desmoplastic stroma 

has been reported to be largely responsible for impaired drug delivery and drug-resistance 

exhibited by pancreatic cancer tumors during chemotherapy (Neesse et al, 2011).  

Combination Therapy in PAC/PDAC 

 Targeting multiple pathways to decrease resistance and enhance efficacy, has 

shown great potential. Aggressiveness and resistance of cancer cells are attributed to 

aberrant signaling of several kinase pathways such as the Phosphatidylinositide 3-kinase 

(PI3k)-Akt-mTOR and RAS-MAPK pathways. These kinase pathways enhance cell 

proliferation and evasion of cell death. NF-κB possesses anti-apoptotic, proliferative, 

motility and invasive promoting properties (Cao & Karin, 2003); it is also well known to 

induce genes such as cyclin D1 and urokinase-type plasminogen activation (uPA). Gene 

amplification such as Akt2 has also been detected in 10-20% of pancreatic cancer tumors. 

Studies have shown that Akt phosphorylation can cause activation of NF-ΚB, MAPK and 

the wingless-related integration site (Wnt) signaling pathways. Akt activation serves to 

impact cell survival by phosphorylating FOXO3A which then inactivates pro-apoptotic 



230 

 

proteins like BIM and p27. Other apoptotic proteins, Bad and caspase 9, are also inhibited 

by Akt phosphorylation.  

Current investigational therapeutic strategies are evaluating dual inhibition of PI3k 

pathway in combination with other inhibitors, to retard tumor growth. Preclinical 

evaluation of dual PI3k/mTOR inhibitor and pan-histone deactelyase inhibitor (NVP-

BEZ235) showed significant decreases in tumor volumes and anti-apoptotic proteins (Bcl-

xl) (Venkannagari et al, 2012). Grape seed proanthocyanidin (GSP), a non-toxic 

phytochemical, exhibit anti-cancer properties by down-regulating cyclin B1, Bcl-2, and 

PI3k subunit 110 and 85 in vitro and in xenograft models. These phytochemicals also 

induce apoptosis in PDAC cells in vitro (Prasad et al, 2012). Rapalogs (Rapamycin and its 

analogs) is approved by the FDA for the treatment of pancreatic neuroendocrine tumors 

(Wander et al, 2011), however, this class of compounds are not very efficacious in treating 

PDAC (Wolpin et al, 2009). 

 Deregulation of translation initiation control is a very critical oncogenic step in 

cancer progression. Abnormal signaling of the PI3k/mTOR and MAPK pathways reported 

in pancreatic adenocarcinoma also crosstalk with key components of the translation 

initiation complex (Figure 131) (Bhaskar & Hay, 2007). MTOR directly phosphorylates 

the eukaryotic translational initiation factor 4E (eIF4E)-binding protein (4E-BP1/2) 

thereby releasing its inhibitory effects on the complex and enhancing the rate of protein 

synthesis. Phosphorylation of 4E-BP1 releases its inhibitory effect on eIF4E which then 

induces the formation of the translation complex. Mitogen activated protein kinase 

interacting kinase 1/2 (Mnk1/2), phosphorylates eIF4E preceding the formation of the 
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eIF4F complex. Mnk1 a serine/threonine kinase is also phosphorylated by the extracellular 

signal-regulated kinases (ERKs) and p38 MAP kinase (Figure 130).  

Normal pancreatic cells are reported to express the highest levels of 4E-BP1 

(Tsukiyama-Kohara et al, 2001; Tsukiyama-Kohara et al, 1996), however, this expression 

level is significantly reduced in the early stages of human pancreatic ductal 

adenocarcinoma (Martineau et al, 2013). Incidentally eIF4E which promotes tumor 

formation is overexpressed in many human tumors including pancreatic cancer. The 

formation of the complex enhances the translation of anti-apoptotic proteins (MCL-1 and 

Bcl-2) (Wendel et al, 2007) and proliferation promoting proteins such as c-Myc and Cyclin 

D1 (Hsieh et al, 2010; Hsieh et al, 2011; Mendoza et al, 2011). Reports on 4E-BP1 

expression in pancreatic tumors showed that more than 50% of PDAC lacks the protein, 

which contributes to resistance to Rapalogs. Transcription factor SMAD4 reportedly, 

directly activates the 4E-BP1 gene (Azar et al, 2009). The function of SMAD4 in PDAC 

has been associated with TGFβ signaling exerting protective functions on duct cells and 

inhibiting cell growth. In trying to correlate SMAD4 levels to 4E-BP1 in different human 

pancreatic lesions, there seems to be a positive relationship. The gene encoding 4E-BP1 is 

neither deleted nor mutated in pancreatic cancer (Biankin et al, 2012), further studies also 

show that the gene is not silenced (Martineau et al, 2013). Authors from this study 

concluded that the only possible explanation for 4E-BP1 loss would be the deactivation of 

SMAD4. Drug design and development for inhibitors targeting the Mnk1/eIF4E axis and 

kinase activity of Mnks are actively under investigation for the treatment of several cancers 

(Furic et al, 2010; Oyarzabal et al, 2010; Schalm et al, 2010).  
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Figure 131: Role of eIF4E in cancer therapy and translation of oncogenic mRNAs  
The PI3K/Akt/mTORC1 pathway and MAPK pathways converge on the translation complex. The 

PI3K/Akt/mTOR pathway releases its inhibitory effect on the Mnk-eIF4E axis by phosphorylating 4E-BPs 

which then dissociates from eIF4E.The MAPK pathway activates the translation complex by phosphorylating 

Mnk1/2 which in turn phosphorylates eIF4E. This leads to the assembly of the translation complex eIF4F 

(eIF4E, eIF4G, eIF4A, and eIF3).  eIF4E phosphorylation is a rate-limiting step in the formation of the 

complex to initiate translation of proteins. Image modified from Hay et al,2010, to show prime targets of 

investigational efforts including targets of gal and analogs(Hay, 2010) 

PDAC is characterized by a high metastatic potential enhanced by cancer cell-

stroma interactions. MMPs play a pivotal role in cancer cell invasion and metastasis and is 

up-regulated in invading cancer cells. Overexpression of cyclooxygenase-2 (COX-2) has 

been implicated in cancer progression (Dimberg et al, 1999; Khuri et al, 2001; Ladetto et 

al, 2005; Liu et al, 2001; Park et al, 2009; Shirahama & Sakakura, 2001) and is 

overexpressed in PDAC (Okami et al, 1999; Tucker et al, 1999; Yip-Schneider et al, 2000). 

Studies have shown a strong positive correlation between MMP-9 and COX-2 expression 

(Bu et al, 2011).  

Pancreatic stellate cells (PSC) also express a high level of COX-2 in comparison to 

pancreatic cancer cells. A study by Pelham et al. in 2005 showed that conditioned media 
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from pancreatic cancer cells increased COX-2 as well as growth of PSC (Yoshida et al, 

2005). The activities of PSC  results in the desmoplastic tissue reaction surrounding 

pancreatic tumors (Yen et al, 2002). In 2005, Adrian et al. in their experiments confirmed 

the dependence of PSC growth on COX-2, also characterizing a direct crosstalk between 

the MAPK pathway and COX-2. The involvement of STAT (Signal Transducer and 

Activator of Transcription) in tumor cell transformation, survival, invasion and metastasis 

is well established (Germain & Frank, 2007). Interleukin-6 (IL-6) which induces the 

phosphorylation of MAPK and is upstream of JAK/STAT3 is reported to be overexpressed 

in pancreatic cancer patients (Noh et al, 2006). 

