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Preface 

In this textbook entitled Prostate Cancer – From Bench to Bedside we highlight many
of the essential concepts and consideration needed in understanding
pathophysiological premise of prostate cancer. The introductory chapter highlights the 
major clinical advances made in the diagnostic and therapeutic management of
prostate cancer over the past decade. In subsequent sections, we discuss essential
considerations in cancer biology and methodology followed by a comprehensive
review of genetics and signaling pathways essential in prostate carcinogenesis.

Lastly, the final section of this textbook pertains to drug therapeutics and biological 
agents currently being utilized or developed in the management of prostate cancer.

As editor-in-chief of this textbook, I would like to acknowledge the significant efforts
made by Mrs Marija Radja and the entire editorial team of InTech Open Access Publisher 
in the publishing of this work. Their significant effort is greatly appreciated and the high 
quality of this publication is a testament to their dedication to providing our readership
with the highest quality scientific knowledge. I would like to dedicate this textbook to 
my ever loving family who has supported my medical career from the early days I was a
young man studying medicine and urology in Montreal and Toronto up to the present
day. They have provided me with so much love and support which could have only
resulted in me pursuing a successful academic career. This textbook is as well dedicated
to the loving memory of our prostate cancer patients worldwide who when faced with
the adversity of an aggressive, life threatening malignancy demonstrated boundless
courage and optimism positively impacting the lives of all those that surrounded them.
You will never be forgotten in our hearts and our memories similarly, you have
provided us with the important lesson that we simply can't accept that our current
treatment armamentarium is adequate but rather that we must to do better in
eradicating this potentially fatal malignancy. Let the discoveries and breakthroughs of 
the past serve as an impetus that we can and should do better. 

Philippe E. Spiess, Editor-In-Chief 
Assistant Professor, Dept of Genitourinary Oncology

H. Lee Moffitt Cancer Center,Tampa, Florida
USA
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Prostate Cancer: Essential Diagnostic 
 and Therapeutic Considerations 

Paul Bradley and Philippe E. Spiess 
Department of Urologic Oncology, Moffitt Cancer Center, Tampa, FL 

USA 

1. Introduction 
The potential impact imparted by prostate cancer on our society is immense. In this 
chapter, we provide a general overview of current concepts, diagnostic advances, and 
novel therapeutic approaches to the management of prostate cancer. It is widely reported 
that prostate cancer is the most common malignancy diagnosed in U.S. males. The current 
lifetime risk of developing prostate cancer is 17%, with an estimated lifetime cancer-
specific mortality risk of 3%. The diagnosis of prostate cancer rapidly increased in the 
mid-1980s, with the advent of the serological biomarker prostate specific antigen (PSA) 
which has played a pivotal role in the screening and early detection of prostate cancer 
worldwide. 
From what was almost uniformly a poor prognostic malignancy associated with highly 
morbid therapies, prostate cancer emerged as a potentially curable disease, with state of the 
art diagnostic and therapeutic approaches. Advancements in the last 30 years have 
redefined the surgical approach of localized prostate cancer with minimally invasive 
surgical approaches for the most part being our primary treatment approach. Additionally 
radiotherapy techniques have been refined increasing the efficacy and limiting the toxicity 
to adjacent organs. New systemic and vaccine therapies have most recently emerged as 
effective approaches to advanced disease.  

2. Prostate cancer screening 
Prostate cancer screening has evolved since the initial introduction of serum PSA in our 
screening armamentarium. The discovery of PSA in the 1980s along with an appreciation of 
its prognostic significance has greatly impacted patient education and surveillance 
recommendations. Over the last two decades, a stage migration has occurred in favor of 
small volume, localized disease which we believe is in large part as a direct consequence of 
the utilization of serum PSA screening. Between 1986 and 1999, there has been a dramatic 
reduction in the incidence of locally advanced, high volume disease for the similarly 
proposed reasons. The Prostate, Lung, Colorectal, and Ovary (PLCO) cancer trial of the 
National Cancer Institute (NCI) was designed to evaluate the effectiveness of prostate 
cancer screening. It began accruing patients between 1993 and 2001. The study 
demonstrated a 22% increase in the detection of prostate cancer at 7 years and a 17% 
increase at 10 years in the patient cohort undergoing annual digital rectal examination 
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(DRE) and PSA. Despite these findings, the number of deaths between the two study arms 
were not statistically significant suggesting that screening did not impart a survival 
benefit with short to intermediate follow-up. The European Randomized Study of 
Screening for Prostate Cancer (ERSPC) was a similarly designed prospective randomized 
trial that enrolled 162,387 men. The authors concluded that to prevent a single death from 
prostate cancer, 1410 men needed to be screened and 48 needed to be treated nevertheless 
this was a positive study in terms of demonstrating the survival imparted from prostate 
cancer screening. 
Screening using PSA has evolved in recent years by looking at various PSA isoforms and 
exploring new serological and urinary biomarkers. The evaluation of unbound PSA or free 
PSA has been proposed in an attempt to improve cancer screening efforts while reducing 
the number of patients undergoing transrectal prostatic biopsies with its inherent risks, 
discomfort, and associated healthcare costs. Other novel markers have as well been 
considered including Prostate Cancer Antigen 3 (PCA3) which was first cited as a potential 
biomarker for prostate cancer in 1999. It differs from PSA in that it is acquired from the 
urine following a prostatic massage. Among prostate cancer patients, PCA3 has been found 
to be upregulated up to a 66-fold in 95% of patients. Although a large validation study has 
yet to be completed, PCA3 appears to show promise as an adjunctive screening tool to PSA. 
Additionally, there is an isoform of PSA called proPSA that is mostly found within the 
peripheral zone of the prostate and within the circulatory system. Multiple variants of this 
isoform exist with the [-2]proPSA showing the most compelling results pertaining to 
screening for prostate cancer. [-2]proPSA is the most prevalent form found within prostate 
cancer cells. Elevations of this variant have also been found to directly correlate with the 
underlying Gleason score of the tumor. Despite these promising data, the clinical use of 
these biomarkers remain to be defined until more robust clinical studies validate its 
superiority versus total serum PSA. 
Evolving data pertaining to screening biomarkers and two recent large prospective clinical 
trials have fueled the controversy regarding screening guidelines and recommendations put 
forth by various medical governing bodies and organizations. According to the PLCO trial, 
harm associated directly with screening remains relatively low. DRE can lead to bleeding or 
significant discomfort/pain in 0.3 per 10,000 screened men. The blood procurement (i.e. 
phlebotomy) required in PSA screening imparts an associated risk of dizziness, bruising, 
or hematoma in 26.2 per 10,000 screened men along with 3 episodes of fainting per 10,000. 
Most importantly, complications from the resulting transrectal prostatic biopsy occurred 
in 68 per 10,000 cases which included infection, bleeding, and voiding difficulties. In 
addition, the overtreatment of clinically insignificant tumors which would likely never be 
biologically aggressive may for the most part only expose patients to the inherent risks 
and potential morbidities of localized prostate cancer treatments including incontinence 
and/or erectile dysfunction.  
Four organizations currently provide some degree of guidance on the topic of screening. 
The American Urologic Association (AUA) and the American Cancer Society (ACS) both 
recommend giving men the option of screening starting at the age of 50 using the 
combination of PSA and DRE and starting earlier in higher risk men (e.g. patients with first 
and/or second degree relatives with prostate cancer, certain racial ethnicities such as 
African Americans). The National Comprehensive Cancer Network (NCCN) has some of the 
most definitive screening guidelines which include recommending a single total serum PSA 
test at the age of 40 followed by another PSA at the age of 45, with annual screening 
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thereafter at the age of 50. Prostatic biopsies are recommended based on the NCCN 
guidelines when a total serum PSA is greater than 2.5 ng/mL. On the contrary, the United 
States Preventative Services Task Force (USPSTF) provide no guidelines stating that present 
research on the subject matter is inconclusive and in fact their position statement is against 
screening men over the age of 75. 

3. Chemoprevention 
Not surprisingly, along with the rise in the incidence of prostate cancer interest in prostate 
cancer prevention has come to the forefront. The Selenium and Vitamin E Cancer Prevention 
Trial (SELECT) is the largest chemoprevention trial in prostate cancer. They enrolled 35,534 
participants that were randomized to three arms (one, both, or none of the supplements). 
Several smaller trials had previously shown a possible reduction in the incidence of prostate 
cancer among patients taking these proposed chemoprevention agents nevertheless it was 
felt a larger study was required to more definitely address this clinical question. 
Unfortunately, the final analysis of this study did not demonstrate a decrease in the risk of 
developing prostate cancer in either of the chemoprevention arms. In fact, a small increase 
in the diagnosis of prostate cancer was noted in the group taking vitamin E alone in 
addition to an increase in the incidence of diabetes among those taking selenium. At this 
time, the men in this trial have been instructed to discontinue taking these supplements and 
will be followed for the next three years to evaluate the long-term sequelae of this 
chemoprevention trial.  
The concept of chemoprevention of prostate cancer has gained popularity in the last decade 
with the results of two large prospective studies (PCPT and REDUCE trials). Both of these 
trials assessed the impact of selective androgen blockade through 5-α reductase inhibition in 
an attempt to prevent prostate carcinogenesis. The two trials differed in their design, with 
the PCPT trial recruiting healthy men with no increased risk of developing prostate cancer 
whereas the REDUCE trial included men with a higher relative risk of developing prostate 
cancer. Both studies were positive in that they demonstrated a reduction in the overall 
incidence of prostate cancer among men receiving an oral 5-α reductase inhibitor.  
The PCPT trial evaluated the specific effects of finasteride, with men receiving this agent 
being 24.8% less likely to develop prostate cancer. The trial however revealed the alarming 
concern of an increased incidence of higher grade tumors (Gleason 7-10 tumors) in the 
treatment arm. One proposed explanation for this was postulated to be the change in the 
appearance of the prostatic cytoarchitecture and cellular morphology as a result of the 
hormonal effects of finasteride. Another theory is that finasteride selectively inhibits lower 
grade tumors and shrinks the overall size of the prostatic gland resulting in an overall 
increase in the number of higher grade cancers detected within a now smaller gland. 
The REDUCE trial differed from the PCPT trial in that the inclusion criteria were modified 
to target men with risk factors for developing prostate cancer as well as using a different 
5-α reductase inhibitor (dutasteride) in the treatment arm. This trial included 8,200 men 
between the ages of 50 and 75 years of age. Men younger than 60 had a baseline total 
serum PSA between 2.5 and 10 ng/mL whereas older men had a total serum PSA value 
between 3.0 and 10 ng/mL. Additionally, the participants had a prostate biopsy within 6 
months of enrollment demonstrating no evidence of cancer, atypical small acinar 
proliferation (ASAP), or high-grade prostatic intraepithelial neoplasia. Men were 
randomized to placebo or the dutasteride treatment arm. The study’s primary treatment 



 
Prostate Cancer – From Bench to Bedside 

 

4 

(DRE) and PSA. Despite these findings, the number of deaths between the two study arms 
were not statistically significant suggesting that screening did not impart a survival 
benefit with short to intermediate follow-up. The European Randomized Study of 
Screening for Prostate Cancer (ERSPC) was a similarly designed prospective randomized 
trial that enrolled 162,387 men. The authors concluded that to prevent a single death from 
prostate cancer, 1410 men needed to be screened and 48 needed to be treated nevertheless 
this was a positive study in terms of demonstrating the survival imparted from prostate 
cancer screening. 
Screening using PSA has evolved in recent years by looking at various PSA isoforms and 
exploring new serological and urinary biomarkers. The evaluation of unbound PSA or free 
PSA has been proposed in an attempt to improve cancer screening efforts while reducing 
the number of patients undergoing transrectal prostatic biopsies with its inherent risks, 
discomfort, and associated healthcare costs. Other novel markers have as well been 
considered including Prostate Cancer Antigen 3 (PCA3) which was first cited as a potential 
biomarker for prostate cancer in 1999. It differs from PSA in that it is acquired from the 
urine following a prostatic massage. Among prostate cancer patients, PCA3 has been found 
to be upregulated up to a 66-fold in 95% of patients. Although a large validation study has 
yet to be completed, PCA3 appears to show promise as an adjunctive screening tool to PSA. 
Additionally, there is an isoform of PSA called proPSA that is mostly found within the 
peripheral zone of the prostate and within the circulatory system. Multiple variants of this 
isoform exist with the [-2]proPSA showing the most compelling results pertaining to 
screening for prostate cancer. [-2]proPSA is the most prevalent form found within prostate 
cancer cells. Elevations of this variant have also been found to directly correlate with the 
underlying Gleason score of the tumor. Despite these promising data, the clinical use of 
these biomarkers remain to be defined until more robust clinical studies validate its 
superiority versus total serum PSA. 
Evolving data pertaining to screening biomarkers and two recent large prospective clinical 
trials have fueled the controversy regarding screening guidelines and recommendations put 
forth by various medical governing bodies and organizations. According to the PLCO trial, 
harm associated directly with screening remains relatively low. DRE can lead to bleeding or 
significant discomfort/pain in 0.3 per 10,000 screened men. The blood procurement (i.e. 
phlebotomy) required in PSA screening imparts an associated risk of dizziness, bruising, 
or hematoma in 26.2 per 10,000 screened men along with 3 episodes of fainting per 10,000. 
Most importantly, complications from the resulting transrectal prostatic biopsy occurred 
in 68 per 10,000 cases which included infection, bleeding, and voiding difficulties. In 
addition, the overtreatment of clinically insignificant tumors which would likely never be 
biologically aggressive may for the most part only expose patients to the inherent risks 
and potential morbidities of localized prostate cancer treatments including incontinence 
and/or erectile dysfunction.  
Four organizations currently provide some degree of guidance on the topic of screening. 
The American Urologic Association (AUA) and the American Cancer Society (ACS) both 
recommend giving men the option of screening starting at the age of 50 using the 
combination of PSA and DRE and starting earlier in higher risk men (e.g. patients with first 
and/or second degree relatives with prostate cancer, certain racial ethnicities such as 
African Americans). The National Comprehensive Cancer Network (NCCN) has some of the 
most definitive screening guidelines which include recommending a single total serum PSA 
test at the age of 40 followed by another PSA at the age of 45, with annual screening 

 
Prostate Cancer: Essential Diagnostic and Therapeutic Considerations 

 

5 

thereafter at the age of 50. Prostatic biopsies are recommended based on the NCCN 
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addition to an increase in the incidence of diabetes among those taking selenium. At this 
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randomized to placebo or the dutasteride treatment arm. The study’s primary treatment 



 
Prostate Cancer – From Bench to Bedside 

 

6 

endpoint was the reduced risk of developing prostate cancer, with the dutasteride 
treatment arm having a 22.8% relative risk reduction and no increased incidence of higher 
Gleason grade tumors within the treatment arm. 

4. Patient risk stratification 
With the increased incidence of prostate cancer cases detected in recent years, a new 
therapeutic dilemma has arisen in that clinicians have contemplated whether a subset of 
tumors were clinically insignificant and could be surveilled rather than undergo definitive 
local therapy. In this regard, risk stratification models have been proposed as a means to 
tailor treatment recommendations based on the biological aggressivity and risk of 
progression of the tumor. The Partin tables were first proposed in 1993 in which they 
developed a cancer specific predictive model based on total serum PSA, biopsy Gleason 
score, and clinical stage. Patients and clinicians benefited from the use of the Partin tables to 
counsel and tailor patient treatment recommendations. The D’Amico risk stratification is a 
simplified version of the Partin tables dividing patients into one of three prognostic 
categories based on the same three pre-treatment diagnostic parameters (PSA, biopsy 
Gleason score, and clinical stage). Using the D’Amico risk groups, patients can be stratified 
into the low, intermediate, and high risk groups serving as an important clinical tool for 
guiding therapeutic options and suitability for clinical trials. 

5. Treatment recommendations 
The treatment modalities suitable for localized prostate cancer continue to evolve and 
expand, with novel technological advances. Dr. Walsh’s pioneering work in the anatomical 
and surgical approach to the radical prostatectomy resulted in a dramatic decline in the 
reported morbidity of this procedure. Thereafter, Schuessler et al. published the first 
description of a laparoscopic radical prostatectomy in 1997 with the first case performed in 
1991. This technique was however initially abandoned due to its steep learning curve and 
long operating times, without a clear benefit imparted to patients. With advances in 
laparoscopic skills and instrumentation, this minimally invasive approach was resurrected 
before being integrated with modern robotic assisted techniques. Today, nearly 85-90% of all 
radical prostatectomies are performed using a robotic assisted technique. The questions 
currently being raised with this technology relates to the expense of this procedure and 
whether it in fact imparts a clear benefit versus open surgery in terms of cancer control, 
continence, and potency preservation. 
Radiotherapy for localized prostate cancer has evolved by leaps and bounds. External beam 
radiation therapy (XRT), brachytherapy, and high dose rate (HDR) implant therapy can all 
be utilized as first line treatment options for localized prostate cancer. Historically, XRT 
began as a four field box technique fractionating doses over several weeks. This was later 
replaced by three dimensional conformal radiation therapy and further refined using 
intensity modulated radiation therapy to limit the dose/toxicity delivered to surrounding 
tissues while maximizing the therapeutic effective dose delivered to the prostate. 
Interstitial brachytherapy can be performed using three different radioisotopes (Iodine 125, 
Palladium 103, and Cesium 131). Each of these isotopes have different half-lives although all 
three have reported similar cancer specific outcomes. Interstitial brachytherapy as a 
monotherapy has become a viable treatment alternative to radical prostatectomy or XRT 
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among patients in the low to intermediate D’Amico risk groups. Using this technique, 
radioactive seeds are implanted within the prostate under transrectal ultrasound guidance 
through the perineum and under general anesthesia. Contraindications to interstitial 
brachytherapy include patients with prostate sizes greater than 60 grams, a previous 
transurethral resection of the prostate, or significant baseline voiding complaints. The 
prostate size limitation imparted by brachytherapy result from the fact: (1) large prostates 
are unable to be completely treated due to the interference by the pubic bone during 
implantation and (2) patients with large prostates being at increased risk of post-
implantation urinary retention. Despite these limitations, brachytherapy remains a popular 
treatment modality among low D’Amico risk patients, with comparable oncological 
outcomes to other treatment modalities. 
In addition to surgery and radiotherapy, novel ablative therapies including cryotherapy and 
high-intensity focused ultrasound (HIFU) have emerged as primary local treatments to 
prostate cancer. Cryotherapy can be used as a primary treatment to localized disease but 
remains most frequently used as a salvage local therapy. HIFU has gained increasing 
popularity in recent years as a potential new local treatment for prostate cancer. HIFU was 
first proposed as a treatment option for prostate cancer in 1999 and entails the use of 
ultrasonic waves administered using a transrectal ultrasound probe technique. This 
approach provides an alternative to more traditional modalities such as surgery or 
radiotherapy. Although not FDA approved in the United States, this technology has been 
used in many European countries including France and Germany for several years. Long-
term data evaluating the oncological outcome of HIFU and contrasting it to other currently 
available treatment modalities are lacking.  
HIFU has also been evaluated as a form of focal therapy for prostate cancer. Unfortunately, 
data evaluating focal therapy in general have been disappointing. Up to 21% of patients 
treated by focal therapy may be undertreated according to a study by Katz el al. evaluating 
post-prostatectomy specimens. All patients in this study who met the original focal therapy 
criteria would have had a significant secondary tumor missed, with 58.3% of these patients 
having a final pathological Gleason score of ≥ 7 and 25% exhibiting a final pathological stage 
of pT3. Based on this and other compelling data, focal therapy appears to be an ineffective 
therapy in its current applications until we develop better imaging modalities for detecting 
clinically significant prostate cancer foci within an individual patient’s prostate. 
The use of neoadjuvant and adjuvant androgen deprivation therapy (ADT) has also been 
thoroughly investigated. The CaPSURE trial found a 2.6 fold increase in cardiovascular 
events in men treated with both ADT and RRP compared to RRP alone. Even though one 
could conceptually see how preoperative ADT would be beneficial, it has never been shown 
to improve the cancer specific outcomes of patients undergoing RRP (even amongst patients 
falling within the high risk D’Amico group). 
Active surveillance has gained increasing popularity as a treatment alternative for a subset 
of patients with prostate cancer over the past decade. This has likely resulted from the 
previously mentioned stage migration of prostate cancer, with a significant proportion of 
patients presenting with clinically “insignificant” prostate cancer. Debate continues to ensue 
on the exact therapeutic role and which patients are ideally suited for active surveillance; 
nevertheless, its viability as a treatment alternative for a significant subset of prostate cancer 
patients is undeniable. 
The management of locally advanced prostate cancer can constitute a therapeutic dilemma 
for clinicians. Treatment alternatives for these patients include: (1) XRT and adjuvant ADT 
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among patients in the low to intermediate D’Amico risk groups. Using this technique, 
radioactive seeds are implanted within the prostate under transrectal ultrasound guidance 
through the perineum and under general anesthesia. Contraindications to interstitial 
brachytherapy include patients with prostate sizes greater than 60 grams, a previous 
transurethral resection of the prostate, or significant baseline voiding complaints. The 
prostate size limitation imparted by brachytherapy result from the fact: (1) large prostates 
are unable to be completely treated due to the interference by the pubic bone during 
implantation and (2) patients with large prostates being at increased risk of post-
implantation urinary retention. Despite these limitations, brachytherapy remains a popular 
treatment modality among low D’Amico risk patients, with comparable oncological 
outcomes to other treatment modalities. 
In addition to surgery and radiotherapy, novel ablative therapies including cryotherapy and 
high-intensity focused ultrasound (HIFU) have emerged as primary local treatments to 
prostate cancer. Cryotherapy can be used as a primary treatment to localized disease but 
remains most frequently used as a salvage local therapy. HIFU has gained increasing 
popularity in recent years as a potential new local treatment for prostate cancer. HIFU was 
first proposed as a treatment option for prostate cancer in 1999 and entails the use of 
ultrasonic waves administered using a transrectal ultrasound probe technique. This 
approach provides an alternative to more traditional modalities such as surgery or 
radiotherapy. Although not FDA approved in the United States, this technology has been 
used in many European countries including France and Germany for several years. Long-
term data evaluating the oncological outcome of HIFU and contrasting it to other currently 
available treatment modalities are lacking.  
HIFU has also been evaluated as a form of focal therapy for prostate cancer. Unfortunately, 
data evaluating focal therapy in general have been disappointing. Up to 21% of patients 
treated by focal therapy may be undertreated according to a study by Katz el al. evaluating 
post-prostatectomy specimens. All patients in this study who met the original focal therapy 
criteria would have had a significant secondary tumor missed, with 58.3% of these patients 
having a final pathological Gleason score of ≥ 7 and 25% exhibiting a final pathological stage 
of pT3. Based on this and other compelling data, focal therapy appears to be an ineffective 
therapy in its current applications until we develop better imaging modalities for detecting 
clinically significant prostate cancer foci within an individual patient’s prostate. 
The use of neoadjuvant and adjuvant androgen deprivation therapy (ADT) has also been 
thoroughly investigated. The CaPSURE trial found a 2.6 fold increase in cardiovascular 
events in men treated with both ADT and RRP compared to RRP alone. Even though one 
could conceptually see how preoperative ADT would be beneficial, it has never been shown 
to improve the cancer specific outcomes of patients undergoing RRP (even amongst patients 
falling within the high risk D’Amico group). 
Active surveillance has gained increasing popularity as a treatment alternative for a subset 
of patients with prostate cancer over the past decade. This has likely resulted from the 
previously mentioned stage migration of prostate cancer, with a significant proportion of 
patients presenting with clinically “insignificant” prostate cancer. Debate continues to ensue 
on the exact therapeutic role and which patients are ideally suited for active surveillance; 
nevertheless, its viability as a treatment alternative for a significant subset of prostate cancer 
patients is undeniable. 
The management of locally advanced prostate cancer can constitute a therapeutic dilemma 
for clinicians. Treatment alternatives for these patients include: (1) XRT and adjuvant ADT 
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for 2 to 3 years and (2) RRP +/-neoadjuvant/adjuvant chemohormonal therapy preferably 
as part of a clinical trial. Recent data from the Memorial Sloan Kettering Cancer Center on 
the surgical management of locally advanced and high-risk prostate cancer have been 
encouraging. In this study, 4,708 post-prostatectomy men were retrospectively evaluated 
and categorized as high-risk based on eight different definitions. Depending on the 
definition used, between 3 to 38% of these patients were considered high-risk. Interestingly, 
22-63% of these men had pathologically organ confined cancer and a 5 year relapse-free 
probability of 49-80%. This suggests that men with traditionally high-risk disease may still 
be candidates for potentially curative surgical resection. 
There have as well been major advances made in the management of hormone-refractory 
and metastatic prostate cancer. In this regard, taxotere remains the first line agent for the 
management of hormone refractory, metastatic prostate cancer. In addition, exciting new 
data pertaining to prostate cancer include vaccine therapy using Sipuleucel T, abiraterone, 
and cabazitaxel; all of which may potentially redefine our therapeutic approach to the 
management of advanced disease. 

6. Conclusions 
Significant advances have been made in the field of prostate cancer research and 
clinical/surgical care. Nevertheless, many unanswered questions remain. In addition, the 
true survival benefit imparted by prostate cancer screening remains a hotly debated issue 
within the scientific literature. Emerging prostate cancer tumor markers such as PCA3 and [-
2]proPSA have not yet been shown to be superior to the current biomarker benchmark PSA. 
Advancements in laparoscopic technique and technology will hopefully continue to reduce 
the morbidity associated with radical prostatectomy. Lastly, new therapeutic agents have 
been discovered which have redefined the management of advanced prostate cancer. We 
hope the present chapter has highlighted some of the key clinical concepts and treatment 
principles pertaining to this highly prevalent malignancy.  
The aim of the present textbook is to provide an in depth understanding of the intricacies 
encompassing the diagnosis and management of prostate cancer and encapsulate some of 
the current exciting areas of active clinical/translational research within our scientific 
community. 
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Effective Methodologies for Statistical Inference
on Microarray Studies

Makoto Aoshima and Kazuyoshi Yata
Institute of Mathematics, University of Tsukuba, Ibaraki

Japan

1. Introduction

A common feature of high-dimensional data such as genetic microarrays is that the data
dimension is extremely high, however the sample size is relatively small. This type of data
is called the high-dimension, low-sample-size (HDLSS) data. Such HDLSS data present with
substantial challenges to reconsider existing methods in the multivariate statistical analysis.
Unfortunately, it has been known that most conventional methods break down in HDLSS
situations and alternative methods are often highly sensitive to the curse of dimensionality.
In this chapter, we present modern statistical methodologies that are very effective to draw
statistical inference from HDLSS data. We focus on a series of effective HDLSS methodologies
developed by Aoshima and Yata (2011) and Yata and Aoshima (2009, 2010a,b, 2011a,b). We
demonstrate how those methodologies perform well and bring a new insight into researches
on prostate cancer.
In Section 2, we first consider Principal Component Analysis (PCA) for microarray data to
visualize a data structure having tens of thousands of dimension by projecting on a few
dimensional PC space. We note that classical PCA cannot sufficiently visualize a latent
structure of microarray data because of the curse of dimensionality. We overcome the
difficulty with the help of the cross-data-matrix (CDM) methodology that was developed by Yata
and Aoshima (2010a,b).
Next, in Section 3, we consider an effective clustering for microarray data. We apply the CDM
methodology to estimating the principal component (PC) scores. We show that a clustering
method given by using a CDM-based first PC score effectively classifies individuals into two
groups. We demonstrate accurate clustering by using prostate cancer data given by Singh et
al. (2002).
Further, in Section 4, we consider an effective classification for microarray data. We pay special
attention to the quadratic-type classification methodology developed by Aoshima and Yata
(2011). We give a sample size determination for the classification so that the misclassification
rates are controlled by a prespecified upper bound. We examine how the classification
methodology performs well by using some microarray data sets.
Finally, in Section 5, we consider a variable selection procedure to select a set of significant
variables from microarray data. In most gene expression studies, it is important to select
relevant genes for classification so that researchers can identify the smallest possible set
of genes that can still achieve good predictive performance. We implement the two-stage
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variable selection procedure, developed by Aoshima and Yata (2011), that provides screening
of variables in the first stage. We select a significant set of associated variables from among a
set of candidate variables in the second stage. We show that the selection procedure assures
a high accuracy by eliminating redundant variables. We identify predictive genes to classify
patients according to disease outcomes on prostate cancer.

2. PCA for high-dimension, low-sample-size data

Suppose we have a p × n data matrix X = [x1, ..., xn] with p > n, where xk = (x1k, ..., xpk)
T ,

k = 1, ..., n, are independent and identically distributed as a p-dimensional distribution having
mean μ and positive-definite covariance matrix Σ. The eigen-decomposition of Σ is given by
Σ = HΛHT, where Λ is a diagonal matrix of eigenvalues λ1 ≥ · · · ≥ λp(> 0) and H =

[h1, ..., hp] is a matrix of corresponding eigenvectors. Then, Z = Λ−1/2HT(X −[μ, ..., μ]) is
considered as a p × n sphered data matrix from a distribution with zero mean and the identity
covariance matrix. Here, we write Z = [z1, ..., zp]T and zj = (zj1, ..., zjn)

T, j = 1, ..., p. We
assume that the fourth moments of each variable in Z are uniformly bounded and ||zj|| �= 0 for
j = 1, ..., p, where || · || denotes the Euclidean norm. We note that the multivariate distribution
assumed here does not have to be a normal distribution, Np(μ, Σ), and the random variables
in Z do not have to be regulated by a ρ-mixing condition. We consider a general setting as
follows:

λj = aj p
αj (j = 1, ..., m) and λj = cj (j = m + 1, ..., p). (1)

Here, aj(> 0), cj(> 0) and αj(α1 ≥ · · · ≥ αm > 0) are unknown constants preserving the
ordering that λ1 ≥ · · · ≥ λp, and m is an unknown positive integer. The model (1) is an
extension of a multi-component model or spiked covariance model given by Johnstone and
Lu (2009). This is a quite general model for high-dimensional data. For example, a mixture
model given by (6) in Section 3 is one of the examples that have the model (1) as in (7). One
would also find the model (1) in a highly-correlated, high-dimensional data analysis such as
graphical models, high dimensional regression models, and so on.
Let Xo = X − [x, ..., x], where x = ∑n

i=1 xi/n. The sample covariance matrix is given by
S = (n − 1)−1XoXT

o and its dual matrix is defined by SD = (n − 1)−1XT
o Xo. Note that SD

and S share non-zero eigenvalues. Let λ̂1 ≥ · · · ≥ λ̂n−1(≥ 0) be the eigenvalues of SD . Let us
write the eigen-decomposition of SD by SD = ∑n−1

j=1 λ̂jûjûT
j , where ûj’s are the corresponding

eigenvectors of λ̂j such that ||ûj|| = 1 and ûT
i ûj = 0 (i �= j).

2.1 Naive PCA in HDLSS situations
Yata and Aoshima (2009) gave sufficient conditions to claim the consistency property for the
sample eigenvalues: For j = 1, ..., m, it holds that

λ̂j

λj

p→ 1 (2)

under the conditions:

(YA-i) p → ∞ and n → ∞ for j such that αj > 1;

(YA-ii) p → ∞ and p2−2αj /n → 0 for j such that αj ∈ (0, 1].
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Here,
p→ denotes the convergence in probability. If zjk, j = 1, ..., p (k = 1, ..., n) are

independent, the above conditions are improved by the necessary and sufficient conditions
as follows:

(YA-i’) p → ∞ and n → ∞ for j such that αj > 1;

(YA-ii’) p → ∞ and p1−αj /n → 0 for j such that αj ∈ (0, 1].

For the details including the limiting distribution of λ̂j, see Yata and Aoshima (2009). If the
population distribution is Np(μ, Σ), one may consider that zjk, j = 1, ..., p (k = 1, ..., n) are
independent. When αj > 1, the sample size n is free from p in (YA-i) or (YA-i’). However,
when αj ∈ (0, 1], one would find difficulty in naive PCA in view of (YA-ii) or (YA-ii’) in HDLSS
data situations. Let us see a simple case that p = 10000, λ1 = p1/2 and λ2 = · · · = λp = 1.
Then, we observe from (YA-ii) that it should be n >> p2−2α1 = p = 10000. It is somewhat
inconvenient for the experimenter to handle PCA in HDLSS data situations.

2.2 Beyond naive PCA
Yata and Aoshima (2010a,b) created an effective methodology called the cross-data-matrix
(CDM) methodology to handle HDLSS data situations: Let n(1) = [n/2] + 1 and n(2) = n − n(1),
where [x] denotes the largest integer less than x. Suppose that we have a p × n data matrix,

X = [x1, ..., xn] = [x11, ..., x1n(1)
, x21, ..., x2n(2)

]. (3)

We define p × n(i) data matrices, X1 and X2, by X i = [xi1, ..., xin(i)
], i = 1, 2. Note that X1

and X2 are independent. Let Xoi = X i − [xi, ..., xi], i = 1, 2, where xi = ∑
n(i)

j=1 xij/n(i). We

define a cross data matrix by SD(1) = ((n(1) − 1)(n(2) − 1))−1/2XT
o1Xo2 or SD(2) = ((n(1) −

1)(n(2) − 1))−1/2XT
o2Xo1 (= ST

D(1)). Note that rank(SD(1)) ≤ n(2) − 1. When we consider

the singular value decomposition of SD(1), it follows that SD(1) = ∑
n(2)−1
j=1 λ̃jũj(1)ũ

T
j(2), where

λ̃1 ≥ · · · ≥ λ̃n(2)−1(≥ 0) denote singular values of SD(1), and ũj(1) (or ũj(2)) denotes a unit
left- (or right-) singular vector corresponding to λ̃j (j = 1, ..., n(2) − 1).

[Cross-data-matrix (CDM) methodology]

(Step 1) Define a cross data matrix by SD(1) = ((n(1) − 1)(n(2) − 1))−1/2XT
o1Xo2.

(Step 2) Calculate the singular values, λ̃j’s, of SD(1) for the estimation of λj’s.

Note that SD(1)S
T
D(1) = ∑

n(2)−1
j=1 λ̃2

j ũj(1)ũ
T
j(1). Thus one can calculate the singular values, λ̃j’s,

by the positive square-root of the eigenvalues of SD(1)S
T
D(1). The CDM methodology assures

the following properties. For the details, see Yata and Aoshima (2010a,b).

Theorem 2.1. For j = 1, ..., m, it holds that

λ̃j

λj

p→ 1 (4)

under the conditions:

(i) p → ∞ and n → ∞ for j such that αj > 1/2;
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left- (or right-) singular vector corresponding to λ̃j (j = 1, ..., n(2) − 1).

[Cross-data-matrix (CDM) methodology]

(Step 1) Define a cross data matrix by SD(1) = ((n(1) − 1)(n(2) − 1))−1/2XT
o1Xo2.

(Step 2) Calculate the singular values, λ̃j’s, of SD(1) for the estimation of λj’s.

Note that SD(1)S
T
D(1) = ∑

n(2)−1
j=1 λ̃2
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(ii) p → ∞ and p2−2αj /n → 0 for j such that αj ∈ (0, 1/2].

Corollary 2.1. Assume further in Theorem 2.1 that zjk, j = 1, ..., p (k = 1, ..., n) are independent.
Then, for j = 1, ..., m, we have (4) under the conditions:

(i) p → ∞ and n → ∞ for j such that αj > 1/2;

(ii) p → ∞ and there exists a positive constant ε j satisfying p1−2αj /n < p−ε j for j such that
αj ∈ (0, 1/2].

