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Abstract 

Thesis: Targeting of Intracellular Survival Pathways in Human Prostate Cancer Cells.  

Samusi Adediran, Doctor of Philosophy Candidate, 2019 

Thesis Advisor: Arif Hussain, MD Professor, Medicine, Biochemistry and Molecular Biology, 

Pathology, University of Maryland School of Medicine 

 

Although significant advances in the treatment of prostate cancer have been made, 

advanced prostate cancer is essentially incurable and remains the second leading cause of cancer-

related deaths among men in the U.S. The current treatment landscape underscores the fact that 

additional strategies are needed to improve treatment outcomes of both castration sensitive and 

castration resistant advanced prostate cancer. Prostate cancer is characterized by a remarkable 

degree of heterogeneity in terms of its underlying biology and clinical behavior. Although pre-

clinical models cannot adequately reflect the varied clinical behavior of prostate cancer, they are 

important for enhancing our understanding of prostate cancer biology and potentially identifying 

new therapeutic targets. In this thesis, we undertook the approach of studying several cell culture 

models of prostate cancer that in aggregate encompass many of the varied aspects of the prostate 

cancer disease spectrum seen clinically.  Using these models, we focused on the erbB-PI3K-

AKT axis as a paradigm of growth factor-receptor tyrosine kinase (RTK) signaling, and the 

androgen-AR axis, as well as the compensatory cross-talks within and across the pathways, to 

study the effects of combinatoric targeting of specific nodes in these signaling pathways. Chapter 

1 provides background, pre-clinical and clinical context, and translational relevance of the 

studies presented in this thesis.  Our research work is divided into two broad areas, namely the 

AR negative prostate cancer cells that include both drug-sensitive and drug-resistant models 

(Chapter 2), and the AR positive prostate cancer cells. These are characterized by a range of 

molecular signatures, including changes in AR/AR-V7 expression, functional PTEN status, wild-



type (wt) or mutant p53 background, and altered underlying sensitivities to androgen receptor 

axis targeted (ARAT) agents (Chapter 3). The present work adds to the significant body of 

literature in this area of study and highlights the potential relevance of combinatoric targeting 

across a range of underlying molecular lesions that define the different phenotypes of prostate 

cancer.    



 

Targeting of Intracellular Survival Pathways in Human Prostate Cancer 

Cells. 

 

 

 

 

by 

Samusi Adediran 

 

 

 

 

 

 

 

Dissertation submitted to the faculty of the Graduate School of the                                         

University of Maryland Baltimore in partial fulfillment  

of the requirements for the degree of  

Doctor of Philosophy                                                                                                                                   

2019 



iii 
 

Table of Contents 
 

Chapter 1: Introduction ................................................................................................................... 1 

The Prostate: ............................................................................................................................... 1 

Treatment of Prostate Cancer: .................................................................................................... 2 

Chemotherapy (Taxanes): ........................................................................................................... 8 

The Androgen and Androgen Receptor Axis: ............................................................................ 11 

Epidermal Growth Factor Receptor Family: ............................................................................ 16 

PI3K: ......................................................................................................................................... 18 

AKT: .......................................................................................................................................... 19 

Mammalian Target of Rapamycin (mTOR): ............................................................................. 21 

 

Chapter 2:  Co-Targeting erbB  and PI3K/Akt in Androgen-Independent Chemotherapy-

Sensitive and Chemotherapy-Resistant Human  Prostate Cancer Cells ....................................... 25 

Introduction:.............................................................................................................................. 25 

Results: ...................................................................................................................................... 28 

Discussion: .................................................................................................................................... 45 

 

Chapter 3: Signal Pathway Targeting in Androgen Receptor-Expressing Human Prostate Cancer 

Cells .............................................................................................................................................. 48 

Clinical scope of the problem in advanced prostate cancer: .................................................... 48 

Signal transduction pathways ................................................................................................... 52 

Results and Discussion: ............................................................................................................ 57 

 

Chapter 4: Future Directions ......................................................................................................... 83 

 

Chapter 5: Methods and Materials ................................................................................................ 88 

Materials: .................................................................................................................................. 88 

Cell Culture: .............................................................................................................................. 88 

Proliferation Studies: ................................................................................................................ 89 

Drug Synergy Experiments: ...................................................................................................... 90 



iv 
 

Protein Isolation and Western Blotting: ................................................................................... 90 

Luciferase Assay: ...................................................................................................................... 91 

Apoptosis Assay: ....................................................................................................................... 92 

Live/Dead Assay:....................................................................................................................... 92 

Tumor Growth and Toxicity Studies in Nude Mice: .................................................................. 93 

Statistical Analysis: ................................................................................................................... 93 

 

Chapter 6: References ................................................................................................................... 94 

    References ................................................................................................................................. 94 

 

  



v 
 

List of Tables 

Table 1: Characteristics of PC3, PC3/PAC20, DU145 AND DU145/DOC60 cell lines ............. 29 

 

Table 2: Combination Index (CI) values for MK2206 and Lapatinib .......................................... 35 

 

Table 3: Characteristics of AR-expressing prostate cancer cell lines. .......................................... 58 

 

Table 4: Characteristic of signaling inhibitors: Targets and mechanisms of action. .................... 60 

 

Table 5: IC50 values for different AR-expressing cell lines ........................................................ 62 

 

Table 6: Combination index and dose reduction index values of ARAT agents for LNCaP cells.

....................................................................................................................................................... 66 

 

Table 7: Combination index and dose reduction index values of MK2206 and ARAT agents for 

LNCaP cells. ................................................................................................................................. 66 

 



vi 
 

List of Figures 

Figure 1: The Prostate ..................................................................................................................... 1 

 

Figure 2A: The TNM Staging of Prostate Cancer .......................................................................... 2 

 

Figure 2B: The TNM Staging of Prostate Cancer………………………………………………………………………….….3 

 

Figure 3: The hypothalamic-pituitary adrenal axis ......................................................................... 6 

 

Figure 4: Androgen biosynthesis .................................................................................................. 13 

 

Figure 5: Androgen receptor and variants .................................................................................... 14 

 

Figure 6: AR phosphorylation ...................................................................................................... 15 

 

Figure 7A-C: AKT HER3 and AR signaling ................................................................................ 20 

 

Figure 7D: AKT HER3 and AR signaling……………………………………………………….23     

 

Figure 8: Schematic of feedback inhibition and cross-talk between signal pathways. ................. 27 

 

Figure 9: Western blot. PGP, BCRP and MRP1 expression in DU145, PC3 and their taxanes 

resistant derivatives. ...................................................................................................................... 30 

 

Figure 10: MTT Assays. Effects of AKT inhibitor (MK2206) and erbB inhibitor (lapatinib) on 

cell growth. ................................................................................................................................... 32 

 

Figure 11: Isobologram and computer simulated Fa-CI plots showing the synergistic behavior of 

MK2206 and lapatinib combinations ............................................................................................ 34 

 

Figure 12: Flow cytometry. Annexin/PI staining to assess for programmed cell death (PCD).... 36 

 



vii 
 

Figure 13: Live/dead assay. .......................................................................................................... 37 

 

Figure 14: Western blots. Evaluation of PARP, Bax, Bcl2 in prostate cancer cells ..................... 38 

 

Figure 15: Western blots. Effects of MK2206 and lapatinib on erbB, AKT, ERK in PC3 and 

PAC20 cells .................................................................................................................................. 40 

 

Figure 16: Western blots. Effects of MK2206 and lapatinib on erbB, AKT, ERK in DU145 and 

DU145/DOC60 cells.. ................................................................................................................... 43 

 

Figure 17: Western blots. Effects of MK2206 and lapatinib on MNK and EIF4E in PC3/PAC20  

and DU145/DOC60 cells.. ............................................................................................................ 44 

 

Figure 18: Schematic of cross-talk between signal pathways. ..................................................... 56 

 

Figure 19: Chemical structures of ARAT agents and PI3K/AKT/mTOR inhibitors.................... 61 

 

Figure 20: Effect of targeting androgen biosynthesis, AR, and AKT on viability of LNCaP cells

....................................................................................................................................................... 65 

 

Figure 21: ARR2- luc transfection experiments in LNCaP cells. Androgen receptor activity upon 

treatment with ARAT agents and AKT inhibitor. ........................................................................ 68 

 

Figure 22: Androgen receptor activity after AR knockdown and AKT inhibitor treatment in 

LNCaP cells. ................................................................................................................................. 69 

 

Figure 23: Western blots (LNCaP cells). Expression of pAKT after incubation with 

PI3K/AKT/mTOR and ErbB inhibitors ........................................................................................ 71 

 

Figure 24: Western blots (LNCaP cells). Effect of ARAT agents and/or AKT/ErbB3 inhibitors 

on pAKT, pErbB3, or both. .......................................................................................................... 72 

 

Figure 25: Western blots (LNCaP cells). Parp cleavage upon treatment of cells with AKT 

inhibitor . ....................................................................................................................................... 73 



viii 
 

 

Figure 26: C4-2 prostate cancer cells. MTT assay. ...................................................................... 75 

 

Figure 27: Western blots (C4-2 cells). Effects of androgen signaling targeting and/or 

PI3K/AKT/ErbB inhibitors on pAKT ........................................................................................... 77 

 

Figure 28: VCaP prostate cancer cells.. ........................................................................................ 79 

 

Figure 29: CWR22RV1 prostate cancer cells. .............................................................................. 80 

 

Figure 30: Body weight of mice treated with Lapatinib and MK2206 ......................................... 84 

 

Figure 31: Growth of PC3 and DU145 cells in nude mice. .......................................................... 85 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ix 
 

 

 

 

List of Abbreviations 

ABC  Adenosine Triphosphate Binding Cassette Family 

 

ABI  Abiraterone 

 

ADT  Androgen Deprivation Therapy  

 

AI  Androgen Insensitive/Androgen Independent 

 

AJCC  American Joint Committee on Cancer 

 

AR  Androgen Receptor  

 

ARAT  Androgen Receptor Axis Target  

 

AR-V  Androgen Receptor Splice Variants 

 

AREs   Androgen Response Elements  

 

AS  Androgen Sensitive 

 

ATP  Adenosine Triphosphate 

 

AVPC  Aggressive Variant Prostate Cancer  

 

BCL2  B-Cell Lymphoma 

 

BCRP  Breast Cancer Resistance Protein 

 

CRPC  Castration Resistant Prostate Cancer  

 

CSPC  Castration Sensitive Prostate Cancer 

 

CYP  Cytochrome P450 

 



x 
 

CYP17  Cytochrome P450 17-alpha-hydroxlase, 17-20-lyase  

 

DHEA  Dehydroepiandrosterone 

 

DHEA-S Dehydroepiandrosterone Sulfate 

 

DHT   Dihydrotestosterone  

 

DMSO  Dimethyl Sulfoxide 

 

EGFR  Epidermal Growth Factor Receptor 

 

ENZ  Enzalutamide 

 

FDA  Food and Drug Administration  

 

FSH  Follicle Stimulating Hormone 

 

GAS  Gonadal Androgen Suppression 

 

GnRH   Gonadotropin-Releasing Hormone  

 

GPCR  G-Protein Coupled Receptors 

 

GS  Gleason Score 

 

H  Hour 

 

IC50  Half Maximal Inhibitory Concentration 

 

IR  Insulin Receptor 

 

IGFR  Insulin Growth Factor Receptor 

 

kDa  Kilo Dalton  

 

LBD  Ligand Binding Domain 

 

LH  Luteinizing Hormone 

 

LHRH  Luteinizing Hormone Releasing Hormone 



xi 
 

 

M1  Advanced/Metastatic Prostate Cancer 

 

MAPK  Mitogen-Activated Protein Kinase 

 

mCRPC metastatic Castration Resistant Prostate Cancer 

 

MLST8 Mammalian Lethal with Sec13 Protein8 

 

MRP1  Multidrug Resistance Protein 1 

 

MT  Microtubule 

 

MTT  3--(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), dimethyl 

 

mTOR  Mammalian Target Of Rapamycin  

 

mTORC1-2 Mammalian Target Of Rapamycin Complex 1-2 

   

NTD  N-Terminal Domain 

 

PCD  Programmed Cell Death 

 

P-gp  P-glycoprotein 

 

PC  Prostate Cancer 

 

PDK1  Phosphoinositide-Dependent Kinase 1  

 

PH  Pleckstrin Homology  

 

PI3K  Phosphatidylinositol-4, 5-Bisphosphate 3-Kinase  

 

PIN  Prostatic Intraepithelial Neoplasia  

 

PIP2  Phosphatidylinositol (4, 5)-Bisphosphate  

 

PIP3  Phosphatidylinositol (3, 4, 5)-Trisphosphate  

 

PSA  Prostate Specific Antigen 

 



xii 
 

PTEN  Phosphatase and Tensin Homolog 

 

RTK  Receptor Tyrosine Kinase   

  

SHBG   Sex-hormone Binding Globulin    

                                                                                                     

TAS  Total Androgen Suppression 

 

TNM  Tumor Nodes Metastases  

 

TSC1/2 Tuberous Sclerosis Complex 1/2 

 



1 
 

Chapter 1: Introduction 

 

The Prostate:  

 

 The prostate, a gland in the male reproductive system, produces components of the 

seminal fluid which together with sperm cells and associated fluids from the testes forms the 

ejaculate. The prostate is located below the bladder and weighs about an ounce. The muscles of 

the prostate function to forcefully press semen into the urethra and expel it during ejaculation. 

The prostatic fluid contains many enzymes, including prostate specific antigen (PSA), an 

important biomarker for prostate cancer. The prostatic fluid is important for proper functioning 

of the sperm cells, as well as for fertility of men (Oh, et al., 2003).  The tissues that compose the 

prostate are divided into three different zones: the transition zone, the central zone, and the 

peripheral zone.  The transition zone is the site where benign prostatic hyperplasia often 

develops with aging. The central zone surrounds the transition zone and is one quarter of the 

prostate mass.  The peripheral zone is the main part of the prostate gland. Prostate cancer 

develops mainly in this zone. 

 

 

 

 

 

Figure 1: The Prostate (Oh, et al., 2003) 
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Treatment of Prostate Cancer: 

 

Prostate cancer is the most commonly diagnosed cancer and second leading cause of 

cancer related deaths in men in the United States. Clinically, prostate cancer presents as 1) 

localized disease, 2) locally advanced disease or 3) metastatic disease; 75-80% of the patients in 

the United States present with localized disease, 10-15% with locally advanced disease, and 

<10% with metastatic disease (Brawley, 2012).  Figure 2 A, B below show the American Joint 

Committee on Cancer’s (AJCC) TNM classification for prostate cancer. T represents primary 

tumor size, N represents regional lymph node status, M represents distant metastasis (Figure 2 

A), which are then combined to define the different prostate cancer stages (ranging from stage I-

IV) (Figure 2 B)  

A 

 

 

 

 

 

 

 

 

 
 

Figure 2A: The TNM Staging of Prostate Cancer (Edge, et al., 2010) 
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B 

 

 

 

 

 

 

 

 

 

 

 

Figure 2B: The TNM Staging of Prostate Cancer (Edge, et al., 2010) 

 

In addition to TNM staging, the tumor grade, as reflected by the Gleason Score (GS), also 

dictates the clinical management of prostate cancer.  Gleason score is based on the histological 

examination of tumor tissue obtained at biopsy.  In terms of the original definition of GS, it was 

based on five patterns of tumor grade, ranging from grade 1 (most well differentiated) to grade 5 

(least well differentiated). As most prostate cancers have more than one pattern of 

differentiation, a grade was assigned to the most dominant and the second most dominant 

patterns, with grade ranging from 1 to 5 for each pattern. The final Gleason Score represented the 

sum of the grades assigned to each pattern. Thus, the GS range is between 2 to 10; lower GS (eg, 

2-4) represents less aggressive prostate cancer, higher GS (eg, 8-10) represents more aggressive 

prostate cancer. More recently (2014), the International Society of Urological Pathologists 
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(ISUP) updated the grading system to better reflect the relative risks of prostate cancer in terms 

of their histopathology, dividing the histologic groups into five ISUP grade groups that define 

the different risk groups: Grade Group 1 (low risk, corresponds to GS</=6); Grade Group 2 

(intermediate/favorable, corresponds to GS 7 (3+4)); Grade Group 3 (intermediate/unfavorable, 

corresponds to GS 7 (4+3)); Grade Group 4 (high risk, corresponds to GS 8): Grade Group 5 

(high risk, corresponds to GS 9-10) (Epstein, et al., 2016).    

Patients with clinically localized prostate cancer can be divided into several risk 

categories, depending upon the T stage, biopsy Gleason Score, and serum PSA levels into ‘very 

low risk’, ‘low risk’, ‘intermediate risk’ and ‘high risk prostate cancer’. The ‘very low risk’ and 

‘low risk’ prostate cancer patients can potentially be managed by Active Surveillance (AS), in 

which patients are followed longitudinally with repeat clinical exam, serum PSA level 

monitoring, and repeat biopsy rather than getting definitive intervention (Mohler, et al., 2010). 

Only if there is progression of such patients on follow up is there definitive intervention (surgery 

or radiation).  Other patients with clinically localized prostate cancer not undergoing AS can be 

treated definitively with either radical prostatectomy (RP) or radiation therapy (external beam or 

brachytherapy) for curative intent. In general, anywhere from 70-85% of these patients achieve 

long term disease control with RP and/or radiation, while 15-30% of the treated patients will 

experience subsequent failure after definitive local therapies (Mohler, et al., 2010). 

Patients are considered to have locally advanced prostate cancer if they do not have 

evidence of distant metastasis on clinical or radiographic work up, but are also unlikely to be 

cured by RP or radiation alone. The Radiation Therapy Oncology Group (RTOG) is a national 

cooperative group first established in 1968 and funded by the NCI to conduct radiation therapy 

based clinical trials in various cancers, including prostate cancer. The RTOG considers patients 

to have high risk/locally advanced prostate cancer (LAPC) if they have any of the following 
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features: 1) PSA 10 ng/dl + GS>/= 7; 2) PSA >/= 20 (but </=150) irrespective of GS or T stage; 

3) GS 8-10 irrespective of PSA or T stage; 4) T2c-T4 disease. The RTOG and the EORTC 

(European Organization for Research and Treatment of Cancer) are among the two leading 

cooperative groups that have conducted large randomized clinical trials in high risk prostate 

cancer. Based on the various clinical trials, the current standard of care for patients with high risk 

prostate cancer is multi-modal therapy, which generally includes radiation therapy plus androgen 

deprivation therapy (ADT), given for 2-3 years (Pilepich, et al., 2001; Roach, et al., 2008; 

Warde, et al., 2011). Further, recent data from the RTOG 0521 trial suggests that integrating 

chemotherapy with radiation and ADT may also be beneficial for patients with high risk prostate 

cancer (Sandler, et al., 2015; Sweeney, et al., 2014). 