Chemotherapeutic agents directed at disrupting the integrity of tumor 

microenvironments enhance drug delivery of chemo-agents and can also sensitize tumor 

cells to the drugs. One significant pathway that is up-regulated in pancreatic stromal cells 

is the Sonic Hedgehog (SHH) pathway, and several strategies has targeted this pathway to 

augment gemcitabine drug delivery (Olive et al, 2009). An example of an agent used is a 

Cyclopamine derivative, IPI-926, which targets and deplete stromal cells, resulting in 

increased active gemcitabine levels in tumors (Olive et al, 2009). Another stromal target 

which is extensively expressed in the extracellular matrix is glycosaminoglycan 

hyaluronan (HA). Its expression causes constriction of blood vessels. A study by two 

groups, showed that significant degradation of HA by PEGPH20 increased tumor 

perfusion, which resulted in an enhanced delivery of chemo-agents without increasing 

tumor volumes (Jacobetz et al, 2013; Provenzano et al, 2012). Connective tissue growth 

factor (CTGF) is expressed in both stromal and pancreatic cancer cells and causes the 

characteristic PSC-mediated fibrogenesis typical of the stromal region of pancreatic 
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cancers. Studies have shown that, inhibiting CTGF, enhanced drug delivery to the tumors. 

Their study also suggested that inhibiting stroma-tumor interactions in addition to 

increasing intra-tumoral drug concentrations may play a pivotal role in pancreatic cancer 

therapy. 

Pancreatic cancer Specific Aims 

Gemcitabine (Gemzar), is currently used as first-line chemotherapy standard care 

for patients with advanced pancreatic cancer and has been in use since 1997 (Burris et al, 

1997). Gemcitabine is also used as adjuvant therapy after surgery and tumors have been 

resected. Although, gemcitabine is initially potent and efficacious, this drug induces 

resistance in pancreatic cancer cells via upregulation of the Akt and nuclear factor kappa 

B (NF-κB) pathways (Banerjee et al, 2005). The overactive MAPK pathway in pancreatic 

cancer has also been associated with overexpression of neuropilin-1 (Wey et al, 2005). 

Several investigational agents are under investigation as monotherapy or evaluated in 

combinatorial strategies to combat drug resistance. The rationale behind combining several 

drugs also stems from the inability to target pancreatic cancer tumor cells due to the dense 

and poorly vascularized stroma characterized by the disease.  

The objective of this study is to investigate the potential development of a novel 

class of compounds (ARDAs) to be used as either single-agent therapy and or combination 

therapy with gemcitabine in both gemcitabine-naïve and gemcitabine-resistance PDAC 

cells. Androgen Receptor Degradation Agents (ARDAs) have shown potential in vitro, for 

targeting multiple oncogenic pathways, inhibiting cancer cell growth and migration. 

Studies with prostate cancer xenograft models have also shown antitumor activities of these 

ARDAs. Analogs of the parent compound, gal, have shown increased potencies and 
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minimal toxicity in vitro and in vivo. The efficacies of these ARDAs will be investigated 

on pancreatic cancer cell growth, tumor burden, reduction and migration/invasion 

inhibition. The overall hypothesis for this work:  

Hypothesis 

Inhibitory effects of gal and it analogs on cell cycle kinases, NF-κB pathway and Mnk-

eIF4E axis, will increase their efficacy in inhibiting cell proliferation, migration and 

invasion and ultimately reduce PDAC tumor burden. Since resistance to gemcitabine 

implicates NF-κB activation and up-regulation of eIF4E phosphorylation, we 

hypothesize that ARDAs will synergize with gemcitabine in inhibiting proliferation of 

PDAC cells and tumors 

Specific Aim 4a: To evaluate the efficacy of ARDAs as anti-proliferative agents in 

vitro on pancreatic cancer cells.  

Hypothesis: ARDAs decrease pancreatic cancer cell viability and inhibit cell 

growth by modulating key components in the cell cycle and inducing caspase 3 and 

PARP cleavage.  

 Strategy: 
� Determine the compounds’ effects on cell viability by MTT (3-(4, 

5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide assay. 

We will use pancreatic cancer cells from primary tumors (MiaPaca-

2, Panc-1, Capan-1 and HS766T), metastatic lesions (S2-013 and 

S2VP10) and ascites (ASPC1). 
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� Evaluate whether ARDAs synergize with gemcitabine in inhibiting 

cell proliferation of drug resistance PDAC cells 

� Determine whether ARDAs induce apoptosis and inhibit cell cycle 

progression. 

Specific Aim 4b: To determine the effects of ARDAs on up-regulated and resistance-

inducing signaling pathways in PDAC cells and metastatic inducing protein EZH2 and 

whether these effects are significant enough to synergize with gemcitabine in inhibiting 

PDAC cell proliferation and tumor xenografts 

Hypothesis: ARDAs target Mnk-eIF4E axis and NF-κB (p65) pathway to inhibit 

the high metastatic potential characteristic of drug-naïve and gemcitabine 

resistant PDAC cells. 

 Strategy: 
� We will assess whether the downstream effects of ARDAs seen on 

KRas-MAPK and PI3k-mTOR pathways in PC can be replicated in 

PDAC 

� Evaluate effects of ARDAs on epithelial Mesenchymal transition 

markers and inhibitory effects on secreted matrix metalloproteinase. 

� Functional assays to determine ARDA-induced inhibition of cell 

migration and invasion of PDAC cells 

� Perform colony forming assay and determine whether combining 

ARDAs with gemcitabine would inhibit colonies. 

� Evaluate the Efficacy of ARDA (Gal, VNPT55, VNPP414 and 

VNPP433-3β) on MiaPaCa-2 xenografts 



237 

 

Specific Aim 4a: Evaluate the efficacy of ARDAs as anti-

proliferative agents in vitro on pancreatic 

cancer cells. 

Gal and novel analogs inhibit PDAC cell proliferation 

 Recent published studies from different groups have implicated the significance of 

the androgen receptor in pancreatic cancer proliferation (Corbishley et al, 1986; Greenway, 

2000; Konduri et al, 2007). One such study used flutamide as monotherapy and in 

combination with gemcitabine in an in vivo study showing that flutamide exhibited strong 

anti-tumor activity against pancreatic cancer xenografts (Konduri et al, 2007). Another 

group also established a strong link between interleukin-6 (IL-6) and the AR signaling 

pathway in pancreatic cancer (Okitsu et al, 2010). These and other reports prompted us to 

screen compounds designed and synthesized in our lab, that are known to degrade the AR 

and also exhibit inhibitory activities on multiple signaling pathways. 

 We initially screened a list of ARDAs and novel retinamides in different PDAC 

cells lines, MiaPaCa-2, CaPan-2 and S2-013. Cells were treated with 1 and 10 µM for 

duration of 8 days replacing the media and replenishing compounds on the third day, 

comparing them to gemcitabine at same doses. We observed from this initial screen that 

the ARDAs at 10 µM acted as potent as gemcitabine in decreasing cell viability (Figure 

132) of MiaPaCa-2, CaPan-2 and S2-013 cells. We selected to use the ARDAs, because 

clearly they were more potent in inhibiting PDAC cell proliferation in vitro than the NRs. 

 Our brief screen yielded four potential lead compounds (Gal, VNPT55, VNPP414 

and VNPP433-3β), to investigate and further characterize in PDAC cells. Since pancreatic 

cancer has a high potential to develop resistance to therapy and metastasize, our focus was 
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to develop these compounds (pre-clinically) for drug-resistant and metastatic pancreatic 

cancer disease.  

 

Figure 132: Initial screen of gal, analogs and NRs in PDAC cell lines 
S2-013, MiaPaCa-2 and CaPan-2 cells were seeded at 2500 cells/well in a 96 well plate and treated with 

serially diluted compounds for 72 hours and media replenished with compounds for an additional 96 hours. 

Cell viability was normalized to DMSO treated controls. 

 We performed rigorous cell viability assays to determine GI50 values of gal and its 

analog in drug-naive PDAC (MiaPaCa-2) (Figure 133), in metastatic PDAC (S2-013) and 

gemcitabine-resistant PDAC cells (MiaPaCa-GR: resistant to 200nM gemcitabine & 

MiaPaCa-GTR: resistant to gemcitabine and Erlotinib). MTT cell viability assays showed 

that gal and its analogs inhibited PDAC cell proliferation at low micromolar concentrations 

(0.15 to 7.08 µM) (Table 15). 