Theorem 2.2. Let Var(z2
jk) = Mj (< ∞) for j = 1, ..., m (k = 1, ..., n). Assume that λj (j ≤ m) has

multiplicity one. Then, under the conditions (i)-(ii) in Theorem 2.1, it holds for j = 1, ..., m, that

√
n

Mj

(
λ̃j

λj
− 1

)
⇒ N(0, 1), (5)

where “⇒" denotes the convergence in distribution and N(0, 1) denotes a random variable distributed
as the standard normal distribution.

Corollary 2.2. Assume further in Theorem 2.2 that zjk, j = 1, ..., p (k = 1, ..., n) are independent.
Then, for j = 1, ..., m, we have (5) under the conditions:

(i) p → ∞ and n → ∞ for j such that αj > 1/2;

(ii) p → ∞ and p2−4αj /n → 0 for j such that αj ∈ (0, 1/2].

Remark 2.1. When the population distribution is Np(μ, Σ), one has that Mj = 2 for j = 1, ..., p.

Remark 2.2. The condition (ii) given by Theorem 2.1 (or Theorem 2.2) is a sufficient condition
for the case of αj ∈ (0, 1/2]. If more information is available about the population distribution,
the condition (ii) can be relaxed to give consistency under a broader set of (p, n). For example,
when the population distribution is Np(μ, Σ), the asymptotic properties are claimed under a
broader set of (p, n) given by (ii) of Corollary 2.1 (or Corollary 2.2).

Remark 2.3. In view of Theorem 2.1 compared to (2), the CDM methodology successfully
relaxes the condition for the case that αj > 1/2. The conditions given by Theorem 2.1 are not
continuous in αj at αj = 1/2. On the other hand, the conditions given by Corollaries 2.1 and
2.2 are continuous in αj.
When we apply the CDM methodology, we simply divided X into x1, ..., xn(1) and xn(1)+1, ..., xn
in (3). In general, there exist nCn(1) ways to divide X into X1 and X2. The CDM methodology
can be generalized as follows:

[Generalized cross-data-matrix (GCDM) methodology]

(Step 1) Set iteration number T. Set t = 1.

(Step 2) Randomly split x1, ..., xn into X1 = [x1(1), ..., x1(n(1))
] and X2 = [x2(1), ..., x2(n(2))

].

(Step 3) Define a cross data matrix by SD(1)t = ((n(1) − 1)(n(2) − 1))−1/2XT
o1Xo2, where

Xoi = X i − [xi, ..., xi], i = 1, 2, and xi = ∑
n(i)

j=1 xi(j)/n(i).

(Step 4) Calculate the singular values, λ̃1t ≥ · · · ≥ λ̃n(2)−1 t(≥ 0), of SD(1)t.

(Step 5) If t < T, put t = t + 1 and go to Step 2; otherwise go to Step 6.

(Step 6) Estimate λj by λ̃j(T) = ∑T
t=1 λ̃jt/T for each j.
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Fig. 1. The behaviors of A: λ̂j/λj and B: λ̃j/λj for the first eigenvalue (upper panel) and
second eigenvalue (lower panel) when the samples, of size n = 20(20)120, were taken from
Np(0, Σ) with p = 1600.

2.3 Performances
We observed that naive PCA requires the sample size n depending on p for αi ∈ (1/2, 1] in (2).
On the other hand, the CDM methodology allows the experimenter to choose n free from p for
the case that αi > 1/2 as in Theorem 2.1 or Corollary 2.1. The CDM methodology might make
it possible to give feasible estimation of eigenvalues for HDLSS data with extremely small n
compared to p.
We first considered a normal distribution case. Independent pseudorandom normal
observations were generated from Np(0, Σ) with p = 1600. We considered λ1 = p2/3, λ2 =

p1/3 and λ3 = · · · = λp = 1 in (1). We used the sample of size n = 20(20)120 to define
the data matrix X : p × n for the calculation of SD in naive PCA, whereas we divided
the sample into X1 : p × n(1) and X2 : p × n(2) for the calculation of SD(1) in the CDM
methodology. The findings were obtained by averaging the outcomes from 1000 (= R, say)
replications. Under a fixed scenario, suppose that the r-th replication ends with estimates of
λj, λ̂jr and λ̃jr (r = 1, ..., R), given by naive PCA and the CDM methodology. Let us simply
write λ̂j = R−1 ∑R

r=1 λ̂jr and λ̃j = R−1 ∑R
r=1 λ̃jr. We considered two quantities, A: λ̂j/λj

and B: λ̃j/λj. Figure 1 shows the behaviors of both A and B for the first two eigenvalues.
By observing the behavior of A, naive PCA seems not to give a feasible estimation within
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Fig. 1. The behaviors of A: λ̂j/λj and B: λ̃j/λj for the first eigenvalue (upper panel) and
second eigenvalue (lower panel) when the samples, of size n = 20(20)120, were taken from
Np(0, Σ) with p = 1600.

2.3 Performances
We observed that naive PCA requires the sample size n depending on p for αi ∈ (1/2, 1] in (2).
On the other hand, the CDM methodology allows the experimenter to choose n free from p for
the case that αi > 1/2 as in Theorem 2.1 or Corollary 2.1. The CDM methodology might make
it possible to give feasible estimation of eigenvalues for HDLSS data with extremely small n
compared to p.
We first considered a normal distribution case. Independent pseudorandom normal
observations were generated from Np(0, Σ) with p = 1600. We considered λ1 = p2/3, λ2 =

p1/3 and λ3 = · · · = λp = 1 in (1). We used the sample of size n = 20(20)120 to define
the data matrix X : p × n for the calculation of SD in naive PCA, whereas we divided
the sample into X1 : p × n(1) and X2 : p × n(2) for the calculation of SD(1) in the CDM
methodology. The findings were obtained by averaging the outcomes from 1000 (= R, say)
replications. Under a fixed scenario, suppose that the r-th replication ends with estimates of
λj, λ̂jr and λ̃jr (r = 1, ..., R), given by naive PCA and the CDM methodology. Let us simply
write λ̂j = R−1 ∑R

r=1 λ̂jr and λ̃j = R−1 ∑R
r=1 λ̃jr. We considered two quantities, A: λ̂j/λj

and B: λ̃j/λj. Figure 1 shows the behaviors of both A and B for the first two eigenvalues.
By observing the behavior of A, naive PCA seems not to give a feasible estimation within
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Fig. 2. The behaviors of A: λ̂j/λj and B: λ̃j/λj for the first eigenvalue (upper panel) and
second eigenvalue (lower panel) when the samples, of size n = 60, were taken from
tp(0, Σ, ν) with ν = 15 and p = 400(400)2000.

the range of n. The sample size n was not large enough to use the eigenvalues of SD for
such a high-dimensional space. On the other hand, in view of the behavior of B, the CDM
methodology gave a reasonable estimation surprisingly well for such HDLSS data sets. The
CDM methodology seems to perform excellently as expected theoretically.
Next, we considered a non-normal distribution case. Independent pseudorandom
observations were generated from a p-variate t-distribution, tp(0, Σ, ν), with mean zero,
covariance matrix Σ and degree of freedom ν = 15. We considered the case that λ1 = p2/3,
λ2 = p1/3 and λ3 = · · · = λp = 1 in (1) as before. We fixed the sample size as n = 60. We
set the dimension as p = 400(400)2000. Similarly to Figure 1, the findings were obtained
by averaging the outcomes from 1000 replications. Figure 2 shows the behaviors of two
quantities, A: λ̂j/λj and B: λ̃j/λj, for the first two eigenvalues. Again, the CDM methodology
seems to perform excellently as expected theoretically. One can observe the consistency of
λ̃j for all p = 400(400)2000. We conducted simulation studies for other settings as well
and verified the superiority of the CDM methodology to naive PCA in various HDLSS data
situations.
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3. Clustering for high-dimension, low-sample-size data

Suppose we have a mixture model to classify a data set into two groups. We assume that the
observation is sampled with mixing proportions wj’s from two populations, Π1 and Π2, and
the label of the population is missing. We consider a mixture model whose p.d.f. (or p.f.) is
given by

f (x) = w1π1(x; μ1, Σ1) + w2π2(x; μ2, Σ2), (6)

where wj’s are positive constants such that w1 + w2 = 1 and πi(x; μi, Σi)’s are p-dimensional
p.d.f. (or p.f.) of Πi having mean vector μi and covariance matrix Σi. Let μ and Σ be the mean
vector and the covariance matrix of the mixture model. Then, we have that μ = w1μ1 + w2μ2
and Σ = w1w2(μ1 − μ2)(μ1 − μ2)

T + w1Σ1 + w2Σ2. We suppose that xk, k = 1, ..., n, are
independently taken from (6) and define a p × n data matrix X = [x1, ..., xn]. Let Δ = ||μ1 −
μ2||2. Let λ11 and λ21 be the largest eigenvalues of Σ1 and Σ2. We assume that Δ = cpβ, where
c and β are positive constants. We assume that λ11/Δ → 0 and λ21/Δ → 0 as p → ∞. Then,
as for the largest eigenvalue, λ1, of Σ and the corresponding eigenvector, h1, we have that

λ1
ω1ω2Δ

→ 1 and Angle(h1, (μ1 − μ2)/Δ1/2) → 0. (7)

We note from (7) that the mixture model given by (6) holds the model (1) about Σ. Let s1k
denote the first principal component (PC) score of xk (k = 1, ..., n). Then, from Yata and
Aoshima (2010b), it holds as p → ∞ that

s1k√
λ1

p→
{√

w2/w1 when xk ∈ Π1,

−√
w1/w2 when xk ∈ Π2.

Thus one would be able to classify the data set {x1, ..., xn} into two groups if s1k is effectively
estimated in HDLSS data situations. In this section hereafter, we borrow symbols from Section
2.

3.1 Effective estimation for PC scores

In general, the j-th PC score of xk is given by hT
j (xk − μ) = zjk

√
λj (= sjk, say). Yata and

Aoshima (2009) considered a sample eigenvector by ĥj = ((n − 1)λ̂j)
−1/2Xoûj and an naive

estimator of the j-th PC score of xk by ĥ
T
j (xk − x) = ûjk

√
(n − 1)λ̂j (= ŝjk, say), where ûT

j =

(ûj1, ..., ûjn). Note that ĥj can be calculated by using a unit-norm eigenvector, ûj, of SD whose
size is much smaller than S especially for a HDLSS data matrix. Now, we apply the CDM
methodology to the PC score in order to improve the naive estimator. Recall that ũj(1) (or
ũj(2)) is a unit left- (or right-) singular vector corresponding to the singular value λ̃j (j =

1, ..., n(2) − 1) of SD(1) = ((n(1) − 1)(n(2) − 1))−1/2XT
o1Xo2.

[CDM methodology for PC scores]

(Step 1) Calculate the singular vectors ũj(i)’s, i = 1, 2, of SD(1).
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We note from (7) that the mixture model given by (6) holds the model (1) about Σ. Let s1k
denote the first principal component (PC) score of xk (k = 1, ..., n). Then, from Yata and
Aoshima (2010b), it holds as p → ∞ that

s1k√
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p→
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w2/w1 when xk ∈ Π1,
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w1/w2 when xk ∈ Π2.

Thus one would be able to classify the data set {x1, ..., xn} into two groups if s1k is effectively
estimated in HDLSS data situations. In this section hereafter, we borrow symbols from Section
2.

3.1 Effective estimation for PC scores

In general, the j-th PC score of xk is given by hT
j (xk − μ) = zjk

√
λj (= sjk, say). Yata and

Aoshima (2009) considered a sample eigenvector by ĥj = ((n − 1)λ̂j)
−1/2Xoûj and an naive

estimator of the j-th PC score of xk by ĥ
T
j (xk − x) = ûjk

√
(n − 1)λ̂j (= ŝjk, say), where ûT

j =

(ûj1, ..., ûjn). Note that ĥj can be calculated by using a unit-norm eigenvector, ûj, of SD whose
size is much smaller than S especially for a HDLSS data matrix. Now, we apply the CDM
methodology to the PC score in order to improve the naive estimator. Recall that ũj(1) (or
ũj(2)) is a unit left- (or right-) singular vector corresponding to the singular value λ̃j (j =

1, ..., n(2) − 1) of SD(1) = ((n(1) − 1)(n(2) − 1))−1/2XT
o1Xo2.

[CDM methodology for PC scores]

(Step 1) Calculate the singular vectors ũj(i)’s, i = 1, 2, of SD(1).
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(Step 2) Adjust the sign of ũj(2) by ũj(2) = Sign(ũT
j(1)X

T
o1Xo2ũj(2))ũj(2). After the

modification, let ũT
j(i) = (ũj1(i), ..., ũjn(i)(i)), i = 1, 2.

(Step 3) Calculate s̃jk(i) = ũjk(i)

√
(n(i) − 1)λ̃j, k = 1, ..., n(i); i = 1, 2. Estimate the j-th PC

score of xk by s̃jk = s̃jk(1), k = 1, ..., n(1) and s̃jk+n(1)
= s̃jk(2), k = 1, ..., n(2).

One can calculate the singular vector ũj(i)’s by the eigenvectors of SD(i)S
T
D(i). Let MSE(s̃j)

= n−1 ∑n
k=1(s̃jk − sjk)

2 denote the sample mean-square error of the j-th PC score. Note
that Var(sjk) = λj. Then, Yata and Aoshima (2010b) gave the following properties on the
CDM-based PC scores.

Theorem 3.1. Assume that λj (j ≤ m) has multiplicity one. Then, it holds that

MSE(s̃j)

λj

p→ 0 (8)

under the conditions (i)-(ii) in Theorem 2.1. If zjk, j = 1, ..., p (k = 1, ..., n) are independent, we have
(8) under the conditions (i)-(ii) in Corollary 2.1.

Theorem 3.2. Assume that λj (j ≤ m) has multiplicity one. Then, for any k (= 1, ..., n), it holds
that

λ−1/2
j s̃jk

p→ zjk (9)

under the conditions (i)-(ii) of Theorem 2.1. If zjk, j = 1, ..., p (k = 1, ..., n) are independent, we have
(9) under the conditions (i)-(ii) of Corollary 2.2.

The CDM-based PC score can be generalized as follows:

[GCDM methodology for PC scores]

(Step 1) Set iteration number T. Set t = 1.

(Step 2) Randomly split x1, ..., xn into X1 = [x1(1), ..., x1(n(1))
] and X2 = [x2(1), ..., x2(n(2))

].

(Step 3) Define a cross data matrix by SD(1)t = ((n(1) − 1)(n(2) − 1))−1/2XT
o1Xo2, where

Xoi = X i − [xi, ..., xi], i = 1, 2, and xi = ∑
n(i)

j=1 xi(j)/n(i). Calculate the singular values,

λ̃1t ≥ · · · ≥ λ̃n(2)−1 t(≥ 0), and the corresponding singular vectors, ũj(i)t’s, i = 1, 2, of
SD(1)t. If t = 1, go to Step 5; otherwise go to Step 4.

(Step 4) Adjust the sign of ũj(1)t by ũj(1)t = Sign(ũT
j(1)tũj(1)1)ũj(1)t.

(Step 5) Adjust the sign of ũj(2)t by ũj(2)t = Sign(ũT
j(1)tX

T
o1Xo2ũj(2)t)ũj(2)t. After the

modification, let ũT
j(i)t = (ũj(1i)t, ..., ũj(n(i)i)t), i = 1, 2.

(Step 6) Calculate s̃j(ki)t = ũj(ki)t

√
(n(i) − 1)λ̃jt , k = 1, ..., n(i); i = 1, 2, and adjust the

subscript k of s̃j(ki)t as s̃jkt corresponding to xk.

(Step 7) If t < T, put t = t + 1 and go to Step 2; otherwise go to Step 8.

(Step 8) Estimate the j-th PC score of xk by s̃jk(T) = ∑T
t=1 s̃jkt/T for each j and k.
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Fig. 3. Scatterplots of PC scores by PC1 and PC2 (upper panel) or PC1 and PC3 (lower panel)
by using the GCDM methodology. There are 9 samples from Normal Prostate (blue point)
and 9 samples from Prostate Tumors (red point).

3.2 Demonstration
We analyzed gene expression data about prostate cancer given by Singh et al. (2002). Refer
to Pochet et al. (2004) for details of the data set. The data set consisted of 12600 (= p) genes
and 34 microarrays in which there were 9 samples from Normal Prostate and 25 samples
from Prostate Tumors. As for Prostate Tumors, we chose the first 9 samples and set 18 (= n)
microarrays in which there were 9 samples from Normal Prostate and 9 samples from Prostate
Tumors. We assumed the mixture model given by (6) for the data set. We defined the data
matrix by X : 12600 × 18. We set (n(1), n(2)) = (9, 9) and T = 1000. We focused on the
first three PC scores. We randomly divided X into X1 : 12600 × 9 and X2 : 12600 × 9, and
calculated s̃jkt, k = 1, ..., 18, for j = 1, 2, 3. According to the GCDM methodology, we repeated
this operation T = 1000 times and obtained s̃jk(T), k = 1, ..., 18; j = 1, 2, 3, as an estimate of the
j-th PC score of xk. We also obtained (λ̃1(T), λ̃2(T), λ̃3(T)) = (2.77 × 108, 1.62 × 108, 6.34× 107).
Figure 3 gives the scatterplots of the first three PC scores on the (PC1, PC2) plane or the (PC1,
PC3) plane. As observed in Figure 3, Normal Prostate (blue point) and Prostate Tumors (red
point) seem to be separated clearly. It is obvious especially for the first PC score (PC1) line.
All the first PC scores of the samples from Normal Prostate are negative, whereas those from
Prostate Tumors are positive. This observation is theoretically supported by the arguments in
Section 3.1.
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√
(n(i) − 1)λ̃j, k = 1, ..., n(i); i = 1, 2. Estimate the j-th PC

score of xk by s̃jk = s̃jk(1), k = 1, ..., n(1) and s̃jk+n(1)
= s̃jk(2), k = 1, ..., n(2).

One can calculate the singular vector ũj(i)’s by the eigenvectors of SD(i)S
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4. Classification for high-dimension, low-sample-size data

Suppose we have independent and p-dimensional populations, Πi, i = 1, 2, having unknown
mean vector μi = (μi1, ..., μip)

T and unknown positive-definite covariance matrix Σi for each
i. We do not assume that Σ1 = Σ2. The eigen-decomposition of Σi (i = 1, 2) is given
by Σi = H iΛi HT

i , where Λi is a diagonal matrix of eigenvalues λi1 ≥ · · · ≥ λip > 0
and H i = [hi1, ..., hip] is an orthogonal matrix of corresponding eigenvectors. Having
recorded i.i.d. samples, xi1, ..., xini

, from each Πi, we have a p × ni (p > ni) data matrix
X i = [xi1, ..., xini

], where xij = (xi1j, ..., xipj)
T, j = 1, ..., ni. We assume ni ≥ 4, i = 1, 2.

Then, Zi = Λ−1/2
i HT

i (X i − [μi, ..., μi]) is considered as a p × ni sphered data matrix from
a distribution with zero mean and the identity covariance matrix. Here, we write Zi =
[zi1, ..., zini

] and zij = (zi1j, ..., zipj)
T, j = 1, ..., ni. Note that E(z2

ijl) = 1 and E(zijlzij� l) = 0
for i = 1, 2; j( �= j�) = 1, ..., p; l = 1, ..., ni. We assume that λip > 0 (i = 1, 2) as p → ∞ and the
fourth moments of each variable in Zi are uniformly bounded. In this section, we assume the
following assumption for Πi’s:

(A-i) zijl , j = 1, ..., p, are independent for i = 1, 2.

One of the population distributions satisfying (A-i) is Np(μi, Σi). We also assume the
following condition for Σi’s as necessary:

(A-ii)
tr(Σt

i)

p
< ∞ (t = 1, 2) and

tr(Σ4
i )

p2 → 0 as p → ∞ for i = 1, 2.

Remark 4.1. If all λij’s are bounded, (A-ii) trivially holds. For a spiked model such as λij =
aij p

αij (j = 1, ..., mi) and λij = cij (j = mi + 1, ..., p) with positive constants aij’s, cij’s and αij’s,
(A-ii) holds under the condition that αij < 1/2, j = 1, ..., mi(< ∞); i = 1, 2. As an interesting

example, (A-ii) holds for Σi� = ci� (ρ
|i−j|qi�
i� ), i� = 1, 2, where ci� ’s, qi� ’s and ρi� ’s(< 1) are positive

constants.

4.1 Discriminant rule for HDLSS data
Let x0 be an observation vector on an individual belonging to Π1 or to Π2. Having recorded
xi1, ..., xini

from each Πi, we estimate μi and Σi by xini
= ∑ni

j=1 xij/ni and Sini
= ∑ni

j=1(xij −
xini

)(xij − xini
)T/(ni − 1). Aoshima and Yata (2011) considered a discriminant rule that

classifies x0 into Π1 if

p||x0 − x1n1 ||2
tr(S1n1 )

− p||x0 − x2n2 ||2
tr(S2n2 )

− p log
{

tr(S2n2 )

tr(S1n1 )

}
− p

n1
+

p
n2

+ γ < 0 (10)

and into Π2 otherwise. Here, −p/n1 + p/n2 is a bias-correction and γ is a tuning parameter.
We denote the error rate of misclassifying an individual from Π1 (into Π2) or from Π2 (into
Π1) by e(2|1) or e(1|2). Let Δ = ||μ1 − μ2||2 and ΔΣi

= (tr(Σ1)− tr(Σ2))
2/tr(Σi), i = 1, 2. Let

us write that Δi = Δ + ΔΣi
/2, i = 1, 2, and Δ� = min

i=1,2
Δi. Aoshima and Yata (2011) gave the

following property.
Theorem 4.1. Assume (A-i)-(A-ii). Under the condition that max

i=1,2
{tr(Σ2

i )}/(Δ2
� min

i=1,2
{ni}) → 0 as

p → ∞, for the discriminant rule given by (10) with γ = 0, it holds as p → ∞ that

e(2|1) → 0 and e(1|2) → 0. (11)
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Remark 4.2. Assume (A-i)-(A-ii). Let us consider a case that tr(Σ1)/tr(Σ2) �= 1 as p →
∞. Then, it follows that mini=1,2 ΔΣi

/p > 0 as p → ∞. Since it holds maxi=1,2{tr(Σ2
i )}

/(Δ2
� mini=1,2{ni}) → 0 as p → ∞, we can claim (11) in the case.

Remark 4.3. Let ni(1) = [ni/2] + 1 and ni(2) = ni − ni(1) for each Πi (i = 1, 2). We omit
the subscript i for a while. For each Π, split x1, ..., xn into X1 = [x11, ..., x1n(1)

] and X2 =

[x21, ..., x2n(2)
]. Let Xo1 = X1 − [x1, ..., x1] and Xo2 = X2 − [x2, ..., x2], where x1 = ∑

n(1)

j=1 x1j/n(1)

and x2 = ∑
n(2)

j=1 x2j/n(2). Define Sn(1) = (n(1) − 1)−1Xo1XT
o1 and Sn(2) = (n(2) − 1)−1Xo2XT

o2.

Note that tr(Sn(1)Sn(2)) =tr(SD(1)S
T
D(1)) = ∑

n(2)−1
j=1 λ̃2

j . Then, we have that E(tr(Sn(1)Sn(2))) =

tr(Σ2). As for tr(Σ2
i ), Yata (2010) considered an unbiased estimator, tr(Sini(1)Sini(2)), as an

application of the CDM methodology given by Yata and Aoshima (2010a,b).
Remark 4.4. We note that Δ� is estimated by

||x1n1 − x2n2 ||2 −
2

∑
i=1

tr(Sini
)/ni +

|tr(S1n1 )− tr(S2n2)|2
2 maxi=1,2 tr(Sini

)
(= Δ̂�, say).

We analyzed gene expression data given by Armstrong et al. (2001) in which data set
consisted of 12582 (= p) genes. We had two populations about leukemia subtypes, i.e., Π1:
acute lymphoblastic leukemia (ALL, 24 samples) and Π2: acute myeloid leukemia (AML, 28
samples). We set n1 = n2 = 10. Then, we constructed the discriminant rule given by (10) with
γ = 0. From Remarks 4.3 and 4.4, we calculated maxi=1,2{tr(Sini(1)Sini(2))} = 3.16 × 1019 and

Δ̂� = 2.67 × 1010, so that maxi=1,2{tr(Sini(1)Sini(2))}/(Δ̂2
� mini=1,2{ni}) = 0.0044. Thus, one

may conclude that maxi=1,2{tr(Σ2
i )}/(Δ2

� mini=1,2{ni}) must be sufficiently small. Hence,
from Theorem 4.1, the discriminant rule given by (10) with γ = 0 was expected to hold
(11). In Table 1, we investigated the performance of the discriminant rule by using test data
sets consisting of 24 − n1 = 14 remaining samples from Π1 and 28 − n2 = 18 remaining
samples from Π2. We observed that the discriminant rule showed e(1|2) = 0 and e(2|1) = 0
successfully as expected by theory.

(10) with γ = 0

1-e(2|1) 14/14 (=1.0)
1-e(1|2) 18/18 (=1.0)

Table 1. The correct discrimination rates for test data sets consisting of 14 samples from Π1
and 18 samples from Π2.

4.2 Sample size determination for classification
One would be interested in designing the discriminant rule given by (10) so as to hold both
e(2|1) ≤ α and e(1|2) ≤ β when Δ� ≥ ΔL, where α, β ∈ (0, 1/2) and ΔL (> 0) are prespecified
constants. We assume ΔL = o(p1/2). Aoshima and Yata (2011) showed the following property.

Theorem 4.2. Assume that tr(Σ1)/tr(Σ2) → 1 as p → ∞. Let

ω(x0) =
p||x0 − x1n1 ||2

tr(S1n1)
− p||x0 − x2n2 ||2

tr(S2n2 )
− p log

{
tr(S2n2 )

tr(S1n1 )

}
− p

n1
+

p
n2

.
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4. Classification for high-dimension, low-sample-size data

Suppose we have independent and p-dimensional populations, Πi, i = 1, 2, having unknown
mean vector μi = (μi1, ..., μip)

T and unknown positive-definite covariance matrix Σi for each
i. We do not assume that Σ1 = Σ2. The eigen-decomposition of Σi (i = 1, 2) is given
by Σi = H iΛi HT

i , where Λi is a diagonal matrix of eigenvalues λi1 ≥ · · · ≥ λip > 0
and H i = [hi1, ..., hip] is an orthogonal matrix of corresponding eigenvectors. Having
recorded i.i.d. samples, xi1, ..., xini

, from each Πi, we have a p × ni (p > ni) data matrix
X i = [xi1, ..., xini

], where xij = (xi1j, ..., xipj)
T, j = 1, ..., ni. We assume ni ≥ 4, i = 1, 2.

Then, Zi = Λ−1/2
i HT

i (X i − [μi, ..., μi]) is considered as a p × ni sphered data matrix from
a distribution with zero mean and the identity covariance matrix. Here, we write Zi =
[zi1, ..., zini

] and zij = (zi1j, ..., zipj)
T, j = 1, ..., ni. Note that E(z2

ijl) = 1 and E(zijlzij� l) = 0
for i = 1, 2; j( �= j�) = 1, ..., p; l = 1, ..., ni. We assume that λip > 0 (i = 1, 2) as p → ∞ and the
fourth moments of each variable in Zi are uniformly bounded. In this section, we assume the
following assumption for Πi’s:

(A-i) zijl , j = 1, ..., p, are independent for i = 1, 2.

One of the population distributions satisfying (A-i) is Np(μi, Σi). We also assume the
following condition for Σi’s as necessary:

(A-ii)
tr(Σt

i)

p
< ∞ (t = 1, 2) and

tr(Σ4
i )

p2 → 0 as p → ∞ for i = 1, 2.

Remark 4.1. If all λij’s are bounded, (A-ii) trivially holds. For a spiked model such as λij =
aij p

αij (j = 1, ..., mi) and λij = cij (j = mi + 1, ..., p) with positive constants aij’s, cij’s and αij’s,
(A-ii) holds under the condition that αij < 1/2, j = 1, ..., mi(< ∞); i = 1, 2. As an interesting

example, (A-ii) holds for Σi� = ci� (ρ
|i−j|qi�
i� ), i� = 1, 2, where ci� ’s, qi� ’s and ρi� ’s(< 1) are positive

constants.

4.1 Discriminant rule for HDLSS data
Let x0 be an observation vector on an individual belonging to Π1 or to Π2. Having recorded
xi1, ..., xini

from each Πi, we estimate μi and Σi by xini
= ∑ni

j=1 xij/ni and Sini
= ∑ni

j=1(xij −
xini

)(xij − xini
)T/(ni − 1). Aoshima and Yata (2011) considered a discriminant rule that

classifies x0 into Π1 if

p||x0 − x1n1 ||2
tr(S1n1 )

− p||x0 − x2n2 ||2
tr(S2n2 )

− p log
{

tr(S2n2 )

tr(S1n1 )

}
− p

n1
+

p
n2

+ γ < 0 (10)

and into Π2 otherwise. Here, −p/n1 + p/n2 is a bias-correction and γ is a tuning parameter.
We denote the error rate of misclassifying an individual from Π1 (into Π2) or from Π2 (into
Π1) by e(2|1) or e(1|2). Let Δ = ||μ1 − μ2||2 and ΔΣi

= (tr(Σ1)− tr(Σ2))
2/tr(Σi), i = 1, 2. Let

us write that Δi = Δ + ΔΣi
/2, i = 1, 2, and Δ� = min

i=1,2
Δi. Aoshima and Yata (2011) gave the

following property.
Theorem 4.1. Assume (A-i)-(A-ii). Under the condition that max

i=1,2
{tr(Σ2

i )}/(Δ2
� min

i=1,2
{ni}) → 0 as

p → ∞, for the discriminant rule given by (10) with γ = 0, it holds as p → ∞ that

e(2|1) → 0 and e(1|2) → 0. (11)

22 Prostate Cancer – From Bench to Bedside Effective Methodologies for Statistical Inference on Microarray Studies 11

Remark 4.2. Assume (A-i)-(A-ii). Let us consider a case that tr(Σ1)/tr(Σ2) �= 1 as p →
∞. Then, it follows that mini=1,2 ΔΣi

/p > 0 as p → ∞. Since it holds maxi=1,2{tr(Σ2
i )}

/(Δ2
� mini=1,2{ni}) → 0 as p → ∞, we can claim (11) in the case.

Remark 4.3. Let ni(1) = [ni/2] + 1 and ni(2) = ni − ni(1) for each Πi (i = 1, 2). We omit
the subscript i for a while. For each Π, split x1, ..., xn into X1 = [x11, ..., x1n(1)

] and X2 =

[x21, ..., x2n(2)
]. Let Xo1 = X1 − [x1, ..., x1] and Xo2 = X2 − [x2, ..., x2], where x1 = ∑

n(1)

j=1 x1j/n(1)

and x2 = ∑
n(2)

j=1 x2j/n(2). Define Sn(1) = (n(1) − 1)−1Xo1XT
o1 and Sn(2) = (n(2) − 1)−1Xo2XT

o2.

Note that tr(Sn(1)Sn(2)) =tr(SD(1)S
T
D(1)) = ∑

n(2)−1
j=1 λ̃2

j . Then, we have that E(tr(Sn(1)Sn(2))) =

tr(Σ2). As for tr(Σ2
i ), Yata (2010) considered an unbiased estimator, tr(Sini(1)Sini(2)), as an

application of the CDM methodology given by Yata and Aoshima (2010a,b).
Remark 4.4. We note that Δ� is estimated by

||x1n1 − x2n2 ||2 −
2

∑
i=1

tr(Sini
)/ni +

|tr(S1n1 )− tr(S2n2)|2
2 maxi=1,2 tr(Sini

)
(= Δ̂�, say).
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consisted of 12582 (= p) genes. We had two populations about leukemia subtypes, i.e., Π1:
acute lymphoblastic leukemia (ALL, 24 samples) and Π2: acute myeloid leukemia (AML, 28
samples). We set n1 = n2 = 10. Then, we constructed the discriminant rule given by (10) with
γ = 0. From Remarks 4.3 and 4.4, we calculated maxi=1,2{tr(Sini(1)Sini(2))} = 3.16 × 1019 and

Δ̂� = 2.67 × 1010, so that maxi=1,2{tr(Sini(1)Sini(2))}/(Δ̂2
� mini=1,2{ni}) = 0.0044. Thus, one

may conclude that maxi=1,2{tr(Σ2
i )}/(Δ2

� mini=1,2{ni}) must be sufficiently small. Hence,
from Theorem 4.1, the discriminant rule given by (10) with γ = 0 was expected to hold
(11). In Table 1, we investigated the performance of the discriminant rule by using test data
sets consisting of 24 − n1 = 14 remaining samples from Π1 and 28 − n2 = 18 remaining
samples from Π2. We observed that the discriminant rule showed e(1|2) = 0 and e(2|1) = 0
successfully as expected by theory.

(10) with γ = 0

1-e(2|1) 14/14 (=1.0)
1-e(1|2) 18/18 (=1.0)

Table 1. The correct discrimination rates for test data sets consisting of 14 samples from Π1
and 18 samples from Π2.

4.2 Sample size determination for classification
One would be interested in designing the discriminant rule given by (10) so as to hold both
e(2|1) ≤ α and e(1|2) ≤ β when Δ� ≥ ΔL, where α, β ∈ (0, 1/2) and ΔL (> 0) are prespecified
constants. We assume ΔL = o(p1/2). Aoshima and Yata (2011) showed the following property.

Theorem 4.2. Assume that tr(Σ1)/tr(Σ2) → 1 as p → ∞. Let

ω(x0) =
p||x0 − x1n1 ||2

tr(S1n1)
− p||x0 − x2n2 ||2

tr(S2n2 )
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{
tr(S2n2 )
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+
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Then, under the regularity conditions, it holds as p → ∞ and n1, n2 → ∞ that

ω(x0) + Δ2(tr(Σ2)/p)−1

2
�
(tr(Σ1)/p)−2tr(Σ2

1)/n1 + (tr(Σ2)/p)−2tr(Σ1Σ2)/n2

⇒ N(0, 1) when x0 ∈ Π1;

ω(x0)− Δ1(tr(Σ1)/p)−1

2
�
(tr(Σ2)/p)−2tr(Σ2

2)/n2 + (tr(Σ1)/p)−2tr(Σ1Σ2)/n1

⇒ N(0, 1) when x0 ∈ Π2.

Let σ = max{tr(Σ2
1)

1/2, tr(Σ2
2)

1/2}. We find the sample size for each Πi (i = 1, 2) as

ni ≥
(zα + zβ)

2σ

Δ2
L

tr(Σ2
i )

1/4
2

∑
j=1

tr(Σ2
j )

1/4 (= Ci, say), (12)

where zα is the upper α point of N(0, 1). Note that Ci = O(p/Δ2
L) for i = 1, 2, under (A-ii).

Thus under ΔL → ∞ as p → ∞, it holds that Ci/p → 0 as p → ∞ . Then, Aoshima and Yata
(2011) gave the following theorem.

Theorem 4.3. Assume (A-i)-(A-ii). Let γ = (tr(S1n1 + S2n2)/(2p))−1ΔL(zβ − zα)/(zα + zβ) in
(10). Then, under the regularity conditions, for the discriminant rule given by (10) with (12), it holds
as p → ∞ that

lim sup e(2|1) ≤ α and lim sup e(1|2) ≤ β

when Δ� ≥ ΔL.

Remark 4.5. One can design ΔL by using the two sample test given by Aoshima and Yata
(2011). Under the regularity conditions, it holds that

||x1n1 − x2n2 ||2 − ∑2
i=1 tr(Sini

)/ni − Δ�
�Var(||x1n1 − x2n2 ||2)

⇒ N(0, 1)

as p → ∞ and ni → ∞, i = 1, 2, where

�Var(||x1n1 − x2n2 ||2) = 2
tr(S1n1(1)S1n1(2))

n1(n1 − 1)
+ 2

tr(S2n2(1)S2n2(2))

n2(n2 − 1)
+ 4

tr(S1n1 S2n2 )

n1n2
.