Metastatic prostate cancer represents an incurable disease state which in most patients is 

a terminal event. The standard treatment for metastatic prostate cancer is androgen deprivation 

therapy (ADT) which produces castrate levels of serum testosterone in men. ADT was first 

discovered as an effective treatment strategy for advanced prostate cancer by Charles Huggins 

over 80 years ago and to this day essentially remains the first line of therapy for such patients 

(Wong, et al., 2014). The majority of patients with metastatic prostate cancer will respond to 

ADT initially, but unfortunately they invariably develop resistance to the ADT over time 

(median duration of response to ADT is 18-24 months) (Pham, et al., 2016). Patients progressing 

on ADT are considered to have ‘castration resistant’ prostate cancer (CRPC) since presumably 

they have progressed in the face of castrate levels of serum testosterone. Previously, patients who 

progressed on ADT were labeled to have ‘hormone resistant’ prostate cancer (HRPC), but this 

term has now been replaced by CRPC since such patients may still not be truly resistant to 

second or third line ‘hormonal’ treatments after developing CRPC.  

Hormonal Therapy /Androgen Deprivation Therapy (ADT): 
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The testicles produce over 90% of the testosterone in men, while the rest is produced by 

the adrenal glands. The role of androgens (testosterone, dihydrotestosterone) and the androgen 

receptor (AR) in prostate cancer will be discussed further below in “The Androgen and 

Androgen Receptor Axis” section.  Here we outline the hypothalamic-pituitary-gonadal axis 

regulating androgen production by the testes and adrenal glands (Figure 3). Classically, ADT 

involves suppression of testosterone production by the testes (termed gonadal androgen 

  

 

 

 

 

 

 

 

Figure 3: The hypothalamic-pituitary adrenal axis (Turner & Drudge-Coates, 2012)  

suppression [GAS]) that can be achieved either surgically via bilateral orchiectomy or medically 

via gonadotropin-releasing hormone (GnRH) agonists, or more recently GnRH antagonists. 

GnRH produced by the hypothalamus binds to the GnRH receptors in the pituitary to release 

LH/FSH from the latter that then mediates testicular androgen biosynthesis (Figure 3).  The basis 

for medical castration, or medical GAS, lies in the fact that GnRH agonists bind GnRH receptors 

in the pituitary, which is followed by agonist-receptor internalization and degradation; the initial 
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binding results in a transient surge in LH (and hence testosterone) secretion, but with subsequent 

degradation of the agonist-receptor complex LH secretion by the pituitary decreases, which leads 

to decreased testicular testosterone production (Figure 3). With pure LHRH antagonists, there is 

no transient LH secretion and hence no transient testosterone surge; rather, castrate levels of 

serum testosterone can be achieved almost immediately with LHRH antagonists, similar to that 

achieved with surgical orchiectomy.   

In an effort to improve upon the outcomes of GAS, clinical studies have also evaluated 

the use of non-steroidal anti-androgens (eg, flutamide, bicaluatmide, nilutamide) that block the 

adrenally produced androgens in combination with GAS (termed total androgen suppression 

[TAS]) to treat metastatic castration sensitive prostate cancer (CSPC). These studies indicate that 

there is no significant advantage to TAS over GAS as first line therapy in metastatic prostate 

cancer (Kunath, et al., 2014; Samson, et al., 2002; Ayyathurai, et al., 2009) . Therefore, the 

standard therapy for metastatic prostate cancer is GAS (orchiectomy or LHRH 

agonist/antagonist). 

As noted above, most patients undergoing GAS eventually develop castrate resistant 

tumors (CRPC) defined as progression of disease, either clinically/radiographically or/and 

biochemically (rising serum PSA levels), in the presence of castrate levels of circulating 

testosterone (<50 ng/dl) (Lowrance, et al., 2018). Once patients fail initial ADT, they can be 

treated with some of the newer ‘second generation’ hormonal agents, including abiraterone, a 

Cyp 17-20 lyase/Cyp17 alpha-hydroxylase inhibitor, or enzalutamide, an anti-androgen receptor 

(AR) targeting agent (Bedoya & Mitsiades, 2013; Higano & Crawford, 2011; Aggarwal & Ryan, 

2011; Adamo, et al., 2012; Ryan, et al., 2015; Scott, 2017; Ramadan, et al., 2015; Beer, et al., 

2014; Fang, et al., 2017).  Abiraterone in combination with prednisone was approved by the U.S. 
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Food and Drug Administration (FDA) in 2010 and enzalutamide in 2012 for the treatment of 

patients with metastatic CRPC (Bedoya & Mitsiades, 2013; Higano & Crawford, 2011; 

Aggarwal & Ryan, 2011; Adamo, et al., 2012; Ryan, et al., 2015; Scott, 2017; Ramadan, et al., 

2015; Beer, et al., 2014; Fang, et al., 2017; Lowrance, et al., 2018). Both have been shown to 

improve the overall survival of patients, with approximately 40-50% responding to these 

therapies for a median duration of 10-11 months. It should be noted that abiraterone and 

enzalutamide have been approved in metastatic CRPC patients in both the pre- and post-

chemotherapy settings (Fang, et al., 2017; Lowrance, et al., 2018).  More recently, abiraterone in 

combination with ADT has also been approved by the U.S. FDA for patients with metastatic 

CSPC, particularly in high volume disease based on the randomized phase 3 LATTITUDE trial 

that showed a survival advantage for abiraterone plus ADT compared to ADT alone (Fizazi, et 

al., 2017). 

Chemotherapy (Taxanes): 

 

Highly effective therapies to treat (CRPC) are limited, although second line hormonal 

therapies and chemotherapeutics such as docetaxel and cabazitaxel can improve the overall 

survival of patients with advanced prostate cancer (Dagher, et al., 2004; Tsao, et al., 2014). 

Docetaxel in combination with oral prednisone was approved by the FDA in 2004 for the 

treatment of patients with metastatic CRPC as it resulted in improvement in overall survival (OS) 

in phase 3 trials (median OS being 18-19 months) (Dagher, et al., 2004). Several phase 3 trials 

have since tested docetaxel in combination regimens, but to date none have shown to provide any 

advantage over single agent docetaxel in metastatic CRPC.  Thus, single agent docetaxel remains 

the standard of care first line chemotherapy for these patients. Cabazitaxel was initially approved 

in patients failing docetaxel chemotherapy, i.e., in the second line setting after docetaxel (Tsao, 
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et al., 2014). More recently, cabazitaxel has also been directly compared to docetaxel in 

chemotherapy-naïve metastatic CRPC patients in the phase 3 FIRSTANA trial (Oudard, et al., 

2017). This study showed that both cabazitaxel and docetaxel provided equivalent overall 

survival outcomes when used as first line chemotherapy. Therefore, currently for patients with 

metastatic CRPC requiring chemotherapy, either docetaxel or cabazitaxel can be used up front. 

As noted above, for patients treated with docetaxel first, cabazitaxel is also available as second 

line therapy (Tsao, et al., 2014). It should be noted, however, that there is no randomized data on 

the relative efficacy of docetaxel after cabazitaxel. Although it is apparent that a plateau has been 

reached with chemotherapeutic agents in metastatic CRPC, to date the taxanes, and in particular 

docetaxel and cabazitaxel, remain the most effective cytotoxic agents for treating metastatic 

CRPC. Thus, when it comes to taxanes, it is relevant to 1) understand their mechanisms of 

action, 2) understand the mechanisms by which cancer cells develop resistance to them, and 3) 

identify other cellular pathways that may be potentially exploited to overcome resistance to these 

agents.     

Mechanisms of Taxane Action:   Taxanes (paclitaxel, docetaxel, cabazitaxel) are among 

the most important anti-cancer agents used in the clinic to treat a number of cancers, including 

those of the breast, prostate, head and neck, lung, and pancreatic, among others. Taxanes exert 

their effect as microtubule stabilizers that disrupt the microtubule and induce mitotic arrest and 

ultimately cell death by apoptosis.  Microtubules, part of the cytoskeleton of the cell, take part in 

a myriad of processes such as mitosis, cell migration, intracellular trafficking, DNA segregation 

and many others (Shi & Sun, 2017).  Microtubules are highly dynamic structures that constantly 

polymerize and depolymerize.  Microtubules consist of α- and β-tubulin heterodimers.  Seven β-

tubulin isotypes (classes I, II, III, IVa, IVb, V, and VI) have been detected in humans. Most of 
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the differences in the homologous proteins are in the C-terminal amino acids which undergo 

post-translational modifications.  The expression profile of the isotypes can influence the 

microtubule dynamics and the sensitivity to taxanes (Shi & Sun, 2017). It is primarily enhanced 

expression of class III β-tubulin that has been associated with resistance to taxanes (Terry, et al., 

2009; Lebok, et al., 2016). 

Taxanes have been shown to exert their anti-tumor effects through several mechanisms.  

They bind to the β-tubulin in polymerized microtubules, stabilizing them which results in 

disruption of the microtubule dynamics.  More specifically, microtubule stabilization prevents 

the depolymerization required for mitosis from occurring, resulting in G2/M cell cycle arrest and 

apoptosis (Galletti, et al., 2007). By disrupting microtubule function, docetaxel has also been 

shown to inhibit AR translocation from the cytoplasm to the nucleus, which can induce apoptosis 

(Galletti, et al., 2007).  Both paclitaxel and docetaxel can induce phosphorylation of B-cell 

lymphoma 2 (BCL-2) protein, thus inhibiting BCL-2’s anti-apoptotic effects which leads to 

caspase activation and apoptosis (Galletti, et al., 2007).  Interestingly, docetaxel is up to two 

orders of magnitude more effective in phosphorylating and thus inhibiting BCL-2 than 

paclitaxel, which may in part account for the greater anti-tumor activity seen with docetaxel in 

certain clinical settings, including prostate cancer (Galletti, et al., 2007).  In prostate cancer cells, 

AR levels have also been shown to be reduced in the taxane treated cells, leading to cell growth 

inhibition (Galletti, et al., 2007). 

Mechanisms of Taxane Resistance: There are several proposed mechanisms that can lead 

to resistance to the taxanes. The two most well described mechanisms of taxane resistance are: 1) 

expression of multidrug resistance transporters, and 2) alteration of the tubulin/microtubule 

system.  Multi-drug resistance transporters are a family of the adenosine triphosphate (ATP)-
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binding cassette (ABC) proteins, the so-called ABC transporters that pump drugs out of cells. 

These proteins include P-glycoprotein (P-gp) encoded by the mdr1/ABCB1 gene, multidrug 

resistance protein 1 (MRP1) encoded by the MRP1/ABCC1 gene, and breast cancer resistance 

protein (BCRP) encoded by the mxr/ABCG2 gene.  Studies with several prostate cancer cell 

lines (DU145, 22RV1, C4-2) have shown that a common mechanism of resistance to taxanes is 

increase in the expression of multidrug resistance proteins (P-gp, MRP1) (Armstrong & Gao, 

2015; Chandrasekar, et al., 2015). 

Most of the documented alterations in the microtubule system associated with taxane 

resistance are mutations in the class I β-tubulin, however mutations can also occur in α-tubulin 

(Galletti, et al., 2007). Many mutations have been documented, for instance, mutations affecting 

leucine residues in a region of β-tubulin (β215 and β217 are in loop H6-H7, β228 falls within the 

H7 helix) which is supposed to play a crucial role not only for ligand binding, but also for the 

modulation of microtubule dynamics, being involved in tubulin subunit-subunit interactions that 

are important for microtubule stability, and the dynamic instability of switching from 

polymerization to depolymerization (Galletti, et al., 2007). Mutations of these residues likely 

destabilize and weaken interactions between microtubules to prevent conformational changes 

upon paclitaxel binding.  One study in LNCaP docetaxel resistant cells has shown that F20I 

mutation in the class I β-tubulin can decrease taxane binding affinity (Galletti, et al., 2007). 

Upregulation of the class III β-tubulin isoform, which binds taxanes less avidly, can also lead to 

resistance to taxanes (Terry, et al., 2009; Lebok, et al., 2016).  

The Androgen and Androgen Receptor Axis: 

 

 Androgens:  Prostate cancer growth and proliferation is driven by androgens, the major 

ligand for the androgen receptor (AR). Testosterone is the primary circulating androgen in the 
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male body, with 90% produced by the Leydig cells in the testes. A major portion of testosterone 

(97%) is inactive and bounded to sex-hormone binding globulin (SHBG) and albumin. Whereas 

most of the circulating testosterone is bound, free circulating testosterone diffuses into the 

cytoplasm of cells, including prostate cancer cells, where it is converted to a more potent 

androgen, dihydrotestosterone (DHT), by the action of the enzyme 5 alpha reductase. DHT has 

approximately a 5-fold higher affinity for the androgen receptor (AR) (Wilson, 1996; Askew, et 

al., 2007). 

Androgen deprivation therapy, induced by bilateral orchiectomy or by the administration 

of LHRH agonists or LHRH antagonists, reduces androgenic steroids derived from the testes; 

however, 10% of androgens are produced by the adrenal gland. Androgens produced by the 

adrenal gland are not affected by ADT, including Dehydroepiandrosterone (DHEA) and its 

sulfated form (DHEA-S), which can be converted to the highly active DHT. Shown below are 

the complex reactions involved in the biosynthesis of androgens from cholesterol. 
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Figure 4: Androgen biosynthesis (Turcu, et al., 2014) 

 

These androgens are converted into androstenedione by 3βHSD, encoded by the HSD3B gene. 

Two isoforms of 3βHSD exist in the prostate and peripheral tissues, while one isoform, 3βHSD2, 

is found in the adrenal gland (Turcu, et al., 2014) . DHT is then formed from androstenedione. 

Thus, the adrenal gland can be another source of androgens that can potentially drive prostate 

cancer growth. Given this, efforts have also been made to inhibit the actions of adrenally derived 

androgens (Labriel, 2011). 

  The Androgen Receptor (AR): 
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Figure 5: Androgen receptor and variants (PeleKanou, et al., 2013) 

  

Shown in figure 5 are the AR and its various splice variants (PeleKanou, et al., 2013) .  The AR 

gene is located on chromosome Xq11-12 and encodes for a 110 kilo-Dalton (kDa) nuclear 

receptor. The AR has 4 functional domains, the N terminal domain (NTD), DNA binding 

domain, hinge region and ligand-binding domain (LBD).  The AR, in its inactive state, is mostly 

in bound form in the cytoplasm (bound to the heat shock chaperone protein complex HSP90). 

Upon binding of androgens (testosterone, DHT) to the LBD, a conformational change within the 

LBD occurs that leads to AR dissociating from the HSP90 complex. AR then homo-dimerizes 

and is transported to the nucleus to bind androgen response elements (AREs) within the promoter 

regions of androgen regulated genes (PeleKanou, et al., 2013).  The interaction of AR with its 

promoter is under the influence of many factors, including transcriptional co-regulators and 

chromatin modulating enzymes (acetyltransferases, methyltransferases, kinases, among others), 

which in turn help regulate AR-mediated transcription.   
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The AR has many phosphorylation sites, including on serine, threonine and tyrosine 

residues that lie within the different domains of the AR molecule (Figure 6).  Several kinases, 

including AKT, PIM-1, CDKs, SRC, Aurora-A, PKC, ERK, JNK, p38, among others, have been 

shown to phosphorylate AR and which can have different effects on the AR transcriptional 

program, depending upon the cell culture models and cell context under study (Daniels, et al., 

2013; Koryakina, et al., 2014; Gelman, 2014; Kraus, et al., 2006; Ponguta, et al., 2008; Chen, et 

al., 2006; Wen, et al., 2000).  There is however more limited information in terms of the clinical 

relevance of these various phosphorylations, although data is beginning to emerge regarding the 

association of some of the phosphorylated sites with the development of castration resistance and 

disease progression (Koryakina, et al., 2014; Gelman, 2014) . 

 

 

 

 

Figure 6: AR phosphorylation (Daniels, et al., 2013). 

The function of AR is primarily as a transcription factor that modulates the expression of AR-

regulated genes. In 50 % of prostate cancers, translocation events can occur so that the ETS 

family of proto-oncogenes become fused to the androgen regulated promoter and 5’ untranslated 

regions of the TMPRSS2 gene (Dehm, 2008; White, et al., 2013)49, 50. This creates an androgen-

regulated TMPRSS2-ETS fusion transcript that encodes a nearly full-length ETS transcription 



16 
 

factor. Thus, the ETS genes come under the regulation of AR in prostate cancer which can lead 

and contribute to their malignant phenotype.  

The Androgen Receptor Splice Variants (ARV):   AR splice variants (ARV) are truncated 

forms of the wild type AR and are often ligand independent and constitutively active 

(PeleKanou, et al., 2013; Liu, et al., 2014)  .  These variants are generated by genome 

rearrangement and alternate splicing events. The most extensively studied of the AR variants are 

ARV1, ARV567es and especially ARV7. ARV7 lacks the LBD, is localized to the nucleus and is 

constitutively active. ARV7 can regulate AR-dependent and AR-independent genes (PeleKanou, 

et al., 2013; Liu, et al., 2014)  .   Studies have reported high levels of expression of ARV7 in 

bone metastasis compared to hormone-naïve prostate cancer, and their expression has been 

implicated in the development of CRPC, resistance to the second generation hormonal therapies 

(abiraterone, enzalutamide), and poorer prognosis (Hornberg, et al., 2011; Antonarakis ES, ; 

Sharp, et al., 2018). Among the human prostate cancer cell lines used for pre-clinical studies, 

VCaP and CWR22RV1 express ARV7, whereas LNCaP and C4-2 cells do not. 

Epidermal Growth Factor Receptor Family: 

 

The epidermal growth factor receptor (EGFR) family consists of four closely related 

transmembrane receptors: EGFR (erbB-1), HER-2 (erbB-2), HER-3 (erbB-3), and HER-4 (erbB-

4).  These glycoprotein receptors are characterized by an extracellular ligand-binding domain, a 

transmembrane domain, and an intracellular domain with tyrosine kinase activity that allows for 

downstream signal transduction (Roskoski, 2014; Wang, 2017). 

Several ligands such as epidermal growth factor (EGF), transforming growth factor-alpha 

(TGF-alpha), heparin-binding EGF, amphiregulin, and betacellulin can bind and activate EGFR. 
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The ligand EGF binds to EGFR which leads to homo-dimerization and cross phosphorylation, 

and subsequent recruitment and activation of downstream targets. ErbB2 has no ligand but 

retains tyrosine kinase activity; thus, for activation it has to hetero-dimerize with other members 

of the erb-B family (such as erbB1, erbB3 or erbB4) that have defined ligands. ErbB-3 has no 

intrinsic kinase activity but its ligands such as heregulin can bind and promote hetero-

dimerization of erbB3 with the other members of the erb-B family that have kinase activity 

(erbB1, erbB2 or erbB4) (Roskoski, 2014; Wang, 2017). 

Stimulation and activation of EGFR can promote tumor cell motility, metastasis, 

proliferation and angiogenesis (Roskoski, 2014; Wang, 2017; Jacobi, et al., 2017). Upon the 

addition of ligands, these receptors homo-dimerize or hetero-dimerize with other erb-B family 

members to cross phosphorylate each other. The phosphorylated tyrosine residues serve as 

binding sites for the recruitment and phosphorylation of several intracellular substrates that lead 

to the activation of downstream signaling cascades, including the Ras/Raf/MEK/ERK, 

PI3K/AKT/mTOR, and JAK/STAT pathways, among others (Appert-Collin, et al., 2015). The 

activation of these downstream pathways can regulate gene expression, proliferation, 

angiogenesis, apoptosis and other processes that contribute to the development and malignant 

behavior of cancer cells. 