Reports have shown that gemcitabine treatment, induces phosphorylation of eIF4E 

(Adesso et al, 2013) and this may result in an enhanced translation of mRNAs involved in 
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PDAC tumor progression and metastasis. Depleting protein expression of Mnk1/2 causes 

downregulation of eIF4E phosphorylation (Adesso et al, 2013; Robichaud et al, 2015). We 

hypothesized that gal and its analogs by depleting Mnk1/2 may possibly sensitize 

gemcitabine resistant PDAC cells to gemcitabine. Hence, PDAC cells were treated with 

ARDAs for three days and then subsequently treated with gemcitabine for an additional 

four days, analysis of GI50 values of combined treated cells, compared to gemcitabine alone 

shows a significant (p<0.001) decrease in GI50 values (Figure 134 and Table 16). Average 

fold decrease in GI50 values observed in gemcitabine-naïve and gemcitabine-resistant 

PDAC cells ranged from 3.6 to 27.5 in gem-resistant and gem/erlotinib-resistant PDAC 

cells. 

 

Figure 133: Gal and its analogs show high efficacy in PDAC cell line MiaPaCa-2 
Cells were seeded at 2500 cells/well in a 96 well plate and treated with serially diluted compounds for 72 

hours and media replenished with compounds for an additional 96 hours. Cell viability was normalized to 

DMSO treated controls 
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Table 15: Gal/analogs decrease cell viability of drug-naive/drug-resistant PDAC cell 

lines 
Cells were seeded at 2500 cells/well in a 96 well plate and treated with serially diluted compounds for 72 

hours and media replenished with compounds for an additional 96 hours. Cell viability was normalized to 

DMSO treated controls 

 

Figure 134: Gal/analogs sensitize drug-resistant PDAC cells to gemcitabine. 
Sequential treatment with gal/analog then with gemcitabine in MTT cell viability assays show a significant 

decrease in GI50 values (**p<0.001), when the two different classes of compounds are combined compared 

to gemcitabine alone 
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Table 16: Table showing GI50 values from Figure 134. 
Sequential treatment with ARDAs then with gemcitabine in MTT cell viability assays shows a significant 

decrease in GI50 values in gemcitabine-resistant and gemcitabine/erlotinib-resistant PDAC cells. 

Drug combinations have the potential of either increase or reduce toxicity, increase 

efficacy of therapeutic agents and reduce the ability of cancer cells to develop resistance. 

In PDAC treatment, it has already been shown that current drug combinations cause 

considerably high toxicity to the patients, hence the need to find potent low toxic 

compounds that can be combined with gemcitabine or used as single agent therapy. Here, 

we determined whether combining the ARDAs and gemcitabine at their respective GI50 

values, would result in synergistic anti-proliferative activities. It was interesting to observe 

that in gemcitabine-naive PDAC cells, combination of ARDAs with gemcitabine did not 

show any significant synergy at low ED50 values, in contrast to weak synergy at ED90 

(CI=0.8). However, gal-gemcitabine combination in gemcitabine-resistant PDAC cells, 

resulted in very low CI values indicating strong synergy (Figure 135 and Table 17), in 

gemcitabine-erlotinib resistant PDAC cells, VNPP433-3β in combination with 

gemcitabine also showed strong synergy (Table 18). This provided a strong rationale for 

the continuous development of gal and its analogs, either as single agent therapy or in 

combination with gemcitabine, for treatment of all forms of PDAC 
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Figure 135: Gal and gemcitabine synergize to decrease cell viability of gemcitabine-

resistant PDAC cells 
Cell viability assays were conducted for gal and gemcitabine individually and GI50 values calculated. 

Compounds were subsequently combined at their GI50 (constant ratio). Fractional effects of single agents and 

in combination were calculated and analyzed by calcusyn software to compute the combination indices (CI) 

at ED50, ED75 and ED90 

 

Table 17: CI values indicating synergy between gal and gemcitabine in gemcitabine-

resistant PDAC cells (MiaPaCa-GR). 
Cell viability assays were conducted for gal and gemcitabine individually and GI50 values calculated. 

Compounds were subsequently combined at their GI50 (constant ratio). Fractional effects of single agents and 

in combination were calculated and analyzed by calcusyn software to compute the combination indices (CI) 

at ED50, ED75 and ED90. (CI<1-synergy, CI=1-additive and CI>1-antagonism. Values at ED 50, ED 75 and 

ED 90, indicates strong synergy between gal and gemcitabine in gemcitabine-resistant PDAC cells. 
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Table 18: VNPP433-3β acts in synergy with gemcitabine to exert anti-proliferative 

activities in gemcitabine/erlotinib resistant PDAC cells (MiaPaCa-GTR) 
Cell viability assays were conducted for gal and gemcitabine individually and GI50 values calculated. 

Compounds were subsequently combined at their GI50 (constant ratio). Fractional effects of single agents and 

in combination were calculated and analyzed by calcusyn software to compute the combination indices (CI) 

at ED50, ED75 and ED90. (CI<1-synergy, CI=1-additive and CI>1-antagonism. Values at ED 50, ED 75 and 

ED 90, indicates strong synergy between VNPP433-3β and gemcitabine in gemcitabine-erlotinib-resistant 

PDAC cells. 

Gal and analogs induce G1 cell cycle arrest in PDAC 

 As an initial effort to delineate, the mode of action of ARDAs in pancreatic cancer, 

we assessed their effects on cell cycle progression. CDC25 phosphatases have been 

reported as key regulators of the  cell cycle and recent studies have shown their increased 

expression in cancer which correlates with patient outcome (Kristjansdottir & Rudolph, 

2004). A previous study showed that CDC25B plays a significant role in pancreatic cancer 

progression and its mRNA was upregulated 7.5 fold in PDAC cells compared to the normal 

pancreas. In that same study, CDC25B inhibitors significantly inhibited PDAC cell growth 

(Guo et al, 2004). Gal, VNPP414, VNPP433-3β at 2.5 to 20 μM, significantly induced cell 

cycle arrest. Indeed, contrary to gemcitabine where we observe an accumulation of cells in 

S phase in PDAC cells, gal and analogs caused significant accumulation of cells in the G1 

phase (Figures 136 & 137, MiaPaCa-2 and S2-VP10).  
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Figure 136: Gal and VNPP433-3β, induce cell cycle arrest in MiaPaCa-2 cells. 
MiaPaCa-2 cells synchronized for 12 hours in serum-free media were treated with 1, 2.5, 10 μM of VNPP433-

3β and 20 μM of gal, for 24 hours. Cells were stained with Propidium iodide and cell cycle phases analyzed. 

Gal and analogs caused significant cell cycle arrest of MiaPaCa-2 cells at the G1 phase. 

 

Figure 137: Gal/analogs induce cell cycle arrest in metastatic PDAC cells (S2-VP10) 
S2-VP10 cells synchronized for 12 hours in serum-free media were treated with 5 μM of Gal, VNPP414, 

VNPP433-3β and gemcitabine for 24 hours. Cells were stained with Propidium iodide and cell cycle phases 

analyzed. Cell cycle arrest by gal and analogs also extended to cells derived metastatic lesions. 
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We also evaluated the effects of ARDAs on protein expression of cell cycle 

markers. We observed that gal, VNPT55, VNPP414 and VNPP433-3β depleted protein 

expression of CDC25A (Figure. 138 A and B) Further immunoblot analysis showed that 

VNPP414, VNPP433-3β and VNPP397 at the indicated concentration, depleted cyclin D1 

protein expression in MiaPaCa-2 cells and although VNPP397 downregulated cyclin D1, 

its effects on CDC25A was not significant.  

Studies have implicated the expression of the androgen receptor (AR) in pancreatic 

cancer incidence and disease progression. Although, this remains debatable and other 

groups doubts its role, AR is expressed in some pancreatic cancer cells and in spite of the 

low levels in comparison to LNCaP cells, in vivo studies with anti-androgens have shown 

some modest efficacy (Konduri et al, 2007). Clinical studies with flutamide  showed 

modest efficacy and increased overall survival of treated patients (Greenway, 2000). IL-6 

induced PDAC cell migration also implicated AR signaling and silencing AR inhibited 

PDAC cell migration (Okitsu et al, 2010). This suggest that the expression of AR in some 

pancreatic cancer cells may play a critical and PDAC disease progression and metastasis. 