Note that E(||x1n1 − x2n2 ||2 − ∑2
i=1 tr(Sini

)/ni) = Δ. Thus it follows that

P

⎛
⎝ ||x1n1 − x2n2 ||2 − ∑2

i=1 tr(Sini
)/ni�

�Var(||x1n1 − x2n2 ||2)
− zα� ≤ Δ�

�Var(||x1n1 − x2n2 ||2)

⎞
⎠ → 1 − α�

with α� ∈ (0, 1/2). From the fact that Δ� ≥ Δ, we design a lower bound of Δ� by

ΔL = ||x1n1 − x2n2 ||2 −
2

∑
i=1

tr(Sini
)/ni − zα�

�
�Var(||x1n1 − x2n2 ||2)

for sufficiently small α�.
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Since Σi’s are unknown, it is necessary to estimate Ci’s in (12) with some pilot samples. We
proceed the following two steps:

[Two-stage procedure for classification]

(Step 1) Choose a pilot sample size, m(≥ 4), such as m/Ci ∈ (0, 1), i = 1, 2, as p → ∞.
Take pilot samples of size m from each Πi and define X i = [xi1, ..., xim], i = 1, 2. Let
m(1) = [m/2] + 1 and m(2) = m − m(1). For each Πi, divide X i into X i = [X i1, X i2] with
X i1 : p × m(1) and X i2 : p × m(2), and calculate

Sim(1) =
(X i1 − [xim(1)

, ..., xim(1)
])(X i1 − [xim(1)

, ..., xim(1)
])T

m(1) − 1

and (13)

Sim(2) =
(X i2 − [xim(2)

, ..., xim(2)
])(X i2 − [xim(2)

, ..., xim(2)
])T

m(2) − 1
,

where xim(1)
= ∑

m(1)

j=1 xij/m(1) and xim(2)
= ∑m

j=m(1)+1 xij/m(2). Define the total sample size
for each Πi by

Ni = max
{

m,
[ (zα + zβ)

2σ̂

Δ2
L

tr(Sim(1)Sim(2))
1/4

2

∑
j=1

tr(Sjm(1)Sjm(2))
1/4

]
+ 1

}
, (14)

where σ̂ = max{tr(S1m(1)S1m(2))
1/2, tr(S2m(1)S2m(2))

1/2}.

(Step 2) Take additional samples xij, j = m + 1, ..., Ni, of size Ni − m from each Πi. By

combining the initial samples and the additional samples, calculate xiNi
= ∑Ni

j=1 xij/Ni

and SiNi
= ∑Ni

j=1(xij − xiNi
)(xij − xiNi

)T/(Ni − 1), i = 1, 2. Then, we classify x0 into Π1 if

p||x0 − x1N1 ||2
tr(S1N1 )

− p||x0 − x2N2 ||2
tr(S2N2 )

− p log
{

tr(S2N2 )

tr(S1N1 )

}
− p

N1
+

p
N2

+ γ̂ < 0 (15)

and into Π2 otherwise, where γ̂ = (tr(S1N1 + S2N2 )/(2p))−1ΔL(zβ − zα)/(zα + zβ).

Aoshima and Yata (2011) gave the following theorem.
Theorem 4.4. Assume (A-i)-(A-ii). Then, under the regularity conditions, for the discriminant rule
given by (15) with (14), it holds as p → ∞ that

lim sup e(2|1) ≤ α and lim sup e(1|2) ≤ β

when Δ� ≥ ΔL.
Remark 4.6. One may take different pilot-sample-sizes, mi(≥ 4), such as mi/Ci ∈ (0, 1) as
p → ∞ for i = 1, 2. Then, the assertion in Theorem 4.4 is still claimed.

Remark 4.7. Assume (A-i)-(A-ii). Then, it holds as p → ∞ that Ni/Ci
p→ 1 for i = 1, 2, which

are in the HDLSS situation in the sense that Ni/p
p→ 0, i = 1, 2, under ΔL → ∞ as p → ∞.
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Sim(1) =
(X i1 − [xim(1)

, ..., xim(1)
])(X i1 − [xim(1)

, ..., xim(1)
])T

m(1) − 1

and (13)

Sim(2) =
(X i2 − [xim(2)

, ..., xim(2)
])(X i2 − [xim(2)

, ..., xim(2)
])T

m(2) − 1
,

where xim(1)
= ∑

m(1)

j=1 xij/m(1) and xim(2)
= ∑m

j=m(1)+1 xij/m(2). Define the total sample size
for each Πi by

Ni = max
{

m,
[ (zα + zβ)

2σ̂

Δ2
L

tr(Sim(1)Sim(2))
1/4

2

∑
j=1

tr(Sjm(1)Sjm(2))
1/4

]
+ 1

}
, (14)

where σ̂ = max{tr(S1m(1)S1m(2))
1/2, tr(S2m(1)S2m(2))

1/2}.

(Step 2) Take additional samples xij, j = m + 1, ..., Ni, of size Ni − m from each Πi. By

combining the initial samples and the additional samples, calculate xiNi
= ∑Ni

j=1 xij/Ni

and SiNi
= ∑Ni

j=1(xij − xiNi
)(xij − xiNi

)T/(Ni − 1), i = 1, 2. Then, we classify x0 into Π1 if

p||x0 − x1N1 ||2
tr(S1N1 )

− p||x0 − x2N2 ||2
tr(S2N2 )

− p log
{

tr(S2N2 )

tr(S1N1 )

}
− p

N1
+

p
N2

+ γ̂ < 0 (15)

and into Π2 otherwise, where γ̂ = (tr(S1N1 + S2N2 )/(2p))−1ΔL(zβ − zα)/(zα + zβ).

Aoshima and Yata (2011) gave the following theorem.
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lim sup e(2|1) ≤ α and lim sup e(1|2) ≤ β

when Δ� ≥ ΔL.
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p → ∞ for i = 1, 2. Then, the assertion in Theorem 4.4 is still claimed.

Remark 4.7. Assume (A-i)-(A-ii). Then, it holds as p → ∞ that Ni/Ci
p→ 1 for i = 1, 2, which

are in the HDLSS situation in the sense that Ni/p
p→ 0, i = 1, 2, under ΔL → ∞ as p → ∞.
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4.3 Demonstration
We analyzed gene expression data given by Chiaretti et al. (2004) in which data set consisted
of 12625 (= p) genes and 128 samples. Note that the expression measures were obtained by
using the three-step robust multichip average (RMA) preprocessing method. Refer to Pollard
et al. (2005) as well for the details. The data set had two tumor cellular subtypes, Π1: B-cell
(95 samples) and Π2: T-cell (33 samples). We set α = 0.1, β = 0.02 and m = 6. Our goal was to
construct a discriminant rule ensuring that both 1 − e(2|1) ≥ 0.9 and 1 − e(1|2) ≥ 0.98 when
Δ� ≥ ΔL, where ΔL is designed later.
First, we took the first 6 samples from each Πi as a pilot sample. According to Remark 4.5,
we calculated ||x1m − x2m||2 − ∑2

i=1 tr(Sim)/m = 1890 and �Var(||x1m − x2m||2) = 87860. By
setting α� = 0.01 so that zα� = 2.33, we designed a lower bound of Δ� by

ΔL = ||x1m − x2m||2 −
2

∑
i=1

tr(Sim)/m − zα�

�
�Var(||x1m − x2m||2) = 1200.

According to (14), the total sample size for each Πi was given by

N1 = max

⎧⎨
⎩6,

⎡
⎣ (zα + zβ)

2σ̂

Δ2
L

tr(S1m(1)S1m(2))
1/4

2

∑
j=1

tr(Sjm(1)Sjm(2))
1/4

⎤
⎦+ 1

⎫⎬
⎭ = 10,

N2 = max

⎧
⎨
⎩6,

⎡
⎣ (zα + zβ)

2σ̂

Δ2
L

tr(S2m(1)S2m(2))
1/4

2

∑
j=1

tr(Sjm(1)Sjm(2))
1/4

⎤
⎦+ 1

⎫
⎬
⎭ = 6.

So, we took the next 4 (= N1 − m) samples from Π1. On the other hand, since N2 = m,
we did not take additional samples from Π2. We had γ̂ = (tr(S1N1 + S2N2 )/(2p))−1ΔL(zβ −
zα)/(zα + zβ) = 58.1. Then, we constructed the discriminant rule given by (15) ensuring that
both 1 − e(2|1) ≥ 0.9 and 1 − e(1|2) ≥ 0.98 when Δ� ≥ 1200.
We compared the constructed discriminant rule with two other discriminant rules, DLDR and
DQDR, that were given by Dudoit et al. (2002) as follows: Diagonal linear discriminant rule
(DLDR) classifies x0 into Π1 if

(x0 − (x1N1 + x2N2 )/2)TS−1
diag(x2N2 − x1N1 ) < 0

and into Π2 otherwise, where Sdiag = diag(s1N , ..., spN) having sjN =
2

∑
i=1

Ni

∑
l=1

(xijl−xijNi
)2

/(N1 + N2 − 2) and xijNi
= ∑Ni

l=1 xijl/Ni. On the other hand, diagonal quadratic discriminant
rule (DQDR) classifies x0 into Π1 if

(x0 − x1N1 )
TS−1

diag(1)(x0 − x1N1 )− (x0 − x2N2 )
TS−1

diag(2)(x0 − x2N2 )− log

�
det(Sdiag(2))

det(Sdiag(1))

�
< 0

and into Π2 otherwise, where Sdiag(i) = diag(s(i)1Ni
, ..., s(i)pNi

) having s(i)jNi
= ∑Ni

l=1(xijl

−xijNi
)2 /(Ni − 1). We constructed the three discriminant rules by using the common data

sets of sizes (N1, N2) = (10, 6). In Table 2, we investigated those performances by using the
remaining samples of sizes (95 − N1, 33 − N2) = (85, 27) as test data sets. We observed that
the discriminant rule given by (15) showed an adequate performance.
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(15) DLDR DQDR

1-e(2|1) 75/85 (=0.882) 63/85 (=0.741) 76/85 (=0.894)
1-e(1|2) 27/27 (=1.0) 24/27 (=0.889) 24/27 (=0.889)

Table 2. The correct discrimination rates, by (15), DLDR and DQDR, for test data sets
consisting of 85 samples from Π1 and 27 samples from Π2.

5. Variable selection for high-dimension, low-sample-size data

Suppose we have two independent and p-dimensional populations, Πi, i = 1, 2, having
unknown mean vector μi = (μi1, ..., μip)

T and unknown positive-definite covariance matrix
Σi for each i. We do not assume Σ1 = Σ2. We consider an effective methodology to select a
significant set of associated variables from among high-dimensional data sets. That is, we
consider testing the following hypotheses simultaneously:

H0j : μ1j = μ2j vs. H1j : μ1j �= μ2j for j = 1, ..., p. (16)

Our interest is to select a set of significant variables such that D = {j : μ1j �= μ2j}. Assume
that |D| = S for some S ≥ 1, where |D| denotes the number of elements in set D. A variable
selection procedure D̂ maps the data into subsets of {1, ..., p}. We are interested in designing
D̂ ensuring that both the asymptotic family-wise error rate (FWER) is 0, i.e.,

P(|Dc ∩ D̂| �= 0) → 0, (17)

and the asymptotic average power (AP) is 1, i.e.,

|D ∩ D̂|
S

p→ 1 when min
j∈D

|μ1j − μ2j|2 > δ, (18)

where δ (> 0) is a prespecified constant. When S is bounded (< ∞), one can modify (18) by

P(D ⊆ D̂) → 1 when min
j∈D

|μ1j − μ2j|2 > δ.

We note that the assertion (18) does not consider the case when min
j∈D

|μ1j − μ2j|2 = δ.

5.1 Variable selection procedure for HDLSS data
Let σi = max1≤j≤p σ(i)j (i = 1, 2), where σ(i)j, j = 1, ..., p, are diagonal elements of Σi. We

assume that σ(i)j < ∞ for i = 1, 2; j = 1, ..., p, and Eθ{exp(t|xijl − μij|/σ1/2
(i)j )} < ∞, i =

1, 2; j = 1, ..., p, for some t > 0. Then, for testing the hypotheses (16), we take samples,
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xi1, ..., xini
, of size

ni ≥ (log p)1+ζ

δ
(19)

from each Πi (i = 1, 2), where ζ ∈ (0, 1] is a chosen constant. Let xil = (xi1l , ..., xipl)
T , l =

1, ..., ni. Calculate Tj(n) = x1jn1 − x2jn2 for j = 1, ..., p, where xijni
= ∑ni

l=1 xijl/ni for each Πi.
Then, test the hypothesis for j = 1, ..., p, by

rejecting H0j ⇐⇒ |Tj(n)| >
√

δ. (20)

Let D̂ = {j | rejecting H0j}. Then, from Theorem 5.1 given in Aoshima and Yata (2011), we
can claim the following theorem.
Theorem 5.1. The test given by (20) with (19) has as p → ∞ that

P(|Dc ∩ D̂| �= 0) → 1 ;

|D ∩ D̂|
S

p→ 1 when min
j∈D

|μ1j − μ2j|2 > δ. (21)

One would be interested in a two-stage variable selection procedure so as to provide screening
of variables in the first stage. We consider selecting a significant set of associated variables
from among a set of candidate variables in the second stage. Aoshima and Yata (2011)
proposed the following effective methodology:

[Two-stage variable selection procedure]

(Step 1) Choose a pilot sample size m such as m = O(log p) and m → ∞ as p → ∞. Take pilot
samples xil , l = 1, ..., m, of size m from each Πi (i = 1, 2). Calculate Tj(m) = x1jm − x2jm for
j = 1, ..., p, where xijm = ∑m

l=1 xijl/m for each Πi. Then, provide screening of variables by

D̃ = {j | |Tj(m)| >
√

δ} (22)

for a set of candidate variables. Let S̃ = |D̃|. Define the additional sample size for each Πi
by

N =
[max{(log S̃)1+ξ , (log p)ε}

δ

]
+ 1, (23)

where ξ ∈ (0, 1] and ε ∈ (0, 1] are chosen constants.

(Step 2) Regarding j ∈ D̃, take new samples xijl , l = m + 1, ..., m + N, of size N from each Πi.
Calculate Tj(N) = x1j(N) − x2j(N), where xij(N) = ∑m+N

l=m+1 xijl/N, j ∈ D̃ for each Πi. Then,
test the hypothesis by

rejecting H0j ⇐⇒ |Tj(N)| >
√

δ (24)

for j ∈ D̃, and define
D̂ = {j ∈ D̃ | rejecting H0j}. (25)

Select the variables regarding D̂.
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From Theorem 5.2 in Aoshima and Yata (2011), we can claim the following theorem.
Theorem 5.2. The two-stage variable selection procedure, (22) and (25), given by (24) with (23) has
(21) as p → ∞.

5.2 Demonstration
We analyzed the gene expression data of Prostate Cancer that were given by Singh et al. (2002).
The data took a pre-processing given by Jeffery et al. (2006). The data set consisted of 12600 (=
p) genes and two groups, Π1: Normal Prostate (50 samples) and Π2: Prostate Tumors (52
samples).

5.2.1 Variable selection procedure
We set δ = 1.5. Our goal was to find variables j’s such that |μ1j − μ2j|2 > 1.5. We chose the
pilot sample size for each Πi as m = 18 (= O(log p)). Then, we took the first 18 samples from
each Πi as pilot samples, which are given in Table 3.

Π1: Normal Prostate Π2: Prostate Tumors
j\l 1 · · · 18 1 · · · 18
1 6.776 · · · 7.017 6.888 · · · 6.905
...

...
...

...
...

...
...

...
...

...
12600 3.050 · · · 3.612 3.097 · · · 3.549

Table 3. Pilot samples, xijl (p = 12600, m = 18)

We considered screening variables by D̃ = {j| |x1jm − x2jm|2 > 1.5}. Then, we obtained a set
of candidate variables as D̃ = {192, 198, 200, ..., 12153, 12156, 12432} with S̃ = |D̃| = 160. We
set (ξ, ε) = (1.0, 1.0). According to (23), the additional sample size for each Πi was given by

N =
[max{(log S̃)1+ξ , (log p)ε}

δ

]
+ 1 = 18.

Regarding j ∈ D̃, we took additional samples xijl , l = m + 1, ..., m + N, of size N = 18 from
each Πi, which are given in Table 4.

Π1: Normal Prostate Π2: Prostate Tumors
j\l 19 · · · 36 19 · · · 36
192 9.859 · · · 8.973 9.338 · · · 10.212
198 8.622 · · · 7.077 6.120 · · · 7.724

...
...

...
...

...

12432 9.884 · · · 9.091 8.00 · · · 9.388

Table 4. Additional samples, xijl , j ∈ D̃ (S̃ = 160, N = 18)

We selected significant variables by D̂ = {j ∈ D̃| rejecting H0j} = {j ∈ D̃| |x1j(N)− x2j(N)|2 >

1.5} and finally obtained

D̂ = {556, 7412, 8662, 11552} (26)
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Table 4. Additional samples, xijl , j ∈ D̃ (S̃ = 160, N = 18)

We selected significant variables by D̂ = {j ∈ D̃| rejecting H0j} = {j ∈ D̃| |x1j(N)− x2j(N)|2 >

1.5} and finally obtained

D̂ = {556, 7412, 8662, 11552} (26)
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with Ŝ = |D̂| = 4. For j ∈ D̂, we calculated x̄ijm+N = ∑m+N
l=1 xijl/(m + N) for each Πi and

obtained estimates of μ1j − μ2j for j ∈ D̂ as

{x̄1jm+N − x̄2jm+N | j ∈ D̂} = {−1.511,−1.472,−1.79,−2.148}.

The required sample-size in the two-stage variable selection procedure was m + N = 36 for
each Πi. On the other hand, the required sample-size in the single variable selection procedure
given by (20) with (19) was ni ≥ (log p)1+ζ/δ = 59.43 with ζ = 1.0. The two-stage variable
selection procedure allows the experimenter to reduce the cost of sampling in the second stage.

5.2.2 Classification after variable selection
In Section 4, we considered a two-stage discriminant procedure in HDLSS data situations.
In some cases the experimenter would encounter the situation that the required sample
size, Ni, is much larger than the available sample size if Δ� = ||μ1 − μ2||2 + (tr(Σ1) −
tr(Σ2))

2/ maxi=1,2{2tr(Σi)} is much smaller than tr(Σ2
i )’s. In that case, we recommend that

the experimenter should consider the classification based only on the selected variables. We
selected a set of significant variables by D̂ = {556, 7412, 8662, 11552} that was given in (26).
We set n1 = n2 = m + N = 36, where m and N were given in Section 5.2.1. Let us write the
selected 4-variable data as xil = (xi556l , xi7412l , xi8662l , xi11552l)

T, i = 1, 2, for the l-th sample.
Then, we considered a typical quadratic discriminant rule that classifies x0 into Π1 if

(x0 − x1n1 )
TS−1

1n1
(x0 − x1n1 )− log

{det(S2n2 )

det(S1n1 )

}
< (x0 − x2n2 )

TS−1
2n2

(x0 − x2n2), (27)

and into Π2 otherwise, where x0 is an observation vector with respect to the 4 variables on
an individual belonging to Π1 or to Π2, xini

= ∑ni
l=1 xil/ni and Sini

= ∑ni
l=1(xil − xini

)(xil −
xini

)T/(ni − 1), i = 1, 2.
We compared the discriminant rule given by (27) after variable selection with those given
by (10) with γ = 0, DLDR and DQDR. Note that the three competitors were constructed by
using the original (12600-variable) data without variable selection. In Table 5, we investigated
those performances by using test data sets consisting of 50 − n1 = 14 remaining samples
from Π1 and 52 − n2 = 16 remaining samples from Π2. We observed that the discriminant
rule given by (10) with γ = 0 showed a bad performance for x0 classified into Π1:
Normal Prostate. We inspected the condition of Theorem 4.1 for the data sets and found
that maxi=1,2{tr(Sini(1)Sini(2))}/(Δ̂2

� mini=1,2{ni}) = 0.15 according to Remark 4.4 so that
maxi=1,2{tr(Σ2

i )}/(Δ2
� mini=1,2{ni}) seems not to be sufficiently small. This may be a reason

why Theorem 4.1 is not applicable to the present data sets. On the other hand, we observed
that the discriminant rule given by (27) after variable selection showed a good performance
when compared to the competitors. We recommend that the experimenter should consider

(27) after variable selection (10) with γ = 0 DLDR DQDR

1-e(2|1) 10/14 (=0.714) 4/14 (=0.286) 4/14 (=0.286) 4/14 (=0.286)
1-e(1|2) 15/16 (=0.938) 15/16 (=0.938) 15/16 (=0.938) 15/16 (=0.938)

Table 5. The correct discrimination rates by (27) after variable selection, (10) with γ = 0,
DLDR and DQDR for test data sets consisting of 14 samples from Π1 and 16 samples from
Π2.
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the classification after variable selection if Δ̂� is not large enough to claim the condition of
Theorem 4.1 or to claim the assertion in Theorem 4.4 within the available sample size.
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We compared the discriminant rule given by (27) after variable selection with those given
by (10) with γ = 0, DLDR and DQDR. Note that the three competitors were constructed by
using the original (12600-variable) data without variable selection. In Table 5, we investigated
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Table 5. The correct discrimination rates by (27) after variable selection, (10) with γ = 0,
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the classification after variable selection if Δ̂� is not large enough to claim the condition of
Theorem 4.1 or to claim the assertion in Theorem 4.4 within the available sample size.
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1. Introduction 
The lack of a comprehensive aetiology for prostate cancer (CaP), and the need for an effective 
and inexpensive biological treatment modality, devoid of side-effects has resulted in a 
multitude of therapeutic trials. None of these has been very satisfying, and they have vaned 
from focal to invasive therapies for CaP. The progress has been delayed and hampered by the 
lack of any thorough effort to elucidate the cause of the disease. Such efforts would have 
speeded up the introduction of more rational therapy modalities. The different incidence of 
CaP in populations aroused our interest to proceed in a more physiologic way to empirically 
test different functional f factors, since they are non-toxic, although such an approach is 
consuming time. It was ethical to test the effect of these natural alimentary components, and 
follow the patients´ reaction and laboratory responses. Huggins and Hodges1 had already, in 
1941, decisively proven that CaP was a hormone dependent disease, although castration alone 
was not curative. In 1945 Huggins and Scott performed bilateral adrenalectomies2 after the 
glands were found to produce DHEA, which could be transformed into testosterone, regarded 
to have caused recurrent disease. All patients died in a short time postoperatively. However, 
Huggins did not recognize that this showed the central position the adrenals had in regulating 
prostate cancer. In this paper we shall review some cases of prostate cancer treated patients. 
For these we especially follow the shift in FSH, LH, PRL, DHEA, DHEAS, SHBG, plus PSA. 
The involvement of adrenal glands became evident with an orchiectomized prostate cancer 
patient with excessively high FSH 120 IU/L and immeasurable PSA. In MRI (magnetic 
resolution imaging) there was no pituitary adenoma which could explain this high level, but 
both his adrenal glands were evenly hypertophic. Upon laparatomy the enlargement was due 
to bilateral zona reticularis (ZR) cell proliferation, while the adrenals other cell structures were 
normal. These bluish cells with strong green fluorescence had via the hypothalamus 
stimulated the pituitary to greatly increase FSH and LH, see Case A below with normal 
laboratory ranges displayed (the row at the top in all cases).  
The Importance of adrenal ZR cells is unveiled by: A) their marked proliferation after 
orchiectomy; B) lack of ZR cells in castrated male pigs [eunuchs]; C) markedly decreased 
number of ZR cells in patients succumb-bing to CaP; D) the hormonal effect in extracts 
made from ZR cells of castrated boars; E) rapid lethal out-come if CaP patients after 
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orchiectomy are also adrenalectomized. This operation was conclusively remo-ving the adrenal 
lifesaving functions of unknown fictive factors; Cycloprostatins No. I (increasing FSH-) & 
No. II (increasing PRL-levels). 
 

FSH LH PRL DHEA DHEAS Testost Inhibin Activin S-Ferrit SHBG PSA 

IU/L IU/L mU/L nmol/L µmol/L nmol/L pg/ml pg/ml µg/L nmol/L µg/L 
1-9 2.5-12 50-300 3.0-17.0 0.5-8.0 9-38 ~60 300-500 16-253 15-55 <4.0 
120 53.8 228 3.2 1.9 0.8 <7.8 330 65 48 <1 

Case A. 

Cancer can be regarded as a complex metabolic deficiency disease. Nutritional therapy has 
few negative side effects, as it is a non-invasive treatment. In traditional Chinese medicine 
feeding patients with exotic herbs could help in curing them. At that time it was impossible 
to analyse the precise functional factors ingested, but we seem now to have reached an 
academic form of traditional Chinese medicine since we can include specific pure 
alimentary components to construct a supportive curative diet. Spontaneous regression of 
cancer is rare3, and has been called “The metabolic triumph of the host”4. It implies that 
these patients by chance have ingested a complicated combination of bio-modulating 
natural components to regain the internal balance in their diseased body. The curative effect 
does not seem to involve apoptosis5. These observations signify that the complex metabolic 
deficiency triggering cancer, and also genetic weaknesses, can be compensated by feeding 
patients specific functional alimentary components. Strivings to delineate such metabolic 
factors has finally, after over 35 years, resulted in the present possibility to improve cancer 
therapies in a physiologic way - by dietary supplementation. This finding naturally also 
backs screening tests, since overtreatment can now be avoided. The aim of this long empiric 
study was actually to decrease the need for expensive invasive treatments, which are all 
marred by grave side-effects. We will in this article give a short resume´ of how these 
multiple biological factors were found, over the last decades.  
Our cancer therapies usually only try to remove the symptoms by surgery or irradiation, but 
not to correct the actual aetiology, although the most important aim for cancer treatments 
should be to strive to avoid recurrent disease. Therefore there is a natural motivation to 
apply active bio-immunotherapy in many cancer forms. Present treatments are like treating 
a scurvy patient by extracting his loose teeth but not giving him vitamin-C!  
Prostate cancer (CaP) is the most common form of malignancy in men. We find 5,000 cases 
per year in Finland, with 800 men succumbing to CaP in great pain due to multiple bone 
metastases. In China and India one million men are diagnosed with CaP every year about 
15% dying of it. Last year approximately 300,000 cases were found in the European Union 
while 200,000 patients were diagnosed in the USA, and 27,000 died of CaP. The yearly 
casualty rate in Germany is 12,000 men, while in England 10,000, and they pass on in a very 
painful way from bone metastases. They should all have a chance to be clinically tested 
whether they have a satisfactory positive response from this physiologic treatment modality 
before they are remitted to different invasive therapies, which are all expensive, not 
physiologic, and cause grave side-effects.  
Over the years, to facilitate the search, we developed working hypotheses to outline the 
meta-bolic regulating codes for our three main forms of cancer5 , schematically presented in 
Fig 1. The diseased body can take up these multiple components and restore the multi-
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factorial balance securing normal health. Basically the elementary compounds are composed 
by natural organic and inorganic and neurogenic lipid molecules forming the correction of 
multifactorail deficiency disease/cancer. These components are; amino acids, essential trace-
element ions, vitamins and lipids. 
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?

 
Fig. 1. The hypothetic cell regulatory code for our three main forms of cancer; leukaemia, 
adenocarcinoma, sarcoma. The combined effect of amino acids, trace element ions and lipids 
involved in the inductional control mitochondrial Regulation, epigenesist, immune reactions 
secure normal health. 

The incidence of CaP has increased world-wide, and already 5000 new cases were 
diagnosed in Finland last year, and 800 died in intensive pain due to incurable bone 
metastases. In China and India 1 million cases are detected yearly, while 300,000 in the 
European Union, and 200,000 in USA, of which 40,000 and 27,000 respectively succumb to 
this painful disease. This high incidence has naturally led to a lot of therapeutic trials. None 
of these treatments for CaP has been completely satisfactory.  
An economical, biological treatment modality which does not cause side-effects seems 
therefore to be urgently needed. This suggested physiologic dietary therapy is 
inexpensive devoid of side-effects and has the potential to contribute significantly to a 
comprehensive response to cancer. Curative clinical results obtained by feeding patients 
with exotic herbs in traditional Chinese medicine have given a positive clinical results, 
and must be regarded as a clear signal that mammals have a physiologic capacity to 
reverse malignant cells back into healthy transcription without apoptosis. In modern 
biotherapy this biological effect can be simulated by a balanced oral intake of the 
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orchiectomy are also adrenalectomized. This operation was conclusively remo-ving the adrenal 
lifesaving functions of unknown fictive factors; Cycloprostatins No. I (increasing FSH-) & 
No. II (increasing PRL-levels). 
 

FSH LH PRL DHEA DHEAS Testost Inhibin Activin S-Ferrit SHBG PSA 

IU/L IU/L mU/L nmol/L µmol/L nmol/L pg/ml pg/ml µg/L nmol/L µg/L 
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Case A. 

Cancer can be regarded as a complex metabolic deficiency disease. Nutritional therapy has 
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factorial balance securing normal health. Basically the elementary compounds are composed 
by natural organic and inorganic and neurogenic lipid molecules forming the correction of 
multifactorail deficiency disease/cancer. These components are; amino acids, essential trace-
element ions, vitamins and lipids. 
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Fig. 1. The hypothetic cell regulatory code for our three main forms of cancer; leukaemia, 
adenocarcinoma, sarcoma. The combined effect of amino acids, trace element ions and lipids 
involved in the inductional control mitochondrial Regulation, epigenesist, immune reactions 
secure normal health. 
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therefore to be urgently needed. This suggested physiologic dietary therapy is 
inexpensive devoid of side-effects and has the potential to contribute significantly to a 
comprehensive response to cancer. Curative clinical results obtained by feeding patients 
with exotic herbs in traditional Chinese medicine have given a positive clinical results, 
and must be regarded as a clear signal that mammals have a physiologic capacity to 
reverse malignant cells back into healthy transcription without apoptosis. In modern 
biotherapy this biological effect can be simulated by a balanced oral intake of the 
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numerous missing alimentary components, in pure form. They act as a specific functional 
food. The regulating code is certainly more complex than the iodine deficiency causing 
endemic goitre. Our studies have indicated that co-operation by several organs is 
involved with the adrenal glands in a central position6,7. Figure 2. These unknown human 
adrenal biological factors are harboured in zona reticularis cells and they can be activated 
by feeding the alimentary components,8 listed in Table 1. 
 

Hypothalamus
Pituitary

FSH PRL

LH
FSH

FSH
PRL

Prostate
Inhibition

Activin
Testicle

DHEA
sulphonation

Adrenal
Zonareticularis

CAP
PSA 

Normal
prostate  cells

Epididymus
Testosteron

Organ cycle controlling prostate cells

 
Fig. 2. A schematic "organ cycle" controlling cancer of prostate gland. Adrenal 
zonareticularis (ZR) cells are in a central position responsible for keeping prostate cells in 
normal function. 

1.1 Present prostate cancer treatments 
Prostatectomy, External Beam Radiation therapy (EBRT), Brachytherapy (intensity 
modulated), Three – Dimensional conformal, Low-Dose Brachytherpy, Cryotherapy, Local 
therapy, Lumpectomy, Systemic Therapy LHRH analogue implants, ADT androgen depletion 
therapy, Watchful Waiting,High-intensity focused ultrasound (HIFU) therapy, Vascular - 
Targeted (VTP), Photodynamic Therapy (PTD) using light-sensitive agents with local laser 
activation, leading to cell-destruction, Nonspecific dietary therapy (except a la, Tallberg), BMI 
risk, 5-alpha I & II reductase inhibition (Dutasterid, Proscar, Finasterid), Robotic-Assisted 
Radical Prostatectomy, Hyperthermia, Immune therapy, Life-style Trial, etc.  

1.2 Adverse effects of treatments 
Anaemia, Cognitive decline, Depression, Erectile dysfunction /libido loss, Fatigue / General 
weakness, Gastrointestinal symptoms, Gynecomastia, Bone fractures, hormonally related, 
Hot flashes, Lipid abnormalities, Osteoporosis, Weight gain/redistribution, Muscle wasting, 
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Increased fat deposition, General decrease in quality of life, and Marital Problems due to the 
hormone therapy, Stress, etc. 

1.3 Clinical results 
A regression of cancer reveal that cancer this complex chronic metabolic deficiency disease, 
may be cured by non-toxic dietary restoration of the healthy internal bodily milieu of the 
patient 54,5. Specific mitochondria restore tumour cells to normal healthy transcription 
without apoptosis or cell destruction6. The incentive to try to delineate certain of the 
physiologic factors entailed in malignant transformation of patients suffering from CaP was 
bearing successful clinical results obtained with bio-immunotherapy for renal cancer9, 
cutaneous and choroideal melanoma8 in bio-immunotherapy. A positive clinical effect 
implicated a combined effect caused by specific metabolic dietary substitution, supported by 
specific active immunological stimulation of the patients’ immune defense. The vaccine 
made from the patient´s own tumour tissue will be directed against autologous antigenic 
markers, representing the finger print of pertinent tumour markers9. For prostate cancer 
active immunotherapy is not prescribed since PSA is a serine protease metabolite, and not a 
true tumour marker. PSA could decline during immunization but the PSA antibody titer 
had not sufficient capacity and therefore PSA regained pathologic levels after 8 months10. 

2. Dietary amino acids in attempts to correct the metabolic deficiency 
causing cancer 
The causes of CaP seem rather to be environmental than genetic, and dietary habits have a 
pronounced effect on prostate cancer incidence. The low incidence of CaP in Japan and Italy 
may be linked to the local ingestion of the amino acid serine (Ser) contained in soy and 
parmesan in Italy, further supported by the vitamin-like substance lycopene contained in 
tomatoes. The original idea that cancer represented a deficiency disease affecting amino 
acids was presented by Dr Howard Beard, already in 1941- 4211,12. He could cause 
impressive regression of established sarcoma in rats from daily injections of the three basic 
amino acids (Arg, His, Lys). Our efforts were, therefore, based on studies on the effect of 
natural non-toxic alimentary components. The effect, based on our rat leukaemia model, 
showed that the regulatory code was completely different from that of sarcoma. In both 
experimental models there was, however, a trend effect caused by feeding rats with 
Threonine (Thr) and Serine (Ser). Our efforts were therefore based on studies on the effect of 
natural non-toxic alimentary components.  
The effect, based on our rat leukaemia model, showed that the regulatory code was 
completely different from that of sarcoma. If patients ingest the natural amino acid Ser, PSA 
which actually is a serine protease - the PSA activity declines. The Ser absorbed into the 
patients´ blood decreases PSA, through substrate inhibition. This is more physiologic and 
effective than the tyrosinase inhi-bition caused by Glivec. This stimulated our interest to 
advance in a more physiologic and rational way, selectively feeding patients natural 
alimentary factors and analysing the effect on CaP, although it would take a long time to 
delineate pertinent physiologic metabolic factors, linked to the hormonal balance. Huggins 
and Hodges had decisively proved that CaP was a hormone depen-dent disease, although 
castration as a single treatment was not curative1. 
Spontaneous cures of cancer are so rare because the etiological dietary deficiency leading to 
cancer is more complex than the simple lack of iodine causing endemic goitre. The statistical 
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chance of getting multiple components in the right proportion, and long enough, to 
compensate a longstanding metabolic deficiency is extremely small without external active 
help. These positive findings based on dietary effects should lead us to a new paradigm for 
cancer therapies founded on restoring the physiological internal balance of the body. It has 
really improved our under-standing and biological means for treatment and prophylaxis of 
malignant cell proliferation. We are optimistically reforming prevailing toxic clinical 
treatment modalities, based on mistaken paradigm to kill all cancer cells with cytostatics 
instead of trying to regain the curative healthy internal balance.  
The lack of an effective biological non-invasive treatment alternative, has led to the risk of 
over-treating patients. Our standard therapies are un-physiologic, and few methods are 
curative if app-lied in an advanced stage of CaP. The lack of aetiological understanding has 
led to a multitude of not well founded therapeutic trials. The progress has been hampered 
by the lack of thorough strivings to elucidate the cause of the disease. Such efforts would 
have made it possible more rapidly to find rational therapy modalities. The aim of our 
study, for over 35 years, has therefore been to clarify aetiology and prognostic traits in 
patients’ suffering from different stages of pros-tate cancer. A better understanding of the 
causes for CaP could improve biological treatments and dietary schedules13. Presently, there 
is a new incentive for screening, since there is now an applicable biological treatment for 
CaP. In an early stage, while it still is possible to get a positive clinical response14, patients 
should be tested for their response to this physiologic treatment modality. 