The erb-B pathway can become dysregulated by several mechanisms leading to 

oncogenesis. These mechanisms include increased production of growth factors, overexpression 

of growth factor receptors, altered receptor dimerization kinetics and activating mutation.  

Enhanced activation of the EGFR pathway occurs in many cancer types, including that of the 

lung, head and neck, gastric, prostate, and colon, among others. A frequent mechanism of EGFR 

activation is via mutations within its tyrosine binding domain, particularly in lung cancer 
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(Bethune, et al., 2010). Exons 18 to 21 of the EGFR gene encompass most of the tyrosine kinase 

binding domain and activating EGFR mutations. Mutations observed in EGFR are small in frame 

deletions in exon 19, substitutions in the nucleotide-binding loop in exon 18 (G719), 

substitutions in the activation loop in exon 21 (L858 or L861), and insertions in exon 19.  In 

prostate cancer, EGFR can be over expressed in high grade PIN and in neoplastic cells, whereas 

low expression occurs in normal prostatic epithelium and low grade PIN (Di Lorenzo, et al., 

2002).   Other studies have implicated a role for HER2 in prostate cancer (Day, et al., 2017; 

Sharifi, et al., 2016). Enhanced gene amplification and/or expression of HER2 has been 

demonstrated in a proportion of human prostate cancers (Day, et al., 2017; Sharifi, et al., 2016) . 

The other erb-B family member HER3 has also been implicated in prostate cancer pathogenesis 

(Koumakpayi, et al., 2006; Chen, et al., 2011; Mikhailova, et al., 2005; Carver, et al., 2011). As 

discussed below, the PI3K-AKT-mTOR axis can modulate HER3 expression in cancer cells of 

different lineages, including prostate cancer cells (Carver, et al., 2011).  

PI3K: 

 

Phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) is part of large family of lipid kinases 

that phosphorylate the 3-hydroxyl group of phosphatidylinositol lipid substrates, mainly 

phosphatidylinositol (4, 5)-bisphosphate (PIP2) to yield phosphatidylinositol (3, 4, 5)-

trisphosphate (PIP3). Three classes of PI3Ks (I, II, III) have been described, with class IA PI3K 

being the most frequently implicated in human cancer (Fruman, et al., 2017). Class I PI3K are 

further divided into subtypes IA p110α/β/γ and IB p110γ. Class IA PI3K are heterodimers 

composed of a regulatory (p85) and a catalytic (p110) subunit, and class IB also have regulatory 

(p84) and catalytic (p101) subunits.  Class I and III are dual functional kinases (lipid and protein 

kinases) (Fruman, et al., 2017). The Class 1 kinases are usually targets for upstream receptor 
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tyrosine kinases (RTK) and G-protein coupled receptors (GPCR). The p110α subunit is activated 

mostly by RTK while the p110β subunit by GPCR. Coupling of RTKs with Class IA PI3K is the 

most relevant in cancers (Fruman, et al., 2017).  

 Once a RTK is auto-phosphorylated, the regulatory subunit of PI3K binds to it, thus 

freeing the catalytic subunit to catalyze the phosphorylation of (PIP2) to (PIP3) at the plasma 

membrane, which then further propagates intracellular signaling by directly binding the 

pleckstrin homology (PH) domains of various signaling proteins, including phosphoinositide-

dependent kinase 1 (PDK1) and AKT.  

The p110α catalytic subunit of PI3K is mutated in 15% of all cancers and amplified in 

some tumors (Yuan & Cantley, 2008; Karakas, et al., 2006). The p110β isoform of PI3K has also 

been associated with prostate cancer growth and progression (Li, et al., 2014). Genetic studies 

have shown that in mice with PTEN-deletion-driven or erbB2-driven prostate tumors p110β is 

required, underscoring the relevance of the PI3K mediated signaling pathway in prostate cancer 

(Li, et al., 2014) . The PI3K-dependent phosphorylation and activation of AKT is regulated by 

the tumor suppressor protein PTEN. Loss of PTEN function is not an in frequent event, 

particularly in advanced prostate cancer, suggesting an important role for PTEN (and the PI3K-

AKT axis) in prostate cancer progression (Vlietstra, et al., 1998; Li, et al., 1997; Jamaspishvili, et 

al., 2018).  

AKT:  
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In addition to PI3K, the downstream kinases AKT and mTOR are being intensively 

investigated as potential anti-cancer targets (Morgan, et al., 2009; Sarker, et al., 2009).   The 

AKT family comprises three structurally related kinases that have a pleckstrin homology domain 

(PH) and a C-terminal kinase domain. The PH domains of PDK1 and AKT are PIP3- sensing 

domains that allow for their recruitment to the plasma membrane (Hanada, et al., 2004).  With 

AKT bound to the plasma membrane in proximity to PDK1 allows the latter to phosphorylate 

and activate AKT, resulting in several downstream events that together promote cell survival and 

proliferation.  For instance, activated AKT inhibits the translocation of the transcription factor 

FOXO from the cytoplasm to the nucleus. This in turn inhibits the expression of several FOXO-

dependent oncogenic RTKs, including erbB3 (HER3), IR (insulin receptor) and IGF-1R, among 

others, in various human cancer cell lines of different lineages (Chandarlapaty, et al., 2011; Hay, 

2011; Chandarlapaty, 2012).  In prostate cancer, since HER3 can phosphorylate and activate AR, 

AKT-dependent inhibition of HER3 expression downregulates AR activity, as outlined in figure 

7 (Carver, et al., 2011; Jones, et al., 2015). 

 

 

 

Figure 7(A-C): AKT HER3 and AR signaling (Carver, et al., 2011) 

 

 Although AKT can inhibit some of the FOXO-dependent oncogenes, the overall AKT 

program is to promote anti-apoptotic/pro-survival downstream events. For instance, AKT can 

phosphorylate and negatively regulate the pro-apoptotic Bcl-2 family members BAD and BAX, 
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thus promoting the anti-apoptotic effects of Bcl-2 that allow for cell survival (Song, et al., 2005).  

By phosphorylating and activating the E3 ubiquitin ligase Mdm2 (a negative regulator of the 

tumor suppressor p53), AKT can mediate ubiquitination and degradation of p53, a key 

transcription factor involved in cell cycle arrest and/or apoptosis (Song, et al., 2005; Ogawara, et 

al., 2002).  Another important target of AKT is the mammalian target of rapamycin complex1 

(mTORC1); it activates mTORC1 via negative regulation of the TSC complex (TSC1 and TSC2) 

that normally inhibits mTORC1 via its GTPase activating function (Yu & Cui, 2016).  

 Phosphorylation of AKT has been shown to correlate with Gleason score and poorly 

differentiated prostate cancers (Malik, et al., 2002). AKT phosphorylation is higher in high grade 

versus low or intermediate grade, and in castration- resistant compared to castration-sensitive 

prostate cancers (Malik, et al., 2002).   Phosphorylation of AKT has also been shown to occur in 

prostate cancer cell lines in culture under androgen deprived conditions, and such cells are 

generally more resistant to chemotherapy (Kosaka, et al., 2011; Murillo, et al., 2001; Wu & 

Huang, 2007)  

Mammalian Target of Rapamycin (mTOR): 

 

mTOR is an integral component of two multi-protein complexes, mTORC1 and 

mTORC2. The mTORC1 complex is sensitive to rapamycin, while the mTORC2 complex is 

insensitive to rapamycin (Yu & Cui, 2016; Laplante & Sabatini, 2012). In addition to mTOR, the 

mTORC1 complex contains several other proteins, including the scaffolding protein RAPTOR 

(regulatory associated protein of mTOR) and MLST8 (mammalian lethal with Sec13 protein8).  

mTORC1 responds to various stimuli such as growth factors, cellular energy status, amino acid 

levels, and cellular stress. mTORC1 activation can signal downstream to S6K, which results in 
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feedback inhibition of IRS-1/PI3K/AKT, and also potentially to PI3K-RAS-RAF-MEK-ERK 

(Rozengurt & Soares, 2014; Rodrik-Outmezguine, et al., 2011; Mendoza, et al., 2011)89-91. 

mTORC1 is an important regulator of cellular growth and protein synthesis. It regulates 

protein synthesis through its downstream targets, the eIF4E-binding proteins (4E-BPs) and S6 

kinases (S6K1 and S6K2) (Yu & Cui, 2016; Laplante & Sabatini, 2012). mTORC1 

phosphorylates 4E-BP1, releasing it from the 4E-BP1/eIF4E complex so that eIF4E then 

becomes available to help initiate protein translation. mTORC1, by activating S6K (p70 

ribosomal S6 Kinase), also modulates ribosome biogenesis, an important event for the translation 

of proteins that promote cell growth and division.    

The mTORC2 complex is composed of mTOR, the scaffolding protein RICTOR 

(rapamycin-insensitive companion of mTOR), and the regulator proteins mLST8 and mSIN1 

(mammalian stress-activated protein kinase interacting protein) (Oh & Jacinto, 2011). RICTOR 

directs mTOR to mTORC2 substrates. mTORC2 is activated by growth factors via PI3K 

signaling. mTORC2 phosphorylates and activates AKT, SGK (serum glucocorticoid-induced 

kinase), and specific PKC isoforms (Oh & Jacinto, 2011). Activation of mTORC2 can regulate 

cytoskeleton organization, cell survival, and lipid metabolism. 

Given the pivotal role of mTOR in ‘sensing’ cellular nutritional status and in integrating 

anabolic/proliferative pathways, it has become an important target for anti-cancer therapy.  
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Figure 7(D): mTOR signaling (Fan, et al., 2017) 

To date, however, mTOR inhibitors have had only modest success, primarily in renal 

cancer and breast cancer (Motzer, et al., 2008; Royce & Osman, 2015).  Normally, activation of 

mTOR leads to feedback inhibition of upstream kinases, including HER (Chandarlapaty, et al., 

2011; Hay, 2011; Chandarlapaty, 2012)3. By causing release of this feedback inhibition, mTOR 

inhibitors can increase pHER3, which can mitigate and thus potentially limit the anti-

proliferative effects of targeting mTOR (Chandarlapaty, et al., 2011; Hay, 2011; Chandarlapaty, 

2012; Rozengurt & Soares, 2014; Mendoza, et al., 2011; Rodrik-Outmezguine, et al., 2011) . 

Interestingly, mTOR inhibition can increase pHER3 without significantly altering HER3 levels, 
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whereas AKT inhibition increases both pHER3 and expression of HER3 (Chandarlapaty, et al., 

2011).     

Conclusion:  The above background is presented to provide context for the work presented in 

this thesis. More specifically, the focus of this thesis is to develop rationally designed approaches 

to target certain nodes within the proliferative pathways mediated by the RTK-PI3K-AKT-

mTOR axis and the androgen-androgen receptor axis in established cell culture models of human 

prostate cancer with defined genetic backgrounds that are: 1) sensitive or resistant to clinically 

relevant cytotoxic agents (Chapter 2); and 2) sensitive or insensitive to androgens (Chapter 3).  

Although considerable work has been done in the area of RTK-PI3K-AKT-mTOR and AR 

signaling and targeting in prostate cancer, the significance of the studies presented in this thesis 

is that it also addresses treatment-resistant models of prostate cancer where there is relative 

paucity of information regarding the targeting of the above signaling pathways for potential 

therapeutic effect. Such targeting may be particularly relevant for advanced prostate cancer 

progressing on the currently available hormonal and chemotherapeutic agents where additional 

treatment options are very limited. As noted above, mTOR inhibitors have already entered 

clinical practice in certain cancers, and while considerable efforts are being made to develop 

PI3K and AKT inhibition strategies, to date clinically meaningful outcomes have been limited 

with PI3K/AKT targeting. The challenge therefore is to continue to try to optimize the targeting 

of the above pathways for better therapeutic effect while minimizing toxicity. The present studies 

provide translational relevance in that they may help inform the development of multi-targeted 

treatment strategies incorporating relevant signaling pathways for prostate cancers, including 

those failing current therapies.     

 



25 
 

Chapter 2:  Co-Targeting erbB  and PI3K/Akt in Androgen-Independent 

Chemotherapy-Sensitive and Chemotherapy-Resistant Human  Prostate 

Cancer Cells 

 

Introduction: 

 

In addition to androgen deprivation therapy (ADT), taxane-based cytotoxic chemotherapy 

represents the other major treatment modality for advanced prostate cancer. Among the various 

taxanes in clinical use, paclitaxel was evaluated first in patients with metastatic castration 

resistant prostate cancer (mCRPC) (Smith & Pienta, 1999). Subsequent trials established 

docetaxel as the first line chemotherapeutic agent in mCRPC (Tannock, et al., 2004; Petrylak, et 

al., 2004). More recently, an important role for docetaxel has also been established in high 

volume metastatic castration sensitive prostate cancer (mCSPC) when given concurrently with 

ADT (James, et al., 2016; Kyriakopoulos, et al., 2018). Cabazitaxel is the third taxane used to 

treat mCRPC; it was initially approved in the second line setting after docetaxel (Eisenberger, et 

al., 2017; de Bono JS, ), but a recent randomized trial has demonstrated that it has clinical 

activity similar to docetaxel when also used in the first line setting in mCRPC (Oudard, et al., 

2017). Thus, taxanes continue to play an important role in the overall management of advanced 

prostate cancer.  

Inherent resistance to taxanes, or the development of resistance during the course of 

therapy (i.e., acquired resistance), represent a major challenge that limits the therapeutic benefit 

of the taxanes. Cancer cells can recruit different mechanisms that allow them to adapt to and 

develop resistance to the taxanes. For instance, taxanes are potential substrates for the ATP-

binding cassette (ABC) family of transporter proteins such as p-glycoprotein (Pgp) enhanced 

expression of which can mediate drug resistance (Shirakawa, et al., 1999; Horwitz, et al., 1993; 
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Gottesman, et al., 2002; Choi & Yu, 2014). A major target of the taxanes is the microtubule 

(MT) cytoskeletal network, and certain mutations within the beta tubulin component of the MTs 

can lead to taxane resistance. Other mechanisms include altered expression of tubulin isoforms 

that have varying affinities for the taxanes or altered expression of anti-apoptotic proteins 

(Kamath, et al., 2005; Giannakakou, et al., 1997; Terry, et al., 2009; Bumbaca & Li, 2018; 

Murray, et al., 2012).   

Given that both wild-type and drug-resistant cancer cells are dependent on proliferative 

signals that promote anabolic pathways for cell growth and division, targeting specific ‘nodes’ 

within these signaling pathways may be one  potential strategy to treat the cancer cells. The 

PI3K-AKT-mTOR pathway plays an important role in prostate cancer. This pathway is often 

activated in advanced prostate cancer via loss of PTEN, which is a negative regulator of PI3K-

mediated AKT activation. Activating mutations within AKT1 and amplification of PI3Kα/β have 

also been observed in mCRPC (Sun, et al., 2009; Millis, et al., 2016; Zhu, et al., 2008).  In 

addition, the erbB receptor tyrosine kinase family, which is upstream of PI3K, has been 

implicated in prostate cancer pathogenesis and progression (Day, et al., 2017; Guérin, et al., 

2010; Di Lorenzo, et al., 2002; Ma, et al., 2014; Jathal, et al., 2011; Grasso, et al., 1997). In this 

regard, erbB3/HER3 may be particularly relevant since a negative feedback loop exists between 

PI3K-AKT-mTOR-S6K and HER3. Inhibition of mTOR results in release of S6K-mediated 

feedback inhibition on HER3 so that enhanced phosphorylation of HER3 occurs (Fig 8) (Rosell, 

et al., 2013; Bitting & Armstrong, 2013; Rodrik-Outmezguine, et al., 2011; Rozengurt, et al., 

2014). The transcription factor FOXO also controls HER3 expression. Normally AKT, by 

phosphorylating FOXO prevents FOXO from translocating to the nucleus, resulting in decreased 

HER3 expression. Inhibition of AKT allows FOXO to translocate to the nucleus which leads to 
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increased expression of HER3 that is often also accompanied by enhanced HER3 

phosphorylation (Fig 8) (Serra, et al., 2011; Chandarlapaty, et al., 2011) .  Thus, targeting of the 

PI3K-AKT-mTOR axis results in enhanced HER3 expression and/or phosphorylation. HER3 can 

then form heterodimers with other members of the erbB family (e.g., erbB1/HER1/EGFR, 

erbB2/HER2/neu, erbB4/HER4) that may allow for cell survival, potentially mitigating the anti-

proliferative effects of PI3K-AKT-mTOR pathway inhibition.  

 

 

 

 

 

 

 
Figure 8: Schematic of feedback inhibition and cross-talk between signal transduction pathways. 

 

As recruitment of compensatory mechanisms (e.g., HER3) can occur upon inhibition of 

specific nodes within the PI3K-AKT-mTOR signaling cascade, we evaluated the targeting of 

AKT and erbB not only in wild-type but also taxane-resistant androgen-insensitive prostate 

cancer cells in an effort to determine whether signal pathway inhibition strategies have a role in 

treating prostate cancer, including after cytotoxic chemotherapy where treatment options are 

quite limited.  In particular, we used two androgen receptor (AR) negative prostate cancer cell 

lines, PC3 and DU145, and their taxane-resistant derivatives that have differing background 
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PTEN status (mutant or wild-type), and hence altered basal states of AKT signaling, as our 

representative pre-clinical models of prostate cancer for these studies.  

Results: 

 

Wild-type and Taxane-Resistant Prostate Cancer Cells.   

The two cell culture models of human prostate cancer employed in this study were PC3 

and DU145 cells. Some of their underlying characteristics are summarized in Table 1. Both are 

androgen-independent (AI) in that they do not express the androgen receptor (AR). Both harbor 

mutant p53, which is perhaps the most frequently mutated tumor suppressor gene across various 

malignancies, including prostate cancer. PC3 cells have a mutant non-functional PTEN, a tumor 

suppressor often deleted or mutated in many but not all patients with advanced prostate cancer, 

whereas DU145 cells retain wild-type PTEN. The PTEN loss in PC3 cells results in higher basal 

AKT activation in these cells, in contrast to the DU145 cells. Thus, together the PC3 and DU145 

cells reflect certain aspects of the biological heterogeneity that is observed in advanced clinical 

prostate cancer. 

PC3 and DU145 cells were also selected for resistance to paclitaxel and docetaxel, 

designated PC3/Pac20 and DU145/Doc60, respectively (Table 1; (Zhang, et al., 2012)).  

Although they share a common phenotype of resistance to taxanes,  
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Table 1: Characteristics of PC3, PC3/PAC20, DU145 AND DU145/DOC60 cell lines 

 

DU145/Doc60 but not PC3/Pac20 cells significantly over express both Pgp and MRP, which are 

members of the ATPase Binding Cassette (ABC) family of transporter proteins implicated in 

resistance to taxanes (Fig 9, (Zhang, et al., 2012)). 