We therefore evaluated the effects of the ARDAs on AR expression in Panc-1 cells 

(Figure 138 C). Detectable AR expression was depleted by gal and VNPP414 and this 

might play a role in the anti-proliferative activities of ARDAs in PDAC cells expressing 

AR. Indeed, it is possible that the efficacies of anti-androgens in pancreatic cancer disease 

therapy may be due to multiple or “off-target” effects of the agents. However, in the case 

of our ARDAs, previous studies show that these agents exhibit effects on multiple 

pathways, which possibly can be recapitulated in pancreatic cancer to explain their 

activities. These effects of the ARDAs suggests that investigational compounds or drugs 
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may not necessarily have “off-target” effects, since small molecule inhibitors have the 

potential to affect multiple signaling pathways. Perhaps extensive characterization of 

compounds would enhance its rational use by elucidating its potential efficacy or lack 

thereof and toxic profile based on its molecular biological activities.  

Deregulation of c-Myc has been reported to be common in the early stages of 

pancreatic cancer disease and its progression (Schleger et al, 2002). A recent study also 

showed that gli2 induced overexpression of c-Myc is implicated in pancreatic cancer cell 

resistance to JQ1 and 1-BET151 (selective inhibitors of BET bromodomain proteins) 

(Kumar et al, 2015).  

 

Figure 138: Protein expression analysis in PDAC after treatment with ARDAs. 
(A-C) PDAC cells were treated with 10 μM of ARDAs for 24 hours. Quantified protein lysates were analyzed 

by immunoblot; effects on AR, c-Myc, cyclin D1 and CDC25A expression levels were detected with their 

respective antibodies.  
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Since c-Myc is implicated in proliferation of cancer cells, we analyzed the effects 

of ARDA on c-Myc protein expression. Immunoblot analysis revealed that gal and analogs 

decreased protein expression of c-Myc in S2-013 and Panc-1 cells (Figure 136 A and C), 

these effects may contribute to their anti-proliferative efficacies 

Gal and VNPP433-3β induce apoptosis in PDAC cells. 

One of the most desirable and crucial properties of anti-cancer agents is the ability 

of the inhibitors to induce apoptosis in cancer cells. Some compounds are known to be 

cytostatic (Rixe & Fojo, 2007; Sparreboom et al, 2002) and have been implicated in the 

failure of therapy (Millar & Lynch, 2003).We performed acridine orange/ethidium bromide 

assay to determine apoptotic induction in cells with compromised cell membrane. S2-013 

cells were incubated with all four lead compounds, comparing their effects to that of 

gemcitabine at 2.5 µM for 72 hours. Stained cells show apoptotic and necrotic cells at the 

indicated time point in all five treatment wells (Figure. 139 A). FACS analysis using 

MiaPaCa-GR cells treated with gal or VNPP433-3β at 5 and 10 µM for 24 hours showed 

significantly increased early and late apoptotic cells, superior to what was observed in 

gemcitabine treatment at 10 μM (Figure 139 B). Here, our observations show that although, 

gemcitabine induces cell death in gemcitabine-resistant cell, ARDAs are more proficient 

in apoptotic induction in these drug-resistant cells. 
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Figure 139: Gal and analogs induce significant apoptosis in PDAC cells in vitro. 
(A), Gal and analogs induce apoptosis in S2-013 cells analyzed by acridine orange ethidium bromide staining. 

Cells were treated with 2.5 μM for 72 hours. Arrows next to L indicate live cells; arrows pointing to A 

indicate apoptotic cells; and arrows pointing N indicate necrotic cells (B) Gal and VNPP433-3β were 

compared to gemcitabine in inducing apoptosis analyzed by flow cytometry. Cells treated with both 

compounds at 5 and 10 μM for 24 hours were stained with annexin v and propidium iodide (PI). Early and 

late apoptotic cells were analyzed by FACS (*p<0.05, **p<0.001). 

 We also analyzed protein expression of apoptotic markers, to evaluate the effects 

on PARP, caspase 3 cleavage, Bax and Bcl-2 expressions. Panc-1, HS766T and MiaPaCa-

GR cells were incubated with ARDAs (5-10 µM). Total cell lysates were analyzed by 

immunoblot. Interestingly, gal induced PARP and caspase 3 cleavage in Panc-1 cells 

(Figure 140 A). Also, HS766T cells show increase in caspase 3 cleavage when exposed to 

gal or it analogs after a 24-hour treatment period (Figure.140 B). At increasing doses (5-

20 μM) gal enhanced the expression of Bax in both MiaPaCa-GR and MiaPaCa-GTR cells 

(Figure 140 C, top and bottom panels respectively). In MiaPaCa-GR cells, gal and 

VNPP433-3β profoundly depleted Bcl-2 and increased cleaved PARP expression (Figure 

140 D). 

Dysregulation of the anti-apoptotic protein Bcl-2 has been implicated in PDAC 

resistance and metastatic progression (Bold et al, 2001). To this end, several groups are 
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investigating inhibitors to counteract the activities of Bcl-2 (Azmi & Mohammad, 2009; 

Azmi et al, 2011; Martin et al, 2009). However, since it’s been reported that Mnk-eIF4E 

axis tightly regulates Bcl-2 mRNA, it is possible that by depleting Mnk1/2, ARDAs may 

have an indirect effect on Bcl-2 protein expression (Figure 140 D). Here, we show that gal 

and VNPP433-3β (10 µM) caused complete depletion of Bcl-2 protein. 

 

 

Figure 140: Gal and its analogs induce Caspase 3 and PARP cleavage. 
Quantified protein lysates were separated (50 and 100 μg) on 10 and 12.5% tris/Glycine gels. Indicated 

proteins were analyzed by their respective antibodies. Panc-1 (A) and HS766T (B), show caspase 3 cleavage. 

Gemcitabine resistant cells (C and D, MiaPaCa-GR and MiaPaCa-GTR) after 24-hour treatment show an 

increase in PARP cleavage, decrease in Bcl-2 with a concomitant increase in Bax expression. 
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Specific Aim 4b:  To determine the effects of ARDAs on up-

regulated and resistance-inducing signaling 

pathways in PDAC cells  

Gal and analogs degrade Mnk1/2 and decrease eIF4E 

phosphorylation in PDAC cells 

 The effect of ARDAs on Mnk1/2 protein expression was evaluated in pancreatic 

cancer cells, based on the assumption that ARDAs could modulate this axis in all types of 

cancers. Hence, we screened gal and its novel analogs to evaluate their degradative 

activities on Mnk1/2 and their observable effects downstream, in ASPC1, MiaPaCa-2 and 

CaPan-1 cells. From protein expression analysis, we observed that gal and its analogs 

depleted protein expression of Mnk1/2, with a subsequent decrease in eIF4E 

phosphorylation (peIF4E) (Figure 141 A and B). 

 

Figure 141: Gal and analogs deplete Mnk1/2 in PDAC cells 
(A and B), ASPC1 and MiaPaCa-2 cells treated with gal, VNPT55 and VNPP433-3β show a dose dependent 

decrease on Ras, Mnk1 and peIF4E. (C) In CaPan-1 cells gal, VNPP414 and VNPP433-3β decrease Mnk1/2 

expression levels whereas gemcitabine exposure increased protein expression of Mnk1/2 in CaPan-1 cells. 
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We also observed that in addition to depletion of Mnk1 and downregulation of 

eIF4E phosphorylation, there was a strong dose-dependent decrease in Ras oncogene 

(Figure 141 A). Ras oncogenic activation has been implicated in EZH2 upregulation in 

pancreatic cancer (Fujii et al, 2012). Although this is a significant target for future studies, 

our focus was on downstream targets of the Ras/MAPK pathway. 