2.1 The importance of administering trace-element ions 
In Dr.H. Beards original studies11,12 causing complete regression of experimental rat sarcoma 
from daily injections of 18 mg of all three basic amino acids (Arg, His, Lys). Regression of 
sarcoma stemmed from a complex formed between the basic amino acids and wolfram (W) 
ions. A related signal system was found with experimental leukaemia. In mammals the 
required trace-element ions were different, Cr and Mn formed the regulating signal with 
Ala, Ile, Leu, & Val preventing induction of leukaemia. In both these studies there was a 
positive trend effect with Serine and Threonine, hinting that the adeno-carcinoma 
regulatory code could comprise supplementation with Ser to male patients, while Threonine 
may be involved in female adeno-carcinoma. The PSA level decreased most likely due to 
substrate inhibition caused by the thus increased level of the natural amino acid Serine in 
the patients´ serum neutralizing his protease enzyme (PSA). We got very valuable support 
from Prof. Klaus Swartz the head of the only trace-element free laboratory in the world in 
Los Angeles. He kindly extrapolated from his rat experiments how much a minimal daily 
amount of essential trace-element ions a human 70 kg body would need. The mg amounts 
and ionic form listed in Table 1 are based on his suggestions.  
An interesting observation was that Strontium may have been involved in regression of 
bone metastases. It was revealed when the ash a patient ingested, whose bone metastases 
had regressed, were analyzed for metals by proton-induced X-ray emission. It revealed that 
he had got 7mg of strontium (+ rubidium and 40 mg Zn daily), in addition to the trace-
element ions we originally used (Table 1). Radioactive strontium was earlier used to scan 
bone-metastases. If repeatedly used it did not work because only ten percent of the i.v. bolus 
(of 85 mg) was actually radioactive. The non-active strontium molecules could block the 
tumour cell receptors and render the scanning unreliable. This is why we presently use 
technetium. It hinted that Sr played a role in the healing system of bone metastases in CaP 
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patients7,15 . Vanadine and Arginine (V & Arg) had previously been shown to arrest bone 
metastases in renal cancer cases16.  
Furthermore, Gly and Glu were fed to act as substrate inhibitors and prevent inflammatory 
reactions in the prostate gland (chronic Pin) caused by splitting the tri-peptide glutathione 
activating the inflammatory leukotriene cascade (Figure 3). Boron (B) is also an inhibitor of 
Gammaglutamyl transpeptidase which splits glutathione and may thus prevent sterile 
inflammatory reactions caused by the Leukotriene - B4, C4, D4 & E4 cascade - ending in the 
slow reacting substance of anaphylaxis (SRS-A)17. 
 

 
Fig. 3. Possible roles of the tri-peptide GSH in arachidonic acid metabolism (1 to 5). GSH 
reduses PGI2 and increases PGE2 formation. PGE2-forming isomerases (3) require GSH as 
essential cofactor (cosubstrate). PGs are involved in the hyperalgesia of inflammation31 

Molybdate (Mo) had an effect on the female menstrual cycle13 to make it completely regular, 
and could perhaps activate a minute oestrogen production even in male patients. Due to 
side-effects oestrogen therapy for CaP has been stopped but a small physiologic stimulation 
may be beneficial? Vanadate together with Arg seemed to prevent and cure bone metastases 
in renal cancer patients and were therefore included as a possible natural co-factor complex 
related to the renal tissue. 

2.2 The importance of administering lipids (CNS) to cancer patients 
The enormous abundance of lipid molecules in the central nervous system (CNS) suggests 
that their role is not limited to be structural and energetic components of cells. Over the last 
decades, some lipids in the CNS have been identified as intracellular signalers, while others 
are known to act as neuromodulators of neurotransmission through binding to specific 
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that their role is not limited to be structural and energetic components of cells. Over the last 
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Prostate Cancer – From Bench to Bedside 

 

40

receptors. Neurotransmitters of lipidic nature, currently known as neurolipids, are 
synthesized during the metabolism of phospholipid precursors present in cell membranes. 
That central nervous lipid molecules were involved in keeping malignant cells in healthy 
transcription was observed already in the seventies11. CNS-lipid molecules were detected by 
thin layer chromatography to be present in the serum of cancer patients, following Herpes 
virus infections. The viral infection had caused lesions in the blood-brain barrier, and vital 
lipids had leaked out into the patients´ blood. The minimal idea was to try to compensate 
this depletion by feeding patients with the lipids they had lost to corrected the depressed 
enzyme activity, on the patients´ buffycoat cells in three days17 and restored his natural 
immunity [lymphopoiesis] thanks to the activity of an un-identified titanium containing 
CNS-lipid molecule. The importance and vital function of millions of CNS-lipids the 
“lipidome” has constantly been overlooked. They have a variety of crucial functions, from 
embryogenesis to securing healthy mental and motor balance as presented earlier 13 . One of 
the most important factors is this Ti containing CNS-lipid, which stimulates the patients´ 
immune reactions and alleviates neurologic pain. These CNS-lipids can be absorbed by 
nerves from the serum and normalize neuronal function. Millions of vital lipids present in 
the CNS can preserve the inductional control over all cells in a cancer patient. Pain is 
actually a warning signal that the nerve tissue cannot produce certain CNS-lipids, but when 
these become available through ingestion they circulate in the blood and are absorbed by 
the nerves, while decreasing the patients´ distress. Following alimentary correction of the 
metabolic deficiency activated cell specific mitochondria can then be seen, by electron 
microscopy, to force cancer cells to regain a healthy form, without apoptosis18, 19. This Bio-
Immunotherapy method has successfully been applied in randomized prospective studies in 
hundreds of patients suffering from melanoma (103 skin + 54 eye)12, or metastasized renal 
cancer (127 cases)15,16 a study was performed at Helsinki University20. 

3. Mitochondrial involvement linked to the healing reaction, without causing 
tumour cell lysis 
The effect of specific dietary supplementation for prostate cancer is usually fairly rapid and 
seen in 6-8 weeks; the laboratory profile is shown here. These transformed mitochondria can 
be revealed since they become electron dense (black) because the enzymes in their crista 
gather significant amounts of metal ions [Cr, Fe, Zn, Ti, & Rb] when they become 
activated6,18. 
 

FSH LH PRL DHEA DHEAS Testost Inhibin Activin S-Ferrit SHBG PSA 

IU/L IU/L mU/L nmol/L µmol/L nmol/L pg/ml pg/ml µg/L nmol/L µg/L 
1-9 2.5-12 50-300 3.0-17.0 0.5-8.0 9-38 ~60 300-500 16-253 15-55 <4.0 
4.2 4.5 269 2.1 1.5 5.7   130 61 53.7 
7.8 6.9 151 < 2.0 1.3 11.1   149 55 3.7 

Case B. Typical laboratory profiles of a patient on specific functional dietary 
supplementation. FSH and Testosterone increase at the same time as PSA, DHEA, & DHEAS 
declines, indicating a good prognosis. 

A biopsy taken from same lobe as previously showed a Gleason score of 7, revealed in EM 
that the tumour cell nucleus was surrounded by transformed mitochondria, Figure 4. Two 
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of them empty their electron dense activated enzymes into the nucleus when PSA had 
decreased to 3.7 µg/L, and he was clinically in good condition [Magnification x 10,000.]. 
They healed without apoptosis. If the initial PSA level is over 15 ng/mL the therapy has 
usually been started with combined hormone (e.g. LHRH Zoladex 3.6mg for months 
duration) supplemented by dietary measures. When PSA decreases rapidly as in Case B, 
following supplementation with both prostate powders (No1 & No2) in synergy with 
intermittent total anti-androgen blockade (Zoladex, 3.6mg + Androcur, 50mg x 2/day, for 
only 10 days) the PSA-level fell also rapidly from 34.3 ng/mL to 2.3 ng/mL in six weeks. In 
EM the tumour cell nucleus is often seen to be surrounded by transformed mitochondria 
which are electron dense, due to the increased content of Cr,Fe, Zn, Ti, & Rb 18 when the 
tumour progress is arrested Similar mitochondrial transformation with activation in the 
curing phase of mammalian malignant cells, triggered by this physiologic non-toxic biologic 
therapy has been seen in EM with experimental animal models (rat & horse13), in addition to 
episodes with human patients suffering from melanoma, and malignant histiocytoma18,22  
 

 
Fig. 4. Electron microscopy showing (magnification 10.000) with electron dense organ 
specific mitochondria Surrounding the tum cell nucleus when PSA normalized. Two 
mitochondria seem to empty their electron dense material into the nucleus when the patient 
was cured, without apoptosis. 

4. Adverse effects caused by certain biological components 
Alanine administration may increase the PSA-level and food items high in Ala should be 
avoided. Administration of DHEA 25mg per day is definitely contraindicated since it led to 
intensive pain and the patient died in three weeks from multiple bone metastases. Hormone 
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receptors. Neurotransmitters of lipidic nature, currently known as neurolipids, are 
synthesized during the metabolism of phospholipid precursors present in cell membranes. 
That central nervous lipid molecules were involved in keeping malignant cells in healthy 
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this depletion by feeding patients with the lipids they had lost to corrected the depressed 
enzyme activity, on the patients´ buffycoat cells in three days17 and restored his natural 
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Case B. Typical laboratory profiles of a patient on specific functional dietary 
supplementation. FSH and Testosterone increase at the same time as PSA, DHEA, & DHEAS 
declines, indicating a good prognosis. 

A biopsy taken from same lobe as previously showed a Gleason score of 7, revealed in EM 
that the tumour cell nucleus was surrounded by transformed mitochondria, Figure 4. Two 
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of them empty their electron dense activated enzymes into the nucleus when PSA had 
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They healed without apoptosis. If the initial PSA level is over 15 ng/mL the therapy has 
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curing phase of mammalian malignant cells, triggered by this physiologic non-toxic biologic 
therapy has been seen in EM with experimental animal models (rat & horse13), in addition to 
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refractory prostate cancer (HRPC) is not due to the emergence and selection of a hormone 
refractory cell clone. It seems to be the result of a too intensive LHRH treatment (continuous 
injections with 3 months duration) when the hormone therapy has been used to reach PSA 
nadir. Instead FSH and LH have decreased to <0.1 IU signaling adrenal feed-back 
exhaustion involving adrenal ZR cell function. The pituitary is not malfunctioning as PRL 
can increase to > 1000 mU/L. A brooding HRPC is seen when PSA, is forced to levels under 
0.9 µg/L, due to excessive anti-androgen therapy, while PRL exceeds 600 mU/L indicating 
that the pituitary is not exhausted. 

5. Attempts to actively increase FSH and PRL in patients, or the use of 
autologous vaccines failed 
The positive prognostic effect of increased FSH- and prolactine (PRL) levels led to 
attempting active stimulation. Ingestion of extracts made from ZR cells of castrated male 
pigs can cause a marginal positive effect on FSH and PRL for a short time but no human 
forensic material was available for testing. Forensic human adrenal ZR-cell extracts should 
be tested as they probably contain these biologic stimulatory factors. If they could be 
characterized it could lead to a natural substitution therapy for CaP, like insulin is for 
diabetics.  
Daily Injections with human FSH (75 -150 U/L) could increase the FSH-level for a short 
time, but would be impracticable in the long run, and too expensive. FSH-releasing factor 
was even less effective. Then again injection of human prolactin PRL or HCG had only a 
marginal effect on PSA. Attempts to externally increase FSH or PRL-levels did not seem to 
be functional. Physiologic stimulation directed at the adrenal glands appears to be the only 
practical therapeutic way.  
Immunisation using autologous tumour polymer particles can decrease PSA-levels for some 
months but is not curative because PSA is only a metabolite, and not a regular tumour 
marker10.  

5.1 Description of some prognostic features in cases of specific dietary 
supplementation for CaP  
The most important laboratory test to be taken immediately when CaP is suspected, or 
actually diagnosed, is to analyze the serum levels of FSH, LH, PRL, DHEA, DHEAS, SHBG, 
and f/t PSA. PSA as a single marker is not alone sufficient, since it can be held down by an 
increased FSH- or PRL-level. A high FSH-level and low DHEAS with decreasing PSA is a 
good prognostic sign, and this effect caused by alimentary supplementation is usually fairly 
rapid. In one patient of the earliest cases found by screening tests his PSA rose from 4.3 
ng/mL to 6.4 in two months with a Gleason of 7. He was then routinely scheduled for 
prostatectomy. With informed consent he preferred to test this biological alternative, 
safeguarded by regular PSA controls, and immediate change back to the invasive treatment 
option if his PSA rose. On a double dietary daily dose and CNS-lipids, his PSA declined to 
2.3 ng/mL in half a year, followed by diminished urinary distress, and without any side-
effects. He opted then to take the prostate supplements only once a day. In half a year his 
PSA had once more started to rise and the double dose was reinitiated. The dose response 
was again positive, as his PSA-level declined to normal levels. His CaP became then stable 
for 6 years in continuous dietary therapy, but a slight increase in his PSA-level was seen 
(from 6 – 7 ng/mL over four months), when Arg substitution had been stopped for some 
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time. This was to test if this component really was necessary to keep his PSA-level stable. 
The urologists persuaded him then immediately to accept prostatectomy, although we 
would have preferred to reinstate Arg to see if it would reduce PSA anew. His 
prostatectomy specimen showed that his Gleason score had declined to 4, and no growth of 
the prostate tumour tissue had occurred. This unnecessary operation stopped anyhow 
further biological treatment for CaP, as all tumour cells had been removed. We did not pay 
sufficient attention to the fact that this patient had, before his prostate cancer was 
diagnosed, also suffered from Crohn´s disease, however, most clinical symptoms had almost 
disappeared during his biological treatment for CaP23. Four years later his symptoms of 
Crohn´s disease of Crohn’s had recurred, and he was consequently operated for colon 
cancer. This awoke our interest for sterile inflammatory diseases like, ulcerative colitis, 
rheuma, fibromyalgy, psoriasis polyarthritis24 etc. The probable common denominator was 
the effect caused by supplementation with CNS-lipids which we had included to quell 
chronic prostatitis as a precancerous state for CaP. Administration of this lymphopoietic, Ti 
containing CNS-lipid molecule was aimed to normalize inflammatory reactions with the aid 
of this vitamin-like CNS factor, which now also seemed to affect other sterile inflammatory 
diatheses, as mentioned above.  
In some patients the effect of a sole dietary supplementation is slow and protracted as 
shown in Case C. In this case ingestion of prostate powders (our cocktails) 1/day, 
alternatively 2/day, and CNS-lipids increased slowly the patients FSH- and LH-levels & 
constantly low DHEAS and rising testoteron while PSA is low, in the normal range. Dietary 
supplementation alone has kept him in stable disease, now for over five years. His starting 
Gleason score was 8. 
 

 FSH LH PRL DHEA DHEAS Testost Inhibin Activin S-Ferrit HBG PSA 

 IU/ 
L 

IU/
L 

mU/
L 

nmol/
L 

µmol/
L 

nmol/
L 

pg/ 
ml 

pg/ 
ml 

µg/ 
L 

nmol/ 
L 

µg/
L 

 1-9 2.5-
12 50-300 3.0-17.0 0.0-8.0 9-38 ~60pg

/ml 
~500pg

/ml 16-253 15-50 <4.0 

2005 5.4 <0.0
1 48 5.5 1.5 4.9   455 77 <0.2 

2006 8.4 2.5 83 3.2 1.2 5.6   376 82 <0.2 

2007 13.8 6.2 114 3.5 1.0 10.2   313 61 0.22 
2010 20.5 12.3 103 3.5 1.1    347 60 0.49 

Case C.  

A positive reparative reaction seems to be flagged by an increase in the FSH- LH- and 
prolactin (PRL) levels. Revelation of these unknown stimulatory factors could form a 
decisive prevention for the emergence of a “hormone refractory state”, leading to 
improvement. 
Case D. This patient was succumbing to CaP, 11.1996, [T4NxM1] with multiple bone met -
11/94] had orchiectomy -94, three years earlier. Initially PSA 92.6 decreased after 
orchiectomy 1994 to 5.7- 5.3 (-95) in combined bio-modulation but without Sr. He stopped 
the intake of all dietary components and became androgen independent (-96). PSA rose to 



 
Prostate Cancer – From Bench to Bedside 

 

42

refractory prostate cancer (HRPC) is not due to the emergence and selection of a hormone 
refractory cell clone. It seems to be the result of a too intensive LHRH treatment (continuous 
injections with 3 months duration) when the hormone therapy has been used to reach PSA 
nadir. Instead FSH and LH have decreased to <0.1 IU signaling adrenal feed-back 
exhaustion involving adrenal ZR cell function. The pituitary is not malfunctioning as PRL 
can increase to > 1000 mU/L. A brooding HRPC is seen when PSA, is forced to levels under 
0.9 µg/L, due to excessive anti-androgen therapy, while PRL exceeds 600 mU/L indicating 
that the pituitary is not exhausted. 

5. Attempts to actively increase FSH and PRL in patients, or the use of 
autologous vaccines failed 
The positive prognostic effect of increased FSH- and prolactine (PRL) levels led to 
attempting active stimulation. Ingestion of extracts made from ZR cells of castrated male 
pigs can cause a marginal positive effect on FSH and PRL for a short time but no human 
forensic material was available for testing. Forensic human adrenal ZR-cell extracts should 
be tested as they probably contain these biologic stimulatory factors. If they could be 
characterized it could lead to a natural substitution therapy for CaP, like insulin is for 
diabetics.  
Daily Injections with human FSH (75 -150 U/L) could increase the FSH-level for a short 
time, but would be impracticable in the long run, and too expensive. FSH-releasing factor 
was even less effective. Then again injection of human prolactin PRL or HCG had only a 
marginal effect on PSA. Attempts to externally increase FSH or PRL-levels did not seem to 
be functional. Physiologic stimulation directed at the adrenal glands appears to be the only 
practical therapeutic way.  
Immunisation using autologous tumour polymer particles can decrease PSA-levels for some 
months but is not curative because PSA is only a metabolite, and not a regular tumour 
marker10.  

5.1 Description of some prognostic features in cases of specific dietary 
supplementation for CaP  
The most important laboratory test to be taken immediately when CaP is suspected, or 
actually diagnosed, is to analyze the serum levels of FSH, LH, PRL, DHEA, DHEAS, SHBG, 
and f/t PSA. PSA as a single marker is not alone sufficient, since it can be held down by an 
increased FSH- or PRL-level. A high FSH-level and low DHEAS with decreasing PSA is a 
good prognostic sign, and this effect caused by alimentary supplementation is usually fairly 
rapid. In one patient of the earliest cases found by screening tests his PSA rose from 4.3 
ng/mL to 6.4 in two months with a Gleason of 7. He was then routinely scheduled for 
prostatectomy. With informed consent he preferred to test this biological alternative, 
safeguarded by regular PSA controls, and immediate change back to the invasive treatment 
option if his PSA rose. On a double dietary daily dose and CNS-lipids, his PSA declined to 
2.3 ng/mL in half a year, followed by diminished urinary distress, and without any side-
effects. He opted then to take the prostate supplements only once a day. In half a year his 
PSA had once more started to rise and the double dose was reinitiated. The dose response 
was again positive, as his PSA-level declined to normal levels. His CaP became then stable 
for 6 years in continuous dietary therapy, but a slight increase in his PSA-level was seen 
(from 6 – 7 ng/mL over four months), when Arg substitution had been stopped for some 
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time. This was to test if this component really was necessary to keep his PSA-level stable. 
The urologists persuaded him then immediately to accept prostatectomy, although we 
would have preferred to reinstate Arg to see if it would reduce PSA anew. His 
prostatectomy specimen showed that his Gleason score had declined to 4, and no growth of 
the prostate tumour tissue had occurred. This unnecessary operation stopped anyhow 
further biological treatment for CaP, as all tumour cells had been removed. We did not pay 
sufficient attention to the fact that this patient had, before his prostate cancer was 
diagnosed, also suffered from Crohn´s disease, however, most clinical symptoms had almost 
disappeared during his biological treatment for CaP23. Four years later his symptoms of 
Crohn´s disease of Crohn’s had recurred, and he was consequently operated for colon 
cancer. This awoke our interest for sterile inflammatory diseases like, ulcerative colitis, 
rheuma, fibromyalgy, psoriasis polyarthritis24 etc. The probable common denominator was 
the effect caused by supplementation with CNS-lipids which we had included to quell 
chronic prostatitis as a precancerous state for CaP. Administration of this lymphopoietic, Ti 
containing CNS-lipid molecule was aimed to normalize inflammatory reactions with the aid 
of this vitamin-like CNS factor, which now also seemed to affect other sterile inflammatory 
diatheses, as mentioned above.  
In some patients the effect of a sole dietary supplementation is slow and protracted as 
shown in Case C. In this case ingestion of prostate powders (our cocktails) 1/day, 
alternatively 2/day, and CNS-lipids increased slowly the patients FSH- and LH-levels & 
constantly low DHEAS and rising testoteron while PSA is low, in the normal range. Dietary 
supplementation alone has kept him in stable disease, now for over five years. His starting 
Gleason score was 8. 
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A positive reparative reaction seems to be flagged by an increase in the FSH- LH- and 
prolactin (PRL) levels. Revelation of these unknown stimulatory factors could form a 
decisive prevention for the emergence of a “hormone refractory state”, leading to 
improvement. 
Case D. This patient was succumbing to CaP, 11.1996, [T4NxM1] with multiple bone met -
11/94] had orchiectomy -94, three years earlier. Initially PSA 92.6 decreased after 
orchiectomy 1994 to 5.7- 5.3 (-95) in combined bio-modulation but without Sr. He stopped 
the intake of all dietary components and became androgen independent (-96). PSA rose to 
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119 ng/mL, and he died showing extreme laboratory values, as measured from a blood 
sample taken the same day before his exitus.  
 

FSH LH PRL DHEA DHEAS Testost Inhibin Activin S-Ferrit SHBG PSA 

1-9 2.5-
12 

50-
300 

3.0-
17.0 0.5-8.0 9-38 ~60 300-

500 16-253 15-55 <4 

<0.1 <0.1 1060 7.2 6.8 0.6    2145 364 

Case D.  

The marked increase in PRL affirm that the pituitary function is not depressed and it is 
feverishly trying to save the patient, but without a concomitant FSH increase the case is 
lost.  
His laboratory values have oscillated during all these years but conspicuously FSH has 
stayed high all the time indicating a continuous adrenal feed-back reaction which could 
involve in preventing recurrent disease.  
 

FSH LH PRL DHEA DHEAS Testost Inhibin Activin S-Ferrit SHBG PSA 

IU/L IU/L mU/L nmol/
L µmol/L nmol/

L pg/ml pg/ml µg/L nmol/
L µg/L 

1-9 2.5-12 50-300 3.0-17.0 0.5-8.0 9-38 ~60 300-500 16-253 15-55 <4.0 
67-30 37-16 159-95 < 2.0 < 0.8 1.0 < 7.8 330 109-99 58-61 < 0.1 

Case E. CaP detected with PSA 30 µg/L with multiple bone metastases. Orchiectomy was 
performed 1992. Dietary bio-modulation + Strontium (7mg/day) started 1993. His periostal 
pain subsided in four months. All bone metastases disappeared 1996. He is now in excellent 
clinical condition 2011. 

In patients with hurting bone metastases to get these to regress they may need to be 
orchiectomized if during the dietary substitution they have recurrent bone metastases. After 
castration the bone metastases could totally regress in half a year. This improved clinical 
result after recurrent CaP may signal that some factor in the testicular tissue is produced 
which during a prolonged biological therapy may arrest the positive effect of the full dietary 
substitution although it supplies many of the required factors; Sr, V, Ser, Arg etc. If this is 
required in selected cases for s cure it may be worth the castration, a fairly simple operation 
compared to prostatectomy, since the survival time of CaP with multiple hurting bone 
metastases is otherwise only 8 months ?.  
Of the more than ten patients who were orchiectomized , all who not have got any adjuvant 
supportive dietary treatment have died. Some of them lived up to 8 years after castration, 
which is better than Huggins and Hodges got in the early forties. On the contrary, castrated 
patients who continuously have got our supportive metabolic functional alimentary factors 
are alive in good clinical condition, as well as those cases that have not been 
epidydectomized, but have been on dietary supplementation in synergy with short time 
intermittent hormone treatment. In certain cases the continuous hormone treatment with 
LHRH has been possible to stop completely, without leading to recurrent disease, with 
follow-up presently already over 5 years, as in Case B.  
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5.1.1 Short time intermittent hormone treatment blocks hormone refractory prostate 
cancer induction 
Short time intermittent LHRH hormone treatment is definitely recommended as it has 
prevented the development of hormone refractory states. 
 

FSH LH PRL DHEA DHEAS Testost Inhibin Activin S-Ferrit SHBG PSA 

IU/L IU/L mU/L nmol/L µmol/L nmol/L pg/ml pg/ml µg/L nmol/L µg/L 

1-9 2.5-12 50-300 3.0-17.0 0.0-8.0 9-38 ~60pg/
ml 

~500pg
/ml 16-253 15-50 <4.0 

(Short time intermittent androgen ablation treatment with Zoladex 3.6mg + cyproteronacetate) 

15.2 16.1 993 3.8 2.4 6.4 75 410 1500 45 13.4 

(Three months after Androcur 50mg x 2/day for 10 days to avoid flare-up after Zoladex 3.6mg injections.) 

4.2 7.3 1490 2.5 1.6 5.8 72 430 1100 2.5  

(Three months later when the activated adrenal feed-back has time to increase FSH and sometimes also PSA) 

15.2 17.7 1520 2.2  < 0.8 76 500 993 14.5  

Case F. Lab assay profiles during recommended short time intermittent LHRH treatment, 
Zoladex 3.6mg,+ Androcur 50mg X2/day with many months intervals, in synergy with 
specific dietary supplements. 

Zoladex 3.6 mg inj can then be repeated, if also PSA has increased as in this case. If PSA 
stays low Zoladex would not need to be repeated as it stays low due to synergy with 
supplementation. One should not strive to reach a PSA nadir. Avoid injection of Zoladex 
10.8mg every third month becau-se the adrenal feed-back will be exhausted, and FSH 
declines to < 1.0ng/mL. This is not due to pituitary dysfunction because PRL can start to 
increase when the body in vain is trying to defend itself (see Case C). This ominous turn is 
not due to selection of a hormone refractory cell clone, but to ZR exhaustion, as the adrenal 
glands have not been allowed to function during a necessary intermission in the hormone 
therapy. If the FSH-level is depressed to under 1 ng/mL it is a signal that the adrenal feed-
back has been exhausted, but not the pituitary since PRL can be markedly increased (600 – 
1060 mU/L), indicating a brooding HRPC. 
Growth factors, activin & inhibin. Dramatic changes were seen after castration, during 
pregnancy and estrogen substitution therapy. CaP diagnosed by soft tissue biopsies had also 
specific profiles Inhibin and activin patterns changed dramatically in patients detected from 
soft tissue metastases, and not from biopsies of their prostate gland. A shift characterized by 
a very depressed inhibin level was seen in castrated patients, as well as during normal 
pregnancy, and in healthy females on estrogen substitution. 
CaP patients diagnosed from the presence of soft tissue metastases represent a special from of 
prostate cancers (possibly neuroendocrine?). They may have markedly high serum activin-
levels ((1890- 2180 pg/ml) paired with low inhibin-levels (25-34 pg/ml). Initially their serum 
ferritin levels are high (1164-2499 µg/ml), while DHEAS (< 0.8 – 1.8) and DHEA (2.2 - 2.4) 
are low. FSH-levels are normal or low (1.9 -5.1 IU/L) while LH-levels are undetectable (<0.1 
IU/L). Case G. had a PSA-level of 10070 µg/L, while the other similar case showed a PSA of 
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119 ng/mL, and he died showing extreme laboratory values, as measured from a blood 
sample taken the same day before his exitus.  
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feverishly trying to save the patient, but without a concomitant FSH increase the case is 
lost.  
His laboratory values have oscillated during all these years but conspicuously FSH has 
stayed high all the time indicating a continuous adrenal feed-back reaction which could 
involve in preventing recurrent disease.  
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performed 1992. Dietary bio-modulation + Strontium (7mg/day) started 1993. His periostal 
pain subsided in four months. All bone metastases disappeared 1996. He is now in excellent 
clinical condition 2011. 

In patients with hurting bone metastases to get these to regress they may need to be 
orchiectomized if during the dietary substitution they have recurrent bone metastases. After 
castration the bone metastases could totally regress in half a year. This improved clinical 
result after recurrent CaP may signal that some factor in the testicular tissue is produced 
which during a prolonged biological therapy may arrest the positive effect of the full dietary 
substitution although it supplies many of the required factors; Sr, V, Ser, Arg etc. If this is 
required in selected cases for s cure it may be worth the castration, a fairly simple operation 
compared to prostatectomy, since the survival time of CaP with multiple hurting bone 
metastases is otherwise only 8 months ?.  
Of the more than ten patients who were orchiectomized , all who not have got any adjuvant 
supportive dietary treatment have died. Some of them lived up to 8 years after castration, 
which is better than Huggins and Hodges got in the early forties. On the contrary, castrated 
patients who continuously have got our supportive metabolic functional alimentary factors 
are alive in good clinical condition, as well as those cases that have not been 
epidydectomized, but have been on dietary supplementation in synergy with short time 
intermittent hormone treatment. In certain cases the continuous hormone treatment with 
LHRH has been possible to stop completely, without leading to recurrent disease, with 
follow-up presently already over 5 years, as in Case B.  
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5.1.1 Short time intermittent hormone treatment blocks hormone refractory prostate 
cancer induction 
Short time intermittent LHRH hormone treatment is definitely recommended as it has 
prevented the development of hormone refractory states. 
 

FSH LH PRL DHEA DHEAS Testost Inhibin Activin S-Ferrit SHBG PSA 

IU/L IU/L mU/L nmol/L µmol/L nmol/L pg/ml pg/ml µg/L nmol/L µg/L 

1-9 2.5-12 50-300 3.0-17.0 0.0-8.0 9-38 ~60pg/
ml 

~500pg
/ml 16-253 15-50 <4.0 

(Short time intermittent androgen ablation treatment with Zoladex 3.6mg + cyproteronacetate) 

15.2 16.1 993 3.8 2.4 6.4 75 410 1500 45 13.4 

(Three months after Androcur 50mg x 2/day for 10 days to avoid flare-up after Zoladex 3.6mg injections.) 

4.2 7.3 1490 2.5 1.6 5.8 72 430 1100 2.5  

(Three months later when the activated adrenal feed-back has time to increase FSH and sometimes also PSA) 

15.2 17.7 1520 2.2  < 0.8 76 500 993 14.5  

Case F. Lab assay profiles during recommended short time intermittent LHRH treatment, 
Zoladex 3.6mg,+ Androcur 50mg X2/day with many months intervals, in synergy with 
specific dietary supplements. 

Zoladex 3.6 mg inj can then be repeated, if also PSA has increased as in this case. If PSA 
stays low Zoladex would not need to be repeated as it stays low due to synergy with 
supplementation. One should not strive to reach a PSA nadir. Avoid injection of Zoladex 
10.8mg every third month becau-se the adrenal feed-back will be exhausted, and FSH 
declines to < 1.0ng/mL. This is not due to pituitary dysfunction because PRL can start to 
increase when the body in vain is trying to defend itself (see Case C). This ominous turn is 
not due to selection of a hormone refractory cell clone, but to ZR exhaustion, as the adrenal 
glands have not been allowed to function during a necessary intermission in the hormone 
therapy. If the FSH-level is depressed to under 1 ng/mL it is a signal that the adrenal feed-
back has been exhausted, but not the pituitary since PRL can be markedly increased (600 – 
1060 mU/L), indicating a brooding HRPC. 
Growth factors, activin & inhibin. Dramatic changes were seen after castration, during 
pregnancy and estrogen substitution therapy. CaP diagnosed by soft tissue biopsies had also 
specific profiles Inhibin and activin patterns changed dramatically in patients detected from 
soft tissue metastases, and not from biopsies of their prostate gland. A shift characterized by 
a very depressed inhibin level was seen in castrated patients, as well as during normal 
pregnancy, and in healthy females on estrogen substitution. 
CaP patients diagnosed from the presence of soft tissue metastases represent a special from of 
prostate cancers (possibly neuroendocrine?). They may have markedly high serum activin-
levels ((1890- 2180 pg/ml) paired with low inhibin-levels (25-34 pg/ml). Initially their serum 
ferritin levels are high (1164-2499 µg/ml), while DHEAS (< 0.8 – 1.8) and DHEA (2.2 - 2.4) 
are low. FSH-levels are normal or low (1.9 -5.1 IU/L) while LH-levels are undetectable (<0.1 
IU/L). Case G. had a PSA-level of 10070 µg/L, while the other similar case showed a PSA of 
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246 µg/L. In both patients their PSA decreased to 5.3 µg/L, and 2.1 µg/L respectively in half 
a year, following intermittent short cycle LHRH therapy, in synergy with bio-modulating 
dietary measures. The high activin levels were not appreciably affected by the therapy, 
while PSA was decreased markedly, to normal levels. 
 

FSH LH PRL DHEA DHEAS Testost Inhibin Activin S-Ferrit SHBG PSA 

IU/L IU/L mU 
/L 

nmol 
/L µmol/L nmol/

L pg/ml pg/ml µg/L nmol 
/L µg/L 

1-9 2.5-12 50-
300 3.0-17.0 0.0-8.0 9-38 ~60pg/

ml 
~500pg

/ml 16-253 15-50 <4.0 

5.1 <0.1  2.4 1.8 <0.8 25 2900 1164  10070
.0 

combined hormone and dietary therapy led to CR of metastases (CR) and to normal PSA 

6.2 <0.1     22 2650 316  5.3 

Case G. CaP was detected from neck metastases and he had also bone metastases. A special 
characteristic was extremely high activin- and PSA-levels 10,070 µg/L which decreased to 
5.3 µg/L, in 6 months following combined intermittent short time LHRH plus dietary 
therapy. All soft tissue metastases regressed and he was in good health. 