 

 

 

 

 PC3 PC3/PAC20 DU145 DU145/DOC60 

AR Expression Absent/low Absent/low Absent/low Absent/low 

PTEN STATUS Absent 

Homozygous 

del 

Absent 

Homozygous 

del 

Present 

Wt 

Present 

Wt 

P53 STATUS Absent 

Mutant 

frameshift del 

Absent 

Mutant 

frameshift del 

Present 

Mutant 

P223L 

Present 

Mutant 

P223L 

MK2206 IC50 

(uM) 
5.5±0.5 6.4±0.4 13.5±1.5 16.1±0.9 

LAPATINIB 

IC50 (uM) 
2.75±0.25 3.05±0.31 2.65±1.35 1.8±0.2 

PACLITAXEL 

IC50 (uM) 
0.018±0.003 0.2±0.015 0.0025±0.00015 0.25±0.5 

DOCETAXEL 

IC50 (uM) 
0.0008 0.0024 0.0005±0.0001 0.25±0.009 

PGP 

EXPRESSION 
Absent Absent Absent High 

MRP  

EXPRESSION 
Absent Absent Low High 

BCRP 

EXPRESSION 
Present Present Present Present 

REFERENCES (Chlenski, et al., 2001; Mitchell, et al., 2000; Alimirah, et al., 2006; van 

Bokhoven, et al., 2003; Isaacs, et al., 1991; van Bokhoven, et al., 2001; 

Vlietstra, et al., 1998; Schmitz, et al., 2007; Zhang, et al., 2012) 
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A.  B.  

 

 

 

 

 

 

 

 

 

 

 

 

derivatives. (A) 35 µg of total protein was loaded in each lane. (B) Summary of results from 3 independent western 

blots. 

 

That Pgp or MRP over expression is associated with some but not other models of taxane-

resistance is consistent with the clinical observation that ABC transporters account for only a 

proportion of patients failing taxane therapy (Ehrlichova, et al., 2013; Hwang, 2012). Table 1 

shows the IC50 values for the AKT inhibitor MK2206, and the dual erbB1 and erbB2 inhibitor 

lapatinib for both wild-type and taxane-resistant prostate cancer cells. The IC50 values for 

MK2206 and lapatinib are similar between wild-type and drug-resistant cells. Since the IC50 

values are similar in the DU145 model independent of Pgp or MRP expression, this suggests that 

these small molecule inhibitors are not substrates for the ABC transporters. That the IC50 values 

of the inhibitors for PC3 and PC3/Pac20 cells are similar suggests that other mechanism(s) of 

taxane resistance that might be operative in PC/Pac20 cells (other than Pgp/MRP) also do not 

lead to cross-resistance to MK2206 or lapatinib.  Thus, MK2206 and lapatinib have similar anti-

proliferative effects in the prostate cancer cells irrespective of whether they have underlying 

resistance to taxanes. Of note is that the PC3 and PC3/Pac20 cells appear to be approximately 

2.5-fold more sensitive to MK2206 than the DU145 and DU145/Doc60 cells; the greater 
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Figure 9: Western blot. PGP, BCRP and MRP1 expression in DU145, PC3 and their taxanes resistant
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sensitivity of the PC3-derived cells to AKT inhibition likely reflects their higher basal AKT 

activation (Table 1).  

AKT and erbB Inhibition: Impact on Cell Growth and Cell Death in Wild-Type and Taxane-

Resistant Cells.  

Given the role of erbB-PI3K-AKT in cell growth and division, we evaluated the anti-

proliferative effects of erbB and AKT inhibition on the prostate cancer cells. Fig 10A-D show 

that the combination of MK2206 and lapatinib leads to greater inhibition of cell growth 

(approximately 80% inhibition compared to control cells) than either agent alone. Further, this 

inhibition in cell growth becomes apparent within 24 hours of drug treatment, with maximal 

inhibition achieved within 48 hours and maintained throughout the period of combined drug 

exposure, whereas some ‘escape’ from the anti-proliferative effects is noted over time when the 

cells are treated with MK2206 or lapatinib alone (Fig 10A-D, right panels). Importantly, both the 

wild-type and the taxane-resistant prostate cancer cells are sensitive to the dual inhibition of 

AKT and erbB (Fig 10). 

 

 

 

 

 

 

 



32 
 

       PC3 

 

A. Left        Right 

 

 

 

 

 

 

 

 

       PC3/PAC20 

 

B. Left          Right 

 

 

 

 

 

 

 

 

       DU145 

 

C. Left        Right 

 

 

 

 

 

 

 

 

     DU145/DOC60 

 

D. Left             Right 

 

 

 

 

 

 

 

 

 

Figure 10: MTT Assays. Effects of AKT inhibitor (MK2206) and erbB inhibitor (lapatinib) on cell growth. 

(Left panels, A-D) Cells were plated in 96-well plates and treated with the indicated inhibitors for 48 h. Cell 

viability was determined using MTT assay.  (Right panels, A-D) Cells were plated in 96-well plates and treated 

with the indicated inhibitors for 1, 2 and 5 days. After treatment MTT assays were performed. The drug 

concentrations were MK2206 5µM and lapatinib 2µM for all cell lines tested. Results are the mean of four 

independent wells. 
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To evaluate synergy, we utilize Chou-Talalay method. This method uses the median effect 

equation Fa/Fu=(D/Dm)m, where Fa = fraction affected, Fu fraction unaffected, D dose, Dm is 

median dose, and m is the shape of the dose curve, m = 1,  >1, and <1 indicating hyperbolic, 

sigmoidal and flat sigmoidal . The combination index for determining synergy is as follows: CI = 

(D)1/(Dx)1+(D)2/(Dx)2, with CI <1 synergistic, CI = 1 additive and CI > 1 antagonist. In the 

denominator, (Dx)1 or (Dx)2 indicates doses of single drug D1 or D2 alone inhibiting x% of a 

system and the numerator indicates when (D)1 combines with (D)2 to inhibit x% of a system. If 

the sum of these two fractions are less than 1, then its synergistic. If it is equal to 1, it is additive 

which represents a classic isobologram straight curve (Chou, 2006).  Evaluating the impact of 

targeting AKT and erbB inhibition via the Chou-Talalay method shows that the growth 

inhibitory effects of MK2206 and lapatinib across all the prostate cancer cell lines tested are 

synergistic, and this synergism is independent of whether or not the cancer cells have underlying 

resistance to the taxanes (Fig 11, Table 2).  
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C. DU145     D. DU145/DOC60 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

lapatinib combinations in (A) PC 3, (B) PC3/PAC20, (C) DU145, (D) DU145/DOC60 cells. Fa: denotes fraction 

affected, CI: denotes combination index.    

 
 

 

Figure 11: Isobologram and computer simulated Fa-CI plots showing the synergistic behavior of MK2206 and
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Cell Lines 

Fractions Affected 
CI Synergy Level Description 

PC3 

0.5 

0.75 

0.9 

 

0.75279 

0.69323 

0.63849 

 

++ 

+++ 

+++ 

 

Moderate synergism 

Synergism 

Synergism 

PC3/PAC20 

0.5 

0.75 

0.9 

 

0.8483 

0.67993 

0.54582 

 

++ 

+++ 

+++ 

 

Moderate synergism 

Synergism 

Synergism 

DU145 

0.5 

0.75 

0.9 

 

0.51149 

0.62246 

0.82236 

 

+++ 

+++ 

++ 

 

Synergism 

Synergism 

Moderate Synergism 

DU145/DOC60 

0.5 

0.75 

0.9 

 

0.66591 

0.74173 

0.89268 

 

+++ 

++ 

+ 

 

Synergism 

Synergism 

Moderate Synergism 

Table 2: Combination Index (CI) values for MK2206 and Lapatinib 

A trend towards enhanced programmed cell death (PCD, apoptosis) is also observed with 

the combination of MK2206 plus lapatinib but not with single agent treatments, as demonstrated 

by flow cytometry using annexin V/propidium iodide (PI) staining (Fig 12, data shown for 

DU145 and DU145/Doc60 cells) or by the live/dead assay using acridine orange/PI staining (Fig 

13, data shown for PC3 and PC3/Pac20 cells) in both the wild-type and the drug-resistant 

prostate cancer cells. 
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A. DU145  B.  DU145/DOC60 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

for DU145 (A), and DU145/DOC60 (B) cells.  Cells were treated with lapatinib 2µM, MK2206 5µM or both for 24 

h and then stained with annexin and PI.   

 

 

 

 

DU145/DOC60 EARLY APOP % LATE APOP %  TOTAL APOP 

CONTROL 0.6±0.1 2.85±0.65 3.45±0.55 

MK2206 3.45±0.45 4.3±0.4 7.75±0.85 

LAP 1.1±0.5 5.15±1 6.25±1.5 

LAP + MK2206 5.3±0.2   12.35±0.95 17.65±1.15 

DU145 EARLY APOP % LATE APOP %  TOTAL APOP 

CONTROL 1±0.5 5.3±1.8 6.3±2.3 

MK2206 3.4±0.45 5.8±1.9 9.25±2.3 

LAP 2.1±0.5 5.15±1.05 7.25±1.5 

LAP + MK2206 5.3±0.2 11.85±0.45 17.15±0.65 

Figure 12: Flow cytometry. Annexin/PI staining to assess for programmed cell death (PCD). Shown are data
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A. PC3  B.  PC3/PAC20     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

treated for 24 h with lapatinib 2µM, MK2206 5µM or both, then stained with acridine orange and PI.   Live cells 

stain green and dead cells red. 

 

This is further confirmed on Western blots which demonstrate increase in Bax/Bcl2 ratios and 

increase in PARP cleavage upon treatment of the prostate cancer cells particularly with the 

MK2206 and lapatinib drug combinations (Fig 14). 

 

 % of live cells 

  

Cell Line CONTROL MK2206 LAP MK2206 + LAP 

PC3 92.5±2.5 80.8±13.6 91±3.2 67.6±17.4 

PC3/PAC20 94.5±0.5 83±11 88.2±3.2 74.5±7.5 

Figure 13: Live/dead assay. Shown are presentative data for PC3 (A) and PC3/PAC20 (B) cells. Cells were
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A.                                                                                B.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

lapatinib 2µM, or both with or without EGF (50 ng/ml for 10 minutes before cell harvest for western blots).  

Top panels (A) PC3/PAC20 (B) DU145/DOC60 cells.  Bottom panels. Relative Bax/Bcl2 ratios (as determined by 

densitometry of 2 independent western blots for PC3, PC3/PAC20, DU145, DU145/DOC60). Shown are Bax/Bcl2 

ratios for both PC3 and PC3/PAC20 (bottom left), and for DU145 and DU145/DOC60 (bottom right).      

 

 

Signal Targeting in Wild-Type and Taxane-Resistant PC3 and PC3/Pac20 Cells. 

Using EGF as a representative growth factor that recruits and engages intracellular 

signaling, data presented in Fig 15 demonstrate that erbB signaling in PC3/Pac20 cells is similar 

to parental PC3 cells. Normally, PI3K-mediated phosphorylation of AKT is inhibited by PTEN. 

Thus, functional loss of PTEN in PC3 and PC3/Pac20 cells is associated with an increase in 

Figure 14: Western blots. Evaluation of PARP, Bax, Bcl2 in prostate cancer cells treated with MK2206 5μM,
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basal AKT phosphorylation. That not a significant change in pAKT occurs upon EGF treatment 

of the cells is consistent with the underlying basal AKT activation in these cells that is largely 

independent of upstream signals (Fig 15 ).  
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A. Western Blots   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B. Densitometry  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

were plated in 6-well plates and treated with MK2206 5µM and/or lapatinib 2µM for 24 h. Cells were treated with 

EGF 50ng/ml for 10 min before harvest. (B) Densitometric representation of 3 independent western blots are shown 

for pERK, pAKT and pEGFR.   

 

Figure 15: Western blots. (A) Effects of MK2206 and lapatinib on erbB, AKT, ERK in PC3 and PAC20 cells. Cells
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The recruitment of ERK (Fig 15) (i.e., increase in pERK) and phosphorylation of Mnk1/2 (Fig 

17A), which is a downstream substrate of ERK and a key kinase that regulates activity of the 

translation initiation factor eIF-4E, with EGF reflects that the erbB-MEK-ERK pathway is also 

operative in the PC3/Pac20 cells, similar to PC3 cells (Figs 15, 17A).  

EGF, upon binding to erbB1/EGFR, not only leads to erbB1 homodimerization, auto-

phosphorylation and activation, but can also lead to the formation of heterodimers between the 

kinase-deficient erbB3 and the kinase-proficient erbB1, resulting in erbB3 trans-phosphorylation 

and activation (Fig 15).  Lapatinib is a dual erbB1 and erbB2 inhibitor that inhibits erbB1 

phosphorylation in both PC3 and PC3/Pac20 cells (Fig 15, left and right panels). It can also 

inhibit erbB3 phosphorylation that occurs when erbB3 forms heterodimers with either erbB1 (Fig 

15, left and right panels) or erbB2 (Juliachs, et al., 2013; Bosch-Vilaro, et al., 2017; Ohnishi, et 

al., 2016).  

In other experiments, we evaluated the effects of targeting AKT with MK2206. As shown 

in Fig 15 (left and right panels, lanes 1-4), MK2206 inhibits AKT phosphorylation, including in 

EGF treated wild-type PC3 and taxane-resistant PC3/Pac20 cells. As has been well documented 

by others, a compensatory increase in erbB3 expression as well as phosphorylation occurs in the 

MK2206 treated prostate cancer cells independent of exposure to exogenous EGF, which is 

consistent with the known inhibitory action of AKT on the erbB3 transcription factor FOXO (Fig 

15, left and right panels, lanes 1-4). Thus, although MK2206 inhibits AKT, signaling to ERK via 

erbB1 and erbB3 remains intact in both the drug-sensitive PC3 and the drug-resistant PC3/Pac20 

cells (Fig 15, left and right panels, lanes 1-4) which may decrease the therapeutic efficacy of 

AKT inhibition. On the other hand, lapatinib plus MK2206 together inhibit AKT and ERK in 

both PC3 and PC3/Pac20 cells (Fig 15, left and right panels, lanes 1, 2, 7, 8). Taken together, the 
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data show that lapatinib alone cannot inhibit the basal activated AKT in the PTEN mutant cells, 

while MK2206 alone cannot inhibit the erbB-ERK pathway. It is the combination of lapatinib 

with MK2206 that effectively inhibits both pathways, which is also reflected by their synergistic 

anti-proliferative activity as demonstrated by the Chou-Talalay method (Fig 11, Table 2).    

Signal Targeting in Wild-Type and Taxane-Resistant DU145/Doc60 Cells. 

The DU145 cells represent another well-studied pre-clinical model of prostate cancer in 

which PTEN is not mutated, and hence in these cells AKT activation is dependent upon upstream 

signaling. Ligand-receptor engagement such as between EGF and erbB, for instance, leads to 

both AKT activation via the erbB-PI3K-AKT axis and ERK activation via the erbB-MEK-ERK 

axis in DU145 and DU145/Doc60 cells (Fig 16).  Interestingly, AKT activation is particularly 

robust in response to EGF in the DU145/Doc60 cells but MK2206 is still effective in blocking 

AKT in these cells (Fig 16, right panel, lanes 1-4). The erbB-ERK pathway remains intact in 

both cell lines as demonstrated by ERK phosphorylation and Mnk1/2 phosphorylation (Figs 16, 

17B), thus providing a rationale for also using MK2206 in combination with lapatinib in the 

DU145 model to optimize anti-tumor activity (Fig 16, left and right panels, lanes 1, 2, 7, 8).  
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A. Western Blots 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
B. Densitometry 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

cells. Cells were plated in 6-well plates and treated with MK2206 5µM and/or lapatinib 2µM for 24 h. Cells were 

treated with EGF 50 ng/ml for 10 min before harvest. (B) Densitometric representation of 3 independent western 

blots are shown for pERK, pAKT and pEGFR.  
 

Figure 16: Western blots. (A) Effects of MK2206 and lapatinib on erbB, AKT, ERK in DU145 and DU145/DOC60
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It should be noted that since erbB signals to both AKT and ERK in DU145 and DU145/Doc60 

cells, lapatinib alone can block activation of AKT and ERK (Fig 16, left and right panels, lanes 

1, 2, 5, 6). Thus, although single agent lapatinib in principal should be effective in cancer cells 

with a functional PTEN background, our data demonstrate that even in the context of wild-type 

PTEN function dual targeting of both AKT and erbB leads to greater anti-proliferative and pro-

apoptotic effects in the DU145 model (Figs 10-12, 14B, Table 2). Moreover, our data 

underscores the fact that the strategy of using small molecule kinase inhibitors such as MK2206 

and lapatinib may be particularly useful since these agents inhibit cell proliferation and cell 

signaling just as effectively in DU145/Doc60 cells that highly over express Pgp and MRP (Fig 9) 

as they do in the non-Pgp/non-MRP over expressing wild-type DU145 cells.   

 

 
 

A.  B.   

 

 

 

 

 

 

 

 

 

 

 

 
 

DU145/DOC60 (B) cells. Cells were plated in 6-well plates and treated with the indicated inhibitors ±EGF as in 

Figure 8.   

Figure 17: Western blots. Effects of MK2206 and lapatinib on MNK and EIF4E in PC3/PAC20 (A) and
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Discussion: 

 

Given the pivotal role of the RTK-PI3K-AKT axis in mediating anabolic and 

proliferative signals in cancer cells, considerable efforts have been made in evaluating erbB and 

AKT as potentially relevant anti-cancer targets. The studies reported herein build upon a 

significant body of literature on the targeting of these key members of cell signaling in cancer. 

Our aim has been to evaluate such a strategy particularly in pre-clinical models of prostate 

cancer that recapitulate some of the features of clinically advanced prostate cancer, including 

prostate cancer that is resistant to or fails chemotherapy. Using two independent cell culture 

models that harbor some of the underlying mutations seen in clinical prostate cancer, we show 

that dual inhibition of AKT with MK2206 and erbB with lapatinib leads to enhanced and 

synergistic anti-proliferative and pro-apoptotic effects in both chemo-sensitive as well as highly 

chemo (taxane)-resistant prostate cancer cells, and these effects are independent of underlying 

mediators of drug resistance, including due to over expression of ABC transporters such as Pgp 

and MRP. 

Interestingly, in breast cancer cells that have erbB2 gene amplification and over 

expression lapatinib can lead to compensatory increase in erbB3, which in turn can 

heterodimerize with any remaining erbB2 not already blocked by the lapatinib to overcome some 

of the inhibitory effects of lapatinib (Leary, et al., 2015; D’Amato, et al., 2015). Prostate cancer 

is generally not associated with erbB2 gene amplification. In neither the wild-type nor the 

taxane-resistant prostate cancer cells was there any compensatory increase in erbB3 upon 

treatment with lapatinib (data not shown). On the other hand, AKT inhibition can lead to an 

increase in erbB3 expression and phosphorylation, which may mitigate the therapeutic benefit of 
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blocking AKT activity (Serra, et al., 2011; Chandarlapaty, et al., 2011), thus providing a 

rationale for dual inhibition of erbB and AKT signaling. Possible approaches to blocking the 

collateral activation of erbB3 upon AKT inhibition could include erbB3 blocking antibodies or 

erbB3 affibodies, or small molecule inhibitors such as lapatinib as we have done in this study 

and has been reported by other investigators. Taken together, our data indicate that dual 

inhibition is more effective than single pathway inhibition across several different prostate 

cancer cell lines.  