PDAC resistance under gemcitabine treatment has implicated the triggering of 

Mnk2-eIF4E axis, enhancing the translation of mRNAs involved in tumorigenesis (Adesso 

et al, 2013). Thus, we compared the efficacy of gemcitabine to the ARDAs for their ability 

to deplete Mnk1/2 expression in CaPan-1 cells. We observed that whereas gal and its 

analogs decreased protein expression of Mnk1/2, gemcitabine seemed to induce an 

increased expression of these proteins (70 and 90%, respectively) (Figure 141 C). Anti-

proliferative properties of CGP-57380 analyzed in ASPC1 PDAC cells, revealed low 

activity of the inhibitor (Figure 142). This suggests that, although CGP-57380 potently 

inhibit Mnk kinase activity, it would possibly take higher doses of the compound to induce 

significant apoptosis and inhibit cell growth. 

 

Figure 142: Mnk kinase inhibitor (CGP-57380) shows low activity in ASPC1 cells. 
Cell viability assays with CGP, after an eight-day treatment, showed GI50 that were significantly high in 

comparison to gemcitabine and ARDAs (see Table 15).  
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From our studies we observed that Mnk2 expression level in gemcitabine-resistant 

(MiaPaCa-GR) cells were higher (50% higher, comparing the controls) than what was 

observed in gemcitabine/erlotinib-resistant (MiaPaCa-GTR) cells (Figure 143 A and B). 

We found this rather intriguing, and clearly warrants further analysis to confirm this 

observation. Future evaluation with elucidate the role erlotinib plays in Mnk2 protein 

expression during drug-resistance. 

 

Figure 143: Gal and analogs deplete Mnk1/2 in drug-resistant PDAC cells. 
(A) Gemcitabine/erlotinib resistant and Gemcitabine-resistant (B) cells were analyzed for Mnk2 

downregulation after exposing the cells to indicated doses of ARDAs for a 24-hour time point. Data shows a 

marked depletion of protein expression in all two cells lines. 

Gal and analogs modulate and reverse EMT in Metastatic PDAC 

cell lines 

 Considering that the higher percentage of cancer mortality results from metastatic 

disease, there exists the need to evaluate the agents’ ability to induce apoptosis in metastatic 

cells in addition to inhibiting the progression to metastasis. Invading cells undergo EMT, 

which is implicated in the disease progression of a number of malignancies including 

pancreatic cancer (Nakajima et al, 2004; Poser et al, 2001; Shekhar et al, 2003).  

Here we examined the effects of gal and its analogs on reversing EMT, by up-

regulating epithelial markers (E-cadherin) and depleting mesenchymal markers (N-
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cadherin). Gal markedly decreased protein expression of N-Cadherin and increased 

expression of E-Cadherin in S2-013 and S2-VP10 cells (Figure 144 A and B), implicated 

in the early stages of migration and metastasis of malignancies (Nakajima et al, 2004). The 

loss of E-Cadherin has been related to an invasive and undifferentiated phenotype in a 

number of malignancies (Joo et al, 2002).  

Invading cells possess the ability to degrade the extracellular matrix by secreting 

metalloproteinases; MMP-9 one of the two type IV collagenases, essential in degrading the 

ECM has been reported to be overexpressed in pancreatic cancer (Gress et al, 1995; Harvey 

et al, 2003; Maatta et al, 2000). We evaluated whether both gal and VNPP433-3β could 

deplete MMP-2/-9 in PDAC cells and indeed we observed a marked down-regulation of 

MMP-2 (Figure 144 C and D) in HS766T and Panc-1 cells. Complementarily, siRNA 

knockdown of Mnk1 in S2-013 cells also show downstream downregulation effects on N-

cadherin, MMP-2/-9 (Figure 144 E). This suggests that, by depleting Mnk1/2, gal and 

analogs possibly modulate these proteins in part via the Mnk-eIF4E axis. 

Analysis of secreted MMP-1/-9 in S2-013 cells interestingly showed that both 

ARDAs and gemcitabine decreased MMP-1/-9 secretion (Figure 145 A and B). However, 

in MiaPaCa-2 cells treatment with gemcitabine alone increased MMP-9 secretion and co-

treatment with gal or CGP-57380, significantly suppressed this gemcitabine-induced up-

regulation (Figure 145 C). Although, MMP-9 has been extensively studied in cancers, 

recent studies also have shown that MMP-1 expression in pancreatic cancer correlates with 

poor patient prognosis (Endo et al, 2009). Targeting MMP-1/-2/-9 in PDAC will thus, 

enhance the anti-cancer activities of gal and analogs and also strongly antagonize the 

invasive activities of PDAC. 
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Figure 144: Gal and analogs reverse EMT via Mnk-eIF4E axis 
Protein expression of gal and analogs’ treated PDAC cells showed a decrease in N-cadherin and increase in 

E-cadherin (A & B). Decrease in MMP-2 (B, C & D).  (E) Shows significant decreases in MMP-2/-9 after 

Mnk1 siRNA knockdown in metastatic PDAC cell line (S2-013). 
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Figure 145: Gal and its analogs inhibit MMP-1/-9 secretion in PDAC cells 
Conditioned media from S2-013 (A) MiaPaCa-2 (C) cells after being treated with indicated compounds was 

separated on a zymogram gel to analyze the proteolytic activity of MMP-1/-9 after treatment. B, 

Densitometry of A. (*p<0.05, **p<0.001) 

Effects of gal and analogs on NF-κB activation in PDAC cells 

NF-ΚB pathway is implicated in cancer cell migration, invasion and involved in 

resistance in pancreatic cancer (Arlt et al, 2003; Wang et al, 1999b). NF-κB activation is 

also implicated in the downregulation of nucleoside transporters (hCNT1) in PDAC, which 

results in significant decrease in gemcitabine uptake (Skrypek et al, 2013), hence the 

inefficacy reported in gemcitabine therapy.  

Immunoblot analysis revealed that gal and analogs decreased NF-κB (p65) 

phosphorylation (p-p65) in both MiaPaCa-2 and S2.013 cells (Figure 146 A and B) at 5-

20 μM. This downregulation of p-p65 can lead to an increase in hCNT1 expression which 
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may result in increase in gemcitabine uptake. Combining compounds such as gal/analogs 

can potentially enhance the efficacy of gemcitabine in gemcitabine resistant pancreatic 

cancer. 

 

Figure 146: Gal and analogs downregulate NF-κB (p65) phosphorylation. 
(A) Gemcitabine/erlotinib resistant cells were analyzed for the effects of gal and VNPP433-β on 

phosphorylated levels of p65. (B) Gal and VNPT55 downregulate p65 phosphorylation with no effects on 

p52 expression. 

  

During cell migration, EMT markers such as RhoA and CDC42 (cell division cycle 

42, a GTP-binding protein) are activated and involved in cell cytoskeletal reorganization, 

cell polarity, cell motility and invasion (Sahai & Marshall, 2002; Tang et al, 2008). In this 

study we observed significant downregulation of CDC42 protein expression (Figure147 A 

and D, ASPC1 and MiaPaCa-GTR), proposing a possible molecular mechanism for 

inhibition of cancer cell migration.  

Gal and its analog also exhibited high potency at 10 µM in depleting protein 

expression of Cox-2, Slug and Snail (Figure 147 A-D), implicated in the cell invasion. 

Snail has been reported to also repress E-Cadherin both in vitro and in vivo by interacting 

with E-cadherin promoter region (Nieto, 2002). Snail reportedly, also plays a critical role 

in pancreatic cancer disease progression and metastasis (Hotz et al, 2007; von Burstin et 
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al, 2009). Interestingly, a recent study suggested that Snail is significantly involved in the 

maintenance of stem cell-like characteristics in pancreatic cancer cells (Zhou et al, 2014).  

This Study revealed some very interesting findings in PDAC cells after exposure 

to ARDAs. In prostate cancer cells, treatment with gal and its analogs did not show any 

significant effect on CXCR4 (C-X-C chemokine receptor type-4), however, interestingly 

we observed significant depletion of CXCR4 in ASPC1 and MiaPaCa-2 cells after 24-hour 

treatment with gal and VNPP433-3β (Figure 147 A & B). 