His extremely high activin 2900 and PSA-level of 10,070 µg/L, decreased in intermittent 
short time hormone therapy to 5.3 µg/L, in 6 months in combined LHRH + biological 
therapy. Patients don’t die of high PSA, but of depressed FSH (< 0.1 ng/mL, due to adrenal 
feed-back exhaustion).  
Orchiectomized CaP patients generate an increase in their FSH-levels to, 40 – 130 IU/L, in 
some months, but show also a characteristically manifestly depressed serum inhibin level 
(<7.8 pg/ml) while their activin level (~ 560 pg/ml) is normal. Surprisingly healthy 
pregnant females revealed a similar change in their inhibin / activin levels, with a correlation 
value of 1:70, until parturiency when the “growing cell-mass” – the healthy child is borne 
and the related value again becomes normal. Alarmingly also estrogen substitution 
(already 50 µg plasters) in postmenopausal women can show a similar dramatic change in 
their inhibin / activin correlation values. Such a provoked change in a females serum 
growth factor levels – usually actively made to last more than nine months by their 
gynaecologists – could easily fool the body that it should produce growing cells. This 
anomalous change may explain the observed increased breast-cancer and lymphoma 
incidence generated by estrogen substitution therapies in otherwise healthy females. The 
effect of estrogen substitution therapy, prescribed to any female patient, should therefore 
obligatory be monitored by inhibin / activin assays, to see if it causes a reaction simulating 
pregnancy, since it may physiologically be misinterpreted, and consequently generate 
proliferating (malignant?) cells. 
The growth factor “activin” is appreciably increased (5-6x) in the serum of patients suffering 
from a rare special form of CaP, primarily diagnosed from soft tissue metastases, and not 
from the prostate gland. Strontium (Sr) is an essential component of the periost, and this 
trace-element is involved in curing bone metastases caused by ingestion of Sr 7mg/day. It 
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has eradicated multiple metastases, now with a follow-up of over eighteen years - without 
recurrent disease. Ingestion of DHEA is contra-indicated since it can activate CaP. 
Autologous vaccines applied for CaP is not cura-tive and has only a short-time effect, since 
PSA is not a regular tumour marker but a metabolite.  

5.2 Unfavorable clinical events 
Excessive hormone treatment is unfavorable, e.g. LHRH analogue treatment using 
continuous injections with three months duration (> 10mg) in an effort to reach a PSA nadir 
exhausts the adrenal feed-back reaction and causes HRPC. FSH will then also decline to < 
1.0 ng/mL. Excessive needle biopsies (12 -24 cores) may spread malignant CaP cells and 
could be the reason for the high recurrency rate of 35 -40 % following prostatectomies 25 . 
The use of specific serum markers 26 , MIR, PSA velocity etc. should decrease the need for 
un-necessary cores, and the few biopsies actually needed should be directed more precisely. 
The side effects with pain, and caused inflammations would diminish. This biological 
treatment schedule would anyway be the same disregarding the numbers of cancer focuses 
in the different lobes of the prostate gland.  
The dietary effect which increases FSH is sometimes protracted. In Case E. it took 9 
months of continuous prostate powder ingestion to cause an increase from 5.4 to 8.4, and 
after 5 years it had risen to 20.5 IU/L. The response to dietary therapy is fairly 
progressive so that one can judge, in months, if the patient will respond to this specific 
dietary supportive therapy based only on standard laboratory tests, FSH increases and 
DHEAS decreases etc. Initially increased FSH or PRL-levels are good prognostic signs and 
should always be analyzed when CaP is found by screening tests, since invasive 
treatments can be avoided. The human adrenal biological factors harbored in the zona 
reticularis (ZR), fictively called cycloprostatin I & II, should be purified from forensic 
healthy human adrenal material aided by assays for their stimulatory effect on the 
pituitary. The clinical use of such purified factors could form a biological compensatory 
medical treatment for CaP. 
 
 

1. Oral administration of each (2-5g/day) of respective L-amino acids; Arg, Asp, Glu, 
Gly, Lys, & Ser, all in connection with meals. 

2. Essential trace-element salts prescribed orally as biologically active ions, at dose 
levels of some milligrams (1-3mg/day); Chromium (CrCl 2.6H2O) 6mg (=1.17 mg Cr), 
Molybdenum (Na 2 MoO4 .2 H 2 O) 4mg ( ≈ 2mg Mo), Rubidium (RbCl2 . 2 H 2 O ) 1-
10mg (≈ 7mg Rb), Tinn (SnCl 4.5H2O) 4mg (=1.35mg Sn), Strontium (SrCl 2) 1-7mg (≈ 
4mg Sr), Vanadine (Na 2VO4.4 H2O), 6mg (= 2.5 mg V), Wolfram (Na 2WO4. 2 H 2O), 
4mg (=2.3mg W), Zink (= Zn 30mg).  

3. Physiologic dosages of vitamins; A,B,C,D,E,K , folic acid and lycopene. 
4. To improve lymphopoiesis and the immune-defence of patients a diet containing 

prion-free neurologic lipids (micro-capsulated CNS-lipids).  
5. Dose-levels are adjusted based on the clinical response as measured during the 

therapy, and correlated to the patients´ body weight.  
6. Transformed organ specific mitochondria participate in the curing phase of CaP. 

Table 1. As Cancer is a complex metabolic deficiency disease it is curable by dietary 
supportive measures.  



 
Prostate Cancer – From Bench to Bedside 

 

46

246 µg/L. In both patients their PSA decreased to 5.3 µg/L, and 2.1 µg/L respectively in half 
a year, following intermittent short cycle LHRH therapy, in synergy with bio-modulating 
dietary measures. The high activin levels were not appreciably affected by the therapy, 
while PSA was decreased markedly, to normal levels. 
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/L µmol/L nmol/
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300 3.0-17.0 0.0-8.0 9-38 ~60pg/

ml 
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5.1 <0.1  2.4 1.8 <0.8 25 2900 1164  10070
.0 

combined hormone and dietary therapy led to CR of metastases (CR) and to normal PSA 

6.2 <0.1     22 2650 316  5.3 

Case G. CaP was detected from neck metastases and he had also bone metastases. A special 
characteristic was extremely high activin- and PSA-levels 10,070 µg/L which decreased to 
5.3 µg/L, in 6 months following combined intermittent short time LHRH plus dietary 
therapy. All soft tissue metastases regressed and he was in good health. 

His extremely high activin 2900 and PSA-level of 10,070 µg/L, decreased in intermittent 
short time hormone therapy to 5.3 µg/L, in 6 months in combined LHRH + biological 
therapy. Patients don’t die of high PSA, but of depressed FSH (< 0.1 ng/mL, due to adrenal 
feed-back exhaustion).  
Orchiectomized CaP patients generate an increase in their FSH-levels to, 40 – 130 IU/L, in 
some months, but show also a characteristically manifestly depressed serum inhibin level 
(<7.8 pg/ml) while their activin level (~ 560 pg/ml) is normal. Surprisingly healthy 
pregnant females revealed a similar change in their inhibin / activin levels, with a correlation 
value of 1:70, until parturiency when the “growing cell-mass” – the healthy child is borne 
and the related value again becomes normal. Alarmingly also estrogen substitution 
(already 50 µg plasters) in postmenopausal women can show a similar dramatic change in 
their inhibin / activin correlation values. Such a provoked change in a females serum 
growth factor levels – usually actively made to last more than nine months by their 
gynaecologists – could easily fool the body that it should produce growing cells. This 
anomalous change may explain the observed increased breast-cancer and lymphoma 
incidence generated by estrogen substitution therapies in otherwise healthy females. The 
effect of estrogen substitution therapy, prescribed to any female patient, should therefore 
obligatory be monitored by inhibin / activin assays, to see if it causes a reaction simulating 
pregnancy, since it may physiologically be misinterpreted, and consequently generate 
proliferating (malignant?) cells. 
The growth factor “activin” is appreciably increased (5-6x) in the serum of patients suffering 
from a rare special form of CaP, primarily diagnosed from soft tissue metastases, and not 
from the prostate gland. Strontium (Sr) is an essential component of the periost, and this 
trace-element is involved in curing bone metastases caused by ingestion of Sr 7mg/day. It 
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has eradicated multiple metastases, now with a follow-up of over eighteen years - without 
recurrent disease. Ingestion of DHEA is contra-indicated since it can activate CaP. 
Autologous vaccines applied for CaP is not cura-tive and has only a short-time effect, since 
PSA is not a regular tumour marker but a metabolite.  

5.2 Unfavorable clinical events 
Excessive hormone treatment is unfavorable, e.g. LHRH analogue treatment using 
continuous injections with three months duration (> 10mg) in an effort to reach a PSA nadir 
exhausts the adrenal feed-back reaction and causes HRPC. FSH will then also decline to < 
1.0 ng/mL. Excessive needle biopsies (12 -24 cores) may spread malignant CaP cells and 
could be the reason for the high recurrency rate of 35 -40 % following prostatectomies 25 . 
The use of specific serum markers 26 , MIR, PSA velocity etc. should decrease the need for 
un-necessary cores, and the few biopsies actually needed should be directed more precisely. 
The side effects with pain, and caused inflammations would diminish. This biological 
treatment schedule would anyway be the same disregarding the numbers of cancer focuses 
in the different lobes of the prostate gland.  
The dietary effect which increases FSH is sometimes protracted. In Case E. it took 9 
months of continuous prostate powder ingestion to cause an increase from 5.4 to 8.4, and 
after 5 years it had risen to 20.5 IU/L. The response to dietary therapy is fairly 
progressive so that one can judge, in months, if the patient will respond to this specific 
dietary supportive therapy based only on standard laboratory tests, FSH increases and 
DHEAS decreases etc. Initially increased FSH or PRL-levels are good prognostic signs and 
should always be analyzed when CaP is found by screening tests, since invasive 
treatments can be avoided. The human adrenal biological factors harbored in the zona 
reticularis (ZR), fictively called cycloprostatin I & II, should be purified from forensic 
healthy human adrenal material aided by assays for their stimulatory effect on the 
pituitary. The clinical use of such purified factors could form a biological compensatory 
medical treatment for CaP. 
 
 

1. Oral administration of each (2-5g/day) of respective L-amino acids; Arg, Asp, Glu, 
Gly, Lys, & Ser, all in connection with meals. 

2. Essential trace-element salts prescribed orally as biologically active ions, at dose 
levels of some milligrams (1-3mg/day); Chromium (CrCl 2.6H2O) 6mg (=1.17 mg Cr), 
Molybdenum (Na 2 MoO4 .2 H 2 O) 4mg ( ≈ 2mg Mo), Rubidium (RbCl2 . 2 H 2 O ) 1-
10mg (≈ 7mg Rb), Tinn (SnCl 4.5H2O) 4mg (=1.35mg Sn), Strontium (SrCl 2) 1-7mg (≈ 
4mg Sr), Vanadine (Na 2VO4.4 H2O), 6mg (= 2.5 mg V), Wolfram (Na 2WO4. 2 H 2O), 
4mg (=2.3mg W), Zink (= Zn 30mg).  

3. Physiologic dosages of vitamins; A,B,C,D,E,K , folic acid and lycopene. 
4. To improve lymphopoiesis and the immune-defence of patients a diet containing 

prion-free neurologic lipids (micro-capsulated CNS-lipids).  
5. Dose-levels are adjusted based on the clinical response as measured during the 

therapy, and correlated to the patients´ body weight.  
6. Transformed organ specific mitochondria participate in the curing phase of CaP. 

Table 1. As Cancer is a complex metabolic deficiency disease it is curable by dietary 
supportive measures.  
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5.2.1 Un-interrupted hormone therapy may cause HRPC, avoided by short time 
intermittent treatment  
The effect of hormone therapy for CaP, in recommended intermittent short time pulses 
combined with metabolic bio-modulation activates a feed-back reaction recorded as 
characteristic changes in the laboratory response profile, with FSH, LH and/or PRL increase 
trailed by DHEAS and PSA decreases, a reaction in which adrenal ZR cells seem to have a 
central regulatory function. Orchiectomy will cause FSH to increase, further accentuated by 
prostatectomy. Prostate cancer patients die in a short time if orchiectomy is followed by 
adrenalectomy which attests the importance of functional adrenal glands. A dramatic rise in 
activin levels is recorded in a special form of CaP, diagnosed in biopsies from soft tissue 
metastases. Inhibin is again remarkably decreased following orchiectomy. A similar 
depressed inhibin level was surprisingly also seen in normal pregnancy, and during the 
popular estrogen substitution therapy. If estrogen substitution in postmenopausal females 
cause a growth factor shift mimicking pregnancy her body may not understand that cells, 
especially malignant cells, should not be allowed to multiply. The increased breast cancer 
incidence may possibly be connected with this unnatural shift in the levels of these, 
inhibin/activin, growth factors 13,15. Patients on estrogen substitution should be tested for 
these growth factor levels to see if they inadvertently have been rendered to belong to a risk 
zone for malignant cell proliferation?  
Complete regression of CaP shows that this complex posses chronic metabolic deficiency 
disease can be treated by non-toxic dietary restoration of the healthy internal milieu in the 
patient activating organ (cell) specific mitochondria to restore normal healthy transcription 
of malignant cells without apoptosis or cell destruction as seen in Figure 4. The 
improvement could be due to activation of cell/organ specific mitochondria which regulate 
the genome, and can force oncogen transcription back to a normal healthy form21, 22. This 
was first seen in rats in which induction of leukaemia was prevented by activated, electron 
dense cell-specific mitochondria functioning at body temperature 18. They were found to lose 
their inductive regulatory potency if stored at +4 ⁰C (because we are warm-bloodied?). The 
enzymes in mitochondrial crista were activated by metal ions; Cr. Fe, Zn, Ti, Rb, and this 
metal increase made them electron dense, and possible to observe by EM22. 

5.2.2 Mitochondria inducing healing, correcting mutations, activation of stem- cells & 
transplantation  
Most of our standard treatments represent a poor practice alternative often in the form of a 
toxic therapy for a complex metabolic deficiency disease, and by only removing the 
symptoms, which make patients prone to suffer recurrent disease in 35 -40% even after 
prostatectomy. Patients who after the operation later on start to show a biochemical increase 
in PSA, supposedly due to a non-radical operation, or to the active spread of malignant cells 
by excessive biopsy cores (12-24). A chronic inflammatory (Pin) reaction may be induced by 
these bloody interventions, and any inflammatory reaction is potentially carcinogenic 23,24 , 
like we see e.g. as a sequel of the lack of a lymphopoietic central nervous lipid molecule - 
linked to titan - resulting in an aberrant immune-response as in; Crohn´s disease, ulcerative 
colitis, rheuma, psoriasis, & fibromyalgy 24,30 etc. This physiologic deficit can be 
compensated by the intake of CNS-lipids (and/or butter) 23,24,30. If these lipid precursors are 
present in the patients´ blood the depletion caused by daily stress can be compensated 
during our sleep.  
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A well directed biopsy core may suffice to evaluate the Gleason score. This functional 
dietary treatment will principally be the same disregarding the number of actual CaP 
focuses.  

6. Conclusion 
The primary effort of this long study was to characterize etiological factors for CaP before 
starting any big randomized series. Instructive features compiled from approximately 70 
patients suffering from different forms and stages of CaP were followed-up for decades. 
This has resulted in a recommendation to apply these findings in a biological treatment 
modality. Understanding of the nature of that particular tumour it can help us to optimize 
therapy or to design therapeutic approaches. Patients after prostatectomy may not respond 
as well to dietary supplementation with activation of the adrenal ZR feed-back cycle, since 
this organ cycle may require or involve also normal pros-tate cells to be fully effective. 
Probably prostatectomy should not be performed before one has had time to evaluate the 
patients´ responses to this physiologic bio-modulating treatment. The positive clinical effect 
of continuous dietary treatment is prolonged, and is today already extending over 19 years 
in a case who initially suffered from multiple hurting bone metastases13 . This beneficial 
adrenal fed-back activation has continuously been stimulated by ingestion of the biological 
factors listed in Table1.  
An efficient biological treatment modality devoid of side effects and economical, will give 
scree-ning for CaP a new rational, since the progress of the disease can now be arrested and 
even bone metastases be cured in a physiologic way. The dispute over the marginal 
improvement in survival rates between patients on Watchful Waiting over cases that are 
prostatectomized could be missed by the fact that neither group has received any biological 
supportive treatment to compensate the actual aetiological metabolic deficiency. And thus 
the surgical removal of symptoms of CaP (i.e. prostatectomy) does not censure the 
aetiological deficiency7, 15.  
The importance of mitochondrial function, linked to the memory of the nucleotide sequence 
in the chromosomes they have created 21 can explain how identical mutations in both 
chromosomes can lead to that 10% of the off-springs have lost the mutation, and are healthy. 
This does not require a change of Mendel´s law since mitochondrial memory could explain 
this surprising result as they correct the mutation during replication 28 ! Correction of the 
fault can occur when mitochondria have a memory of what they have created 21,27. The 
interesting study by Hohlfelds group on paediatric skin burns may be explained by the 
possibility that cell specific mitochondria transgressed from the male skin transplant they 
used into the female receptor-cells, whereby the full genome present in any of her cells 
could transform into her own skin – a “transplant” which cannot be rejected. This represents 
a further step of refined “stem-cell” activation, which is not hemmed by restrictions 
presently affecting stem cell studies 28 . To efficiently learn to use cell-specific mitocho-ndria 
and epigenesis in biology and medicine will be the scientific challenge of this century!  

7. Aknowledgements 
We thank all co-workers, mentioned in the references, for their continuous efforts to shape 
this vital biologic treatment modality. These studies have for decades been supported by 
grants from the Albert Lindsay von Julin Foundation. 
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The effect of hormone therapy for CaP, in recommended intermittent short time pulses 
combined with metabolic bio-modulation activates a feed-back reaction recorded as 
characteristic changes in the laboratory response profile, with FSH, LH and/or PRL increase 
trailed by DHEAS and PSA decreases, a reaction in which adrenal ZR cells seem to have a 
central regulatory function. Orchiectomy will cause FSH to increase, further accentuated by 
prostatectomy. Prostate cancer patients die in a short time if orchiectomy is followed by 
adrenalectomy which attests the importance of functional adrenal glands. A dramatic rise in 
activin levels is recorded in a special form of CaP, diagnosed in biopsies from soft tissue 
metastases. Inhibin is again remarkably decreased following orchiectomy. A similar 
depressed inhibin level was surprisingly also seen in normal pregnancy, and during the 
popular estrogen substitution therapy. If estrogen substitution in postmenopausal females 
cause a growth factor shift mimicking pregnancy her body may not understand that cells, 
especially malignant cells, should not be allowed to multiply. The increased breast cancer 
incidence may possibly be connected with this unnatural shift in the levels of these, 
inhibin/activin, growth factors 13,15. Patients on estrogen substitution should be tested for 
these growth factor levels to see if they inadvertently have been rendered to belong to a risk 
zone for malignant cell proliferation?  
Complete regression of CaP shows that this complex posses chronic metabolic deficiency 
disease can be treated by non-toxic dietary restoration of the healthy internal milieu in the 
patient activating organ (cell) specific mitochondria to restore normal healthy transcription 
of malignant cells without apoptosis or cell destruction as seen in Figure 4. The 
improvement could be due to activation of cell/organ specific mitochondria which regulate 
the genome, and can force oncogen transcription back to a normal healthy form21, 22. This 
was first seen in rats in which induction of leukaemia was prevented by activated, electron 
dense cell-specific mitochondria functioning at body temperature 18. They were found to lose 
their inductive regulatory potency if stored at +4 ⁰C (because we are warm-bloodied?). The 
enzymes in mitochondrial crista were activated by metal ions; Cr. Fe, Zn, Ti, Rb, and this 
metal increase made them electron dense, and possible to observe by EM22. 

5.2.2 Mitochondria inducing healing, correcting mutations, activation of stem- cells & 
transplantation  
Most of our standard treatments represent a poor practice alternative often in the form of a 
toxic therapy for a complex metabolic deficiency disease, and by only removing the 
symptoms, which make patients prone to suffer recurrent disease in 35 -40% even after 
prostatectomy. Patients who after the operation later on start to show a biochemical increase 
in PSA, supposedly due to a non-radical operation, or to the active spread of malignant cells 
by excessive biopsy cores (12-24). A chronic inflammatory (Pin) reaction may be induced by 
these bloody interventions, and any inflammatory reaction is potentially carcinogenic 23,24 , 
like we see e.g. as a sequel of the lack of a lymphopoietic central nervous lipid molecule - 
linked to titan - resulting in an aberrant immune-response as in; Crohn´s disease, ulcerative 
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A well directed biopsy core may suffice to evaluate the Gleason score. This functional 
dietary treatment will principally be the same disregarding the number of actual CaP 
focuses.  

6. Conclusion 
The primary effort of this long study was to characterize etiological factors for CaP before 
starting any big randomized series. Instructive features compiled from approximately 70 
patients suffering from different forms and stages of CaP were followed-up for decades. 
This has resulted in a recommendation to apply these findings in a biological treatment 
modality. Understanding of the nature of that particular tumour it can help us to optimize 
therapy or to design therapeutic approaches. Patients after prostatectomy may not respond 
as well to dietary supplementation with activation of the adrenal ZR feed-back cycle, since 
this organ cycle may require or involve also normal pros-tate cells to be fully effective. 
Probably prostatectomy should not be performed before one has had time to evaluate the 
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of continuous dietary treatment is prolonged, and is today already extending over 19 years 
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scree-ning for CaP a new rational, since the progress of the disease can now be arrested and 
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improvement in survival rates between patients on Watchful Waiting over cases that are 
prostatectomized could be missed by the fact that neither group has received any biological 
supportive treatment to compensate the actual aetiological metabolic deficiency. And thus 
the surgical removal of symptoms of CaP (i.e. prostatectomy) does not censure the 
aetiological deficiency7, 15.  
The importance of mitochondrial function, linked to the memory of the nucleotide sequence 
in the chromosomes they have created 21 can explain how identical mutations in both 
chromosomes can lead to that 10% of the off-springs have lost the mutation, and are healthy. 
This does not require a change of Mendel´s law since mitochondrial memory could explain 
this surprising result as they correct the mutation during replication 28 ! Correction of the 
fault can occur when mitochondria have a memory of what they have created 21,27. The 
interesting study by Hohlfelds group on paediatric skin burns may be explained by the 
possibility that cell specific mitochondria transgressed from the male skin transplant they 
used into the female receptor-cells, whereby the full genome present in any of her cells 
could transform into her own skin – a “transplant” which cannot be rejected. This represents 
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1. Introduction 
Prostate cancer (PrCa) is one of the most prevalent malignant diseases among men in Western 
countries. Despite good initial treatment response is observed in the vast majority of PrCa 
patients, tumor relapse is observed in about 7-10% of patients undergoing standard anti-
hormonal therapies with anti-androgens and/or GnRH antagonists. There is currently no cure 
for castration-resistant prostate cancer (CRPC), and median survival for these patients is only 
about 18 months. The high mortality rate of advanced cases is closely associated with invasive 
carcinomas and systemic metastasis, most frequently to the bone; and CRPC is almost always 
coincident with overexpression/amplification of the androgen receptor (AR) gene. CRPCs fail 
to respond to all currently prescribed first line anti-hormones such as flutamide, nilutamide or 
casodex (bicalutamide). The second line anti-tumor treatment against CRPC, frequently 
taxanes like docetaxel, is administered to patients after the first or second relapse. Taxanes are 
often supported by zoledronic acid targeting bone metastases. These drugs and drug 
combinations are in most cases initially effective, but rarely curative. Although taxanes do 
show potent anti-tumor effects, advanced PrCa patients develop resistance and only gain 
several months of survival time. For decades, no major improvements have been made in the 
therapy of advanced PrCa. However, this situation has dramatically changed over the last few 
years with a number of novel, promising drug concepts in the pipeline, some of which have 
already entered the market. It is not expected that these drugs will be curative, and relapses 
and therapy failures are expected to develop in these cases which may remain fatal. Therefore, 
the demands will remain high to develop yet better drugs, and more faithful models that 
reliably mimic at least some of the key aspects of advanced prostate cancers. These models are 
required to recapitulate the mechanisms leading to therapeutic resistance & failure also for 
new compounds and drug combinations entering the clinics now. There will remain a need to 
mimic which mechanisms either in the tumor cells or in the tumor-associated 
microenvironment may have contributed to the resistance. This consistent high demand in 
improved models will go hand in hand with a better understanding of the pros and cons of the 
various models available. Continued development of improved model systems for PrCa and 
in particular CRPC could lead to an informed ranking according to the maximal throughput in 
drug screens that can be achieved, balanced against their true informative value and relevance 
for recapitulating clinical PrCa. A systematic side-by-side comparison of available models, e.g. 
cell lines, organotypic three-dimensional cultures and co-cultures, xenografts, tissue 
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recombination techniques and genetically engineered mouse models (GEMMs) is still 
missing. Furthermore, model development in PrCa is significantly lagging behind the 
advances in other fields, primarily breast cancer. Here, a considerably larger body of 
literature, methods, and better understanding of the pre-clinical models has been achieved, 
owing in part to innovative technologies such as 3D organotypic cultures and 3D tumor 
growth assays. Although prostate and breast cancer share many biological and histological 
properties and features, they remain fundamentally different diseases with different 
molecular pathways leading to transformation and progression. Modeling PrCa and in 
particular CRPC requires dedicated and specialized model development, coupled with a 
thorough characterization thereof. 
In line with the relative lack of reliable PrCa models, and in contrast to other epithelial 
cancers, only a relative small number of molecular targets other than androgen receptor 
(AR) and AR-associated genes have been identified and validated in CRPCs (Feldman & 
Feldman, 2001). Even gene expression profiles of clinical prostate cancer samples were 
lagging behind studies related to e.g. breast cancers or gliomas, in particular 
characterization of advanced and metastatic lesions has been missing. Only recently, 
comprehensive large-scale transcriptome studies (> 250 clinical samples), combined with 
other levels of genetic analyses such as miRNA expression, next-generation sequencing, and 
analysis of mutations & copy number changes, have become available (Taylor et al., 2010). 
These studies will be invaluable for target identification and bioinformatic network analyses 
of PrCa’s. Similarly, the identification of potent drugs that could block AR functions in 
CRPCs, such as novel synthetic anti-androgens, was mainly based on a relative small panel 
of largely reductionist models and cell lines (van Bokhoven et al., 2003a; 2003b). This 
situation has only slightly improved after the generation of a panel of new, more 
informative cell lines in the 1990’s, and remains a key problem in PrCa research.  
Additionally, many of the routine models for the pre-clinical phase of drug development are 
greatly insufficient, and fail to recapitulate key aspects of the molecular and biologic 
diversity of PrCa. For example, many PrCa cell lines actually lack expression of key 
molecular components such as AR or the critical ETS fusion factors. Furthermore, in 
particular in the early stages of pre-clinical research and cell-based screens, cell lines are 
routinely cultivated in monolayer on plastic. This does not support formation of 
extracellular matrix (ECM) nor relevant cell-cell interactions and epithelial differentiation 
processes to occur. Cell-cell-contacts formed by cells on plastic are of temporary nature, and 
fail to properly recapitulate differentiation and maturation programs intrinsic to epithelial 
cells. A key feature of both breast and PrCa is the capacity to undergo “acinar 
morphogenesis”, i.e. the formation of functional glandular spheroids and tubular structures 
that connect such organoids. These are a key element of epithelial plasticity and contribute 
to cell motility and invasiveness (branching, spreading). No such features can be observed 
in monolayer cultures, depriving otherwise even potentially informative model systems of 
biological relevance. To overcome these shortcomings, organotypic cultures of breast and 
prostate cancer cell lines have been investigated since the early 1970’s.  
Cells can also be embedded in artificial or natural matrices or scaffolds. This provides an 
altogether different biology that has very little resemblance to the “floating” spheroids 
formed in non-adherent cultures, apart from the often equally rounded overall shape. 
Spheroid cultures or PrCa cells embedded in extracellular matrices have been systematically 
explored since 2001 (Bello-DeOcampo et al., 2001; Lang et al., 2001). This was again lagging 
behind the breast cancer field, in which such efforts were initiated in the 1990’s (Streuli et al., 
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1991; Weaver et al., 1995; Weaver et al., 1996). Later studies introduced a focus on tissue 
differentiation, morphogenesis and imaging (Debnath et al., 2003; Debnath & Brugge, 2005; 
Mailleux et al., 2008). The development of defined scaffolds/matrices is ongoing, although 
the most widely used material remains Matrigel. This is derived from a mouse sarcoma cell 
line that produces large amounts of laminin-rich ECM.  
However, the most important shortcoming of currently available models for PrCa and 
CRPC is the lack of complexity that is recapitulated by mono-culture of a single cell type, 
usually the tumor cells. These do not act as singular entities and a carcinoma in fact 
represents a disturbed, but nevertheless complex tissue with its own regulation of tissue 
homeostasis. Tumor and stromal cells (in combination with ECM components such as 
laminins and collagens) are the main actors in tissue formation, followed by smooth muscle 
or myoepithelial cells and invading components of the immune system (Fig. 1). The 
development of co-culture systems of tumor cells with relevant tumor-associated or normal 
fibroblasts has not yet left the developmental phase. Despite a large number of different 
approaches, there is no consensus which of these models would be particularly informative 
and relevant. Most of the co-culture models may not be highly reproducible and remain 
only poorly standardized. Thus, more reliable models to study tumor-host interactions and 
the role of the stromal compartment in development and progression of PrCa are still much 
in demand. Also the role of tumor stroma in mouse xenografts is debated. 
 

 
Fig. 1. Anatomy of prostate cancer. In low-grade tumors, cancer cells are still enclosed by intact 
basement membrane. The interstitial ECM is composed of fibrous proteins such as collagens, 
glycosaminoglycans and fibronectin. The cellular part is formed by fibroblasts, smooth muscle 
cells, myoepithelial cells, endothelial cells and invading actors of the immune system. 
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only poorly standardized. Thus, more reliable models to study tumor-host interactions and 
the role of the stromal compartment in development and progression of PrCa are still much 
in demand. Also the role of tumor stroma in mouse xenografts is debated. 
 

 
Fig. 1. Anatomy of prostate cancer. In low-grade tumors, cancer cells are still enclosed by intact 
basement membrane. The interstitial ECM is composed of fibrous proteins such as collagens, 
glycosaminoglycans and fibronectin. The cellular part is formed by fibroblasts, smooth muscle 
cells, myoepithelial cells, endothelial cells and invading actors of the immune system. 
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As a result, a lack of understanding of key molecular events in tumor progression to 
metastatic, invasive prostate cancers (CRPC) remains. Most models lack the required 
complexity, but also relevant high throughput capacities required for early stage pre-clinical 
research. Furthermore, most complex experimental systems are not cost effective. Many of 
the basic tools required for high content or high-throughput cell-based screening (HTS), 
such as miniaturization, automation, and reliable readout systems are in a rudimentary 
state. Furthermore, those few model systems that allow higher throughput, may not be very 
representative for prostate cancer biology and differentiation. Such experimental systems 
are typically based on floating “prostaspheres” or organoids/microtissues; these, however, 
do not undergo significant differentiation processes. Only very few, matrix-embedded 
organotypic models are available for HTS. Apart from the lack of biological relevance of 
many experimental systems, it also remains generally difficult to transfer informative model 
systems across different laboratories. Together, these eminent insufficiencies may explain 
why preclinical studies are too often poorly predictive for the outcome of clinical trials, and 
why many of these trials eventually fail – typically in stage II or III. Generally, for a new 
compound to be synthesized and approved on the market it takes about 10 years or more, 
costing billions of dollars, and the number of FDA approved drug has steadily decreased 
during the last few years. At this point of the clinical drug discovery pipeline, a large sum of 
money has already been invested. Parts of it could have been saved, provided the target 
validation strategy had been more informative and pre-clinical models utilized had been 
more predictive. Therefore, it is critical for future drug development to integrate multiple 
efforts, models and target validation strategies into a more comprehensive approach. 
Only a broader spectrum of biologically relevant models allows thorough exploration of key 
mechanisms involved in therapy failure, and to focus on the major pathways involved in 
progression to CRPC. Furthermore, it will be mandatory to include the essential aspects of 
tumor-host cell interactions and tumor cell heterogeneity. This chapter will give an 
overview of the most relevant cell-based model systems currently available. We will mainly 
focus on in vitro cell culture models with an excursion into the wide field of orthotopic and 
subcutaneous xenografts. Only some selected examples for GEMMs that have been recently 
developed will be addressed here, in close connection to the cancer mechanisms and 
pathway they are modeling. Excellent reviews on mouse models of PrCa in general 
(Hensley & Kyprianou, 2011; Park et al., 2010) and GEMMS in particular (Jeet et al., 2010; 
Wang, 2011) have been published recently. According to this, we felt an overview of the 
status of ex vivo models may be timely, as this field is rapidly evolving and has not been 
widely reviewed. The most urgent unmet needs apply for the research related to fatal, 
under-treated CRPC. Our focus will therefore be mainly on the molecular pathways 
involved in progression to CRPC. Our aim is to discuss how advanced models may help to 
address improve target validation and drug discovery particularly in CRPC. 