A growing body of literature has established the efficacy of such dual inhibition in pre-

clinical models of cancer. However, to date, clinically safe and effective targeting of the PI3K-

AKT-mTOR axis in combination with targeting RTKs, including members of the erbB family, 

has yet to be achieved consistently. Nevertheless, given that options are limited and prognosis 

particularly dire in prostate cancer patients failing chemotherapy, our study establishes that one 

potential way forward to improving the outcomes of these patients is to continue to focus our 

efforts in finding the optimal inhibitors of AKT and erbB signaling that can be combined safely. 

That anti-tumor activity is observed in androgen-independent, p53 mutated prostate cancer cells 

irrespective of their underlying PTEN status or relative sensitivities to the taxanes suggests that 

this strategy could be useful in advanced prostate cancer in both the pre- or post-chemotherapy 

settings, particularly prostate cancer that manifests an aggressive androgen independent biology.  

Although not tested in the present study since the cell lines used were AR negative, it will 

also be important to determine the role of dual AKT and erbB targeting in AR-expressing 

prostate cancer cells both in the androgen-sensitive and androgen-insensitive states, including in 

the absence or presence of co-targeting androgen biosynthesis or/and the androgen receptor 

(AR). This is relevant since many patients continue to express AR and retain some form of 
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androgen/AR signaling even in the castration-resistant state. It should be noted, however, that 

aggressive variant prostate cancer (AVPC) as a clinical entity is being increasingly recognized, 

particularly among patients progressing after long term hormonal therapies. To what extent any 

residual AR mediated signaling is still operative in truly CRPC and in AVPC is not clear but is 

likely to be minimal. AVPC often has an AR negative phenotype with features of 

neuroendocrine trans-differentiation associated with expression of neuroendocrine markers (eg, 

chromogranin, synaptophysin) and molecular defects in p53, PTEN or/and RB1 (Terry & 

Beltran, 2014; Wright, et al., 2003; Yuan, et al., 207) . Interestingly, both of the AR negative 

PC3 and DU145 cells have been shown to express the neuroendocrine marker chromogranin 

(Leiblich, et al., 2007), and harbor defects in PTEN (PC3) and p53 (PC3, DU145)(see table 1), 

thus potentially reflecting certain aspects of aggressive prostate cancer, and provide context for 

our studies with these cell lines.     

Several AKT inhibitors are in clinical development while erbB inhibitors like lapatinib 

are already in clinical use. Although combining two small molecule kinase inhibitors could be 

problematic clinically in terms of safety and toxicity profiles, a paradigm for the successful 

integration of such a strategy for the treatment of B-Raf mutated melanoma has been established 

with the combination of dabrafenib, an inhibitor of B-Raf, and trametinib, an inhibitor of MEK 

(Long, et al., 2017; Robert, et al., 2019). In summary, our work provides a framework to further 

study the merits of targeting AKT and erbB across certain disease states of clinical prostate 

cancer. The challenge is to identify which AKT inhibitor(s) can be partnered safely with an 

appropriate erbB inhibitor to optimize efficacy and minimize toxicity. Further, in future studies 

dual AKT and erbB inhibition may serve as a backbone to which other rationally identified 

targets could be incorporated in efforts to improve treatment efficacy. 
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Chapter 3: Signal Pathway Targeting in Androgen Receptor-Expressing 

Human Prostate Cancer Cells 

 

Clinical scope of the problem in advanced prostate cancer: 

 

The advanced castration resistant prostate cancer phenotype 

Advanced/metastatic (M1) prostate cancer remains an incurable disease state and is 

amongst the leading causes of cancer related-deaths in men (Siegel, et al., 2017; Miller, et al., 

2019; Litwin & Tan, 2017). Treatments for advanced prostate cancer are limited. Androgen 

deprivation/ablation therapy (ADT), which is based on either medically or surgically reducing 

gonadal-derived testosterone to ‘castrate’ levels, is initially effective in treating prostate cancer, 

but most men will eventually progress and develop castration resistant prostate cancer (CRPC). 

CRPC is defined as a disease state where men have castrate levels of circulating testosterone 

(<50 ng/dL) due to ADT but otherwise manifest signs of prostate cancer progression, as assessed 

by rising levels of serum PSA, or/and worsening disease based on clinical or radiographic 

evaluation (Gomella, 2009).  Taxane-based chemotherapy (docetaxel, cabazitaxel) is a treatment 

option in men with metastatic (M1) CRPC but has limited efficacy since a significant number of 

men may not respond or will develop resistance to the chemotherapy after initial response 

(Hwang, 2012; Komura, et al., 2016; De Bono JS, 2010).   

An important aspect with respect to the  castration resistant phenotype is the recognition 

that such patients may not have become truly ‘hormone resistant’ to the ADT in that they may 

still respond to further suppression of androgen activity, particularly with second generation 

hormonal agents that include anti-androgens such as androgen receptor (AR) antagonists 

(enzalutamide, apalutamide, darolutamide) or androgen biosynthesis inhibitors (abiraterone). 
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This is due to the fact that gain of function in the androgen-AR axis can occur in CRPC patients 

progressing on the initial ADT (Benoist, et al., 2016; Fizazi, et al., 2012; Ryan, et al., 2013; Beer, 

et al., 2014; Scher, et al., 2010).  

Abiraterone acetate, an inhibitor of cytochrome P450 (CYP) 17alpha-hydroxlase, 17-20-

lyase enzyme (CYP17), inhibits the synthesis of testosterone (Potter, et al., 1995). Enzalutamide, 

an AR antagonist, inhibits androgens from binding to the AR and its subsequent translocation to 

the nucleus, thus  preventing AR from binding to androgen receptor response elements (ARE) 

within the promoters of androgen-responsive genes (Tran, et al., 2009). More recently, two other 

anti-AR agents, apalutamide and darolutamide, have also been shown in phase III trials to be 

active in prostate cancer in the M0 (non-metastatic) CRPC setting (Smith, et al., 2018; Koshkin 

& Small, 2018; Fizazi, et al., 2019). Abiraterone and enzalutamide are approved by the Food and 

Drug Administration (FDA) for the treatment of metastatic (M1) CRPC patients, either pre- or 

post-docetaxel chemotherapy, based on randomized phase III trials that have demonstrated that 

they improve overall survival of men in these disease settings (Kluetz, et al., 2013; Fizazi, et al., 

2012; Fizazi, et al., 2017; Hussain, et al., 2018), whereas apalutamide has been approved in M0 

CRPC patients based on its efficacy in improving metastasis free survival in the M0 patients  

(Smith, et al., 2018).  However, despite their effectiveness in treating advanced prostate cancer 

patients, resistance to these second-generation hormonal therapies eventually occurs (Giacinti, et 

al., 2014; Pal, et al., 2018).  To improve treatment outcomes, it is necessary to identify other 

signaling pathways that cross-talk with and potentially compensate for AR signaling pathways 

that are inhibited pharmacologically, allowing prostate cancer cells to escape and progress on 

hormonally directed therapies. Targeting such compensatory pathways may help improve 

treatment outcomes of prostate cancer patients.  
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The advanced castration sensitive prostate cancer phenotype 

 The identification of active drugs (second generation hormonal agents and chemotherapy) 

in metastatic CRPC patients progressing on ADT also led to testing them in the ADT-naive 

metastatic castration sensitive prostate cancer (CSPC) setting.  

Several pivotal phase III clinical trials have now established a role for more aggressive 

combination therapies upfront in patients who have metastatic CSPC. The CHAARTED phase 

III trial reported in 2015 demonstrated that ADT plus docetaxel chemotherapy compared to ADT 

alone resulted in 13-month improvement in overall survival favoring the combination treatment 

arm (Kyriakopoulos, et al., 2018; Sweeney, et al., 2015), particularly amongst men who had 

‘high volume’ metastatic CSPC (defined as visceral metastasis or/and 4 or more skeletal 

metastases), and these data were also confirmed by the ongoing STAMPEDE trial (James, et al., 

2016; Fizazi, et al., 2015). The LATTITUDE trial then reported in 2017 that adding abiraterone 

to ADT improved overall survival amongst metastatic CSPC patients compared to ADT alone, 

and this benefit was not necessarily restricted only to patients with high volume disease but was 

also observed amongst patients with ‘lower volume’ disease (Fizazi, et al., 2019; Chi, et al., 

2018). Two additional phase III trials reported in 2019, the ENZAMET trial and the TITAN trial, 

further establish the role of combination therapy in metastatic CSPC (Davis, et al., 2019; Chi, et 

al., 2019). The ENZAMET trial compared enzalutamide + ADT versus standard of care first 

generation anti-androgens + ADT in metastatic CSPC. At 36 months, an 8% improvement in 

overall survival favoring enzalutamide + ADT was observed (HR=0.67 [95% CI: 0.52-0.86], 

p=0.002) in the aggregate metastatic CSPC patient population irrespective of disease volume 

status (Davis, et al., 2019). The TITAN trial evaluated apalutamide + ADT versus placebo + 

ADT in metastatic CSPC, and met its primary co-endpoints of radiographic progression free 
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survival and overall survival favoring apalutamide + ADT (Chi, et al., 2019).  Together, these 

trials demonstrate that the treatment paradigm in metastatic CSPC patients is beginning to shift 

towards more aggressive combination therapies that include either chemotherapy or second 

generation hormonal agents in combination with ADT rather than the more conventional 

approach of using ADT alone in CSPC patients, particularly those with more aggressive higher 

volume disease burden.  

The challenge to improve treatment outcomes in advanced prostate cancer 

  The above results have established that second generation hormonal agents and cytotoxic 

chemotherapy improve outcomes in advanced CRPC patients progressing on ADT, while 

combination therapies of ADT + docetaxel chemotherapy or ADT + second generation hormonal 

agents (abiraterone, enzalutamide, apalutamide) are superior to ADT alone in advanced CSPC. 

Despite the gradually improving treatment landscape in advanced prostate cancer, eventually 

both metastatic CSPC and metastatic CRPC progress and ultimately prove fatal in the majority 

of patients. The challenge facing clinicians treating advanced prostate cancer lies in two broad 

areas: 1) how do we improve further the anti-tumor efficacy of hormonal agents such as 

abiraterone and enzalutamide (or for that matter chemotherapy) beyond what is currently 

observed with these agents in the castration sensitive setting and 2) what other molecular targets 

can we potentially exploit to improve therapy in men who are castration resistant or/and 

chemotherapy resistant?   

Most of the efforts in advanced prostate cancer have focused primarily on identifying 

additional treatment strategies in the CRPC setting, which have led to the FDA approval of 

several other treatments in metastatic CRPC, including a prostate cancer based vaccine 

(sipuleucel-T improves survival in asymptomatic/minimally symptomatic patients), a bone-
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targeting radiopharmaceutical (radium-223 improves survival in symptomatic patients with 

predominantly bone metastasis), bone anti-resorptive agents (zoledronic acid and denosumab 

decrease complications from bone metastasis but not affect survival), and another 

chemotherapeutic (cabazitaxel improves survival) (Handy & Antonarakis, 2018; Kantoff, et al., 

2010; Parker, et al., 2013; Polascik & Mouraviev, 2008; Fizazi, et al., 2011; Hegemann, et al., 

2017; Tsao, et al., 2014).  Nevertheless, all these treatments provide benefit for a limited time.  

Considerable efforts are also focusing on targeting the DNA repair enzyme PARP in the sub-

population of prostate cancer patients who may harbor mutations in DNA damage response 

genes such as BRCA1/2, ATM and others, and initial results are promising amongst the 10-20% 

of metastatic CRPC patients who have such mutations (Marshall, et al., 2019; Geethakumari, et 

al., 2017; Virtanen, et al., 2019).     

Signal transduction pathways 

 

The erbB (HER), PI3K-AKT, and androgen receptor (AR) axis in prostate cancer 

 The current treatment landscape underscores the fact that significant challenges remain to 

identify other strategies to improve treatment outcomes of both castration sensitive and castration 

resistant advanced prostate cancer. Using the erbB-PI3K-AKT axis as a paradigm of growth 

factor-receptor tyrosine kinase (RTK) signaling, the studies in Chapter 2 demonstrate that 

targeted signal pathway modulation of this axis leads to enhanced anti-proliferative and 

programmed cell death (PCD) activity in AR-negative prostate cancer cells independent of their 

underlying PTEN or p53 status, or relative sensitivity or resistance to cytotoxic agents 

(paclitaxel, docetaxel).  These studies suggest that dual targeting of the RTK erbB and AKT, a 

fundamental mediator of downstream signaling, may be effective in prostate cancer cells that are 



53 
 

not dependent on the androgen receptor and even if they are highly resistant to taxanes, thus 

providing a potential approach to treating prostate cancer especially after chemotherapy failure 

where treatment options are particularly limited.   

 The studies in Chapter 2 in AR-negative prostate cancer cells provide an important 

backdrop and rationale to also study signal pathway modulation in AR-positive prostate cancer 

cells not only because of a fundamental role of AR and androgen signaling in prostate cancer 

biology, but also because AR continues to be expressed in majority of prostate cancer patients 

even after they fail androgen/AR targeted therapies. Thus, it is highly relevant to understand the 

interactions between the androgen/AR axis and other proliferative pathways in AR-expressing 

prostate cancer models. Although no pre-clinical models adequately capture the full range of the 

clinical prostate cancer phenotype, the AR-expressing LNCaP, VCaP and CWR22RV1 cells, 

among others, in aggregate reflect various aspects of the prostate cancer disease spectrum 

encountered clinically, and thus are useful models for study.   

In this Chapter, we present work that we conducted primarily in the androgen sensitive 

LNCaP cells and the androgen-insensitive C4-2 cells; the latter were originally derived from 

parental LNCaP cells by Dr. L. Chung’s group via serial passaging of LNCaP cells in castrated 

male nude mice (Thalmann, et al., 1994). We also summarize some of the initial studies that we 

have conducted in two other cell culture models of prostate cancer, i.e., VCaP cells and 

CWR22RV1 cells. These studies have focused primarily on the erbB/PI3K-AKT axis and the 

androgen/AR axis in the above AR-expressing prostate cancer cells.  

3.2.1.a. The erbB (HER)/PI3K-AKT axis in cancer cells    
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The human erbB/epidermal growth factor receptor (EGFR) family plays a key role in cell 

proliferation and survival. The erbB family consists of erbB1 (EGFR/HER1), erbB2 (HER2), 

erbB3 (HER3), and erbB4 (HER4). The erbB family members are classified as receptor tyrosine 

kinases (RTK). They form complexes by homo- or hetero-dimerization with other members 

within the family. erbB1 (EGFR) and erbB2 have been shown to be amplified in prostate cancer 

patients (Day, et al., 2017; Shah, et al., 2006; Sharifi, et al., 2016). Other studies have shown that 

erbB3 can play a role in androgen independent growth in prostate cancer. (Gregory, et al., 2005; 

Mikhailova, et al., 2005).  

Downstream of the RTKs is a key pathway, i.e., the PI3K/AKT/mTOR signaling pathway 

that mediates anti-apoptotic/anabolic/proliferative signals that allow cancer cells to survive and 

proliferate. PI3K are lipid kinases that phosphorylate the 3′-hydroxyl group of phosphoinositide 

and phosphatidylinositol. The class IA PI3K, in particular, plays an important role in human 

cancers, which by phosphorylating phosphatidylinositol-4,5-biphosphate (PIP2) to 

phosphatidylinositol-3,4,5-triphosphate (PIP3) recruits PDK1 that then phosphorylates and 

activates AKT. mTORC2 can also phosphorylate and activate AKT. AKT regulates a number of 

anti-apoptotic and proliferative cellular processes by directly phosphorylating downstream 

targets such as BAD, p27 and FOXO, or the GTPase activating protein complex TSC2/TSC1 that 

results in mTORC1 activation and enhanced protein translation (Crumbaker, et al., 2017; 

Mulholland, et al., 2011; Edlind & Hsieh, 2014).   

An important negative regulator of the above signaling pathway is phosphatase and tensin 

homolog PTEN on chromosome 10 which dephosphorylates PIP3 and thus inhibits PI3K-

mediated AKT activation. PTEN is among the most commonly mutated tumor suppressor genes 

in prostate cancer, particularly in the advanced stages of the disease (Vlietstra, et al., 1998; 
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Jamaspishvili, et al., 2018). PTEN loss leads to constitutive activation of AKT independent of 

upstream signals, whereas in PTEN wt cells growth factor-RTK dependent signaling is required 

to activate AKT (Chapter 2).  

The proliferative RTK/PI3K/AKT/mTOR/p70S6K signals are also regulated by feedback 

loops. For instance, activation of p70S6K by mTORC1 leads to feedback inhibition of PI3K 

(Rosell, et al., 2013; Bitting & Armstrong, 2013; Rodrik-Outmezguine, et al., 2011; Rozengurt, 

et al., 2014). Another level of inhibition occurs via AKT-mediated phosphorylation of the 

transcription factor FOXO which prevents the latter from translocating to the nucleus, resulting 

in inhibition of erbB3/HER3 expression. Thus, inhibiting AKT allows FOXO to translocate to 

the nucleus and enable erbB3/HER3 expression (Serra, et al., 2011; Chandarlapaty, et al., 2011). 

These feedback loops are operative across many human cancer cell lines of various lineages, 

including in AR-negative (Chapter 2) and AR-positive (this chapter) prostate cancer cells. 

Interestingly, in general, AKT inhibition leads to both enhanced expression and enhanced 

phosphorylation of erbB3/HER3, while mTOR inhibition results in feedback increase in 

erbB3/HER3 phosphorylation without increase in erbB3/HER3 expression (Chandarlapaty, et al., 

2011).    

3.2.1.b.  AR and erbB (HER)/PI3K-AKT signaling in AR-expressing prostate cancer cells 

In AR-expressing prostate cancer cells cross-talk between AR and AKT can occur, and 

this involves erbB3/HER3 (Fig 18). More specifically, in prostate cancer cells, erbB3 can 

phosphorylate and activate AR which, by regulating FKBP5, in turn, leads to enhanced de-

phosphorylation and inactivation of AKT via FKBP5’s downstream target the protein 

phosphatase PHLPP (Fig 18).  Thus, in prostate cancer cells, negative cross-talk exists between 

AR and AKT in that AR activation can lead to AKT inhibition via the latter’s de-
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phosphorylation by PHLPP, while AKT activation inhibits AR via decreased erbB3 

phosphorylation and expression. Given these loops, compensatory activation of AKT upon 

inhibiting AR can mitigate the effects of targeting the androgen-AR axis. Similarly, enhanced 

AR signaling upon AKT inhibition can compensate for AKT targeting. Thus, although 

compensatory pathways can represent a significant challenge to optimizing anti-cancer therapies, 

they also potentially provide important opportunities for co-targeting that may lead to improved 

treatment efficacy.   