CXCR4 is a G-protein coupled receptor (GPCR) that belongs to the super family 

of seven transmembrane domain heteromeric receptors. Chemokines functions as 

attractants that are important in cell activation, differentiation and trafficking (Mukherjee 

& Zhao, 2013). CXCR4 is bound by its cognate ligand CXCL12 (stromal cell derived 

factor-1, SDF-1) and this signaling axis has been implicated in the metastatic potential of 

a number of cancers including pancreatic cancer (Balkwill, 2004; Koshiba et al, 2000; 

Scotton et al, 2002). This observation of ARDAs in pancreatic cancer, suggests that 

compounds being repurposed for application in different cancer therapies, need to be 

extensively characterized as there may be potential additional favorable or toxic effects.  
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Figure 147: Gal and analogs deplete EMT markers in PDAC cells. 
(A-D) protein expression of Snail, Slug, Cox-2, CDC42 and CXCR4 after gal and analogs treatment show 

decrease in protein expression. 

Gal and analogs inhibit PDAC cell migration and invasion 

 From the effects seen on proteins involved in cell migration and invasion, we went 

ahead to evaluate the anti-migratory and anti-invasive properties of ARDAs by utilizing 

scratch wound assays and BME pre-coated 8 μM pore inserts. Migration assays were done 

over a time period of 12 hours whereas invasion assays were incubated for 24 hours. At 5 

µM gal and its analogs did infact inhibit migration of Panc-1 PDAC cells significantly 

compared to DMSO treated controls (Figure 148, top panel). We also observed that both 

gemcitabine and CGP-57380 decreased migration of Panc-1 cells. In metastatic cell type 

(S2-013), ARDAs significantly inhibited cell migration in vitro (Figure 148, bottom panel). 
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Migration assays were repeated at least 3 times and represented as barchart in Figure 149. 

Migration assays showed that the newer analogs of gal were more potent in inhibiting 

PDAC cell migration, and even more potent than gemcitabine and CGP-57380 in gem-

naïve Panc-1 cells (Figure 148 and 149). 

 

Figure 148: Scratch wound healing assays reveal that gal and analogs inhibit PDAC 

cell migration 
Panc-1 (top panel) and S2-013 (bottom panel) cells seeded in 24-well plate were scratched with a 200 μl 

pipette tip and treated with indicated compounds at 5 μM for 12 hours. Wounds were measured before and 

after the 12-hour time point. 
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Figure 149: Distance migrated by Panc-1 and S2-013 cells after treatment. 
Wounds were measured before and after the 12-hour time point. Distance migrated were quantified by 

measuring the difference at time 0 and 12 hours and normalized to control. (Distance migrated = Distance at 

time 0 hour - distance at 12 hours/ Distance migrated by control). (*p<0.05, **p<0.001) 

Although gemcitabine showed significant anti-migratory activities in gem-naïve 

Panc-1 cells, in vitro invasion assays, revealed that gemcitabine lacked significant anti-

invasive properties, both in gemcitabine-naïve (Figure 150) and gemcitabine-resistant 

PDAC cells (Figure 151 and 152), contrary to the effects seen with gal and its analogs. 

Interestingly effects of CGP-57380 which have previously been shown to inhibit eIF4E 

phosphorylation, exhibited significant inhibition of MiaPaCa-2 invasion (Figure 150, right 

panel) and also MiaPaCa-GTR cells (Figure 151, lower panel). Protein expression of 

MMPs and N-Cadherin, have already been shown to be downregulated with Mnk1 

knockdown (See Figure 144 E). This suggests that CGP inhibits PDAC cell migration and 

invasion by downregulating eIF4E phosphorylation. 
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Figure 150: Gal and analogs in gemcitabine-naive PDAC cell invasion 
CaPan-1 (Left panel) and MiaPaCa-2 (Right panel) cells were seeded in matrigel coated Boyden chambers 

treated with indicated compounds at 5 μM for 24 hours with 10% FBS as chemo attractant in the bottom 

chamber 

 

Figure 151: Gal and analogs in gemcitabine-resistant PDAC cell invasion through 

pre-coated BME Boyden-Chambers 
MiaPaCa-GR (Bottom panel) and MiaPaCa-GTR (Bottom panel) were seeded in matrigel coated Boyden 

chambers treated with indicated compounds at 5 μM for 24 hours with 10% FBS as chemo attractant in the 

bottom chamber 
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Figure 152: Quantification of invaded PDAC cells 
Invasion assays in Figure 149 and 150 were counted. Quantified invaded cells show a significant inhibition 

of PDAC cell invasion (**p<0.001). 

Gal and its analogs deplete stem cell factors 

 Recent studies on cancer stem cells and EMT-type cells revealed the crucial role 

they play in drug resistance and disease metastasis. In an effort to evaluate the possibility 

of gal and analogs in inhibiting the growth and propagation of putative cancer stem cell 

population, we assessed the effects on putative stem cell factors (Nanog, BMI-1, β-Catenin 

and Oct-4). Cancer stem cell populations have been reported to express high levels of 

multi-drug resistance 1 (MDR1) and ABGC2 (Shankar et al, 2011). MDR1 proteins have 

also been reported to be expressed in a high percentage of pancreatic carcinomas 

(O'Driscoll et al, 2007). Perhaps, another interesting turn of events in the PDAC study was 

the observation that ARDAs, showed modest activities in depleting MDR1 protein 

expression levels (Figure 153 A & B). Previously, this had been investigated in prostate 
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cancer, to provide a plausible explanation for ARDAs efficacy in drug-resistant cells; 

however, we did not observe any significant activity on MDR protein expression.  

Obviously there are other mechanisms involved in modulating specific proteins in 

PDAC that enhance the activity of ARDAs.  EZH2 which cooperate with other factors to 

induce resistance and PDAC cancer cell migration and invasion (Chen et al, 2010b) was 

also significantly down-regulated (Figure 153 C and D). Surprisingly, gemcitabine did not 

affect EZH2 expression significantly (Figure 153C). EZH2 has been shown to be highly 

expressed in pancreatic cancer cells and is reported to silence E-Cadherin; it has also been 

implicated in MMP activation (Shin & Kim, 2012). A recent report also implicates EZH2 

in PDAC stem cell renewal and maintenance (van Vlerken et al, 2013). In addition to 

contributing to chemoresistance, siRNA knockdown of EZH2 sensitizes PDAC cells to 

gemcitabine and doxorubicin, with a significant re-expression of p27 (Kip1) (Ougolkov et 

al, 2008) . It remains an important oncotarget and significant depletion and inhibition 

enhances the anti-cancer and anti-invasive properties of therapeutic agents. 

In the various cell lines, we observed depletion of stem cell-like factors (Nanog, 

BMI-1, β-Catenin and Oct-4). We also observed that VNPP433-3β was more potent in 

depleting oncogenes than gal which was expected due to increased activities of the analogs 

(Figure 154 A-D). Our studies of Mnk1 EC50 values of the analogs in prostate cancer cells 

in addition to GI50 values from PDAC cells led to this conclusion Our studies also revealed 

that effects on stem cell-like factors were not limited to gemcitabine-naïve cells but were 

also observed in gem-resistant cells.  
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Figure 153: Gal and analogs show modest effects on MDR1 and EZH2 
Protein expression of MDR1 in Panc-1 (A) and MiaPaCa-2 (B) were analyzed by western blot. (C and D) In 

CaPan-1 and MiaPaCa-GR cells EZH2 was markedly downregulated dose dependently.  

Several reports have shown the important role Mnk-eIF4E axis play in cancer 

disease progression, resistance, migration and invasion. Knockdown of Mnk1 or the use of 

CGP-57380 shows down-regulation of resistant and stem cell-like proteins. The multiple 

activities of ARDAs, in depleting or modulating the several oncogenes including the Mnk-

eIF4E axis, makes these compounds promising anti-cancer agents.  
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Figure 154: Gal/VNPP433-3β decrease expression of putative stem cell factors. 
Analysis of effects of gal and VNPP433-3β on stem-cell like factors shows a marked depletion of protein 

expression in gemcitabine-naïve (A and B) and gemcitabine-resistant (C and D) PDAC cells. 

Gal/analogs synergize with gemcitabine in colony formation assays. 