2. Target Validation: Modelling pathways and mechanisms in castration-
resistant prostate cancer (CRPC) 
2.1 Modeling AR modifications in CRPC 
AR functions remain critical in essentially all CRPCs. AR is the target of genetic DNA 
amplifications leading to its overexpression (Koivisto et al., 1997; Visakorpi et al., 1995), as 
well as function-modifying point mutations. DNA amplifications targeting the AR locus 
result in overexpression of AR in up to 30% of the patients. Gain-of-function mutations of 
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AR (20-30% of patients) enable AR to bind a broad spectrum of steroidal and non-steroidal 
molecules as agonists (Koivisto et al., 1999; van de Wijngaart et al., 2010). Functionally 
relevant AR modifications include also changes in co-regulatory molecules such as nuclear 
co-activators and repressors. Additionally, alterations of signaling cascades that lead to 
activation of AR independent of ligand(s) have been described (reviewed in (Scher & 
Sawyers, 2005). In combination, these modifications are the most critical molecular 
mechanism that renders CRPCs independent of physiological levels of androgens. CRPCs 
thrive on significantly reduced levels of androgens or utilize alternative ligands that are more 
readily available. In some cases, AR mutations may render PrCa cells completely independent 
of external ligand supplies and the tumors develop an entirely independent, self-sufficient AR 
signaling axis – although AR still remains the main target. Ligand-independent and ligand-
mediated functional activation of AR is reflected by phoshorylation, subsequent nuclear 
import (Jenster et al., 1993), and transcriptional activation of AR target genes such as PSA 
(prostate-specific antigen). While PSA and other classic AR-controlled genes remain mostly 
driven by AR, the overall spectrum of AR-responsive genes is often greatly altered and 
expanded in advanced cancers (Wang et al., 2009a). This observation has only recently 
changed the basic understanding of CRPC biology. 
Upon failure of primary therapy, anti-androgens such as casodex, flutamide or nilutamide fail 
to block AR and/or start promoting cell proliferation instead. These antagonists often convert 
to agonists (activators) of AR signaling, a poorly understood mechanistic complication (Dahut 
& Madan, 2010) - for which few experimental model systems exist. Many AR mutations 
described in patients confer gain-of-function properties. In the clinics, the conversion of anti-
androgens and tumor relapse is reflected in a sudden steep increase of PSA levels. 
Nevertheless, PSA rise as such is only poorly indicative of patient survival and fails to predict 
response or failure of therapy. Instead of PSA, scintigraphy and PET imaging have turned out 
to be more reliable. However, the most promising method may be the detection of circulating 
tumor cells (CTCs) (Attard et al., 2009; Danila et al., 2010; Danila et al., 2011). CTCs typically 
contain the same cancer-relevant mutations as the primary tumor, e.g. amplified/mutated AR. 
These features can be utilized for further characterization and fine tuning of diagnostic tools 
(Attard et al., 2010; Zhang et al., 2010). However - the role of CTCs in forming distant 
metastases and relapse is only poorly understood. No good models are available that would 
dynamically mimic the systemic spread of PrCa cells. For example, xenografts rarely produce 
metastatic lesions  to the bone, which represents the most frequent metastatic site in humans. 
Additionally, detection of small metastatic lesions by in vivo imaging is technically difficult 
(van Weerden et al., 2009), and may require removal of the primary tumor to allow monitoring 
the metastases. In vivo imaging may also suffer from extremely dynamic cell behavior in vivo: 
small lesions spontaneously disappear and reoccur at other locations, with few lesions able to 
successfully maintain themselves. It remains unclear how well these animal models represent 
the acute human problem of developing metastatic CRPC (Eaton et al., 2010). Major 
improvements in the use of light-emitting cell lines and more sensitive detection methods may 
help to overcome these difficulties in the future. Even more important would be the generation 
of reliable cell line models that effectively form metastatic lesions in mouse models – ideally 
utilizing mechanisms similar to human systemic spread.  
Until very recently, little progress was made in the development of novel anti-androgens. 
The most exciting new entities, MDV3100, its derivative RD162 and TAK-700, were recently 
demonstrated as superior to casodex in castration-resistant LNCaP-AR xenograft models. 
Both MDV3100 and TAK-700 were also successful in clinical studies (Attard et al., 2011; 
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As a result, a lack of understanding of key molecular events in tumor progression to 
metastatic, invasive prostate cancers (CRPC) remains. Most models lack the required 
complexity, but also relevant high throughput capacities required for early stage pre-clinical 
research. Furthermore, most complex experimental systems are not cost effective. Many of 
the basic tools required for high content or high-throughput cell-based screening (HTS), 
such as miniaturization, automation, and reliable readout systems are in a rudimentary 
state. Furthermore, those few model systems that allow higher throughput, may not be very 
representative for prostate cancer biology and differentiation. Such experimental systems 
are typically based on floating “prostaspheres” or organoids/microtissues; these, however, 
do not undergo significant differentiation processes. Only very few, matrix-embedded 
organotypic models are available for HTS. Apart from the lack of biological relevance of 
many experimental systems, it also remains generally difficult to transfer informative model 
systems across different laboratories. Together, these eminent insufficiencies may explain 
why preclinical studies are too often poorly predictive for the outcome of clinical trials, and 
why many of these trials eventually fail – typically in stage II or III. Generally, for a new 
compound to be synthesized and approved on the market it takes about 10 years or more, 
costing billions of dollars, and the number of FDA approved drug has steadily decreased 
during the last few years. At this point of the clinical drug discovery pipeline, a large sum of 
money has already been invested. Parts of it could have been saved, provided the target 
validation strategy had been more informative and pre-clinical models utilized had been 
more predictive. Therefore, it is critical for future drug development to integrate multiple 
efforts, models and target validation strategies into a more comprehensive approach. 
Only a broader spectrum of biologically relevant models allows thorough exploration of key 
mechanisms involved in therapy failure, and to focus on the major pathways involved in 
progression to CRPC. Furthermore, it will be mandatory to include the essential aspects of 
tumor-host cell interactions and tumor cell heterogeneity. This chapter will give an 
overview of the most relevant cell-based model systems currently available. We will mainly 
focus on in vitro cell culture models with an excursion into the wide field of orthotopic and 
subcutaneous xenografts. Only some selected examples for GEMMs that have been recently 
developed will be addressed here, in close connection to the cancer mechanisms and 
pathway they are modeling. Excellent reviews on mouse models of PrCa in general 
(Hensley & Kyprianou, 2011; Park et al., 2010) and GEMMS in particular (Jeet et al., 2010; 
Wang, 2011) have been published recently. According to this, we felt an overview of the 
status of ex vivo models may be timely, as this field is rapidly evolving and has not been 
widely reviewed. The most urgent unmet needs apply for the research related to fatal, 
under-treated CRPC. Our focus will therefore be mainly on the molecular pathways 
involved in progression to CRPC. Our aim is to discuss how advanced models may help to 
address improve target validation and drug discovery particularly in CRPC. 

2. Target Validation: Modelling pathways and mechanisms in castration-
resistant prostate cancer (CRPC) 
2.1 Modeling AR modifications in CRPC 
AR functions remain critical in essentially all CRPCs. AR is the target of genetic DNA 
amplifications leading to its overexpression (Koivisto et al., 1997; Visakorpi et al., 1995), as 
well as function-modifying point mutations. DNA amplifications targeting the AR locus 
result in overexpression of AR in up to 30% of the patients. Gain-of-function mutations of 
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AR (20-30% of patients) enable AR to bind a broad spectrum of steroidal and non-steroidal 
molecules as agonists (Koivisto et al., 1999; van de Wijngaart et al., 2010). Functionally 
relevant AR modifications include also changes in co-regulatory molecules such as nuclear 
co-activators and repressors. Additionally, alterations of signaling cascades that lead to 
activation of AR independent of ligand(s) have been described (reviewed in (Scher & 
Sawyers, 2005). In combination, these modifications are the most critical molecular 
mechanism that renders CRPCs independent of physiological levels of androgens. CRPCs 
thrive on significantly reduced levels of androgens or utilize alternative ligands that are more 
readily available. In some cases, AR mutations may render PrCa cells completely independent 
of external ligand supplies and the tumors develop an entirely independent, self-sufficient AR 
signaling axis – although AR still remains the main target. Ligand-independent and ligand-
mediated functional activation of AR is reflected by phoshorylation, subsequent nuclear 
import (Jenster et al., 1993), and transcriptional activation of AR target genes such as PSA 
(prostate-specific antigen). While PSA and other classic AR-controlled genes remain mostly 
driven by AR, the overall spectrum of AR-responsive genes is often greatly altered and 
expanded in advanced cancers (Wang et al., 2009a). This observation has only recently 
changed the basic understanding of CRPC biology. 
Upon failure of primary therapy, anti-androgens such as casodex, flutamide or nilutamide fail 
to block AR and/or start promoting cell proliferation instead. These antagonists often convert 
to agonists (activators) of AR signaling, a poorly understood mechanistic complication (Dahut 
& Madan, 2010) - for which few experimental model systems exist. Many AR mutations 
described in patients confer gain-of-function properties. In the clinics, the conversion of anti-
androgens and tumor relapse is reflected in a sudden steep increase of PSA levels. 
Nevertheless, PSA rise as such is only poorly indicative of patient survival and fails to predict 
response or failure of therapy. Instead of PSA, scintigraphy and PET imaging have turned out 
to be more reliable. However, the most promising method may be the detection of circulating 
tumor cells (CTCs) (Attard et al., 2009; Danila et al., 2010; Danila et al., 2011). CTCs typically 
contain the same cancer-relevant mutations as the primary tumor, e.g. amplified/mutated AR. 
These features can be utilized for further characterization and fine tuning of diagnostic tools 
(Attard et al., 2010; Zhang et al., 2010). However - the role of CTCs in forming distant 
metastases and relapse is only poorly understood. No good models are available that would 
dynamically mimic the systemic spread of PrCa cells. For example, xenografts rarely produce 
metastatic lesions  to the bone, which represents the most frequent metastatic site in humans. 
Additionally, detection of small metastatic lesions by in vivo imaging is technically difficult 
(van Weerden et al., 2009), and may require removal of the primary tumor to allow monitoring 
the metastases. In vivo imaging may also suffer from extremely dynamic cell behavior in vivo: 
small lesions spontaneously disappear and reoccur at other locations, with few lesions able to 
successfully maintain themselves. It remains unclear how well these animal models represent 
the acute human problem of developing metastatic CRPC (Eaton et al., 2010). Major 
improvements in the use of light-emitting cell lines and more sensitive detection methods may 
help to overcome these difficulties in the future. Even more important would be the generation 
of reliable cell line models that effectively form metastatic lesions in mouse models – ideally 
utilizing mechanisms similar to human systemic spread.  
Until very recently, little progress was made in the development of novel anti-androgens. 
The most exciting new entities, MDV3100, its derivative RD162 and TAK-700, were recently 
demonstrated as superior to casodex in castration-resistant LNCaP-AR xenograft models. 
Both MDV3100 and TAK-700 were also successful in clinical studies (Attard et al., 2011; 
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Chen et al., 2009; Massard & Fizazi, 2011; Tran et al., 2009). A phase I/II multi-center first-
in-man trial of MDV3100 was recently completed (Scher et al., 2010), and a regulatory 
phase III trial with advanced PrCa patients previously failing taxane therapy has started 
in 2010. According to preliminary clinical data, MDV3100 does not quickly develop 
agonism to AR in CRPCs, and shows a more consistently and robust antagonist activity 
clearly superior to casodex. The still limited potential of these drugs is reflected in the 
possibility to generate MDV3100 resistant cell clones, e.g. in vivo by continued daily 
treatment of mice followed by serial passage of LNCaP/AR xenografts, or in vitro by 
using VCaP cells and long term drug exposure. In the majority of these resistant clones, 
AR expression is maintained. This is likely to happen in relapsed tumors from future 
clinical use. As expected, MDV3100-resistant CRPC cells remain dependent on continued 
AR signaling as demonstrated by siRNA knockdown: Not even the most advanced novel 
drugs are capable of breaking this addiction. In conclusion, novel drugs like Orteronel 
(TAK-700) and MDV3100 are unlikely to be curative, and will result in relapse and further 
progression with yet unknown frequency and time course. To explore the putative 
molecular mechanisms of MDV3100 or TAK-700 resistance in the future will require a 
very systematic approach and the use of a comprehensive panel of complementary 
models. There will also be a need to systematically address the impact of the tumor 
microenvironment and the stromal counterpart, using organotypic and co-culture models. 
These interactions are expected to considerable contribute to the development of late 
stage drug resistance, compared to treatment of primary tumors.  
CRPC tumors may gain the capability to metabolically synthesize sufficient levels of 
androgens, which renders the tumors completely independent of endocrine hormone 
supplies (testis, adrenal gland). The drug abiraterone acetate, recently approved by the FDA 
for treatment of advanced CRPC, (Agarwal et al., 2010; de Bono et al., 2011; Molina & 
Belldegrun, 2011), blocks the formation of androgens by inhibiting CYP17A1 (17α-
hydroxylase/17, 20 lyase). This metabolic enzyme is involved in the formation of DHEA 
and androstenedione. These intermediates are then further metabolized to testosterone 
(Attard et al., 2009a; Attard et al., 2009b). Like MVD3100 and TAK-700, abiraterone showed 
promising results in phase I-III clinical trials (Ryan et al., 2010; Shah & Ryan, 2010; Sharifi, 
2010), but the response rate is equally incomplete and was approved by the FDA in April 
2011. Abiraterone is also expected to result in resistances, with mechanisms that are very 
likely to involve the tumor microenvironment (stromal cells, endocrine factors and 
myoepithelial/smooth muscle cells). For example, the stromal cells may actually be 
responsible for developing resistance, subsequently providing significant levels of 
androgens to nearby tumor cells.  
Nevertheless, recent success stories only illustrate that AR remains the fundamental target 
in PrCa, essentially throughout all stages of progression. Nevertheless, the novel drugs also 
demonstrate that it is possible to temporarily block AR or androgen functions even in CRPC. 
How well these new drugs will improve the efficacy of CRPC treatment, will be shown in 
the future. Understanding both the mechanisms of action & pathways leading to the 
expected resistance in tumor cells will require more than ever the use of a panel of advanced 
prostate cancer models. More detailed understanding of AR-related signaling pathways and 
an improved, contextual target validation will have the potential to significantly improve 
therapy and patient outcome. Ideally, this will include exploring the potency of combination 
therapies with older concepts, such as ketoconazole (Figg et al., 2010; Peehl et al., 2002; Ryan 
et al., 2010) or prednisone (Danila et al., 2010).  
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The insight that PrCa progression to CRPC is intricately associated with hyperactive 
androgen signaling was recently demonstrated by the generation of a mouse model based 
on an activating AR mutation (T877A), which was overexpressed in prostatic epithelial cells 
by targeted somatic mutagenesis. ARpe-T877A mice formed hypertrophies and eventually 
carcinomas (Takahashi et al., 2011). Tumor progression was greatly enhanced by 
overexpression of Wnt-5a that served as an activator. These findings suggest that mutant AR 
alone may already provide tumor-promoting properties which are further potentiated by 
additional genetic alterations. Such novel and exciting transgenic mouse models for PrCa 
may become very powerful tools in future pre-clinical trials (Jeet et al., 2010; Wang, 2011).  

2.2 Modeling ETS fusion transcripts in PrCa & CRPC 
AR may be the key player in PrCa progression but is certainly not acting in isolation. This 
was recently demonstrated by the discovery of TMPRSS2-ETS factor fusion genes that can 
be attributed to 40-60% of all PrCa (Tomlins et al., 2005; Tomlins et al., 2006; Tomlins et al., 
2007; Tomlins et al., 2008). Other ETS fusion factors such as ETV1 and ETV4 (Hermans et al., 
2008a; Hermans et al., 2008b) were soon following. The panel of ETS fusion rearrangements 
and driver genes/promoters is still growing, although the most frequent and relevant 
translocation is the TMPRSS2-ERG event. The occurrence of TMPRSS2-ETS factor fusion 
events is considered an important initiating event in PrCa tumor progression (Mosquera et 
al., 2008; Perner et al., 2007; Saramaki et al., 2008), but is not sufficient to fully transform 
benign prostate cells. This has been demonstrated by the fact that ETS fusion genes also act 
as tumor-initiating factors in transgenic mouse models (Brenner et al., 2011; Carver et al., 
2009a; Carver et al., 2009b), but generally require cooperative oncogenic events such as 
haplo-insufficiency or complete loss of PTEN and activation of c-Myc (Sun et al., 2008) for 
progression to invasive carcinomas. Apart from the tumors, ETS fusion gene transcripts 
have also been detected in clinical pre-malignant lesions such as HGPIN (high grade 
prostatic intraepithelial neoplasias). Surprisingly, TMPRSS2-ERG expression is frequently 
associated with a favorable prognosis (Hermans et al., 2009; Saramaki et al., 2008). Thus, ETS 
factor fusion genes events may represent cancer-initiating events, but might not critically 
contribute to tumor progression and CRPC. Also in clinical PrCa, ETS factors may need to 
cooperate with additional oncogenic events such as PI3Kinase pathway activation, loss of 
one allele of PTEN and AR amplification (King et al., 2009; Squire, 2009; Yu et al., 2010), 
which are considered key factors for tumor progression. However, this topic remains 
controversial: Duplication of the TMPRSS2-ERG fusion gene locus was associated with 
worsened prognosis and progression towards advanced CRPC (Attard et al., 2008; Attard et 
al., 2010). This also makes sense, as ETS fusion events are strictly androgen-responsive and 
require functional AR, which links ETS factors intimately to AR biology. Accordingly, 
TMPRSS2-ERG fusion gene expression is massively re-activated in CRPC tumors (Cai et al., 
2009), concomitant with the over-expression of androgen-dependent genes like PSA. Thus, 
appropriate models for CRPC and the role of AR should not underestimate the contribution 
of ETS fusion genes, and their function cannot be clearly functionally separated from AR 
signaling. Only a small fraction of PrCa cell lines that contain actively transcribed ETS 
fusion transcripts have been described, such as the VCaP and DuCaP lines (Korenchuk et al., 
2001). These cell lines harbor the characteristic AR amplification. Both VCaP and DuCaP, 
established from different metastatic lesions of the same patient, represent excellent models 
for both CRPC and ETS-factor positive PrCa. Nevertheless, these cell lines do not readily 
form metastatic lesions in xenograft mouse models (Havens et al., 2008; Loberg et al., 2007; 
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Chen et al., 2009; Massard & Fizazi, 2011; Tran et al., 2009). A phase I/II multi-center first-
in-man trial of MDV3100 was recently completed (Scher et al., 2010), and a regulatory 
phase III trial with advanced PrCa patients previously failing taxane therapy has started 
in 2010. According to preliminary clinical data, MDV3100 does not quickly develop 
agonism to AR in CRPCs, and shows a more consistently and robust antagonist activity 
clearly superior to casodex. The still limited potential of these drugs is reflected in the 
possibility to generate MDV3100 resistant cell clones, e.g. in vivo by continued daily 
treatment of mice followed by serial passage of LNCaP/AR xenografts, or in vitro by 
using VCaP cells and long term drug exposure. In the majority of these resistant clones, 
AR expression is maintained. This is likely to happen in relapsed tumors from future 
clinical use. As expected, MDV3100-resistant CRPC cells remain dependent on continued 
AR signaling as demonstrated by siRNA knockdown: Not even the most advanced novel 
drugs are capable of breaking this addiction. In conclusion, novel drugs like Orteronel 
(TAK-700) and MDV3100 are unlikely to be curative, and will result in relapse and further 
progression with yet unknown frequency and time course. To explore the putative 
molecular mechanisms of MDV3100 or TAK-700 resistance in the future will require a 
very systematic approach and the use of a comprehensive panel of complementary 
models. There will also be a need to systematically address the impact of the tumor 
microenvironment and the stromal counterpart, using organotypic and co-culture models. 
These interactions are expected to considerable contribute to the development of late 
stage drug resistance, compared to treatment of primary tumors.  
CRPC tumors may gain the capability to metabolically synthesize sufficient levels of 
androgens, which renders the tumors completely independent of endocrine hormone 
supplies (testis, adrenal gland). The drug abiraterone acetate, recently approved by the FDA 
for treatment of advanced CRPC, (Agarwal et al., 2010; de Bono et al., 2011; Molina & 
Belldegrun, 2011), blocks the formation of androgens by inhibiting CYP17A1 (17α-
hydroxylase/17, 20 lyase). This metabolic enzyme is involved in the formation of DHEA 
and androstenedione. These intermediates are then further metabolized to testosterone 
(Attard et al., 2009a; Attard et al., 2009b). Like MVD3100 and TAK-700, abiraterone showed 
promising results in phase I-III clinical trials (Ryan et al., 2010; Shah & Ryan, 2010; Sharifi, 
2010), but the response rate is equally incomplete and was approved by the FDA in April 
2011. Abiraterone is also expected to result in resistances, with mechanisms that are very 
likely to involve the tumor microenvironment (stromal cells, endocrine factors and 
myoepithelial/smooth muscle cells). For example, the stromal cells may actually be 
responsible for developing resistance, subsequently providing significant levels of 
androgens to nearby tumor cells.  
Nevertheless, recent success stories only illustrate that AR remains the fundamental target 
in PrCa, essentially throughout all stages of progression. Nevertheless, the novel drugs also 
demonstrate that it is possible to temporarily block AR or androgen functions even in CRPC. 
How well these new drugs will improve the efficacy of CRPC treatment, will be shown in 
the future. Understanding both the mechanisms of action & pathways leading to the 
expected resistance in tumor cells will require more than ever the use of a panel of advanced 
prostate cancer models. More detailed understanding of AR-related signaling pathways and 
an improved, contextual target validation will have the potential to significantly improve 
therapy and patient outcome. Ideally, this will include exploring the potency of combination 
therapies with older concepts, such as ketoconazole (Figg et al., 2010; Peehl et al., 2002; Ryan 
et al., 2010) or prednisone (Danila et al., 2010).  
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The insight that PrCa progression to CRPC is intricately associated with hyperactive 
androgen signaling was recently demonstrated by the generation of a mouse model based 
on an activating AR mutation (T877A), which was overexpressed in prostatic epithelial cells 
by targeted somatic mutagenesis. ARpe-T877A mice formed hypertrophies and eventually 
carcinomas (Takahashi et al., 2011). Tumor progression was greatly enhanced by 
overexpression of Wnt-5a that served as an activator. These findings suggest that mutant AR 
alone may already provide tumor-promoting properties which are further potentiated by 
additional genetic alterations. Such novel and exciting transgenic mouse models for PrCa 
may become very powerful tools in future pre-clinical trials (Jeet et al., 2010; Wang, 2011).  

2.2 Modeling ETS fusion transcripts in PrCa & CRPC 
AR may be the key player in PrCa progression but is certainly not acting in isolation. This 
was recently demonstrated by the discovery of TMPRSS2-ETS factor fusion genes that can 
be attributed to 40-60% of all PrCa (Tomlins et al., 2005; Tomlins et al., 2006; Tomlins et al., 
2007; Tomlins et al., 2008). Other ETS fusion factors such as ETV1 and ETV4 (Hermans et al., 
2008a; Hermans et al., 2008b) were soon following. The panel of ETS fusion rearrangements 
and driver genes/promoters is still growing, although the most frequent and relevant 
translocation is the TMPRSS2-ERG event. The occurrence of TMPRSS2-ETS factor fusion 
events is considered an important initiating event in PrCa tumor progression (Mosquera et 
al., 2008; Perner et al., 2007; Saramaki et al., 2008), but is not sufficient to fully transform 
benign prostate cells. This has been demonstrated by the fact that ETS fusion genes also act 
as tumor-initiating factors in transgenic mouse models (Brenner et al., 2011; Carver et al., 
2009a; Carver et al., 2009b), but generally require cooperative oncogenic events such as 
haplo-insufficiency or complete loss of PTEN and activation of c-Myc (Sun et al., 2008) for 
progression to invasive carcinomas. Apart from the tumors, ETS fusion gene transcripts 
have also been detected in clinical pre-malignant lesions such as HGPIN (high grade 
prostatic intraepithelial neoplasias). Surprisingly, TMPRSS2-ERG expression is frequently 
associated with a favorable prognosis (Hermans et al., 2009; Saramaki et al., 2008). Thus, ETS 
factor fusion genes events may represent cancer-initiating events, but might not critically 
contribute to tumor progression and CRPC. Also in clinical PrCa, ETS factors may need to 
cooperate with additional oncogenic events such as PI3Kinase pathway activation, loss of 
one allele of PTEN and AR amplification (King et al., 2009; Squire, 2009; Yu et al., 2010), 
which are considered key factors for tumor progression. However, this topic remains 
controversial: Duplication of the TMPRSS2-ERG fusion gene locus was associated with 
worsened prognosis and progression towards advanced CRPC (Attard et al., 2008; Attard et 
al., 2010). This also makes sense, as ETS fusion events are strictly androgen-responsive and 
require functional AR, which links ETS factors intimately to AR biology. Accordingly, 
TMPRSS2-ERG fusion gene expression is massively re-activated in CRPC tumors (Cai et al., 
2009), concomitant with the over-expression of androgen-dependent genes like PSA. Thus, 
appropriate models for CRPC and the role of AR should not underestimate the contribution 
of ETS fusion genes, and their function cannot be clearly functionally separated from AR 
signaling. Only a small fraction of PrCa cell lines that contain actively transcribed ETS 
fusion transcripts have been described, such as the VCaP and DuCaP lines (Korenchuk et al., 
2001). These cell lines harbor the characteristic AR amplification. Both VCaP and DuCaP, 
established from different metastatic lesions of the same patient, represent excellent models 
for both CRPC and ETS-factor positive PrCa. Nevertheless, these cell lines do not readily 
form metastatic lesions in xenograft mouse models (Havens et al., 2008; Loberg et al., 2007; 
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van Golen et al., 2008) nor do they belong to the most straightforward cell lines to grow in 
the laboratory – which somewhat limits their value. More advanced, aggressive models for 
CRPC based on VCaP cells have been generated using mouse xenografts (Loberg et al., 
2006a; Loberg et al., 2006b). Apart from VCaP, only the NCI-H660 cell line contains another 
TMPRSS2-ERG fusion event (Mertz et al., 2007). But NCI-H660 is not a typical “luminal” 
PrCa cell line and lacks expression of AR, which renders this model rather irrelevant for 
many aspects of CRPC. This line was initially described as a small-cell lung carcinoma 
before it was reclassified as the metastasis of a prostate small-cell carcinoma. NCI-H660 may 
represent a model for the neuroendocrine differentiation phenotype, which is sometimes 
observed in PrCa. Furthermore, the classic castration-resistant, androgen-responsive LNCaP 
cell line contains a rearranged ETV1 fusion gene. However, ETV1 is not functionally 
expressed and LNCaP therefore not a very relevant model for ETS factor biology. Loss of 
ETV1 expression may indicate that this gene is not required for progression to CRPC. In 
summary, it is surprising that ETS fusion events appear to be under-represented in 
established PrCa cell lines. This observation may be related to particular difficulties to 
establish ETS-factor positive PrCa lines from clinical tumor material. The diagnosis of ETS 
factor fusion genes in PrCa have only now begun to affect clinical practice and diagnostics 
(Laxman et al., 2008; Tomlins et al., 2009), although detection of fusion events may soon 
become a routine technique (Hu et al., 2008; Jhavar et al., 2008; Mao et al., 2008). As of yet, 
the discovery of ETS fusion genes has also not resulted in many novel and useful 
therapeutic concepts (Björkman et al., 2008), although the first functional insights may yet 
have to be followed up and clinically translated (Gupta et al., 2010; Mohamed et al., 2011; 
Yu et al., 2010). A lack of appropriate models that faithfully mimic the biology of ETS 
fusions in the context of PrCa and CRPC may have contributed to the relative slow 
progress in this field.  

2.3 Modeling molecular pathways beyond AR: PTEN, PI3 kinase and AKT 
Alternative pathways for ligand-independent activation of AR are discussed as key 
mechanisms in at least a subset of CRPC. However, the kinases suggested to be involved, 
their clinical relevance, and the number of cases affected are still highly debated. Insights 
from large-scale tumor sequencing efforts such as the Sanger Institute (COSMIC database of 
somatic mutations in cancer; http://www.sanger.ac.uk/perl/genetics/CGP/cosmic) have 
identified candidate genes that are most frequently mutated in PrCa. According to this 
database (Status July 2011), p53 mutations are the most frequently found somatic alterations 
(19%), followed by PTEN (14%), and KRAS mutations (7%). Mutations in all three ras genes 
(HRAS, KRAS, NRAS) together account for about 13% of PrCa cases. Other frequent 
mutations, pointing essentially to the same key molecular pathways involved in prostate 
cancer progression, are EGFR (7%), beta-catenin (CTNNB1; 6%), Retinoblastoma (RB, 6%) 
and B-raf (4%). The frequencies for PTEN are significantly higher if genetic deletions (LOH) 
and rearrangements are also taken into account. Loss of one allele of PTEN is the most 
frequent genetic alteration in primary PrCa, while loss of both PTEN alleles is frequently 
observed in advanced CRPC. This genetic background information is critical to evaluate the 
biological relevance of models for PrCa and CRPC.  
PTEN (phosphatase and tensin homolog deleted on chromosome 10) and the downstream 
PI3 Kinase (PI3K) and AKT pathways are closely linked to CRPC. PTEN loss and 
perturbation of these pathways have been implicated in early stage prostate carcinogenesis 
(Zong et al., 2009) as well as late stage CRPC (Verhagen et al., 2006; Vlietstra et al., 1998). 
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PTEN negatively regulates the activity of AKT and PI3K pathways. Loss of one or both 
alleles of PTEN increases the intracellular levels of the second messenger PIP3 and results 
in constitutive activation of AKT. PI3K promotes the activation of AKT at Thr308 via the 
kinase PDK1, followed by a second phosphorylation step by PDK2 at Ser473. AKT then 
translocates into the nucleus and triggers many cell survival mechanisms, promotes cell 
cycle progression, and possibly invasion (reviewed in (Sarker et al., 2009)). Oncogenic, 
activating AKT mutations and gene amplifications have been described (Boormans et al., 
2010). AKT’s role as a primary survival factor may significantly contribute to the 
development of CRPC and therapy failure. Furthermore, PI3K and AKT are important 
pathways for the maintenance of PrCa stem cell populations (Dubrovska et al., 2009; 
Korkaya et al., 2009; Sarker et al., 2009) and stem cell survival. The PI3K pathway 
cooperates with other important proto-oncogene such as c-Myc (Clegg et al., 2011) in PrCa 
and model systems, and promotes cancer progression in both. Receptor tyrosine kinases 
(RTKs) like EGF Receptor, Her2/ERBB2, c-MET or IGF1R, as well as non-RTK’s, also 
result in the activation of PI3K and AKT. Therefore, frequent observation of EGFR 
mutations in PrCa’s functionally contributes to the same clinically relevant pathways, as 
do s Ras and B-raf mutations, which are downstream signaling cascades. PTEN loss, AKT 
and PI3K pathways have been functionally associated with ligand-independent AR 
activation mechanisms, but conclusive validation and precise functional details e.g. in 
clinical tumors are clearly missing. AKT may interact with and contribute to the ligand-
independent phosphorylation of AR in CRPCs (Shen & Abate-Shen, 2007). Gain of 
function mutations in the PI3K pathway, primarily mutations of PIK3CA, are also the 
most frequent genetic mutation in breast cancers (Samuels et al., 2004), and occur 
sporadically in PrCa (< 1%). 
Tissue-specific knock-out of a single allele of PTEN in mice promotes the formation of 
hyperplastic lesions but not carcinogenesis, (Korsten et al., 2009; Liao et al., 2010c). Haplo-
insufficiency of PTEN strongly requires cooperation with additional tumorigenic events 
such as TMPRSS2-ERG fusion genes (Carver et al., 2009b; King et al., 2009; Squire, 2009), loss 
of NKX3.1 (Song et al., 2009), p53 mutations (Abou-Kheir et al., 2010; Couto et al., 2009), 
STAT3 (Blando et al., 2011), and AR overexpression. Loss of PTEN in the mouse prostate 
epithelium is generally insufficient to generate malignant lesions in transgenic mouse 
models (Couto et al., 2009), and typically results only in the formation of pre-malignant 
hyperplastic lesions. Interestingly, PTEN inactivation in mouse models without supporting 
additional events may primarily result in a specific form of senescence, which can be readily 
overcome by p53 knock-down (Alimonti et al., 2010). The resulting tumor cells show a 
dramatically increased stem- or progenitor cell and self-renewing potential (Dubrovska et 
al., 2009; Korkaya et al., 2009; Mulholland et al., 2009). It is also possible to isolate PTEN (-
/+) mouse PrCa cell lines from primary tumors for molecular follow-up studies (Jiao et al., 
2007; Liao et al., 2010c), and to further genetically modify these cells for generating 
androgen-independent CRPC lines. This includes the stromal compartment, which can also 
be extracted from transgenic mice and used for sophisticated tissue recombination and 
grafting experiments (Liao et al., 2010a; Liao et al., 2010b). Tissue recombination, e.g. 
combining mouse urogenital mesenchyme cells, or tumor-associated fibroblasts are a 
powerful model to explore tumor-host interactions and tumor microenvironment (Liao et 
al., 2010a). Cells from genetically engineered mouse models (GEMMs) can be further 
propagated in spheroid or 3D cultures, which may enhance the stem cell character of the 
resulting clones (Liao et al., 2010b). 
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The requirement for additional oncogenic events is also exemplified in mice in which loss of 
PTEN is combined with over-expression of the TMPRSS2-ERG fusion oncogene (Carver et 
al., 2009b) or loss of NKX3.1 (Song et al., 2009). NKX3.1 (-/-) PTEN (+/-) mice 
spontaneously develop androgen-independent lesions following castration (Abate-Shen et 
al., 2003; Gao et al., 2006; Kim et al., 2002; Ouyang et al., 2005), which renders this model 
particularly interesting for CRPC. Despite the availability of several mouse models 
generated by targeted knock-down of PTEN, only a few of these have resulted in castration-
resistant tumors that represent human CRPC. In some instances, the physical or chemical 
castration of mice has been used to generate CRPCs (Banach-Petrosky et al., 2007; Shen & 
Abate-Shen, 2007). However, it is unclear how relevant this approach is as the endocrine 
production of androgens is different in mice and men. Furthermore, carcinomas will ideally 
form only after a very long time period, related to the natural aging process of the mouse (> 
12 months). This represents a logistic restriction for the availability of such tumors/cell lines 
for larger scale experimentation.  
Simultaneously, addressing the most AR-associated pathways (PI3K, AKT, mTOR) is 
incomplete without simultaneously incorporating upstream aspects of RTK signaling on 
these pathways and AR. The most relevant RTKs are most likely EGFR, ERBB2/Her2, IGF1R 
and the c-MET/HGF Receptors. In connection with AKT and PI3K activation, these RTK’s 
and signaling modifiers like IGFBP2 (Mehrian-Shai et al., 2007) are important for the 
development and progression of PrCa; however their mutation spectrum and relevance in 
PrCa and CRPC is not very well established. Most critically, there are no PrCa animal 
models available yet that would systematically address these signaling mechanisms for 
generation of GEMMs. Oncogenic signaling and crosstalk through different RTK’s, the 
variable functions and shifting roles of RTK’s during therapy, tumor cell selection and the 
development of resistance, are likely to represent key mechanisms for target validation in 
anti-cancer therapy. Among the kinase receptors, the c-MET/HGF receptor pathway 
represents a particularly interesting target for CRPC and there is a need to recapitulate its 
molecular role by advanced model systems. Like EGFR, c-MET signaling appears to play a 
key role in many aspects of PrCa pathology (Szabo et al., 2011; Tu et al., 2010), particularly 
in regulating tumor cell motility, invasion and metastases (Pisters et al., 1995) as well as 
epithelial-to-mesenchymal transition (EMT). Furthermore, c-Met/HGF signaling is 
possibly involved in the maintenance of cancer-initiating (stem-) cells and stem cell 
proliferation (Eaton et al., 2010; Pfeiffer et al., 2011). 