          AR negative cells                AR Positive Cells  

 

A.  B.  C.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18: Schematic of cross-talk between signal pathways (A) In AR negative cells, AKT and mTOR provide 

negative feedback to ErbB3. Possible engagement of MEK-ERK pathway also shown. (B) In AR positive cells, 

ErbB3 can activate AR. AKT inhibits AR via ErbB3. AR inhibits AKT via FKBP5/PHLPP. (C) In AR positive cells 

cross talk between AKT, AR, ErbB and possible engagement of MEK, ERK, also shown. 

 

Rationale for results presented below: 

Co-targeting AR and AKT in prostate cancer has been proposed by others (Carver, et al., 

2011). The work reported herein expands on this notion further and includes studies across 

several AR-expressing cell lines that represent different models of prostate cancer with varied 
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genetic backgrounds and drug sensitivities, including in terms of: 1) underlying status of PTEN, 

p53, and AR (mutant or wt), 2) expression of AR-V7, and 3) altered sensitivities to AR axis 

targeted agents (ARATs;  abiraterone, galeterone, enzalutamide). Although co-targeting PI3K-

AKT and the androgen/AR axis may block compensatory cross-talk between these two pathways 

and potentially improve treatment outcomes, it remains to be determined to what extent erbB-

mediated activation of the other major proliferative pathway, i.e.,  MEK-ERK remains operative 

under such conditions, and whether additional modulation of this axis is also warranted to further 

improve treatment efficacy in the prostate cancer cells.  We have begun to address some of these 

questions as well in Chapter 3.  Although the full extent of such studies is beyond the scope of 

the work presented in this chapter, approaches to address some of the above questions are 

outlined under “Future Directions” in Chapter 4.  

Results and Discussion: 

 

Characteristics of AR-expressing prostate cancer cells 

Table 3 summarizes some of the characteristics of the prostate cancer cell lines used in 

our studies with respect to their underlying AR status (wild type or mutant), AR-V7 expression, 

and PTEN and p53 status.  
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The C4-2 cell line was originally developed by serial passage of LNCaP cells in castrated male 

nude mice; cells derived from the outgrowth of LNCaP tumor xenografts in the castrated mice 

represent C4-2 cells, which are relatively insensitive to androgens compared to the parental  

 

Table 3: Characteristics of AR-expressing prostate cancer cell lines. Wild type (Wt), Androgen receptor (AR), 

AR-V7, PTEN and P53 status in various AR expressing prostate cancer cell lines. 

 

LNCaP cells (Thalmann, et al., 1994). LNCaP/C4-2 cells express AR (albeit mutant AR), 

mutant/nonfunctional PTEN and wild type p53. VCaP and CWR22RV1 cells, on the other hand, 

express both AR (wild type) and AR-V7, wild type PTEN and mutant p53. Interestingly, recently 

Cell Lines 
AR 

Status 

AR-V7 

Status 
PTEN 

P53 

Status 
References 

LNCaP 

Present 

Mutated 

T877A 

- 

(Sharp, 

et al., 

2018) 

Mutated 

Deletion 

 

Wt 

(Veldscholte, et al., 1990; Sun, et 

al., 2006; Carrol, et al., 1999; Li, 

et al., 1997; Liu, et al., 2013; 

Lotan, et al., 2011)  

C4-2 

Present 

Mutated 

T877A 

+ 

(Wu, et 

al., 

2019) 

 

 

 

 

 

 

Mutated 

Deletion 

 

Wt 

(Thalmann, et al., 1994; Carrol, 

et al., 1999; Wadosky & 

Koochekpour, 2017) 

VCAP 
Present 

Wt AR 

+++ 

(Sharp, 

et al., 

2018) 

Wt 
Mutated 

A248W 

(Korenchuk, et al., 2001) 

(Cunningham & You, 2015; Ha, 

et al., 2011; Hu, et al., 2009; 

Fraser, et al., 2012; Liu, et al., 

2013) 

CWR22RV1 

Present 

Mutated 

H874Y 

+++ 

(Sharp, 

et al., 

2018) 

Wt Mutated 

(Tan, et al., 1997; Attardi, et al., 

2004; Skjøth & Issinger, 2006; 

Sharp, et al., 2019; Zemskova, et 

al., 2010; Ghalali, et al., 2014; 

Hsieh, et al., 2011) 
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C4-2 cells have also been shown to express AR-V7 in addition to the full-length AR 

(Koochekpur, et al., 2017).  Due to loss of PTEN function in LNCaP and C4-2 cells, but not in 

VCaP or CWR22RV1 cells, basal AKT is phosphorylated in the former two cell lines 

independent of exposure to exogenous growth factors, whereas in the latter two cell lines AKT 

phosphorylation requires exogenous growth factors. 

Table 4 and Fig 19 summarize some of the characteristics and show the chemical 

structures, respectively, of the different signal pathway inhibitors used for studies presented in 

this chapter. 
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Drug Target Mechanism of action References 

Abiraterone 

Cytochrome 

P450 

17α-

hydroxylase-

17-20-lyase 

(CYP17) 

 

Irreversible Inhibitor 

a) 17-hydroxylase 

b) 17-20-lyase 

(Rehman & Rosenberg, 

2012; Potter, et al., 1995) 

Enzalutamide AR 

Competitive Inhibitor 

a) Inhibits binding of 

androgens to AR 

b) Inhibits AR nuclear 

translocation 

c) Inhibits AR-DNA 

binding 

 

 

(Ito & Sadar, 2018; Tran, et 

al., 2009) 

Galeterone 

AR 

Cytochrome 

P450 

17α-

hydroxylase-

17-20-lyase 

(CYP17) 

 

a) Degrades AR 

b) AR antagonism 

c) 17-20-lyase 

inhibitor 

 

(Kwegyir-Afful, et al., 2015; 

Udhane & Pandey, 2015; 

Njar & Brodie, 2015; Soifer, 

et al., 2012) 

MK2206 AKT 

Allosteric Inhibitor 

a) Binds (PH) domain 

b) Prevents AKT 

recruitment to 

plasma membrane 

(Hirai, et al., 2010; Yan, 

2009) 

BKM120 

Pan-class I 

PI3K 

Inhibitor 

 

Reversible Inhibitor 

a) ATP competitive 

inhibitor 

b) Prevents PIP2 to 

PIP3 step 

(Estévez, et al., 2016; Zhao, 

et al., 2017) 

Lapatinib 
ErbB1 

ErbB2 

Reversible Inhibitor  

a) ATP competitive 

inhibitor 

(Roskoski, 2014) 

RAD001 
mTOR 

(FKBP12) 

Allosteric Inhibitor 

a) Binds FKBP12 

b) Prevents mTORC1 

 

(MacKiegan & Krueger, 

2015; Sedrani, et al., 1998) 

Table 4: Characteristic of signaling inhibitors: Targets and mechanisms of action. 
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Figure 19: Chemical structures of ARAT agents and PI3K/AKT/mTOR inhibitors 

 

In Table 5 the IC50 values for cell growth inhibition for the various prostate cancer cell 

lines are shown with respect to ARAT agents, the erbB1/erbB2 inhibitor lapatinib, the PI3K 

inhibitor BKM120 and the pan-AKT inhibitor MK2206.  
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Table 5: IC50 values for different AR-expressing cell lines  Cells were seeded in 96-well plates. Following 24-48 

hours (h) incubation cells were treated with varying concentrations of enzalutamide, abiraterone, lapatinib, MK2206, 

or BKM120 for 72h and IC50 values assessed by MTT assay and calculated in Sigmaplot. All data represent the 

mean of at least three independent experiments ± SEM.   

 

 C4-2 cells are approximately 2.5- to 3-fold more resistant to Abi or Enz than LNCaP cells, 

reflecting their relative androgen insensitivity compared to LNCaP cells from which they were 

originally derived. VCaP and CWR22RV1 cells are also relatively resistant to ARATs, which is 

not inconsistent with the fact that these cells express not only AR but also AR-V7, which has 

been implicated in clinical resistance to ARATs (Hu, et al., 2009; Sharp, et al., 2019).  

Several other noteworthy observations emerge from the data in Table 5. LNCaP and C4-2 

cells are significantly more sensitive to AKT inhibition (approximately 10-fold) and PI3K 

inhibition (approximately 3- to 4-fold) than VCaP and CWR22RV1 cells. As noted in Table 3, 

LNCaP/C4-2 cells have mutant/non-functional PTEN which is a critical enzyme that together 

with PI3K regulates the homeostasis of membrane phosphoinositides (PI). The relative activities 

of these enzymes determine the status of membrane PI and consequent downstream signaling. 

 Drugs 

Cell Lines Enzalutamide 

(µM) 

Abiraterone 

(µM) 

Lapatinib 

(µM) 

MK2206 

(µM) 

BKM120 

(µM) 

LNCaP 18.0±0.9 8.0±0.12 5.5±0.25 0.425±0.025 1.85±1.25 

C4-2 38.0±4.5 33.5±5.5 4.55±1.45 0.6±0.1 1.2±0.2 

VCaP 44.3±0.33 30.0±0.11 6.2±1.0 5.65±0.15 5.0±2.0 

CWR22RV1 152.5±27.5 145±45 6.0±1.0 5.75±0.75 4.55±1.45 
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More specifically, PIP3 recruits AKT to the cell membrane where it is phosphorylated by PDK1. 

Loss of PTEN is associated with higher constitutive levels of PIP3, resulting in enhanced 

recruitment of AKT to the cell membrane where it is phosphorylated and activated by PDK1 

(Chalhoub & Baker, 2009). Thus, in PTEN mutant cells AKT is phosphorylated independent of 

upstream ligand-receptor interactions, potentially ‘addicting’ these cells to constitutive AKT 

activity and hence rendering them more vulnerable to AKT inhibition than cells with wt PTEN. 

Similarly, PI3K inhibition would be expected to have greater impact on PTEN mutant 

(LNCaP/C4-2) than PTEN wild type (VCaP/CWR22RV1) cells (Table 5). Interestingly, LNCaP 

and C4-2 cells appear to be more sensitive (2- to 3-fold) to AKT inhibition than to PI3K 

inhibition (Table 5), which suggests that perhaps loss of PIP3 dephosphorylation may be even 

more relevant than direct PIP2 phosphorylation in maintaining PIP2-PIP3 homeostasis so that the 

prostate cancer cells are relatively more sensitive to direct AKT inhibition by MK2206 than to 

PI3K inhibition by BKM120.  

Lapatinib is a dual inhibitor of erbB1 and erbB2. The IC50 values for cell growth 

inhibition by lapatinib range from approximately 0.025 to 11.5 uM among various human cancer 

cell lines, including breast, bladder, colon, gastric, head and neck and lung (Rusnak, et al., 2001). 

In general, among cancer cell lines most sensitive to lapatinib inhibition are those of the breast, 

lung and head and neck that highly over express erbB1 or erbB2 (IC50 range 0.025 – 0.08 uM), 

although in other cases such a relationship between erbB expression and lapatinib sensitivity is 

not observed (Rusnak, et al., 2001; Zhang, et al., 2008; Medina & Goodin, 2008) . A prior study 

has reported that the lapatinib IC50 values for LNCaP and PC3 cells are 4.6 +/- 0.52 uM and 

7.15 +/- 2.24 uM, respectively (Rusnak, et al., 2007). These values are within range of what we 

found for lapatinib amongst all four AR-expressing prostate cancer cell lines we tested (Table 5), 
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as well as for the AR-negative cell lines reported in Chapter 2. Thus, it is apparent that although 

signaling downstream of erbB, as modulated by the underlying status of PTEN (mutant or wt), 

can affect relative sensitivity to AKT or PI3K inhibition, it does not impact the sensitivity of the 

prostate cancer cells to lapatinib.   

It is also relevant to note the relative sensitivities of the above prostate cancer cell lines to 

signal pathway inhibitors in the context of their underlying p53 status. This tumor suppressor, 

which is perhaps the most frequently mutated gene among cancers, is a fundamental modulator 

of cell fate in response to various stresses (Kandoth, et al., 2013; Lawrence, et al., 2014). 

Depending upon cell context and stress signal, wt p53 plays a key role in mediating cell cycle 

arrest, cell survival or cell death. p53 is unique in that it is subject to an enormous number of 

different mutations in cancers at different sites within the gene (generally missense mutations, 

but also nonsense mutations, and in-frame or out-of-frame insertions or deletions) that can have 

various consequences (Stiewe & Haran, 2018; Li, et al., 2019). In general, p53 mutations lead to 

loss of wt p53 function (for instance, via dominant negative effect of mutant p53 on wt p53), 

potentially allowing the cancers to become more aggressive and resistant to therapy (Oren & 

Rotter, 2010). With respect to our prostate cancer cell lines, except for lapatinib, the LNCaP/C4-

2 cells (which harbor wild type p53) tend to be more sensitive to cell growth inhibition in 

response to ARATs, BKM120 and MK2206 compared to VCaP/CWR22RV1 cells (which have 

mutant p53). Although it is difficult to delineate to what extent the underlying status of p53, 

PTEN or AR/AR-V7 expression each contribute to the overall response/relative sensitivity of the 

prostate cancer cells to the various signal pathway inhibitors, these underlying molecular 

changes provide a relevant and meaningful context to study treatment strategies since such 

molecular changes often characterize various aspects of prostate cancer clinically.  
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Studies in LNCaP cells 

 The work presented in this chapter focuses primarily on studies carried out in the LNCaP 

and C4-2 models. Initial studies with VCaP and CWR22RV1 cells are also outlined towards the 

end of this chapter, and although incomplete these pilot studies provide a blueprint for future 

work (Chapter 4, Future Directions). 

Cell growth inhibition studies in LNCaP cells 

 Fig 20 shows the effects of Abi, Enz, MK2206 or their combinations on LNCaP 

proliferation. The cells were treated for 72 h at their respective IC50 values, and cell viability 

assessed by MTT assays.  

A.  B.   

 

         

 

 

 

 

 

 

 

 

 
 

 

assays. LNCaP cells were seeded in triplicates in 96-well plates at a density of 4000 cells per well.  After 48 h cells 

were treated with the indicated inhibitors (ABI 5uM, ENZ 10uM, MK2206 1uM) for 72 hours. MTT assay 

performed to assess cell viability. *, p< 0.05; **, p < 0.01; ***, p < 0.001 

 

It is apparent that compared to control (DMSO-treated) cells, Abi + Enz in combination is no 

more effective in inhibiting LNCaP cell proliferation than single agent Abi or single agent Enz 

(20-30% cell growth inhibition), whereas dual inhibition of the androgen/AR axis and AKT (Abi 

Figure 20: Effect of targeting androgen biosynthesis, AR, and AKT on viability of LNCaP cells. (A -B) MTT
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+ MK2206 or Enz + MK2206) leads to approximately 80% inhibition in cell growth. The 

combination index (CI) values, as determined per the method of Chou and Talalay, are shown in 

Tables 6 and 7. The CI values with Abi + Enz or Gal + Enz are close to 1 or higher, suggesting 

minimal benefit and perhaps even some degree of antagonism when two ARAT agents are used 

in concert. On the other hand, the CI values are significantly less than 1 for ARATs + MK2206, 

suggesting synergistic anti-proliferative activity with dual targeting of the AR axis and AKT.    

 

Table 6: Combination index and dose reduction index values of ARAT agents for LNCaP cells. Combination 

index (CI), Drug reduction index(DRI), Fraction affected (FA), Abiraterone (ABI), Enzalutamide (ENZ), Galeterone 

(GAL) 

 

Table 7: Combination index and dose reduction index values of MK2206 and ARAT agents for LNCaP cells. 

Combination index (CI), Drug reduction index(DRI), Fraction affected (Fa), Abiraterone (ABI), Enzalutamide 

(ENZ) 

 

AR-dependent expression and activity: impact of signaling pathway modulation 

We used the ARR2luc promoter-reporter construct (Fig 21A), which contains two AR 

response elements (ARE) in tandem upstream of the luciferase gene in a pRL plasmid, to assess 

  
Galeterone Plus 

Enzalutamide 
 

Abiraterone Plus 

Enzalutamide 

Cell Line 

Fa 
CI 

DRI for 

GAL 

DRI for 

ENZ 
CI DRI for ABI 

DRI for 

ENZ 

LNCaP       

0.5 1.476 1.783 1.093 1.107 1.948 1.686 

0.75 1.226 2.357 1.248 0.966 2.2 1.955 

0.9 1.023 3.115 1.425 0.844 2.484 2.268 

  
MK2206 Plus 

Enzalutamide 
 MK2206 Plus Abiraterone 

Cell Line 

FA 
CI 

DRI for 

MK2206 

DRI for 

ENZ 
CI 

DRI for 

MK2206 

DRI for 

ABI 

LNCaP       

0.5 0.129 14.239 17.139 0.547 1.961 19.105 

0.75 0.139 21.512 10.765 0.485 2.435 11.852 

0.9 0.179 27.316 6.761 0.4657 3.218 6.407 
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the effects of ARATs and several modulators of the RTK-PI3K-AKT-mTOR axis on AR-

dependent gene expression (Fig 21).  
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A.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B.  C.   D.  

 

 

 

E.  F.  G.            

 

 

with ARAT agents and AKT inhibitor. (A) Schematic of ARR2-luc plasmid. (B-E) LNCaP cells were seeded in 

24-well plates in triplicates. Following 24-48 h incubation, cells were co-transfected with ARR2-luc and Renilla-luc 

plasmid constructs overnight, then treated with the indicated inhibitors for 24 h (MK2206 1 uM, lapatinib 5 uM, 

BKM120 1 uM, Rad001 2 uM, ABI 5 uM, ENZ 10 uM). Cells were analyzed for luciferase activity. (G) 

Western blot. Cells were seeded in 6 wells plate and treated with the indicated inhibitors for 24 h 

(MK2206 1 uM, ABI 5 uM, ENZ 10 uM). After treatment, cells were harvested for protein. Western blot 

was performed to analyze expression of PSA. 

Figure 21: ARR2- luc transfection experiments in LNCaP cells. Androgen receptor activity upon treatment
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Since Abi and Enz interfere with the androgen biosynthesis/AR axis, as expected, the 

high basal luciferase expression and activity in ARR2luc-transfected LNCaP cells decrease upon 

Abi or Enz treatment (Fig 21C, D). The effects on AR-dependent expression/activity in response 

to targeting components of the erbB-PI3K-AKT-mTOR axis are shown in Fig 21E. These results 

are consistent with the cross-talk and feedback loops between the PI3K-AKT pathway and AR 

(Fig 18).  In particular, ARE-dependent luciferase activity in the ARR2luc-transfected cells 

increases above basal levels upon treatment of the transfected cells with MK2206, BKM120 or 

Rad001, consistent with the release of feedback inhibition by PI3K, AKT and mTOR on the 

erbB3-AR axis (Fig 21E, Fig 18). Knockdown of AR by siRNA (Fig 22A) prevents the 

MK2206-mediated increase in luciferase activity in the ARR2luc-transfected cells (Fig 22B), 

further confirming that AR-dependent activity can indeed be modulated through AKT. 