 Gal and analogs have displayed consistent anti-cancer in inhibiting proliferation of 

gem-naïve and gem-resistant PDAC cells. This was not limited to cells from primary 

localized tumors but also ascites (ASPC1) and metastatic lesions (S2-013). As 

confirmation of results observed in MTT cell viability and combination studies, colony 

formation assays with ASPC1, S2-013, MiaPaCa-2 and MiaPaCa-GTR were performed 
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with 1000 cells seeded in 6-well plates. After cell attachment, they were subsequently 

treated with ARDAs alone or in combination with gemcitabine.  

Although colony forming units (CFU) analyzed in 2D does not necessarily 

recapitulate the stem cell-like ability of putative cancer stem cells, this was our initial 

studies to evaluate whether cells plated at a very low density, with resulting population 

arising from single cells into colonies, could be significantly inhibited. 

Colonies from cell types derived from ascites, ASPC1 (Figure 155 A) and S2-013 

(Figure 155 B), after a 14-day period show significant inhibition of colonies formed. Gal 

and analogs exhibited similar efficacies in gemcitabine-naive MiaPaCa-2 cells (Figure 

156) and gemcitabine/erlotinib-resistant MiaPaCa-GTR cells (Figure 157). Gal, VNPP414 

and VNPP433-3β at 0.5 - 2.5 µM significantly inhibited the formation of colonies. 

Disappointingly, the efficacy of CGP-57380 was fairly modest in these cell lines even at 

2.5 µM. Effects of CGP-57380 in resistant cells showed lower activity than in the drug-

naive cell lines. However, as was observed in prostate cancer cells, CGP-57380 failed to 

exhibit great anti-cancer activities at low micromolar concentrations. 

 

Figure 155: Gal/analog significantly inhibit CFU metastatic PDAC cell lines. 
(A) ASPC1 and S2-013 (B) cells were seeded at 1000 cells/well and treated with compounds (μM) for 14 

days. Media was replaced every 72 hours. Cells were stained with 0.05% crystal violet. 
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Figure 156: VNPP414 decreased CFU of MiaPaCa-2 cells and potentiated the effects 

of gemcitabine 
MiaPaCa-2 cells were seeded at 1000 cells/well and treated with compounds (μM) for 14 days. Media was 

replaced every 72 hours. Cells were stained with 0.05% crystal violet, after visible colonies could be counted 

or after 14days 

 

Previously, in analyzing the effects of these novel agents on collagenase activity of 

MMPs, we observed that gemcitabine increased MMP-9 collagenase activity in MiaPaCa-

2 cells (See Figure 145 C). In almost all PDAC cell lines screened, with the exception of 

MiaPaCa-2, 200 nM gemcitabine completely inhibited formation of colonies after the 14-

day time point. It was very surprising that gemcitabine at 200 nM in MiaPaCa-2 cells was 

well tolerated by the cells and failed to inhibit colony formation. It is reported that 

MiaPaCa-2 PDAC cells possess a high tendency to migrate, invade and also exhibit 

resistance to extant therapy, it is possible that MiaPaCa-2 cells express factors that makes 

them possess innate resistance to gemcitabine therapy.  

Combining VNPP414 with gemcitabine showed enhanced activity compared to the 

single agents alone (Figure 156). Although effects of CGP-57380 alone were not profound 

on inhibiting colony formation, combining it with gemcitabine potentiated the effects of 

either agent (Figure 156 and 157). In gemcitabine/Erlotinib resistant cells (MiaPaCa-GTR), 

both gal and VNPP433-3β, even at 0.5 µM, showed significant inhibition of colonies. 

Combination of gemcitabine at 200 nM with CGP-57380 at 2.5 µM significantly reduced 
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colonies (Figure 157 A and B). Gal/VNPP433-3β combined with gemcitabine almost 

completely inhibited colonies of MiaPaCa-GTR cell (Figure 157 A and B). 

 

Figure 157: Gal/VNPP433-3β synergize with gemcitabine in decreasing CFU. 
(A) MiaPaCa-GTR were seeded at 1000 cells/well and treated with compounds (μM) for 14 days. Media was 

replaced every 72 hours. Cells were stained with 0.05% crystal violet. (B) Colony assays were repeated three 

times and colonies counted in four quadrants of the wells. Results are represented as averages with S.E.M. 

(*p<0.5, **0.001). Colony numbers of gemcitabine/erlotinib-resistant PDAC cells were significantly 

decreased in combination assays. 
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Anti-tumor efficacy of gal and analogs in MiaPaCa-2 xenografts 

 MiaPaCa-2 cells were inoculated into both flanks of nude mice to develop tumors. 

After two weeks’ mice bearing tumors were randomly put into five groups. Treatments 

were started when tumor size averaged 85 mm3. Galeterone and VNPT55 groups received 

0.26 mmol/kg twice daily, VNPP414 group received 0.068mmol/kg twice daily, whilst 

VNPP433-3β group received 0.068 mmol/kg once daily. Tumor and body weight 

measurement were taken twice weekly. All animals were evaluated for any toxic effects 

(body weight loss, activity and skin integrity). Two mice died in the VNPP433-3β group, 

otherwise no mortality was observed in any other group, of the three mice remaining in 

that group no apparent toxicity was observed after 30 days. 

 Our data revealed that all four compounds exhibited PDAC anti-tumor activities 

(Figure 158). Although two mice died in the VNPP433-3β group, tumor volumes showed 

that both VNPT55 and VNPP433-3β exhibited the highest anti-cancer activities. 

Galeterone and VNPP414 exhibited similar anti-tumor activities in the PDAC xenograft. 

Body weight measurements showed no significant change (Figure 159). All compounds 

showed no significant toxicities. 

 During the course of treatment, we observed that some tumors in the treatment 

groups disappeared, especially tumors in the VNPT55 group. Tumors in the VNPP414 

group significantly increased in size after 12 days’ post-treatment and increased steadily. 
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Figure 158: Gal/analogs exhibit profound anti-cancer activity in PDAC xenograft 
Effect of gal, VNPT55, VNPP414 and VNPP433-3β were evaluated in MiaPaCa-2 PDAC xenograft-bearing 

mice. Mice (n = 5) were administered with gal (0.26 mmol/kg/twice daily), VNPT55 (0.26 mmol/kg/twice 

daily), VNPP414 (0.068 mmol/kg/twice daily) and VNPP433-3β (0.068 mmol/kg/once daily) by 

intraperitoneal injection, 5 days per week for 32 days. Tumors were measured twice a week. 

 

Figure 159: Body weights of mice 
Mean body weights of mice were taken twice a week for the duration of the study. Mean body weights 

showed no significant toxicities to mice 
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Conclusion for Specific Aim 4 

Multi-targeted single-agents and drug combinations are spearheading pancreatic 

cancer therapeutics to minimize resistance and enhance efficacy. By targeting and 

inhibiting multiple oncogenic pathways simultaneously, combinations potentially may 

offer a major advantage over “single-target” drugs (Venkannagari et al, 2012). 

Gemcitabine, gemcitabine/erlotinib and Folfirinox are the respective elective single-agent 

and drug combinations in PDAC chemotherapy. These drugs exert only marginal survival 

benefits with increased toxicity, emphasizing the urgency to identify new drugs and/or 

therapeutic targets.  

Recent studies have shown that gal and analogs have the unique ability to 

effectively modulate oncogenic eukaryotic protein translation via depletion of Mnk1/2 and 

downregulation of eIF4E phosphorylation. These compounds also inhibit NF-κB activation 

of target genes by decreasing NF-κB (p65) phosphorylation. In acquired drug resistance of 

PDAC, these unique mechanisms of gal and its improved analogs may offer an advantage 

over currently available drugs for PDAC therapy. Herein, we show that gal and its novel 

analogs profoundly inhibited PDAC cell proliferation, colonization, migration and 

invasion and also induce apoptosis. The agents sensitized gem-resistant cells and 

synergistically enhanced the efficacy of gemcitabine. These effects may be associated with 

attenuation of Mnk1/2-eIF4E pathway and metastasis markers (N-cadherin, Snail, Slug and 

EZH2). 