2.4 Modeling tumor cell heterogeneity and mechanisms involved in cancer initiating 
or stem cells  
An increasing amount of evidence implies a role for many additional mechanisms in 
progression to therapy-resistant cancers. This includes the overexpression of anti-apoptotic 
genes (Bcl-2 or Mcl-1, BIRC5/survivin), induction of the MDR (multi drug resistance) 
transmembrane pumps, activation of NF-B, STAT2/3, and integrin-linked survival 
pathways (Weaver et al., 2002). These pathways may be critical for at least subsets of 
CRPCs. Cells that utilize additional survival mechanisms successfully may be strongly 
selected for under the conditions of anti-cancer treatment, and are likely to contribute to 
resistant cell clones. They are also likely to contribute to the generation of tumor cell 
heterogeneity before, during and after anti-cancer therapy. A spectrum of cellular factors 
like aneuploidy, differentiation and epigenetics are apparent in tumor tissues. Both genetic 
and non-genetic heterogeneities are likely to contribute to the clonal selection of resistant 
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tumor cells and/or tumor stem cell populations (Brock et al., 2009; Shackleton et al., 2009). 
Additional levels of heterogeneity are added by the cell populations from the tumor 
microenvironment (fibroblasts, myoepithelial cells), the immune system (monocytes, 
macrophages), and endothelial cells. During anti-cancer treatment, the hierarchical 
organization of tumors and their homeostatic regulation changes significantly. Together 
with the generation of genetically different clones, both aspects give rise to increasingly 
tumorigenic tumor cells & therapy resistance. The tumor context, tumor-host interactions 
and co-evolution with stromal components (Karnoub et al., 2007; Weinberg, 2008) are 
therefore critical aspects to understand clonal evolution and the nature of the resistant 
cells (Sawyers, 2007). However, there is a fundamental lack of reliable model systems to 
monitor dynamic changes in tumor & stromal heterogeneity (Marusyk & Polyak, 2010). 
The need for better systems to monitor epithelial plasticity is evident (van der Pluijm, 
2011; Wang & Shen, 2011).  
Alternatively, it has been suggested that residual disease and tumor relapse may be 
largely based on the long-term survival of cancer-initiating cells (CICs) or cancer stem 
cells (CSCs). These rare and mitotically rather inactive cell populations have been 
suggested to persist during therapy, while the bulk tumor mass may yet be largely 
diminished. Stem cell populations may be intrinsically more resistant to chemotherapy 
(Diehn & Clarke, 2006; Diehn et al., 2009), and CICs may naturally acquire invasive 
properties, e.g. by undergoing EMT. CICs may therefore be largely identical to 
metastasis-initiating cells (MICs) (Mani et al., 2008; Polyak & Weinberg, 2009). In PrCa, 
the nature of CIC/CSCs and their association with EMT (Dunning et al., 2011) is debated. 
While it is widely accepted that PrCa contains a functional stem compartment, the 
molecular characteristics of CSCs remains unclear. It is not even established if these stem 
cells are of luminal or basal phenotype (Maitland et al., 2011). According to this 
uncertainty, there is a lack of appropriate and accepted models that address the biological 
relevance of CSC populations experimentally. The most relevant information may be 
derived from mouse models, while a role for stem cells in cell lines is even more debated. 
Some mouse models point to a rare luminal cell type (Wang et al., 2009b), while others 
describe molecular profiles more consistent with a basal and/or mesenchymal phenotype 
(Frith et al., 2010a; Giannoni et al., 2010; Kong et al., 2010), which is consistent with 
observations in the breast cancer field. Some models, such as tumor spheroid 
(“prostaspheres”) cultures and non-adherent growth conditions, promote CSC properties 
and result in enhanced self-reproduction potential (Rybak et al., 2011; Watanabe & 
Takagi, 2008). This technique is now routinely used to enrich CSCs from mouse models 
(Liao et al., 2010a; Liao et al., 2010b) and human cell lines alike. Isolation of CSC 
populations from primary tumors (Guzman-Ramirez et al., 2009) and xenografts by serial 
passage of spheroids (Patrawala et al., 2006; Tang et al., 2007) or FACS reproducibly result 
in tumorigenic cancer-initiating cells. Their properties are similar to those generated by 
treatment with arsenic (Tokar et al., 2010a; Tokar et al., 2010b). The ultimate test for CSC 
characteristics is the inoculation of a limiting number of cells subcutaneously or into the 
mouse prostate, resulting in formation of tumors – although there are not as many studies 
compared e.g. to breast cancer CSCs (Al-Hajj et al., 2003; Dontu et al., 2005). It has been 
criticized that such assays may be an oversimplification and could simply select for the 
most tumorigenic cell populations. These may or may not coincide with CSC populations. 
The continuous debate indicates that also here, a lack of appropriate models (and 
biological understanding) limit the progress of drug discovery. Nude mouse models 
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(NOD/SCID) commonly used for inoculation experiments are far from fully representing 
the complexity of human malignancies. Generally, these models critically lack immune 
cells and lymphocyte-related cytokine/chemokine secretion. Furthermore, in xenografts, 
human cancer cells become rapidly associated with mouse fibroblasts. Even co-
inoculation of cancer cells with human fibroblasts typically results in their rapid, effective 
replacement with mouse mesenchymal cells. Cell-cell interaction of human tumor cells 
with human stromal cells can therefore not be investigated. This poses a particular 
problem to the investigation of molecular pathways such as c-Met/HGF signaling (Tu et al., 
2010; Yap & de Bono, 2010), in which the ligand is typically secreted by the stromal cells, 
while the receptor is expressed exclusively on the epithelial cancer cells. This represents a 
notorious problem for the validation of inhibitors and diagnostic tools alike (Knudsen & 
Vande Woude, 2008; Knudsen et al., 2009). Alternatively, it may be recommended to explore 
such pathways by mouse cells, accepting species-to-species differences. This will 
nevertheless assure that receptor-ligand interactions are fully functional. Tissue 
recombination approaches may also be very informative. The roles of non-genetic 
heterogeneity in clonal selection, and the various CIC concepts do not have to be mutually 
exclusive; both aspects may contribute to tumor cell resistance and failure of therapy.  

3. In vitro models for prostate cancer 
3.1 Two-dimensional monolayer culture: Cell lines and primary cells 
Conventional 2D monolayer cell culture in combination with models like wound healing 
assays and transwell migration assays (Boyden chambers) have traditionally been the 
most straightforward and simplistic model systems for PrCa in vitro. This is due to the 
uncomplicated cell culture on plastic surfaces under controlled, and highly artificial 
environment. In vitro cell culture systems can be classified into two types: 1) cell lines, 
which have an unlimited proliferation capacity; 2) primary cell cultures directly 
established from human tissues. Cell lines are widely used in every aspect of cancer 
research and clearly represent the most common models. Cell lines have the big technical 
advantage of infinite reproducible quality (Rhim, 2000). Their growth properties and 
phenotypes are essentially dictated by the genetic background, which is largely defined 
by the genetic background of the original tumor. Therefore, different cell lines may show 
strong inconsistencies or contradictions that can be attributed to differences in the genetic 
wiring. These may nevertheless be representative of different stages and aspects of PrCa 
progression or differentiation (van Bokhoven et al., 2003b; Yu et al., 2009). The spectrum of 
mutations found in breast cancer cell lines was shown to be largely overlapping with 
primary cancers (Lin et al., 2007; Wood et al., 2006; Wood et al., 2007), although no such 
studies were performed for PrCa. If not single lines, at least panels of multiple PrCa lines 
may therefore be relevant for many experimental approaches. One problem with PrCa lines 
is the poor representation of the basal versus luminal phenotype that is characteristic for 
normal prostate versus PrCa tissues. Most PrCa cell lines are routinely cultured in media 
with 5 – 20% bovine calf serum, which strongly promotes the luminal phenotype. This is 
characterized by expression of the cytokeratins CK8, CK18, AR, and androgen-dependent 
genes. In contrast, most non-transformed, normal and immortalized prostate-epithelial lines 
are cultured in serum-free media. This strongly promotes the basal phenotype (Litvinov et 
al., 2006b; Uzgare et al., 2004), characterized by lack of AR expression and keratins CK5, 
CK6, CK7 and CK14. Luminal cell lines will stop proliferating in serum-free media, while 
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basal cell lines may adapt to serum-containing conditions, but still fail to undergo a luminal 
differentiation or start expressing AR. Therefore, it is questionable if basal-type primary 
cells and non-transformed prostate lines (RWPE-1, PWR-1E, or EP156T) are good models for 
clinical aspects of prostate cancers (Kogan et al., 2006; Tokar et al., 2005), as the luminal 
compartment is typically lost in malignant PrCa’s (Litvinov et al., 2006b). Furthermore, the 
immortalization of primary prostate-epithelial cells with tumor-virus oncogenes (SV40 T-
antigen, HPV-16 E6 and E7) typically results in rapid tumorigenic conversion. In contrast, 
the use of recombinant human telomerase has been demonstrated as far less compromising 
(Kogan et al., 2006; Kogan-Sakin et al., 2009). The resulting hTERT-immortalized cell lines 
retain much of their original differentiation potential, and do not accumulate additional 
genetic alterations.  
Only an estimated 30 PrCa cell lines have been described, which were derived from 
clinical prostate cancer patients. However, only a small set of these cell lines has been 
widely used in cancer research. This also means that a large number of findings and 
scientific publications is based on a very small number of models. In particular, the three 
spontaneously established cell lines, PC-3, DU-145 and LNCaP, represent by far the most 
commonly used cell culture models (Sobel & Sadar, 2005a; Sobel & Sadar, 2005b), with 
close to 10.000 publications altogether. The first PrCa cell lines PC-3 (Kaighn et al., 1978; 
Kaighn et al., 1979) and DU-145 (Mickey et al., 1977; Stone et al., 1978) were established in 
1978 and are still widely used. Both PC-3 and DU-145 have been cited in over 3000 
publications. PC-3 cells were isolated from a human PrCa bone metastasis and have a 
very high metastatic potential (Kaighn et al., 1979), a property that has resulted in a large 
number of xenograft studies based on PC-3 cells inoculated typically into SCID nude 
mice. These xenografts are characterized by robust growth and rapid tumor formation. 
However, PC-3 cells are androgen-insensitive and lack expression of the AR protein. Loss 
of AR expression in PC-3 cells is likely related to epigenetic silencing of the AR locus. PC-
3 cells may therefore represent a genuine subpopulation PrCa cells with naturally absent 
AR expression, characterized by very high cancer-initiating capacity possibly related to 
CSC. Interestingly, despite the lack of AR expression, PC-3 cells are capable of undergoing 
near complete acinar morphogenesis upon embedding in laminin-rich ECM (Matrigel). 
This argues for the substantial differentiation potential of PC-3 cells and in favor of their 
biological relevance (Härmä et al., 2010). Despite continuous ex-vivo culture on plastic 
dishes for over three decades, PC-3 cells have retained an amazing potential for epithelial 
maturation. Re-expression of AR in PC-3 cells can either suppress or slightly promote cell 
proliferation, depending on which promoter drives the expression of the AR protein 
(Altuwaijri et al., 2007; Litvinov et al., 2006a; Yuan et al., 1993). Additionally, PC-3 cells 
retain the co-activator profiles required for fully functional androgen signaling (Litvinov 
et al., 2006a). Nevertheless, such experimental strategies have to be taken carefully as they 
potentially contradict the genuine biological properties of a cell line. 
Similar to PC-3, DU-145 cell were derived from a brain metastasis of human PrCa (Stone et 
al., 1978). Like PC-3, these cells are androgen-insensitive and lack expression of AR protein 
due to epigenetic silencing of the AR promoter by CpG island methylation that has shut off 
the expression (Chlenski et al., 2001; Yu et al., 2009). DU-145 cells show a similar, strong 
differentiation potential analogous to PC-3 cells when embedded in Matrigel. In both cases, 
a significant capacity for epithelial maturation has been retained for three decades of ex vivo 
culture. Stable transfection of functional human AR into DU-145 cells results in cells with 
reduced proliferation rate. When DU-145/AR cells are treated with testosterone, 
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proliferation rate and other properties are restored, implying that AR can still function as a 
regulator of proliferation of DU-145-AR cells (Scaccianoce et al., 2003). Taken together, both 
PC-3 and DU-145 cells represent interesting models, despite the lack of AR expression - 
although we lack a complete understanding of their biology and relevance for clinical PrCa. 
The LNCaP cell line followed in 1980 (Horoszewicz et al., 1980; Horoszewicz et al., 1983) and 
has since resulted in over 5000 peer-reviewed publications alone. The LNCaP cell line was 
isolated from a lymph node metastasis, and contains a gain-of-function mutation commonly 
found in many clinical CRPCs (T877A). LNCaP cells are therefore a genuine and relevant 
model for CRPC (Yang et al., 2005). Down-regulation of AR in LNCaP cells by siRNA inhibits 
cell growth and increases the level of apoptosis (Compagno et al., 2007; Eder et al., 2000; Yang 
et al., 2005; Yang et al., 2005). This is suggesting that LNCaP are addicted to oncogenic variants 
of AR which act as a key survival factor; a characteristic or CRPC.  
Newer cell line models have only been added to this small collection during the late 1990’s. 
These cell lines are typically derived from xenograft models, such as the 22rV1 and CWR-r1 
lines which are both derivatives of the CWR22 xenograft (Sramkoski et al., 1999). Similarly, 
the PC346 panel of cell lines was derived from a human xenograft and has been developed 
into a comprehensive series of derivative cell lines that mimic many aspects of progression 
to CRPC (Marques et al., 2006; Marques et al., 2010; Vlietstra et al., 1998) and resistance 
against anti-androgens. The PC-310 and PC-82 cell lines represent similar models (Jongsma 
et al., 2000). Another panel of more recently developed and functionally relevant PrCa cell 
lines (MDA-PCa-2a , MDA-PCa-2b) was established from bone metastases of a single patient 
in 1999 (Navone et al., 1997; Zhao et al., 1999). Similarly, the DuCaP (Lee et al., 2003; Lee et 
al., 2001) and VCaP (Korenchuk et al., 2001) cell lines were established from soft tissue and 
bone metastases, respectively, of the same CRPC patient in 1999. DuCaP and VCaP 
currently represent the only relevant models for ETS fusion factor positive PrCa. VCaP and 
DuCaP are also the only PrCa cell lines that harbor a wild type, but amplified and 
overexpressed AR gene, a hallmark of CRPC. Both VCaP and DuCaP cells have been 
successfully used for xenograft models, mimicking cancer-stromal cell associations and 
stem-cell biology (Cooper et al., 2003; Pfeiffer et al., 2011). A specialty of DuCaP cells is their 
dependency on co-existing mouse fibroblasts, which represent a carry-over from the growth 
of these cells in xenografts. However, the dependency of DuCaP cells on the mouse stromal 
counterpart can be broken, resulting in a morphologically very different phenotype.  
Although additional PrCa cell lines are also available, detailed studies have revealed that 
many of these are in fact derivatives of the other cell lines or even non-prostatic lines (Sobel 
& Sadar, 2005a; Sobel & Sadar, 2005b; van Bokhoven et al., 2003b).  
The few bona fide cell lines, almost all derived from metastases, do not span the complete 
range of PrCa phenotypes, and are not fully representative of primary PrCa. It is therefore 
not surprising that until very recently, the lack of a variety in PrCa cell lines has probably 
contributed to the failure of most small molecule inhibitors against CRPC in clinical trials. A 
few cell lines derived from benign prostate hyperplasia have also been established (Chu et 
al., 2009; Cunha et al., 2003). It cannot be excluded that long-term culture changes the 
biological properties of a cell line, a problem that is confounded by the mismatch-repair 
deficiency observed in many cell lines. Therefore, primary cultures of malignant prostatic 
cells and their normal epithelial counterparts would be in principle preferable (Peehl, 2005) 
to cell lines. As the interest in “personalized medicine” is rising, well defined primary 
material from clinically interesting cases would be expected to provide an excellent 
opportunity to follow up specific questions experimentally. Primary cell cultures from 

 
Advanced Models for Target Validation & Drug Discovery in Prostate Cancer 

 

67 

clinical tissue specimens indeed offer a number of biological advantages, and are often 
considered to better reflect the characteristics of the original tissues. However, primary 
cultures are usually derived from primary adenocarcinomas, unlike PrCa cell lines that have 
been typically generated from metastases of CRPCs (Maroni et al., 2004; Peehl, 2005). These 
may therefore represent biologically different entities. Furthermore, primary cell cultures 
present significant technical difficulties because of the limited access, restricted lifespan and 
requirements for specific culture techniques. Thus, only very few studies have made use of 
series of primary prostate cancer cells for experimentation (Eaton et al., 2010; Guzman-
Ramirez et al., 2009). At the same time, the intrinsic heterogeneity of primary tissues poses 
many challenges, and a relatively large number of clinical samples will have to be 
processed. The isolation of primary cell material from samples is notoriously difficult. In 
practical experience, isolation and even short-term cultivation will fail in the majority of 
cases. Unrestricted access to primary clinical material is critical to overcome these many 
limitations, but may also pose a logistic problem. The availability of dedicated and 
experienced personnel at the clinical site to systematically collect, process and store such 
material is mandatory. The clinical partners also have to properly address and document 
questions concerning tumor grading and staging, therapy response etc., patient relapse and 
survival. These represent invaluable data for bringing tumor cell behavior into the correct 
and clinically relevant context.  
Normal human prostate epithelial cells and even primary PrCa cells often undergo 
approximately 10 - 30 population doublings, before they become senescent (Peehl & 
Feldman, 2004; Sandhu et al., 2000). This could point to the possibility that immortalization 
is not necessarily a prerequisite for PrCa growth in vivo, and may represent a good 
explanation for the difficulties in generating PrCa lines in the past. Despite these difficulties, 
analyses of tumor suppressor activity, gene expression and cytogenetics in primary cultures 
have unraveled many critical changes that are important for PrCa progression. Challenges 
that remain to be addressed before tapping the full capacity of primary cell culture as a 
reliable model system include standardized and greatly improved isolation methods, the 
unequivocal characterization of cancer- and normal epithelial stem cells, and the successful 
induction and maintenance of a differentiated androgen-responsive phenotype (Miki & 
Rhim, 2008; Peehl, 2005). The isolation of cancer- or normal associated fibroblasts is a 
different issue and usually considerably less complex.  

3.2 Organotypic 3D culture models 
In monolayer culture of PrCa lines, cells lose important and biologically very relevant 
properties like differentiation, cellular polarization, cell-cell communication and extra 
cellular matrix (ECM) contacts. Simultaneously, wound healing, inflammation, and hyper-
proliferation are artificially promoted – which is the main reason why 2D monolayer cell 
culture only poorly represents tumor cell biology in vivo. Accordingly, the most effective 
small molecule inhibitors and chemotherapeutic drugs in 2D monolayer settings primarily 
target cell proliferation and mitosis. Other interesting drugs that may affect differentiation-
related pathways or small cell populations instead of the rapidly promoting tumor bulk, are 
likely to go undetected in cell-based screens using monolayer cultures. Such drug 
candidates may be connected to cell-cell interaction, maturation, EMT and cancer stem cell 
turnover - aspects that that incompletely recapitulated in 2D monolayer culture. In the pre-
clinical phase of drug discovery, this bias results in an unnecessary low predictive value of 
many in vitro experiments.  
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The culture of glandular epithelial cancer cells in a certain tumor microenvironment consisting 
of purified ECM, such as collagen, hydrogels or Matrigel, was established over two decades 
ago (Streuli et al., 1991; Weaver et al., 1995; Weaver et al., 1996), and initially based mainly on 
breast cancer models. Matrigel represents a reconstituted, laminin-rich basement membrane, 
which supports cell polarization, cell-cell- and cell-matrix interaction, and promotes re-
expression of differentiation markers even in transformed lines (Bissell & Radisky, 2001; 
Streuli et al., 1995). Glandular epithelial cancer cells rapidly adapt to different 
microenvironments and can dynamically switch between alternative pathways that regulate 
proliferation, differentiation and survival. When embedded in an ECM like Matrigel or 
collagen, normal prostate epithelial cells differentiate into hollow polarized spheroids, 
characteristic for functional, glandular epithelial cells (Simian et al., 2001; Xue et al., 2001a; Xue 
et al., 2001b). They also develop a pronounced motility and rapidly re-populate the available 
space by branching and acinar morphogenesis. Similar to normal epithelial cells, PrCa cells can 
also move and invade the surrounding Matrigel, although their mode of migration is 
phenotypically different from the formation of collective, multicellular sheets or tubes of cells 
observed in normal cells (Fig. 2)(Friedl & Wolf, 2008). The phenotype of cancer invasion 
strongly depends not only on the cells, but also on the composition and density of the ECM, 
and can vary from amoeboid blebbing, mesenchymal fibroblast-like motility and multicellular 
streaming or chain migration (Friedl & Wolf, 2010). 3D models of tumor-cell invasion are 
thought to properly represent many aspects of cellular dynamics inside actual tumors, as the 
cells can utilize a comparable mode for sliding and squiggling through the mesh of the ECM 
(Fig. 3)(Wolf & Friedl, 2006; Wolf et al., 2007). Invasion in 3D is assisted by proteolytic 
processes and proteases (Friedl & Wolf, 2009; Wolf & Friedl, 2009) and soluble factors 
(Gaggioli et al., 2007). Furthermore, cell motility and invasion is also controlled by intrinsic 
physiological factors, such as re-organization of the cytoskeleton (Medjkane et al., 2009; Sanz-
Moreno et al., 2008). The potential to undergo an EMT and to acquire mesenchymal migration 
modes is a critical aspect that is thought to contribute to PrCa invasion (Acevedo et al., 2007; 
Chu et al., 2009; Sequeira et al., 2008). Despite the need for 3D scaffolds, the most widely used 
cell culture models for tumor cell invasion are still comparably artificial assays such as 
transwell invasion assays (Boyden chambers), and wound healing/scratch wound migration 
assays. However, tumor cell migration in these models still occurs in essentially two 
dimensions. Any representative 3D invasion model that mimics motility inside the tumor 
microenvironment represents a significant improvement (Brekhman & Neufeld, 2009). 
Furthermore, 3D matrices more faithfully recapitulate genuine invasive pro-processes such as 
invadopodia formation (Harper et al., 2010; Wolf & Friedl, 2009), and embryonal, 
developmental processes that may be relevant also for cancers such as aspects that may be 
branching morphogenesis (Andrew & Ewald, 2010; Xue et al., 2001a; Xue et al., 2001b). The 
development of drug resistance also profits from appropriate 3D cell culture models. Drug 
resistance appears to be concomitant with increased cell motility and trans-differentiation 
features like EMT (Gupta et al., 2009; Kalluri & Weinberg, 2009; Reiman et al., 2010) also in 
PrCa (Armstrong et al., 2011; Giannoni et al., 2010; Kong et al., 2010). EMT has been intensely 
discussed as a key mechanism for future therapeutic options (Dunning et al., 2011) in PrCa. 
EMT and stem cell properties go together with metastatic potential (Chang et al., 2011; Li & 
Tang, 2011; Ling et al., 2011; Liu et al., 2011) and link EMT with the problematic of distant 
metastases. Also CTCs have been found to display properties of EMT, invasiveness and stem 
cell characteristics (Armstrong et al., 2011). To cover these morphologic and dynamic aspects 
properly, requires the combination of appropriate biologically relevant scaffolds that mimic 
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the tumor microenvironment, with appropriate cell lines (or primary cells) that show invasive 
properties. This could be counterbalanced by their variable differentiation potential, as 
epithelial maturation counteracts cell motility. Using such improved models, the screening for 
novel anti-cancer drugs can eventually enter a new phase. Researchers should increasingly 
utilize well characterized 3D organotypic model systems to explore the effects of drugs and 
targets in multicellular organoids. Appropriate models should also be cost effective and must 
provide sufficient throughput for high content screening. 
 

 
 

Fig. 2. Prostate adenocarcinoma cells in 3D laminin-rich microenvironment. Some PrCa cells 
bear the ability to differentiate into multicellular acinar structures with strong cell-cell and 
cell-ECM contacts (illustrated here with beta-catenin and laminin alpha-1 immunostainings). 
Invasive PrCa cells move by actively degrading the surrounding lrECM and tend to be less 
restricted by cellular contacts. 
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Fig. 3. An overview of three different in vitro models for PrCa: 2-D monolayer co-culture, 
low-attachment culture of prostaspheres, and organotypic 3-D culture. 

In the pre-clinical phase of drug discovery, the question of drug response & resistance is 
routinely addressed by tumor xenograft models, mainly utilizing classic tumor cell lines and 
nude mouse models. While in vivo models may well overcome many of the shortcomings of 
2D cell culture, they are time consuming, expensive, and require ethical considerations 
and permissions. Nude mouse models possess no immune system, and poorly mimic the 
critical aspects of inflammation, tumor microenvironment, human endocrine specialities 
and morphology, and often fail to mimic tumor metastasis. Xenograft models only allow 
remote sensing, followed by post-experimental histology. With few exceptions (in vivo 
imaging), animal experimentation gives no direct mechanistic insights into dynamic 
interactions between different cell types within a tumor at the cellular level. Monitoring 
inducible changes in real time is a key problem, potentially addressed in the future by tissue 
slices (Sonnenberg et al., 2008; van der Kuip et al., 2006). Until tissue slices may become firmly 
established, other models could represent a valid alternative. Therefore, 2D and xenograft 
experiments can be readily complemented by organotypic assays. These methods, which are 
still in development in PrCa, generate highly valuable functional data for drug discovery. 
Validated 3D models may also help to reduce animal experimentation and associated cost (3R 
strategy: “Replacement, Refinement and Reduction of Animals in Research”). Political 
pressure from the European Commission to reduce animal experimentation in Europe could 
further contribute to a wider acceptance of organotypic models in drug discovery. Advanced 
and well-characterized 3D models may give important clues for lead prioritization and allow 
significantly cutting the need for animal experiments, - for example if compounds successful 
identified in 2D screens are completely ineffective in subsequent 3D organotypic assays. 
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Generally, 3D cell aggregates (spheroids, prostaspheres, etc.) tend to show considerably 
higher drug resistance compared to 2D cultures. Such comparisons may result in a vastly 
different dose-response curve, ideally closer to the expected in vivo data. However, to 
firmly establish organotypic models and to validate their relevance in the pre-clinical phase 
of drug discovery, systematic side-by-side comparisons between in vivo and in vitro models 
would be required. These efforts are currently starting.  
The biological relevance of functional screens conducted in 3D organotypic cultures strongly 
depends on information that can be concluded from associated assays. In routine cell-based 
screens, mostly indirect assays measuring overall cell viability and proliferation are used. 
Less frequent is the use of measurements based on biomarkers (e.g. Ki67; antibody 
stainings, immune fluorescence) or morphological parameters (imaging). These options 
are central for 3D organotypic cultures; the most important parameters for evaluating 
drug responses will be based on multicellular morphology. To functionally validate 3D 
organotypic models in cancer biology, high content microscopy based on morphological 
features will have to be combined with automated image analysis tools (Han et al., 2009; 
Han et al., 2010). This combination will allow real-time monitoring of dynamic changes in 
spheroid morphology as a readout. Automated image analysis of 3D cultures relies on 
measuring morphological parameters such as size, shape, differentiation, density, surface 
structures and invasive properties of spheroids. Consistent morphological changes in 
response to perturbants (small molecule inhibitors, siRNAs, stress conditions) can then be 
statistically evaluated and quantified. Apoptosis and cell proliferation can also be readily 
evaluated based on live-cell staining with reactive dyes. These processes are difficult to 
automate, and represent the key bottlenecks to overcome for larger scale screens. The use 
of GFP-tagged cell lines (combined with luciferase) represents a widely established tool 
that can be utilized in both in vivo and in vitro, organotypic settings. The same tagged 
cells can be used for in vivo and microscopic imaging, and could facilitate the much 
needed side-by-side comparisons of organotypic models with mouse models. Novel 
assays to monitor specific mechanistic changes will become important to quantify critical 
aspects of pharmacology and to evaluate acute drug responses. The field of live-cell assay 
development, including reactive dyes and reporter constructs, is a key aspect of HCS in 
the pharmaceutical industry but has yet to make the move into 3D models. There is a lack 
of informative assays for monitoring the activity of key pathways such as NF-B, AKT, 
PI3K or Wnt in living cells. Such assays would also enable researchers to monitor cellular 
heterogeneity, e.g. in response to drug therapy. Single cell analysis, ideally based on live-
cell assays, is already a powerful tool in many aspects of biology. This could also allow 
researchers to identify and monitor putative stem cell populations, and quantify their 
dynamics in anti-cancer treatments. Imaging is also critical to make sense of the dynamics 
of co-culture experimentation which will be discussed later. 

3.3 Non-adherent 3D culture of prostaspheres and bioreactors 
Early studies by Kinbara et al (Kinbara et al., 1996) demonstrated that prostate epithelial 
cells, isolated from different lobes of the adult rodent prostate, exhibited stem cell like 
features, including an enormous proliferative potential and the potential for re-programmed 
epithelial differentiation. Regenerative capacity, attributed to only a small population of 
pluripotent progenitor epithelial cells, is rapidly lost when the cells are placed in monolayer 
culture or embedded in Matrigel. However, “stemness” can be strongly promoted and 
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maintained by non-adherent cell culture, e.g. as spheroids. The first such approaches were 
described as “liquid overlay” technology, which prohibits successful cell attachment. Cells 
are then forced to adhere to themselves to overcome the lack of critical survival signals 
provided by cell and matrix adhesion, and to avoid anoikis or apoptosis. Low-attachment 
technologies have been introduced multiple times, e.g. by Poly-HEMA coated plastic plates. 
Placing prostate epithelial cells in non-adherent culture e.g. on a layer of hydrogel has a 
similar effect, resulting in the formation of spheroids or “prostaspheres” (Fig. 3)(Sauer et al., 
1997; Sauer et al., 1998; Wartenberg et al., 1998). Such spheroids undergo a dynamic process 
of de-differentiation and reproducibly acquire properties of stem- and precursor cells 
(Patrawala et al., 2007; Pfeiffer & Schalken, 2010; Tang et al., 2007). Spheroid culture 
represents one of the oldest in vitro cell culture technologies and was pioneered already 
over 40 years ago by Sutherland et al (Sutherland et al., 1971; Sutherland et al., 1977).  
Prostaspheres can be easily generated from most PrCa cell lines (Rajasekhar et al., 2011; 
Rybak et al., 2011), and serially passaged. Prostaspheres exhibit increased expression of 
putative stem cell markers, and represent 3D clusters of tumor cells derived from one or 
several cell clones that develop into multicellular globes of fairly large size. Spheroids often 
contain different subpopulations of cells that can be quiescent, hypoxic and necrotic and 
display a spatial geometry which provides a number of practical experimental advantages 
over adherent cell culture (Freyer & Sutherland, 1980; Kostarelos et al., 2004; Sutherland, 
1988). To date, prostaspheres (and mammospheres, the equivalent in breast cancer cells) 
represent a widely used tool to study the processes of self-renewal, differentiation and 
cancer stem cell research (Lang et al., 2009). An intriguing recent application is the 
combination of spheroid culture to enrich for human prostate progenitor cells rat urogenital 
sinus mesenchymal cells. Inoculation of the formed chimeric prostate tissue under the renal 
capsule of nude mice (Hu et al., 2011) leads to tumor masses with human functionality, 
indicated by expression of PSA and hormone-dependent PrCa lesions. This represents an 
elegant system for the experimental recapitulation of carcinogenesis.  
Another classic application for prostaspheres is within bioreactors (Ingram et al., 2010). 
These provide a low-turbulence environment which promotes the formation of very large 
and complex spheroids. A bioreactor is typically rotated or stirred, to provide a gentle 
mixing of fresh and spent nutrients without inducing excessive shear forces that may 
damage the structures. Bioreactors are also an ideal tool to generate co-culture spheroids, 
e.g. with stromal and epithelial/tumor cells (Yates et al., 2007a; Yates et al., 2007b), or to 
promote the self-renewal potential and stem cell characteristics (Frith et al., 2010b). 
Bioreactor research could be instrumental in helping scientists to prepare better models for 
cancerous tissues, and is expected to facilitate drug and peptide development. Improved 
characterization of these models and comparisons to other alternatives would be important 
also in this case.  

3.4 Co-culture models for the investigation of tumor-stroma interactions 
In a tumor, fibroblasts, smooth muscle cells, endothelial cells and leukocytes, interact 
physically or via the secretion of paracrine signalling molecules with tumor cells. These cell 
types make up the main components of the breast tumor microenvironment (Bissell & 
Radisky, 2001; Polyak et al., 2009; Radisky et al., 2002; Shipitsin et al., 2007). The situation in 
PrCa has also been explored in detail (Cunha et al., 2003; Cunha et al., 2004). Stromal cells 
secrete a variety of growth factors like FGF-2, FGF-7, and FGF-10 (Chambers et al., 2011), 
insulin-like growth factor (IGF), epidermal growth factor (EGF), and a panel of chemokines 
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(Kogan-Sakin et al., 2009). FGFs like FGF-10, which signals through the FGFR1 receptor, 
play a particularly critical role in regulating PrCa cell morphology and invasive properties 
(Abate-Shen & Shen, 2007; Chambers et al., 2011). Dysregulated FGF-10 expression has been 
observed in advanced PrCa and suggests the FGF-10/FGFR1 axis as a potential therapeutic 
target in treating both hormone-sensitive or CRPC (Memarzadeh et al., 2007). Exposure to 
paracrine growth factors like FGF-10 and FGF-7 may be critical for the initiation of 
oncogenic transformation (Fata et al., 2007). Additional secreted factors including 
chemokines like CCL2 act as key factors for PrCa invasion and bone metastasis (Li et al., 
2009; Loberg et al., 2006a). These and others like IL-6 are thought to support differentiation 
and stimulate cancer cell growth (Culig et al., 1995; Malinowska et al., 2009). A tumor is 
clearly the product of intricate cross-talk between the epithelial and stromal cells; with the 
secretion of cytokines and chemokines as the common language. Identification of these 
environmental, paracrine cues which induce important changes in cell fate during 
development, has caused a fundamental re-evaluation of the process of tumorigenesis.  
In vitro co-culture systems could also provide better models to address the interaction of 
epithelial AR functions in cell proliferation and metastasis (Fig. 3). For example, the 
immortalized human prostate stromal cell line WPMY-1 expresses functional AR and 
secretes paracrine growth factors (Webber et al., 1999), with an impact on the morphology 
and proliferation of the epithelial counterpart. Stromal AR expression promote epithelial cell 
invasion via paracrine secretion of growth factors, chemokines or cytokines. The stromal 
cells, via AR expression, can therefore modulate tumor cell proliferation and invasion 
(Tanner et al., 2011; Yu et al., 2011; Zhang et al., 2008). Their key effects are mediated e.g. by 
estrogen receptor signaling or the ERK kinase family, but also secreted high-molecular 
weight glycoproteins like endoglin (Romero et al., 2011). Expression of eccrine factors is 
mediated by TGF beta, another key factor and signaling pathway that massively affects the 
tumor-stroma interaction (Chambers et al., 2011; Pu et al., 2009). TGF beta dependent 
mechanisms play a key role in regulating paracrine stromal signals, and strongly affect 
epithelial cell adhesion via adhesion/cytoskeleton interactions. These and many other 
reports indicate a fundamental role for the stroma and stroma-derived secreted factors in 
maintaining adult prostate epithelial tissue morphology and integrity.  
Simple, modular and reproducible 3D co-culture systems might allow researchers to further 
address the interdependence of tumor and stromal cells in straightforward settings. These 
systems would ideally allow the analysis of morphological features and epithelial 
differentiation/maturation. Optimal systems should also be standardized and miniaturized 
to facilitate the use of imaging and automated image analysis tools, and provide a higher 
experimental throughput. Such advanced, reproducible 3D co-culture models could then be 
utilized to systematically explore the importance of molecular signalling pathways AR, 
PI3K/AKT, and c-MET on heterogeneous co-culture and tissue formation. For example, 
stable stromal-tumor co-cultures are expected to be more resistant to anti-androgens or c-
MET inhibitors than the isolated counterparts (Maeda et al., 2006; Tu et al., 2010), but this 
has not been properly investigated across multiple model systems. Which molecular and 
cell-cell interactions determine the response? Can resistance to anti-cancer therapeutics, e.g. 
androgen independence, be generated more readily in co-culture than by isolated mono-
cultures, or even better in xenografts; and which molecular changes can be identified in 
resistant populations arising? What are the differences between human and mouse 
fibroblasts in terms of heterogeneity and response to anti-cancer therapeutics (Kiskowski et 
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and stimulate cancer cell growth (Culig et al., 1995; Malinowska et al., 2009). A tumor is 
clearly the product of intricate cross-talk between the epithelial and stromal cells; with the 
secretion of cytokines and chemokines as the common language. Identification of these 
environmental, paracrine cues which induce important changes in cell fate during 
development, has caused a fundamental re-evaluation of the process of tumorigenesis.  
In vitro co-culture systems could also provide better models to address the interaction of 
epithelial AR functions in cell proliferation and metastasis (Fig. 3). For example, the 
immortalized human prostate stromal cell line WPMY-1 expresses functional AR and 
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mediated by TGF beta, another key factor and signaling pathway that massively affects the 
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mechanisms play a key role in regulating paracrine stromal signals, and strongly affect 
epithelial cell adhesion via adhesion/cytoskeleton interactions. These and many other 
reports indicate a fundamental role for the stroma and stroma-derived secreted factors in 
maintaining adult prostate epithelial tissue morphology and integrity.  
Simple, modular and reproducible 3D co-culture systems might allow researchers to further 
address the interdependence of tumor and stromal cells in straightforward settings. These 
systems would ideally allow the analysis of morphological features and epithelial 
differentiation/maturation. Optimal systems should also be standardized and miniaturized 
to facilitate the use of imaging and automated image analysis tools, and provide a higher 
experimental throughput. Such advanced, reproducible 3D co-culture models could then be 
utilized to systematically explore the importance of molecular signalling pathways AR, 
PI3K/AKT, and c-MET on heterogeneous co-culture and tissue formation. For example, 
stable stromal-tumor co-cultures are expected to be more resistant to anti-androgens or c-
MET inhibitors than the isolated counterparts (Maeda et al., 2006; Tu et al., 2010), but this 
has not been properly investigated across multiple model systems. Which molecular and 
cell-cell interactions determine the response? Can resistance to anti-cancer therapeutics, e.g. 
androgen independence, be generated more readily in co-culture than by isolated mono-
cultures, or even better in xenografts; and which molecular changes can be identified in 
resistant populations arising? What are the differences between human and mouse 
fibroblasts in terms of heterogeneity and response to anti-cancer therapeutics (Kiskowski et 
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al., 2011)? For such fundamental questions, the use of 3D co-culture settings could represent 
a critical “missing link” between reductionist cell culture models and more complex 
xenograft experiments or even GEMMs.  