A.      B.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Western blot. Cells were treated with AR siRNA or scramble siRNA for 24 h. After siRNA treatment cells were 

harvested and analyzed for expression of AR. (B) ARR2-luc transfection assay. Cells were treated with AR siRNA, 

scrambled siRNA, MK2206 1uM or the indicated combinations for 24 h. After treatment cells were analyzed for 

luciferase activity. 

 

Figure 22: Androgen receptor activity after AR knockdown and AKT inhibitor treatment in LNCaP cells. (A)
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By contrast, erbB inhibition decreases luciferase activity in the ARR2luc-transfected cells (Fig 

21D). Although lapatinib is a erbB1, erbB2 inhibitor, given that erbB3 activation requires 

heterodimerization and transphosphorylation by either erbB1 or erbB2, lapatinib can also inhibit 

erbB3 signaling (Bosch-Vilaro, et al., 2017), resulting in decreased AR activation and ARR2-

mediated luciferase expression/activity (Fig 21D). 

Importantly, enhanced AR activity resulting from inhibition of AKT by MK2206, as 

demonstrated by ARR2luc transfection experiments or increase in endogenous PSA expression, 

can be effectively blocked by Abi or Enz (Fig 21F, G), as has also been reported by others (Ha, 

et al., 2011; Lee, et al., 2015; Thomas, et al., 2013). This provides a rationale for dual targeting 

the PI3K-AKT and the androgen/AR axis, a strategy that is also being actively tested via ongoing 

clinical trials (NCT03310541, 2017-ACTIVE; NCT02525068, 2017-ACTIVE; NCT04060394, 

2019-ACTIVE) . 

LNCaP cell signaling in response to erbB3, PI3K-AKT and AR inhibition 

 AKT is in a phosphorylated state under basal conditions in LNCaP cells due to 

nonfunctional PTEN. BKM120 and MK2206 can effectively block endogenous AKT 

phosphorylation, whereas the mTOR inhibitor Rad001 does not since mTOR is downstream of 

AKT (Fig 23A). Lapatinib also does not block basal AKT, which is consistent with the notion 

that functional PTEN loss ‘uncouples’ erbB from PI3K-AKT, allowing AKT phosphorylation to 

essentially occur independently of upstream erbB (Fig 23A). That knockdown of erbB3 by 

siRNA does not affect basal pAKT in LNCaP cells (Fig 23B) further suggests that 

phosphorylation of AKT is minimally modified by erbB3-mediated pathways (eg, erbB1/erbB3, 

erbB2/erbB3) in these cells. 
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A.        B.  

 

 

 

 

 

 

 

 

ErbB3 inhibitors (A) or after AR knockdown with siRNA (B). Cells were seeded in 6-well plates and treated with 

the indicated inhibitors (MK2206 1uM, BKM120 1uM, lapatinib 5uM, Rad001 2uM) for 24 h. After treatment, 

expression of pAKT (A) or ErbB3 and pAKT (B) were analyzed by western blot. 

 

AR activity can lead to increased dephosphorylation of pAKT by the AR-dependent AKT 

phosphatase PHLPP (Fig 18). Thus, although AR inhibition by Abi, Enz or both can potentially 

‘reinforce’ a continued phosphorylated state of AKT in the PTEN null LNCaP cells, MK2206 

effectively blocks AKT phosphorylation even in the ARAT-treated cells (Fig 24A), consistent 

with the data presented in Figs 21F, 21G. Because of the inhibitory effects of pAKT on erbB3, 

any pAKT ‘reinforcement’ by ARATs, for example, could down modulate erbB3. Fig 24B 

demonstrates that although erbB3 may be somewhat down modulated by ARATs, 

phosphorylated erbB3 is still expressed in these cells. Although we have not yet formally tested 

the effects of MK2206 + ARATs on erbB3-mediated signaling, based on the cumulative data so 

far it is likely that erbB3-mediated signal transduction through ERK is still operative in the 

ARAT or MK2206 + ARAT treated cells, and which could provide a possible ‘escape’ 

mechanism for ARAT or MK2206/ARAT treated prostate cancer cells.  

The effects of targeting both AKT and erbB with MK2206 and lapatinib are shown in Fig 

24C. MK2206 inhibits endogenous AKT phosphorylation leaving perbB3 intact, while lapatinib 

Figure 23: Western blots (LNCaP cells). Expression of pAKT after incubation with PI3K/AKT/mTOR and
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inhibits endogenous perbB3 leaving pAKT intact. The combination of MK2206 and lapatinib 

inhibits both AKT and erbB3 phosphorylation (Fig 24C). Thus, dual targeting has the potential to 

block any compensatory survival signals that may arise from the pathway remaining intact upon 

single node targeting, and therefore is likely to be more effective than single pathway inhibition, 

as we have also shown with the AR negative prostate cancer models in Chapter 2. Given the 

nature of the AKT-erbB3-AR loop in AR expressing prostate cancer cells, however, it is 

important to note that any potential residual AR activity in the AKT/erbB3-inhibited cells may 

mitigate or lead to eventual resistance to dual AKT/erbB inhibition, a possibility that we will 

explore in future experiments.   

 

A.   B.  C.  

 

 

 

 

 

 

pErbB3 (B), or both (C). Cells were seeded in 6-well plates and treated with the indicated inhibitors at same 

concentrations as in Fig 4 for 24 h before cell harvest for western blot.    

 

Initial studies also indicate that although ARATs and MK2206 cause cell growth 

inhibition, they do not as single agents induce PARP cleavage (Fig 25A). Dual targeting of AKT 

and AR, on the other hand, leads to enhanced cleavage of PARP (Fig 25A). Interestingly, 

although single agent BKM120 can also lead to PARP cleavage, dual targeting of AR with PI3K 

or AR with AKT is more consistently associated with cleaved PARP (Fig 25B). 

 

Figure 24: Western blots (LNCaP cells). Effect of ARAT agents and/or AKT/ErbB3 inhibitors on pAKT (A),
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A.       B.  

 

 

 

 

 

 

 

 

 

PI3K inhibitor (B) +/- ARAT agents. Cells were seeded in 6-well plates overnight and tested with the indicated 

inhibitors (ABI 5uM, ENZ 10uM, MK2206 1uM, BKM120 1uM) for 24 h before cell harvest.   

 

To more fully assess the impact of dual targeting (AKT + AR, AKT + erbB, AR + erbB) 

or possibly targeting all three nodes (AKT + erbB + AR), including in terms of programmed cell 

death induction, we plan to conduct additional studies in the future, which will also inform which 

combination(s) to test further in in vivo models.  

Studies in C4-2 cells 

 The studies presented above were carried out in LNCaP prostate cancer cells, which are 

one representative model of androgen sensitive prostate cancer. The other highly relevant clinical 

disease state is castration resistant prostate cancer (CRPC) that invariably develops when patients 

with castration sensitive prostate cancer (CSPC) treated initially with ADT start failing ADT and 

develop disease progression on the hormone therapy. CRPC is not one disease state but rather a 

heterogeneous group of diseases, depending upon where patients fall within the CRPC spectrum, 

and which can have different implications from a prognosis and treatment standpoint. Patients 

with CRPC include those who are at relatively early stages of transition from CSPC to CRPC, to 

those with established CRPC and treated with ARATs but then progressing further, to those 

Figure 25: Western blots (LNCaP cells). Parp cleavage upon treatment of cells with AKT inhibitor  (A)  or
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progressing on ADT +/- ARATs and chemotherapy, to those progressing on other treatments 

(including possibly clinical trials). As patients with CRPC progress, an aggressive variant 

prostate cancer (AVPC) phenotype can also emerge in some patients and which may or may not 

be also associated with signs of neuroendocrine trans-differentiation. Although no single pre-

clinical model can adequately capture the complexity of the clinical CRPC phenotype, different 

pre-clinical models in aggregate can be highly useful to help better understand its complex 

biology and hopefully develop better treatment strategies. In this vain, our next set of studies 

were carried out in several other pre-clinical models of prostate cancer as described below. 

As noted earlier, C4-2 cells were established from parental LNCaP tumor xenografts in 

castrated male mice and represent one model of relative resistance to androgen/AR dependent 

pathways. Consistent with this, C4-2 cells maintain cell growth and division with less AR-

dependent output (e.g., significantly less luciferase activity in ARR2luc-transfected C4-2 than 

LNCaP cells, Fig 26B), and are also more resistant to androgen/AR axis manipulation with 

ARATs (Table 5).   
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C.  D.  

 

 

 

  

 

 

 

 

 

agents and/or MK2206. Cells were seeded in 96-well plates. After overnight incubation, the cells were treated with 

the indicated inhibitors (at same concentrations as used for LNCaP cells) for 48 h and MTT assays performed.  (B-

D) ARR2-luc transfection assays. Cells were seeded in triplicates in 24-well plates overnight, co-transfected with 

ARR2-luc and Renilla-luc plasmids overnight, then treated with the indicated inhibitors for 24 h and analyzed for 

luciferase activity.    

 

Signal pathway modulation, cell growth and AR-dependent activity in C4-2 cells  

 Fig 26A shows the growth characteristics of C4-2 cells in response to single agent 

treatment or combination treatments with ARATs and MK2206. The combinations of ARATs + 

MK2206 produce the most significant inhibition of C4-2 cell growth. On the other hand, Abi + 

Enz does not lead to greater cell growth inhibition of C4-2 cells compared to Abi alone or Enz 

alone. These effects are similar to our observations with LNCaP cells. Further, the responses to 

Figure 26: C4-2 prostate cancer cells. (A) MTT assay. Relative cell growth of C4-2 cells in response to ARAT
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PI3K, AKT or erbB inhibition with respect to luciferase activity in ARR2luc-transfected C4-2 

cells are similar to LNCaP cells, with BKM120 or MK2206 treatment resulting in increased 

luciferase activity and lapatinib treatment resulting in decreased luciferase activity in the 

transfected C4-2 cells (Fig 26C). Both Abi and Enz can block the MK2206-mediated increase in 

luciferase activity in the ARR2luc-transfected cells (Fig 26D). Taken together, these data 

demonstrate that despite C4-2 cells having some degree of androgen/AR pathway resistance, 

they retain a similar pattern of PI3K-AKT, erbB, and AR cross-talk as LNCaP cells. 

PARP cleavage in C4-2 cells in response to PI3K-AKT, erbB and AR inhibition 

  Western blot analysis of C4-2 cells treated singly with ARATS (Abi or Enz), BKM120 

or MK2206, or their combinations (Abi + Enz, ARATs + BMM120, ARATs + MK2206) 

demonstrate that generally dual targeting of PI3K or AKT and the androgen/AR axis, but not 

dual inhibition within the androgen/AR axis itself, leads to enhanced cleavage of PARP (Fig 

27A). Interestingly, single agent BKM120 also appears to induce PARP cleavage in the C4-2 

cells as also noted in LNCaP cells. Although we have yet to formally test the relative growth 

inhibitory effects of BKM120 in combination with ARATs, this combination is also likely to 

produce significant growth inhibitory effects since BKM120 appears to induce PARP cleavage 

more readily than MK2206. 

 In other studies, we evaluated the effects of targeting erbB and AKT in the C4-2 cells 

(Fig 27B). These data show that the lapatinib + MK2206 combination also induces PARP 

cleavage. This initial work has to be followed up with additional experiments to also assess the 

relative impact of targeting PI3K and erbB, as well as erbB and the androgen/AR axis, and 

possibly targeting all three ‘nodes’ (PI3K-AKT, erbB, AR) in terms of cell growth inhibition and 

potential for programmed cell death (PCD) induction.  
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inhibitors on pAKT (A), and pErbB3 and PARP (B). Cells were seeded in 6-well plates overnight and treated with 

the indicated inhibitors for 24 h before cell harvest for western blots. The drug concentrations were the same as for 

LNCaP cells.  
 

 

Pilot studies in VCaP and CWR22RV1 prostate cancer cells 

 We have extended some of the studies on cell signaling modulation to two other 

representative cell culture models of prostate cancer, namely VCaP and CWR22RV1 cells (Table 

3). Both express AR but also AR-V7, an isoform of AR in which the terminal ligand binding 

domain (LBD) is absent, which allows AR-V7 to function as a transcription factor independent 

of ligands (Chapter 1). Further, AR-V7 has been implicated in clinical resistance to ARATs 

(Antonarakis, et al., 2014; Shao, et al., 2019). Both VCaP and CWR22RV1 have wt PTEN, and 

mutant p53 (Table 3). The IC50 values for cell growth inhibition with respect to ARATs and the 

other small molecule inhibitors for these cell lines are shown in Table 5. It is apparent that VCaP 

and CWR22RV1 are more resistant to ARATs than LNCaP cells, which does not express AR-V7 

and retains wild type p53 activity (Table 5). The relative resistance of VCaP and CWR22RV1 

cells to PI3K or AKT inhibition compared to LNCaP/C4-2 cells (3- to 10-fold resistance) is 

Figure 27: Western blots (C4-2 cells). Effects of androgen signaling targeting and/or PI3K/AKT/ErbB
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consistent with expression of functional wt PTEN in the former cell lines. As this constellation of 

molecular features is also observed within the broader clinical spectrum of advanced prostate 

cancer, we have begun studies in these models as well to better understand the potential role of 

interrogating the PI3K-AKT, erbB, and AR loop within the context of the molecular background 

represented by these prostate cancer cells. 

An important aspect of the studies reported below is that although the VCaP and 

CWR22RV1 cells are more resistant to ARATs than the LNCaP cells, we used the same drug 

concentrations for VCaP/CWR22RV1 as we did for LNCaP/C4-2 cells (with the exception that 

for CWR22RV1 we used 2-fold higher concentrations of Abi and Enz, but which is still 

significantly less than their respective IC50 values for the ARAT agents) since we wanted to 

assess the effects of drug targeting at more clinically relevant and achievable doses than based on 

the much higher ARAT IC50 values noted for VCaP and particularly CWR22RV1 (Table 5).  

Androgen/AR and AKT targeting in VCaP prostate cancer cells 

  The growth characteristics of VCaP cells and the relative AR-dependent luciferase 

activities in ARR2luc-transfected VCaP cells in response to ARATs, without or with AKT 

inhibition, are shown in Fig 28A and 28B, respectively. Similar to our data with LNCaP and C4-

2 cells, greater inhibition of cell growth occurs with dual androgen/AR (Abi or Enz) and AKT 

targeting but not with Abi + Enz (Fig 28A) in VCaP cells. Fig 28B shows that the enhanced 

luciferase activity in transfected VCaP cells upon their treatment with MK2206 can be blocked 

by ARATs, underscoring the rationale for dual blockade. Moreover, even though AKT is not 

activated in VCaP cells under basal conditions due to functional PTEN and hence contributes to 

their relative resistance to AKT inhibition compared to PTEN mutant cells (Table 5), prominent 

cleavage of PARP still occurs, but only upon targeting both AKT with MK2206 and 
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androgen/AR with Abi or Enz and not with single agent targeting or with Abi + Enz treatment 

(Fig 28C). 

A.  B.  C.  

 

 

 

 

 

 

 

 

 

Figure 28: VCaP prostate cancer cells.  (A) MTT assay. Relative cell growth of VCaP cells in response to ARAT 

agents and/or MK2206. Cells were seeded in 96-well plates overnight, then treated with the indicated inhibitors for 

48 h and MTT assay performed. (B) ARR2-luc transfection assay. Cells were seeded in triplicates in 24-well plates 

overnight, co-transfected with ARR2-luc and Renilla-luc plasmids for 24 h and analyzed for luciferase activity.  (C) 

Western blot. Cells were seeded in 6-well plates overnight, and treated with the indicated inhibitors for 24 h, then 

harvested for western blot. The drug concentration were the same as for LNCaP and C4-2 cells.   

 

Androgen/AR, PI3K and AKT targeting in CWR22RV1 cells 

 Data from some of the initial studies with CWR22RV1 cells are shown in Fig 29, 

including growth characteristics in response to ARATs and/or AKT inhibition with MK2206 

(Fig 29A), and effects on PARP with ARATs +/- PI3K inhibition with BKM120 or ARATs +/- 

AKT inhibition with MK2206 (Fig 29B). The data for CWR22RV1 cells, which also harbor wt  

functional PTEN, are similar to VCaP cells. Taken together, these initial studies in VCaP and 

CWR22RV1 cells suggest that dual targeting of PI3K-AKT and the androgen/AR axis, but not 

targeting within the androgen/AR axis itself, can lead to greater anti-proliferative and pro-

apoptotic responses even though both cell lines have background AR-V7 expression and wt 
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PTEN, characteristics that distinguish them from LNCaP cells, and which potentially contribute 

to some of their inherent resistance to ARATs.  We have yet to evaluate the erbB pathway in 

VCaP and CWR22RV1 cells to clarify its relevance as a target in appropriate treatment 

combination strategies as we have done in the LNCaP/C4-2 models, but our initial studies of 

targeting more than one node are encouraging. 

 

A.  B.  

 

 
Figure 29: CWR22RV1 prostate cancer cells. (A) MTT assay. Relative cell growth of CWR22RV1 cells in 

response to ARAT agents and/or MK2206. Cells were seeded in 96-well plates overnight, then treated with the 

indicated inhibitors (ABI 10uM, ENZ 20uM, MK2206 1uM) for 48 h and MTT assays performed.  (B)  Western 

blot. Cells were seeded in 6-well plates overnight and treated with the indicated inhibitors for 24 h before harvest for 

western blot. For experiments in (A) and (B) the concentration for ABI and ENZ were 10uM and 20Um, 

respectively, which are higher than used for studies with LNCaP, C4-2 and VCaP cells (but still less than their 

respective IC50 values). The concentrations of MK2206 and BKM120 (1uM each) were identical to that used for the 

other PC cells.   

 

 

Conclusions: 

 The studies presented in this Chapter focused on several AR-expressing prostate cancer 

cell lines with certain defining molecular changes known to modulate proliferation and cell death 

pathways. We studied the cross-talk between PI3K-AKT, erbB3 and AR, focusing primarily on 

the LNCaP cell culture model, with additional studies also performed in C4-2, VCaP and 

CWR22RV1 cells. While the studies in the latter models have not been as fully developed, 
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several important observations have emerged from this work. It is apparent that targeting of the 

PI3K-AKT axis in combination with AR or erbB targeting leads to enhanced cell growth 

inhibition and PCD (as determined by PARP cleavage). Importantly, these combinatorial effects 

occur at similar (and clinically achievable) concentrations of the inhibitors across the different 

cell lines even though the growth inhibitory IC50 values for the drugs can vary amongst the 

prostate cancer cells. This suggests that multi-targeting enhances anti-tumor effects beyond what 

would be predicted based on individual IC50 values for the drugs. Further, the anti-tumor effects 

with combinatorial targeting are independent of a) the underlying basal activation state of a 

fundamental modulator of signal transduction (AKT), b) status of p53 which can contribute to 

cell fate in terms of modulating response to cellular stress, and c) AR-V7 expression which can 

affect relative sensitivity to androgen/AR pathway modulation.  