In this study, gal and analogs show significant anti-proliferative activities against 

both gemcitabine-naive and gemcitabine-resistant PDAC cells. Gal and VNPP433-3β 

sensitized gemcitabine-resistant cells and in combination with gemcitabine synergistically 
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inhibited gemcitabine-resistant cells with very low CI values of 0.03-0.4. Induction of 

apoptosis in cells isolated from primary tumors, metastatic lesions and gemcitabine 

resistant cells, indicate their potential in targeting all forms and stages of PDAC  

Although from our combination assays we observed that ARDAs did not exhibit 

significant synergy in gemcitabine-naive cells, they did infact potentiate the effects of 

gemcitabine in the colony formation assays. This may be due to the fact that the doses used 

in the colony formation assays were at different ratios and not a constant ratio of their GI50 

values. As stated earlier we did see weak synergy at ED90 in gemcitabine-naïve cells, it is 

also possible this is what we observed in the colony formation assays and at higher dose 

combinations, ARDAs and gemcitabine may synergize. Considering that drug response 

during therapy, is more significant and useful at ED90, the effects observed in gemcitabine-

naive cells suggests that these two classes of compounds can be further developed in 

combination strategies in gemcitabine-naive PDAC disease. However, more rigorous 

evaluation of these combinations in gemcitabine-naive cells needs to be done to elucidate 

the potential doses that may result in either potentiated or synergistic effects. 

Interaction between cancer cell-stroma is implicated in the high metastatic potential 

characteristic of PDAC. Several reports have emphasized the significance and pivotal role 

matrix metalloproteinases (MMP) play in cancer cell invasion and metastasis, which 

interestingly is up-regulated in invading cancer cells. Cyclooxygenase-2 (COX-2), 

implicated in cell invasion is also overexpressed in PDAC (Okami et al, 1999; Tucker et 

al, 1999; Yip-Schneider et al, 2000), and studies have shown a strong positive correlation 

between MMP-9 and COX-2 expression (Bu et al, 2011) in PDAC. Gal and VNPP433-

3β’s inhibitory effect against Mnk2, COX-2 expression and also secreted MMP-9, suggests 
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the potential anti-invasive activity of these agents. Interestingly, gemcitabine-induced 

collagenase activity of MMP-9 was significantly thwarted when combined with gal in 

gemcitabine-resistant cells.   

Snail, Slug and Twist 1 have been implicated in increasing tumor grade of 

pancreatic cancer (Hotz et al, 2007). Snail has also been reported to correlate with lymph 

node and distant metastases (Yin et al, 2007) and increased fibrosis in vivo (Boutet et al, 

2006). β-Catenin and CXCR4 have been implicated in pancreatic cancer progression and 

metastasis and CXCR4 expression has been correlated with poor survival in PDAC patients 

(Wang et al, 2013). These factors, interestingly, are markedly downregulated by gal and its 

analogs, in the highly resistant and difficult to treat PDAC models in vitro.  

In this study, there is evidence of the efficacy of ARDAs as anti-PDAC agents, 

these inhibitors have shown diverse activities in inhibiting several biological functions and 

molecular pathways employed by PDAC to increase morbidity. Perhaps the most important 

next phase of investigations for these compounds after in vitro studies were to ascertain 

whether these anti-PDAC effects would be recapitulated in vivo. Although the pancreatic 

cancer in vivo study was a pilot one, observed results suggest that gal and its analogs do 

indeed exhibit anti-tumor activities in PDAC xenografts, which forms the basis for further 

in-depth future studies. 

The idea of targeting both localized and metastatic lesions is evident here as gal 

and its analogs show significant efficacy in inhibiting cell viability of cells derived from 

metastatic lesions and also primary localized tumors. This in addition to the anti-migratory 
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and anti-invasive properties displayed, may provide a plausible rationale for their potential 

against PDAC.  

Future Directions 
Our current in vivo work was a pilot study to determine whether gal and its analogs 

would show potential anti-tumor activities. Future studies will focus on comparing gal and 

its analogs with gemcitabine alone and also in combination, to evaluate their potential as 

an improved therapeutic strategy for PDAC. We will evaluate these anti-tumor activities 

in both xenograft and orthotopic models. We will also compare gal/analog-gemcitabine 

combination to gemcitabine-erlotinib, gal-erlotinib and gal-docetaxel combinations to 

determine the potential of this class of compounds in PDAC therapy. 

Summary and Significance of thesis findings 

The overall goal of this thesis was to assess the ability of gal and novel analogs to 

modulate multiple oncogenes in human PC and PDAC cells. This study has revealed 

multiple effects of gal and analogs either as potential single agent therapy or in combination 

with FDA approved drugs. We observed depletion and inhibitory effects on AR/AR-V7 

and AR-v567es which are currently implicated in drug resistance in PC. We also found out 

that these agents, do not only affect the protein expression of oncogenes, but also modulate 

their transcriptional activities, which would suggest several multiple mode of actions.  

Twist 1 transcriptional activity, which has been shown to be overactive during 

docetaxel resistance, was profoundly inhibited. Twist 1 is also known as a master regulator 

of EMT and by antagonizing its transcriptional activities may forestall disease progressing 

to a metastatic phase. This has strong clinical implications, since gal is currently in pivotal 

Phase III clinical development in men with metastatic castration-resistant prostate cancer. 
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Abiraterone and enzalutamide therapy have encountered resistance due to the 

overexpression of AR and splice variant AR-Vs, and the ability of gal and analogs to 

deplete these receptors should garner much interest. Infact the retrospective phase II study 

by Tokai pharmaceuticals which formed the basis of the Phase III study design directed at 

PC patient with AR-V7 positive tumors, gives an indication of how significant this study 

has contributed to the development of gal. Hence, gal might fulfill an unmet need in 

patients who either have AR-V7 at baseline or developed the variant after enzalutamide or 

abiraterone treatment. 

Given the high translational significance of in vivo anti-tumor efficacy data of any 

drug candidate, this anti-tumor activity data for gal and VNPT55 is considered highly 

significant data of this thesis. We also observed that VNPT55 is currently the only known 

compound that exhibits activity on both the protein expression of splice variant AR-V7, 

and its mRNA level. Further studies which may suggest that new lead ARDAs possess 

similar mode of action are needed and if so, then, this class of compounds could play a 

major role in Prostate cancer therapy. Most importantly, there is evidence that the effects 

observed in vitro were recapitulated in vivo. This suggest a high bioavailability of the 

compounds, as effects on EMT and putative stem cell markers were downregulated in vivo. 

The ability of these compounds to modulate a number of oncogenes expressed in a myriad 

of cancers may increase their application in these cancers. 

Our results also highlight the unique ability of gal and its novel analogs to inhibit 

the growth, colonization and metastatic potential of a variety of PDAC cells through 

modulation of several oncogenic targets. Effects of the gal and analogs on NF-ΚB signaling 

and Mnk1/2-axis which are up-regulated during gemcitabine resistance in PDAC, possibly 
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enhanced the agents’ activities in these resistant cells. These compounds also inhibited 

growth of xenograft tumors. Most importantly gal and analogs synergized with 

gemcitabine in gemcitabine-resistant cells and could potentially become an emerging drug 

combination strategy in PDAC therapy. 

In rigorously characterizing a compound and its analogs, we enhance their rational 

use in the clinic. Potential application to different cancers and combination strategies are 

revealed due to the knowledge of their mechanism of action. Additionally, microarray 

analysis of the gal-resistant cell lines revealed strong up-regulation of key transcription 

factors that modulate PC stem cell and drug resistance. Typically, most agents approved 

for the treatment of cancers encounter resistance at some point. It is vital to anticipate this 

and be proactive about counter measures. 

Overall, these unique agents by virtue of their multiple desirable anti-cancer 

activities may be able to overcome the “triad of death” (i.e., primary tumor growth, drug 

resistance and metastasis) in PC and PDAC. Consequently, this would lead to better 

treatment outcome of men with Prostate Cancer and men and women with Pancreatic 

Ductal Adenocarcinoma. 

.  
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