 It remains to be determined to what extent the untargeted node within the AKT, erbB3, 

AR triad remains operative when any two of the three components of the triad are targeted since 

this could potentially provide an ‘escape’ for the targeted cells and possibly lead to eventual 

treatment failure even with dual targeting approaches. Thus, it becomes relevant in future studies 

to also evaluate the relative merits of targeting all three components of the above triad. 

Ultimately, we also need to extend these cell culture studies to in vivo models to better clarify 

the role and efficacy of these multi-nodal targeting approaches.  

 Another important observation that has emerged from the pre-clinical work presented 

above is that ‘vertical dual blockade’ within the androgen biosynthesis/AR axis itself with 

abiraterone plus enzalutamide, which in principle could lead to greater inhibition of this axis and 

possibly improved anti-proliferative response, is no better than single agent targeting of 

androgen biosynthesis by abiraterone or AR by enzalutamide, respectively. These data are 
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consistent with a recent report from a large cooperative group phase III clinical trial in mCRPC 

patients that evaluated the combination of enzalutamide + abiraterone versus enzalutamide and 

found no differences in treatment outcomes between the two arms (Attard, et al., 2018). Our 

negative pre-clinical data, and now also the negative phase III clinical data, regarding the 

abiraterone + enzalutamide combination further puts in perspective the potential merits of multi-

targeting components of the PI3K-AKT, erbB3, AR triad in AR positive prostate cancer cells. 

The consistent anti-cancer activity seen with this approach in several different cell culture 

models in independent experiments strengthens the validity of such multi-nodal targeting and 

warrants further evaluation in both pre-clinical and clinical settings.     

  



83 
 

Chapter 4: Future Directions 

 

The studies presented in Chapter 2 focused on AR-negative prostate cancer cells, 

including both drug-sensitive and drug-resistant cancer cells. The data demonstrate the merits of 

dual targeting PI3K-AKT and erbB, including in drug-resistant cells. The studies in Chapter 2 

are essentially complete except for some in vivo work we believe is required to submit a strong 

manuscript. The in vivo work is now well underway. The in vitro response patterns to signal 

pathway inhibition are similar between the drug resistant cells (PC3/Pac20, DU145/Doc60) and 

the drug sensitive cells (PC3, DU145). Thus, if we can corroborate the in vitro efficacy data of 

dual pathway targeting to the in vivo setting for the drug resistant lines, then these data should 

also be applicable to the parental drug sensitive prostate cancer cells in vivo. Based on these 

considerations, we aim to evaluate four treatment groups for the two drug-resistant prostate 

cancer cell lines PC3/Pac20 and DU145/Doc60 in mouse models to streamline the in vivo work. 

In vivo demonstration of the merits of signal pathway modulation in drug resistant cells would be 

particularly important given that treatment options post chemotherapy are very limited and 

prognosis quite dire for patients with androgen independent chemotherapy-failing prostate 

cancer. These studies would then provide a rationale for clinical testing of dual signal pathway 

targeting in advanced prostate cancer, including in patients failing chemotherapy. 

The four treatment groups that we want to evaluate in vivo for each of the two drug 

resistant cell lines are: vehicle treated (control); MK2206-treated; lapatinib-treated; and MK2206 

+ lapatinib-treated. Several issues need to be addressed first before embarking on a full-scale in 

vivo efficacy experiment. First, we have to establish the most appropriate single agent and dual 

agent doses that can be delivered safely without undue toxicity in vivo. Second, we should use 

the most appropriate in vivo model in which the inoculated prostate cancer cells can establish 
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relatively robust tumor growth to then allow for proper assessment of any anti-tumor responses 

to the treatments. Again, to streamline the in vivo work, we have tested only different dose 

combinations of MK2206 + lapatinib to establish safely/tolerability of the doublet regimen, with 

the assumption being that if the combinations are tolerated then single agent drugs would also be 

tolerated in vivo. We have conducted initial dose discovery studies with the MK2206 + lapatinib 

combination in male nude mice. The drugs were given by oral gavage once daily M-F for four 

consecutive weeks (n=3 mice per group). Based on published literature as a guide, the three dose 

levels tested were: MK2206 7.5 mg/Kg + lapatinib 75 mg/Kg; MK2206 15 mg/Kg + lapatinib 30 

mg/Kg; MK2206 15 mg/Kg + lapatinib 75 mg/Kg. One in three mice in the MK2206 15 mg/Kg 

+ lapatinib 75 mg/Kg group experienced more than 10% loss in body weight beyond week 2 (Fig 

30).  

  

 

 

 

 

 

 

 

of MK2206 and lapatinib by oral gavage for 4 consecutive weeks. Body weights were recorded twice a week.  

 

Hence, from this pilot study, we will consider the MK2206 15 mg/Kg + lapatinib 30 mg/Kg 

combination as safe to evaluate for efficacy in vivo in nude mice.  

Figure 30: Body weight of mice treated with Lapatinib and MK2206.  Nude mice were given daily doses (M-F)
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We also tested the growth characteristics of PC3- and DU145-derived prostate cancer 

cells in nude mice in other pilot experiments (Fig 31).  

 

 

 

 

 

Although nude mice (are primarily T cell deficient) can serve as good hosts for xenograft studies, 

for better engraftment of the drug resistant prostate cancer cells due to its severe 

immunocompromised status and the slower growth characteristics of the drug resistant cells 

compared to the wt parental cells.  We are currently testing the growth characteristics of 

PC3/Pac20 and DU145/Doc60 cells in NRG mice in another pilot study. In addition, we are also 

evaluating another drug dose combination, i.e., MK2206 15 mg/Kg + lapatinib 45 mg/Kg, in the 

NRG mouse for safety/tolerability to see if the established in vivo doses from the nude mouse 

studies can be further modified safely in the NRG mouse. Otherwise, we will plan on focusing 

on the MK2206 15 mg/Kg + lapatinib 30 mg/Kg dosing for the combination studies in the NRG 

mouse. The single agent doses for MK2206 will be 15 mg/Kg M-F per week for four weeks, and 

for lapatinib either 30 or 45 mg/Kg M-F per week for four weeks. Once the pilot data with the 

NRG mouse becomes available, we can then proceed with our in vivo efficacy studies. We 

Figure 31: Growth of PC3 and DU145 cells in nude mice.

we believe that the NRG mouse (B, T, NK and dendritic cell dysfunction) may be more suitable
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expect to show that the MK2206 + lapatinib combination will provide better tumor growth 

control at week 4 than single agent therapies.  

The studies in Chapter 3 focused on four AR-expressing prostate cancer cells with 

varying sensitivities to ARATs, and with different underlying molecular characteristics, 

including in terms of AR-V7 expression and status of PTEN and p53.  Due to cross-talk between 

PI3K-AKT, erbB3 and AR in these AR-expressing cells, we will evaluate the merits of dual 

targeting within this triad, focusing primarily on PI3K-AKT and AR targeting, and PI3K-AKT 

and erbB targeting. Among the four cell lines used, studies with LNCaP cells are the most 

complete. We also presented initial data with C4-2, VCaP and CWR22RV1 cells in Chapter 3. 

Although additional studies with the latter models still need to be done, several important themes 

have emerged from the work presented in Chapter 3. Dual targeting of PI3K-AKT and the 

androgen/AR axis, or dual targeting of PI3K-AKT and erbB lead to greater anti-cancer activity 

than single nodal targeting within the above triad, independent of AR-V7 expression, or PTEN or 

p53 status.  

The studies in Chapter 3 lay the groundwork for further studies to be done in the Hussain 

laboratory with the above prostate cancer cell models. For instance, although dual targeting 

within the PI3K-AKT, erbB3, AR triad consistently provides greater anti-cancer effects than 

single ‘node’ targeting, given the cross-talk between these nodes we need to assess the extent to 

which the untargeted component(s) of this triad may still be operative and potentially allow for 

cell survival/resistance to occur when the other two of the three nodes are simultaneously 

inhibited. Further, it is not clear whether targeting all three nodes of this triad lead to even better 

treatment responses. These studies will also need to be extended to the in vivo setting to put the 

cell culture work in better perspective. 
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The Hussain laboratory has also developed C4-2/Doc cells that are at least an order of 

magnitude more resistant to docetaxel than the parental C4-2 cells, and other derivatives of 

LNCaP cells, designated LNCaP/Abi and LNCaP/Enz, which maintain cell growth and division 

in abiraterone and enzalutamide, respectively. These additional models also reflect certain 

aspects of the clinical prostate cancer disease spectrum, including a relatively hormone and 

chemotherapy resistant state (C4-2/Doc) or resistance to second generation hormonal therapies 

(LNCaP/Abi, LNCaP/Enz). It will be important and relevant to explore the role of signal 

pathway modulation in these models as well as described in Chapter 3.   
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Chapter 5: Methods and Materials 

 

Materials: 

 

RPMI, Dulbecco modified Eagles medium/F12 medium (DMEM/F12), trypsin-EDTA, 

penicillin/streptomycin, gentamicin, trypsin-EDTA solution and phospho-buffered saline (PBS) 

were obtained from Invitrogen (Carlsbad, CA). 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT), dimethyl sulfoxide (DMSO), trypan blue, tween 20 and 

heregulin were obtained from Sigma-Aldrich (St. Louis, MO). Fetal bovine serum, charcoal fetal 

bovine serum, and human epidermal growth factor (EGF) were obtained from Gemini (West 

Sacramento, CA). Antibodies against p-AKT, AKT, p-ERK, ERK, p-EGFR, EGFR, p-erbB3, 

erbB3, actin, PARP, cleaved PARP, AR, PSA, Bax, Bcl-2 were purchased from Cell Signaling 

Technology (Beverly, MA).   Paclitaxel (Bedford Laboratories, Bedford, OH) and docetaxel 

(Sanofi-Aventis, Bridgewater, NJ) stock solutions were obtained from the University of 

Maryland Greenebaum Cancer Center Pharmacy. MK2206, BKM120, lapatinib, enzalutamide, 

abiraterone,  were obtained from Selleckchem (Houston, TX), stored as dry powder at -20˚C and 

dissolved in 100% dimethyl sulfoxide for cell culture experiments.  

Cell Culture: 

 

LNCaP, VCaP, C4-2, PC3 and DU145 cell lines were originally purchased from ATCC 

(Manassas, VA). LNCaP cell passage numbers were kept under 30. LNCaP and C4-2 were 

maintained in RPMI 1640 supplemented with 10% FBS and 1% penicillin/streptomycin 

(50µg/mL). VCaP, DU145, PC3 and CWRV22 were maintained in DMEM/F12 medium 

supplemented with 5% fetal bovine serum and 0.1% gentamycin (50µg/mL). Paclitaxel resistant 

PC3 and docetaxel resistant DU145 cells were derived from parental PC3 and DU145 cell lines 
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respectively. First, wt cells were treated with IC50 doses of paclitaxel or docetaxel. Surviving 

cells were treated serially with increasing doses of the respective drugs thereafter over several 

months to obtain PC3/Pac20 and DU145/DOC50 cells, as reported previously . The final 

maintenance concentrations for PC3/Pac20 cells are 20nM paclitaxel and for DU145/Doc60 cells  

60nM docetaxel. The cells were cultured continuously in drug until time for particular assays.  

All cell cultures were maintained in 5% CO2 at 37 ˚C.  

Proliferation Studies: 

 

Near confluent cell cultures (80%-90%) were removed from T-75 flask utilizing trypsin. 

After cells were trypsinized, cells were counted and seeded in 96 well plates. LNCaP and C4-2 

cells were plated at 4000-5000 cells per well. PC3, DU145, VCaP, and CWRV22 cells were 

plated at 2000-3000 cells per well. After allowing 24 hours to attach, cells were treated with 

vehicle or indicated compounds for 1 to 5 days. MTT (0.5mg/ml) was then added to each well in 

serum free medium and incubated for 2 hours. The MTT assay assesses a cell’s oxidoreduction 

potential, with reduction of the tetrazolium MTT dye to insoluble formazan crystals reflecting 

cell viability.  Thus, after incubating the cells with MTT, the medium was removed, and the 

resulting formazan crystals dissolved with dimethyl sulfoxide (DMSO).  The relative absorbance 

of the dissolved crystals at 560nm, as measured via a spectrophotometer, reflects the proportion 

of viable cells in each well. The results of the drug-treated cells were expressed as a percentage 

of control (DMSO-treated) cells ( ± standard error mean (STM). To determine IC50 values for 

inhibition of cell proliferation, increasing concentrations of the relevant drugs were added in 

quadruplicates to 96-well plates, the cells incubated in drug for 72 hours and then MTT assays 

performed as outlined above.  The IC50 values were calculated via non-linear regression 

utilizing Sigma plot software.  
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Drug Synergy Experiments: 

 

Drug combination studies were performed according to the methods described by Chou 

and colleagues (Chou & Talalay, 1984; Chou, 2008; Chou & Hayball, 1997) More specifically, 

cells were counted and seeded in 96-well plates. Cells were allowed one day to attach. Then 

drugs at their fixed IC50 ratios at various concentrations were added as single agent or in 

combination and incubated for 3 days. After the treatment period, MTT assays were performed 

as outlined above. From these experiments, combination index (CI) values at 50, 75, and 90% of 

effective doses and dose reduction index (DRI) values for each drug in the combination were 

determined using the CalcuSyn 2.1 program developed by Chou and Hayball (Chou & Hayball, 

1997). According to this method, drugs are synergistic if the CI is less than 1, additive if the CI is 

between 1 and 1.2, and antagonistic if the CI is above 1.2 values  (Chou & Talalay, 1984; Chou, 

2008; Chou & Hayball, 1997). 

Protein Isolation and Western Blotting: 

 

Cells were grown in 6-well plates. After treatment of the cells with the respective drugs, 

medium was removed from the flask and cells were rinsed with PBS.  Cells were lysed with cell 

lysis buffer containing protease inhibitor cocktail (leupeptin, pepstatin A, aprotinin, sodium 

fluoride, phenylmethylsulfonly fluoride). The cells were transferred to a tube and centrifuged. 

The supernatant was collected and protein concentration in each lysate measured by the 

bicinchoninic acid (BCA) assay, a colorimetric assay for the quantification of protein. The BCA 

assay was performed using a Pierce BCA Protein Assay Kit (ThermoFisher Scientific) as per the 

manufacturer’s instructions. Protein standards were prepared using bovine serum albumin 

(BSA), and protein concentrations of the various lysates determined against the protein standard 
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using spectrophotometric measurements at 565 nm.  Equal amounts of protein (35 ug) were 

mixed with sample loading buffer and reducing agent to denature the proteins in 70˚C for 10 

minutes. The proteins in the lysates were then subjected to sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) for 1.5 hours, and transferred to PVDF 

Hybond-P membranes for 45 minutes. After transfer, the protein bound membranes were 

incubated for 1 hour with 0.1% TWEEN in Tris buffered saline (TBS) and 5% nonfat dry milk to 

block non-specific protein binding. Membranes were rinsed and incubated with indicated 

primary antibody overnight. Primary antibody was then removed and the membranes incubated 

with secondary antibody for 1 hour. Protein bands were visualized by chemiluminescent 

detection and exposure to ECL x-ray film.  

Luciferase Assay: 

 

Cells were plated in 24 well plates. Cells were co-transfected with ARR2-luc and the 

Renilla luciferase reporting vector pRL-null. In the ARR2-luc construct the rat probasin 

promoter ARR2 is inserted into the polyclonal linker region of the pGL2-enhanced vector. The 

pRL-null vector was used as an internal control.  Plated cells were transfected with both the 

ARR2-luc and Renilla-luc constructs using lipofectamine (Thermo Fisher Scientific) as per the 

manufacturer’s instructions. Cells were incubated for 24 hours at 37 ˚C, then treated with the 

indicated compounds for 24 hours. The medium was subsequently removed, the cells washed 

with cold PBS and assayed for luciferase activity using the Dual Glo Luciferase Assay Kit 

(Biotium).  Cells were lysed with lysis buffer, the lysates incubated for 30 minutes on a shaker 

and centrifuged to collect the supernatant. 60-100 µL of LARII buffer was added to 25-50µL of 

the supernatants and read in a Turner Biosystem 20/20 Luminometer. The results are presented 
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as luciferase activity in treated cells relative to that in control cells, normalized to Renilla-luc 

activity.  

Apoptosis Assay:  

 

Apoptotic assays were performed by flow cytometric analysis (BDFACS Canto II Flow 

Cytometer) after staining the cells with FITC-labeled Annexin V and propidium iodide (PI) 

using the BD Pharmigen Apoptosis Detection Kit (BD Biosciences). Early stages of apoptosis 

are detected by FITC labeled Annexin V binding to exposed phosphatidylserine, while the late 

stages are detected upon incorporation PI into the DNA of cells. The cell populations were 

analyzed using BD FACS DIVA software. 

Live/Dead Assay: 

 

Cells were plated in 6-cm dishes in DMEM/F12 supplemented with 5% FBS. They were 

treated overnight with the respective agents for 24 to 72 hours. Cells were collected by 

trypsinization and resuspended in complete medium at a concentration of 1 x106 cells/ml. 

Acridine orange (AO)/PI reagent (Nexcelom Bioscience) was added to the cells and the cells 

loaded in a counting chamber. The proportion of live and dead cells was measured using a 

Nexcelom Cellometer Fluorescent Viability Cell Counter. Viable cells have intact plasma 

membrane and label green due to uptake of the cell-permeant acridine orange dye that 

intercalates with DNA and gives off green fluorescence when excited at 502 nm, while dead cells 

take up the cell-impermeant dye PI because they have compromised cell membranes; the PI 

intercalates with DNA and fluoresces red.  The data were analyzed using FCS Express 6 

software (De Novo Software, Glendale, CA 91203). 
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Tumor Growth and Toxicity Studies in Nude Mice: 

 

Animals studies were performed according to the guidelines and approval of the Animal 

Care Committee of the University of Maryland, Baltimore. Nude mice 6 weeks of age were 

housed in a controlled environment, receiving food and water ad libitum. Initial pilot studies with 

parental DU145 and PC3 cell lines have been conducted to assess their relative growth 

characteristics in vivo before embarking on the actual efficacy experiments. Near confluent cells 

were collected and inoculated subcutaneously in the flanks of mice at 3 x 106 cells/flank/mouse. 

Tumors formed within 4 weeks, reaching volumes ranging between 450-750 mm3.  Pilot toxicity 

studies with lapatinib and MK2206 combinations have also been conducted to determine the in 

vivo dose range of these drug combinations. The drugs were given by oral gavage daily M-F for 

four weeks. Mouse body weight was determined twice a week as a surrogate of tolerability and 

toxicity, with more than 10% loss in body weight considered to be the dose limiting toxicity. 

Statistical Analysis: 

 

All in vitro experiments were done in triplicates, and where necessary repeated at least 

three times. The results of the experiments are expressed as mean± SE where applicable. Sigma 

plot was used to determine the IC50 values of the drugs.  The differences between two treatment 

groups were analyzed using the student t-test. The CalcuSyn 2.1 software was used to determine 

the combination index values.  
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