4. Conclusions 
The heterogeneous nature of PrCa has made it difficult to understand the factors involved in 
the onset and progression of the disease. Advanced in vitro experimental systems should 
ideally try to recapitulate, as closely as possible, the 3D organization of tumors and mimic 
aspects of cellular heterogeneity and tumor-host cell interactions within the tumor 
microenvironment. Other important aspects are cell motility, the dynamics of clonal 
selection and tumor cell heterogeneity generated during chemotherapy. To provide a more 
comprehensive, biologically relevant context to investigate these processes experimentally, 
an ideal situation would be to combine in vitro models (2D, 3D and co-culture), transgenic 
mouse models (GEMMs), and xenografts into a bigger picture. A maximum of information 
can be generated by the systematic comparison of multiple models. The tissue architecture 
and heterogeneity formed by these various model systems may be vastly different, but the 
ultimate standard will be to relate these morphologies to the human clinical pathology and 
histology. Although the role of pathologists has not been featured prominently in this 
review, it remains one of the key aspects for cancer biology and the drug discovery process 
as a whole.  
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1. Introduction 
In general, cancer, encompassing prostate cancer (PCa), is a disease that utilises signalling 
pathways to progress through the uncontrolled proliferation of cancerous cells. Although 
the mechanisms of how the cells evade intrinsic or extrinsic signals of death and keep on 
dividing is not completely understood, there is a plethora of evidence that point to certain 
signalling molecules that are crucial conveyors of the fine tuning that slightly differs in 
cancer in comparison to control states. The present chapter provides a detailed description 
of the key regulators of PCa cell life and unveils their closely communicating proteins that 
aid in the fine tuning of the cancerous state. 

2. Androgen receptor (AR) signalling 
A major insight into the potential role of androgens in PCa came almost 70 years ago, from 
the observation that castration of patients with metastatic PCa resulted in a marked 
reduction in the levels of prostate specific antigen (PSA), a PCa serum acid phosphatase 
marker (Huggins and Hodges, 1941). In the same study, injection of androgens in some PCa 
patients resulted in significant increase of PSA. This clearly demonstrated the androgen 
dependency of PCa. The treatment of PCa has been based on inhibition of the synthesis or 
action of the ligand (testosterone and its active metabolite 5-diydrotestosterone (5-DHT)) on 
the androgen receptor (AR). In addition, there are numerous evidence that demonstrate the 
involvement of AR in PCa progression especially castration-recurrent PCa, despite the 
absence of circulating testicular androgens. 
As activation of the AR is associated with induction of proliferation and apoptosis in PCa 
cells, manipulation of androgen-AR relationship such as non steroidal AR antagonists such 
as bicalutamide and flutamide in conjunction with chemical or surgical castration is the 
main therapeutic option available to patients with locally advanced or metastatic cancer. 
However, the AR has been demonstrated to be activated even in castrate conditions, 
independent of testicular androgens. Mechanisms known to be involved with AR 
transactivation are: increased expression of receptor which allows its activation even in low 
levels of andrenal androgens, mutation of AR, non canonical variants of AR, modified 
expression or activity of AR coregulators and cross talk with other pathways regulating 
survival, cell death and proliferation of PCa cells. Usually a combination of these 
mechanisms occur simultaneously to provide PCa cells with an increase in the expression of 
genes that regulate proliferation and apoptosis. 
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Numerous studies, initiated almost a decade ago, are dedicated in unravelling androgen 
regulated gene expression in both normal and tumorgenic prostate cells (please refer to 
review for complete references; Dehm and Tindall, 2006). The majority of large scale studies 
have been performed in LNCaP cells based on their AR-sensitive properties. The number of 
genes regulated by the function of androgens through the AR was recently estimated to be 
between 10,570 and 23,448 polyadenylated RNAs, however this number is set to grow if 
microRNAs are included (Dehm and Tindall, 2006). Furthermore, a recent study utilising a 
microarray analysis of androgen related genes in the cell line LNCaP has demonstrated that 
a large number of genes falling under the regulation of androgens are still of unknown 
function (Ngan et al., 2009). The genes regulated by AR regulate functions of the prostate 
cell related to cell proliferation, cell cycle, survival, death, lipid and steroid metabolism, 
protein products resulting from gene fusions and microRNAs. 
AR signalling that regulates cell proliferation and apoptosis usually arises from cross-talk of 
the pathway with other pathways that are known to regulate these functions. For example, 
the insulin like growth factor-1 (IGF-1) pathway falls under the numerous genes affected by 
the AR-pathway (Schayek et al., 2010). Some of the SMAD and ID proteins involved in the 
transforming growth factor-beta (TGF) pathway are also regulated. Androgens negatively 
regulate the expression of SMAD1, 3, 6 and 7, while ID3 expression is markedly increased 
(Ngan et al., 2009). Some of the forkhead box (FOX) family of transcription factors which are 
important in cell survival are differentially regulated by AR activity (Takayama et al., 2008). 
Furthermore some of the FOX genes can influence AR expression and activity itself. For 
example, FOXP1 has been shown to negatively regulate AR expression (Takayama et al., 
2008). Cyclin D, cdc6 and genes such as UBEC2 are some of the genes regulated by the 
androgenic signalling that control cell cycle checkpoints of PCa cells. In addition, the AR 
signalling can regulate PCa cells apoptosis by regulation of anti-apoptotic molecules such as 
FLIP (Gao et al., 2005; Raclaw et al., 2008). 
Androgens also control the lipid and steroid metabolic pathways that are important in 
providing energy to cells undergoing proliferation. Sterol regulatory element-binding 
proteins (SREBPs), which are responsible for activation of numerous enzymes involved in 
cholesterol processes such as HMG-CoA, acyl CoA:cholesterol acyltransferase (ACAT) are 
regulated by AR (Locke et al., 2008; Leon et al., 2010). 
Recently, reports are exploring the impact of AR signalling in the formation of fusion 
protein arrangements. Androgenic signalling has demonstrated the ability to promote 
interactions of genomic regions and DNA breaks (Lin et al., 2009). 
MicroRNA profiling in the parental hormone naive cell line LNCaP in comparison to 
castrate resistant LNCaP- derived cell line has identified 17 differentially expressed miRNAs 
between the two cells lines (deVere White et al., 2009). In the same study, miR-125b was 
shown to be highly expressed in AR expressing cell lines such as CWR22R, PC-346C, 
LNCaP, cds1 and cds2 cells when in AR negative cell lines (DU145, PC3, pRNS-1-1 and 
RWPE-1) its expression was diminished. These findings suggest that miR-125b may be 
related to prostatic tumorigenesis and androgen independent (AI) growth, and the AR may 
regulate the expression of this miRNA in CaP cells. That notion is further supported by the 
altered expression of miR-125b upon anti-androgen treatment (deVere White et al., 2009).  
There are numerous evidence demonstrating the ability of PCa cells to respond to lower 
levels of androgens due to overexpression of AR protein (Chen et al., 2008). The AR is 
upregulated in most CRPCs, of which only 10–20% exhibit amplification of the AR gene 

 
Signalling Pathways and Gene Expression Profiles in Prostate Cancer 

 

95 

(Edwards et al., 2003), indicating that increased AR expression in CRPC may result from 
factors other than gene amplification such as increased transcription from endogenous 
promoters or from stabilisation of mRNA (Lammond and Tindall, 2010; Shiota et al., 
2011). 
Depletion of androgens during PCa treatment can lead to structural and functional 
changes of AR in the PCa cells in order to adjust and survive in the hormone depleted 
environment (Pienta et al., 2006). Somatic mutations in the ligand binding pocket of the 
ligand binding domain (LBD) of AR are a common feature amongst castrate resistant and 
metastatic prostate tumours, with more than 50% of tumors presented with this type of 
mutations. AR mutations can alter the binding specificity of AR. For example, the 
missense mutation of threonine to alanine at amino acid 877 (T877A) leads to an increase 
in the type of ligands that can bind AR; with estrogens and progesterone having a similar 
binding affinity as androgens in this instance (Montgomery et al., 2001; Han et al., 2005). 
Recently seven more variants have been discovered to be over-expressed in castrate 
resistant PCa (CRPC). Two of these, AR-V1 and AR-V7 that were studied in full detail, 
were shown to possess premature termination codons. High expressions of both variants 
correlated with poor prognosis of patients at CRPC (Hu et al., 2009). The splicing variant 
AR23, that was recently detected in a patient with metastatic CRPC has impaired nuclear 
localisation and increases androgen signalling only in the presence of endogenous wild-
type AR (Jagla et al., 2007). Furthermore this variant has the ability to regulate other 
signalling pathways such as increasing the transcriptional activity of nuclear factor kappa 
B (NFB) and decreasing the activity of activator protein-1 (AP-1). The presence of AR 
variants have been investigated in CRPC cell lines also. AR3, AR4 and AR5 variants were 
identified in C-821, CWR-R1 and CWR22Rv1 cell lines, with AR3 being the most abundant 
variant in these cell lines. AR3 showed both cytoplasmic and nuclear localisation of AR, 
however, AR3 function, activity and expression was not affected by the presence of 
androgens or anti-androgens demonstrating the androgen independence of PCa cells in 
CRPC state. Furthermore, the same study has pinpointed Akt-1 through a microarray 
analysis, as the key difference between the AR and AR3 signalling pathway to drive 
growth of CRPC cells (Guo et al. 2009). Another AR mutation has been identified in the 
CRPC cell line CWR22Rv1 that was absent in the parental hormone naive mimicking cell 
line CWR22. This mutation resulted in the generation of AR protein fragments; one 
characterised by a duplication of exon 3 of AR leading to ARex3dup protein with molecular 
weight of 114kDa, and a second protein ARLBD with a truncated ligand binding domain 
and a lower molecular weight of 75-80kDa (Dehm et al. 2008). Both variants have distinct 
roles in the hormone naive and CRPC states; ARex3dup protein affects the growth of 
hormone naive cells while ARLBD protein affects the growth of castrate resistant cells 
(Tepper et al., 2002). 

3. Heat shock proteins 
Heat shock proteins (Hsps) are a superfamily of proteins produced in cells in response to 
environmental stresses and in particular heat. It is now well established that Hsp70 and 
Hsp90 are bound to the AR when it is held in its inactive form in the cytoplasm. The 
function of the Hsps is to stabilise the receptor and protect it from protelytic degradation. 
However when androgens bind to the AR, Hsp 70 and 90 dissociate, allowing the AR to 
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3. Heat shock proteins 
Heat shock proteins (Hsps) are a superfamily of proteins produced in cells in response to 
environmental stresses and in particular heat. It is now well established that Hsp70 and 
Hsp90 are bound to the AR when it is held in its inactive form in the cytoplasm. The 
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form homodimers and transolcate to the nucleus. The first evidence that Hsps were 
involved in PCa was obtained almost two decades ago from the direct interaction of the Hsp 
members Hsp90, Hsp70 and Hsp56 with AR (Veldscholte et al., 1992). Furthermore, this 
interaction has been recently verified in a heterologous AR expression system in the 
293HEK cell line. This recapitulates AR SHR activity in PCa cells that identified these 
Hsps as putative AR-binding proteins in the cytosolic extracts using the ICAT method 
(Jasavala et al., 2007). 
Hsps have been implicated in apoptosis and survival of PCa cells as well as response to 
chemotherapeutic treatment. The role of Hsps in these cell processes differs depending on 
the Hsp member involved. The anti-apoptotic role of Hsp70 in PCa, which is known to bind 
to the AR in the inactive state, was demonstrated in vitro by direct transfection of adenoviral 
Ad.asHsp70 in PCa cells such as PC-3 and DU145 cells. The result was impressive, leading 
to cell death of tumorigenic cells within three to five days post-transfection (Nylandsted et 
al., 2000). Increase of Hsp27 and Hsp72 have also been implicated in resistance to apoptotic 
signals in vitro (Gibbons et al., 2000; Garrido et al., 2003). Hsp27 modulates apoptosis 
through prevention of the apoptosome formation and activation of caspases through direct 
sequestration of cytochrome c released from the mitochondria into the cytosol or 
cytochrome c–mediated caspase activation by sequestering both pro-caspase-3 and 
cytochrome c (Bruye et al., 2000, Paul et al., 2000). Also, Hsp27 at high levels may prevent 
the caspase-8 activation of the pro-apoptotic Bid protein, a member Bcl-2 family (Concannon 
et al., 2000). Results from a tissue microarray study on changes in Hsp27 protein expression 
in 232 specimens from hormone naive and posthormone-treated cancers showed that Hsp27 
expression was low or absent in untreated human PCas but increased 4 weeks after 
beginning androgen-ablation to become uniformly highly expressed in AI tumors (Rocchi et 
al., 2004). The same group has evaluated the functional relevance of Hsp27 changes in AI 
progression providing a mechanism by which castration-induced changes in Hsp27 
expression serves as an upstream regulator of Stat3 activity (Rocchi et al., 2005). The 
correlation of the expression of Hsp27, Hsp70 and Hsp90 has also been evaluated in relation 
to clinicopathological outcomes in patients undergoing radical prostatectomy (Kurashami et 
al., 2007). Only Hsp27 expression is significantly associated with pathological stage, Gleason 
score, surgical margin status, lymph node metastasis and tumor volume as well as cell 
proliferative activity. 

4. Src expression 
The Src family encompasses nine non-receptor protein kinases: Src, Fyn, Yes, Blk, Yrk, Fgr, 
Hck, Lck and Lyn with similar structural features. Numerous in vitro studies have shown 
the significance of Src in the development of PCa and its progression to a hormone-
independent state (Slack et al., 2001; Recchia et al., 2003; Nam et al., 2005). In addition, the 
clinical association between Src family kinase (SFK) activity and PCa patient survival 
suggests that SFK activity is up-regulated in a subgroup of CRPC patients (Tatarov et al., 
2009). Furthermore, the same study suggested that an increase in SFK activity in CRPC 
patients may result in higher likelihood of metastatic disease, which could potentially 
contribute to the reduction in survival. 
Extensive cross-talk and co-regulation are two features of the SFK member action. 
Moreover, the Src proline-rich sequences of AR have the affinity for SH3 domain of Src, so 
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that the resulting complexes release Src intramolecular constrains activating the tyrosine 
kinase. Androgen stimulation acts as a trigger for the AR-Src complex formation, which is 
followed by activation of Src/Raf-1/Erk-2 pathway and, as a result, increases in PCa cell 
proliferation. Application of androgen antagonists, expression of Src lacking SH3 domain 
and treatment with Src inhibitor prevented androgen stimulated S-phase entry (Migliaccio 
et al., 2000). A significant correlation between AR and Src activation in human prostate 
tumours has been found with proposed tyrosine Y534 as a Src-specific phosphorylation site. 
Introduction of a dominant negative mutant of Src kinase prevents AR activation and its 
translocation to the nucleus (Lee et al., 2001). These findings suggest that androgen 
deprivation therapy may result in Src activation by growth factors, which can then stimulate 
AR activity as a potential hormone escape mechanism (Guo et al., 2006). Epidermal growth 
factor (EGF) acting through epidermal growth factor receptor (EGFR) has been shown to 
activate Src in PCa cells, experiencing acute androgen withdrawal by triggering AR-Src 
complex formation. Resulting DNA synthesis and cytoskeletal changes were abrogated by 
treatment with androgen antagonists, suggesting that the relationship between AR and Src 
play an important role in PCa cells biology (Migliaccio et al., 2005; Hitosugi et al., 2007). 
Androgen independent growth and cell migration stimulated by Interleukin-8 (IL-8) 
signalling may involve transactivation of AR by Src as application of Src inhibitors and AR 
antagonists significantly inhibited these biological processes (Lee et al., 2004). Interaction 
between IGF system and steroid receptor signalling is thought to play an important role in 
prostatic carcinogenesis, although the precise mechanism of action is not completely 
understood (129;130). Androgens have been shown to up-regulate IGF-1R expression and 
IGF-1-induced Src/MAPK signalling in AR-positive prostate cancer cells (Pandini et al., 
2005). Activation of oestrogen receptor β (ERβ), known to form complexes with Src and AR 
in prostate cancer cells, can result in similar effect on IGF-1R expression and activation 
(Pandini et al., 2007). 
SFK members are involved in the regulation of focal adhesions, thus playing a key role in 
the regulation of cell motility, migration and invasion. Activation of guanosine phosphate 
binding protein coupled receptors (GPCRs) results in complex formation between Src and 
FAK in focal adhesions, whereas Lyn is thought to inhibit these cellular functions by acting 
as an intermediary between NEP and p85 subunit of PI3-K, preventing association of PI3-K 
and FAK (Sumitomo et al., 2000). Src is thought to be the main factor in tyrosine 
phosphorylation of ezrin, an adaptor protein which is implicated in invasion, migration and 
is important for the development of metastatic PCa (Curto and McClutchey, 2004). 
Application of Src inhibitor PP2 reduced ezrin phosphorylation and decreased invasive 
capacity of androgen stimulated PCa cells (Chuan et al., 2006). Growth factors released into 
the bone microenvironment, including transforming growth factor β (TGFβ), fibroblast 
growth factor (FGF), IGF, and platelet derived growth factor (PDGF) stimulate Src-mediated 
osteoclast activity, leading to further bone destruction and release of biologically active 
substances from the bone matrix, stimulating the proliferation and migration of tumour cells 
(Araujo and Logothetis, 2009; Edwards, 2010). 

5. PI3K signalling 
Several key components of the PI3K/Akt cascade have been implemented in prostate 
carcinogenesis and castration resistance. PI3K inhibition has been studied in vitro for some 
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time and evidence of its key role in carcinogenesis continue to emerge. Genetic analysis of 
high Gleason grade PCas revealed 3% of patients had PIK3CA mutation and 13% had 
PIK3CA amplification (Sun et al., 2009). Up regulation of PI3K signalling may also be due to 
overexpression of receptor tyrosine kinases (RTKs) which have been previously reported to 
be overexpressed in prostate tumours and cell lines (Grasso et al., 1997; Yeh et al., 1999; 
Barlett et al., 2005). PI3K has shown to be an important signalling molecule and key survival 
factor involved in PCa proliferation and invasion. Studies have reported that treatment of 
LNCaP, PC-3 and DU145 with PI3K pharmacological inhibitor, LY294002, potently 
suppresses the invasive properties in each of these cell lines and restoration of the PTEN 
gene to highly invasive prostate cancer PC-3 cells or expression of a dominant negative 
version of Akt also significantly inhibites invasion and down regulates protein expression of 
urokinase type plasminogen activator (uPA) and matrix metalloproteinase (MMP)-9, 
markers for cell invasion. Increased levels of PI3K (p110) and regulatory (p85) and Akt were 
also observed in these cell lines (Shukla et al., 2007). 
A somatic mutation in AKT1 (E17K) has been detected in numerous cancers including 
prostate (Bleeker et al., 2008; Boorman et al., 2010). The E17K substitution leads to a PI3K 
independent activation of AKT1. In PCa, AKT1 mutation was reported to have a prevalence 
of just 1.4% and the mutation seemed to be associated with favourable clinical outcome and 
was not associated with a specific tumour growth pattern (Boormans et al., 2010). 
Overexpression of Akt in PCa is hypothesised to be due to defective PTEN gene as 
discussed below. Prostate tumours are reported to have significantly higher Akt expression 
than BPH (Liao et al., 2003), and only 10% of well-differentiated prostate tumours strongly 
express pAkt compared to 92% of poorly differentiated tumours (Malik et al., 2002; Ayala et 
al., 2004). Additionally, in hormone-naive tumours Akt1 and Akt2 expression has been 
associated with shorter time to biochemical relapse; and amplification was observed in 
castrate resistant tumours (Kirkegaard et al., 2010). In addition phosphorylation of Akt 
increases with the development of castrate resistant disease and is associated with reduced 
disease specific survival (McCall et al. 2008; Edwards et al., 2006). Loss of PTEN has been 
associated with advanced prostate cancer (Gray et al., 1998) and loss of PTEN expression is 
associated with increased risk of recurrence in human tumours (McMennin et al., 1999, 
McCall et al., 2008). 
PCa cell lines that have been cultured from metastatic sites such as the lymph nodes 
(LNCaP) or brain metastasis (PC3) have highly active PI3K/Akt signalling and PTEN 
deletion (Davies et al., 1999; Murillo et al., 2001) The magnitude of loss of function of PTEN 
is best described in both localised and metastatic PCas and includes homozygous deletions, 
loss of heterozygosity (LOH) and inactivating mutations (Sarker et al., 2009). The reported 
frequency and mode of inactivation at different stages of PCa varies. Homozygous deletions 
of PTEN have been detected in up to 15% of locally confined PCa and up to 30% in 
metastatic cases (Verhagen et al., 2006; Yoshimoto et al., 2007). Heterozygous loss has been 
reported in 13% of locally confined prostate cancers and up to 39% in metastatic cases 
(Samuels et al., 2004; Verhagen et al., 2006; Yoshimoto et al., 2007). PTEN mutation has been 
associated with 5-27% of localised and 30-60% of metastatic prostate tumours (Feiloter et al., 
1998; Suzuki et al., 1998) In addition, loss of PTEN expression is associated with disease 
progression and increased risk of recurrence (Fenci et al., 2002) although substantial 
heterogeneity has been observed between different metastatic sites within the same patients 
(Suzuki et al., 1998). 
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Many oncoproteins and tumor suppressors intersect in the PI3K cascade, regulating 
cellular functions at the interface of signal transduction and classical metabolic regulation. 
This careful balance is altered in human cancer by a variety of activating and inactivating 
mechanisms that target both Akt and interrelated proteins. Numerous studies have 
suggested that PI3K signalling enhances its oncogenic signal through interaction with 
other signalling networks such as the transcription factor Nuclear factor Kappa B (NFB) 
(Romashkova and Makarov, 1999). Recent reports suggest that suppression of NFB 
activity by inhibitory kappa B (IκB) superepressor induces a strong and selective 
resistance to PI3K or Akt induced oncogenic transformation which suggests an essential 
role for NFB in the transforming mechanisms induced by this signalling cascade (Bai et 
al., 2009).  

6. NFB signalling 
NFκB has been shown to be constitutively activated in PCa cells. Evidence on the direct 
involvement of NFκB in the regulation of angiogenesis and metastasis of PCa cells have 
already been obtained. Suppression of NFκB activity in human PCa cells by inhibitory kappa B 
alpha (IκBα) mutation transfection inhibits their tumorigenic and metastatic properties in nude 
mice by suppressing angiogenesis and invasion. In the same experiments, IκBαM transfection-
blocked NFκB activity was associated with downregulation of several angiogenic genes such 
as vascular endothelial growth factor (VEGF), interleukin 8 (IL-8) and matrix metalloprotease-
9 (MMP-9) in cultured cells and in cells implanted into the prostate gland of nude mice. The 
decreased expression of VEGF, IL-8 and MMP-9 in vivo directly correlated with decreased 
neovascularization and production of lymph node metastasis. In addition, direct clinical 
correlations of the expression levels the angiogenic genes, including VEGF, basic fibroblast 
growth factor (Bfgf), IL-8 and MMP-2 and MMP-9 with the metastatic potential of PCa cells 
has already been established (Huang et al., 2002;Andela et al., 2003). 
The association between steroid hormone receptor expression and NFκB activation has been of 
substantial interest in prostate cancer. Prominent constitutive NFκB has been observed in the 
prostate cancer cell lines PC-3 and DU-145 which lack AR expression however, only very low 
levels of NFκB were seen in the AR positive cell line LNCaP (Suh et al., 2002). Moreover, a 
markedly higher NFκB activity in an androgen independent prostate cancer xenograft model 
than in its androgen dependent counterpart (Chen et al., 2002). Here NFκB activated 
expression of AR regulated gene PSA. This data may suggest that either the presence of AR 
actually inhibits NFκB activity in prostate cancer or alternatively that constitutive activation of 
NFκB may correlate with AR loss, which in turn may contribute to compensatory cellular 
changes, allowing cell survival and growth in the absence of AR activation.  
NFκB has been implicated with PCa progression via two mechanisms, promotion of 
metastases via MMP-9 expression or promotion of androgen independence via an as yet 
unknown mechanism. It was suggested that the absence of PTEN might contribute to 
constitutive activation of NFκB induced by PI3K/Akt pathway. However no direct 
correlation has been observed in prostate cancer cell lines.  

7. Bcl-2 signalling 
Bcl-2 family plays a central role in the mitochondrial pathway of apoptosis by regulation of 
the integrity of the outer membranes of mitochondria. Members of this family have different 
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NFκB has been implicated with PCa progression via two mechanisms, promotion of 
metastases via MMP-9 expression or promotion of androgen independence via an as yet 
unknown mechanism. It was suggested that the absence of PTEN might contribute to 
constitutive activation of NFκB induced by PI3K/Akt pathway. However no direct 
correlation has been observed in prostate cancer cell lines.  

7. Bcl-2 signalling 
Bcl-2 family plays a central role in the mitochondrial pathway of apoptosis by regulation of 
the integrity of the outer membranes of mitochondria. Members of this family have different 
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role in apoptosis; Bcl-2, Bcl-xL, Bcl-w, A1, and Mcl-1 members are considered as anti-
apoptotic molecules while Bax, Bak, and Bok have pro-apoptotic functions and Bad, Bim, 
Bid, Puma, and Noxa control the activation of pro-apoptotic proteins. 
In PCa, Bcl-2 expression is correlated with a higher Gleason score and pT category and is 
lower in localized PCa compared with HRPC change to CRPC (McDonnell et al., 1992; 
Apakama et al., 1992; Bubendorf et al., 1996). It has been reported that high expression of 
Bcl-2 may enable the PCa cells to survive in an androgen-deprived environment, and to 
confer resistance to anti-androgen therapy (McDonnell et al., 1992). On the other hand, 
Bak and Bax expression is significantly higher in localized PCa than in HRPC. In addition, 
decreased Bax expression is associated with an increased pre-operative PSA level in 
localized PCa and early disease progression in HRPC (Yoshino et al., 2006). These 
findings suggest that differential regulation of anti-apoptotic Bcl-2 protein and pro-
apoptotic proteins may be involved with the processes controlling the development of 
HRPC as well as disease progression in PCa (Yoshino et al., 2006). In vitro, Bax and Bcl-X 
overexpression resulted in apoptotic cell death in PCa cells such as PC3 and DU145, 
which are known to offer resistance to a variety of chemical proapoptotic agents as well as 
LNCaP cells (Marcelli et al., 2000; Li et al., 2001; Castilla et al., 2006). Bcl-X expression is 
observed in all tumours and was generally stronger in high grade primary tumors (grade 
8 to 10) and metastases compared with PIN and low grade neoplasms (P < 0.0001) 
(Krajewska M et al., 1996; Castilla et al., 2006). On the other hand, a recent study in a 58 
patient cohort of PCa patients aith matched tissue from androgen-dependent to CRPC 
tumours, showed that there was a trend with improved overall survival in patients with 
increased Bad expression at diagnosis. 
In addition, there were trends towards a decrease in Bad and Bax expression with disease 
progression (Teo et al., 2007). These results might signify that Bad expression may represent 
a possible positive prognostic marker and useful therapeutic target in HRPC management in 
the future. 

8. IL-6R/STAT3 
The IL-6R/gp130/JAK/STAT3 pathway is also implicated in the development of PCa. It is 
known that circulating levels of IL-6 in sera of patients with CRPC are elevated in 
comparison to hormone naive patients (Hobisch et al., 1998; Drachenberg et al., 1999). The 
initial hypothesis of cross-talk between IL-6 and the AR, by measuring the effects of IL-6 
on AR transcriptional activity, was investigated in two cell lines, DU-145 which 
transiently expresses the AR and LNCaP which contains a promiscuous mutated AR. In 
both cell lines IL-6 activated the AR in a ligand-independent and synergistic manner with 
low concentrations of a synthetic androgen (methyltrienolone) (Hobisch et al., 1998). 
Later, Yang et al (2003) was to demonstrate that IL-6, enhanced AR transactivation via IL-
6R/STAT3 pathway. Lee et al (2004) observed that androgen sensitive LNCaP cells in the 
presence of IL-6 were protected from apoptosis when deprived of androgen. However, 
the anti-apoptotic activity of IL-6 was prevented by the expression of a dominant-negative 
STAT3 mutant, STAT3F. Furthermore, androgen deprivation induced LNCaP cell death 
which was antagonized by ectopic expression of a constitutively active STAT3 (Lee et al., 
2004). DeMiguel et al (2002) has demonstrated that constitutive activation of STAT3 is 
associated with increased cell growth and prolonged survival in androgen sensitive 
LNCaP cells. The study was extended to involve in vivo work using both intact and 
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castrated nude male mice. Activation of STAT3 resulted in an increase in tumour growth 
in both groups of mice. This study shows that STAT3 can enhance the growth of hormone 
sensitive tumour even in low circulating androgen conditions in vivo. More in vivo work 
demonstrated that constitutive activation of STAT3 was found in 82% of human prostate 
tumours as compared with matched adjacent non-tumour prostate tissue in radical 
prostatectomy samples (Edwards et al., 2005). Furthermore higher levels of STAT3 
activation correlated with a more aggressive tumour or a higher Gleason score. In 
addition to this, three prostate cancer cell lines, DU145, PC3 and LNCaP cells were 
examined all of which displayed constitutive activation of STAT3, though substantially 
lower levels of STAT3 activation was observed in hormone sensitive LNCaP cells. This 
further supports the fact that STAT3 activation is involved in the progression of prostate 
cancer. The fact that activated STAT3 is found in tumour and not around its normal 
margins of prostatectomy samples was further supported by Barton et al (2004). In 
addition they also showed that directly inhibiting STAT3 either using antisense STAT3 
oligonucleotides or by transfecting cells with a dominant negative (DN) STAT3 plasmid, 
resulted in apoptosis. Cell lines used were NRP-154 and DU145 and apoptosis was seen in 
both lines when inhibition of STAT3 was performed. From these data the authors 
conclude that STAT3 specific inhibitors could be used in treating CRPC. Similar 
conclusions were drawn by (Tam et al, 2007) who reported that cytoplasmic pSTAT3Tyr 705 
expression is associated with time to death from hormone relapse and disease specific 
survival of the prostate cancer patients that develop castrate resistant disease. 

9. Mitogen activated protein (MAP) kinase pathway 
Alterations to members of the Raf/MAP kinase pathway have been linked with the 
progression of several solid tumours including prostate cancer (Weinstein-Oppenheimer 
et al., 2000). Most solid tumours demonstrate a link between Ras mutation and MAP 
Kinase activation (Edwards et al., 2004). Mutated Ras has been linked with increased 
levels of activated MAP Kinase and the development of androgen-independent growth in 
LNCaP cells (Bakin et al., 2003; Edwards et al., 2004). Activated MAP Kinase and MEK are 
also differentially expressed during the progression of prostate cancer in a transgenic 
mouse model (Uzgare et al., 2003-as referenced in Edwards et al., 2004). Raf and MEK are 
known to be expressed in both non-metastatic and metastatic prostate cancer cells 
(Weinstein-Oppenheimer et al., 2000; Fu et al., 2003). Increased MAP Kinase activity is 
known to be elevated in androgen insensitive cell-lines and in clinical CRPC (Abreu-
Martin et al., 1999; Gioeli et al., 1999). Recently increasing levels of Raf-1 and/or MAPK 
correlated with a more rapid biochemical relapse and rapid decline into CRPC, thus 
negatively impacting on survival time (Mukherjee et al., 2011). Intriguingly, the 
constitutively active form of MAP Kinase also induces Raf-1 activation in cell-line studies, 
forming the positive feedback loop required for chronic autocrine stimulation 
(Allessandrini et al., 1997; Weinstein-Oppenheimer et al., 2000). MAP Kinase has also been 
demonstrated to increase transcription of androgen-dependent genes, independently of 
androgens, via either direct or indirect phosphorylation of the AR (Abreu-Martin et al., 
1999; Bakin et al., 2003; Franco et al., 2003). MAP Kinase is known to activate the AR N 
terminal domain (NTD) by phosphorylation of the serine 515 site independently of 
androgen (Yeh et al. 1999; Rochette-Egly, 2003). Inhibition of MAP Kinase in cell-line 
studies is known to abrogate IL-6 and PKA activation of the AR, suggesting a crucial role 
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role in apoptosis; Bcl-2, Bcl-xL, Bcl-w, A1, and Mcl-1 members are considered as anti-
apoptotic molecules while Bax, Bak, and Bok have pro-apoptotic functions and Bad, Bim, 
Bid, Puma, and Noxa control the activation of pro-apoptotic proteins. 
In PCa, Bcl-2 expression is correlated with a higher Gleason score and pT category and is 
lower in localized PCa compared with HRPC change to CRPC (McDonnell et al., 1992; 
Apakama et al., 1992; Bubendorf et al., 1996). It has been reported that high expression of 
Bcl-2 may enable the PCa cells to survive in an androgen-deprived environment, and to 
confer resistance to anti-androgen therapy (McDonnell et al., 1992). On the other hand, 
Bak and Bax expression is significantly higher in localized PCa than in HRPC. In addition, 
decreased Bax expression is associated with an increased pre-operative PSA level in 
localized PCa and early disease progression in HRPC (Yoshino et al., 2006). These 
findings suggest that differential regulation of anti-apoptotic Bcl-2 protein and pro-
apoptotic proteins may be involved with the processes controlling the development of 
HRPC as well as disease progression in PCa (Yoshino et al., 2006). In vitro, Bax and Bcl-X 
overexpression resulted in apoptotic cell death in PCa cells such as PC3 and DU145, 
which are known to offer resistance to a variety of chemical proapoptotic agents as well as 
LNCaP cells (Marcelli et al., 2000; Li et al., 2001; Castilla et al., 2006). Bcl-X expression is 
observed in all tumours and was generally stronger in high grade primary tumors (grade 
8 to 10) and metastases compared with PIN and low grade neoplasms (P < 0.0001) 
(Krajewska M et al., 1996; Castilla et al., 2006). On the other hand, a recent study in a 58 
patient cohort of PCa patients aith matched tissue from androgen-dependent to CRPC 
tumours, showed that there was a trend with improved overall survival in patients with 
increased Bad expression at diagnosis. 
In addition, there were trends towards a decrease in Bad and Bax expression with disease 
progression (Teo et al., 2007). These results might signify that Bad expression may represent 
a possible positive prognostic marker and useful therapeutic target in HRPC management in 
the future. 

8. IL-6R/STAT3 
The IL-6R/gp130/JAK/STAT3 pathway is also implicated in the development of PCa. It is 
known that circulating levels of IL-6 in sera of patients with CRPC are elevated in 
comparison to hormone naive patients (Hobisch et al., 1998; Drachenberg et al., 1999). The 
initial hypothesis of cross-talk between IL-6 and the AR, by measuring the effects of IL-6 
on AR transcriptional activity, was investigated in two cell lines, DU-145 which 
transiently expresses the AR and LNCaP which contains a promiscuous mutated AR. In 
both cell lines IL-6 activated the AR in a ligand-independent and synergistic manner with 
low concentrations of a synthetic androgen (methyltrienolone) (Hobisch et al., 1998). 
Later, Yang et al (2003) was to demonstrate that IL-6, enhanced AR transactivation via IL-
6R/STAT3 pathway. Lee et al (2004) observed that androgen sensitive LNCaP cells in the 
presence of IL-6 were protected from apoptosis when deprived of androgen. However, 
the anti-apoptotic activity of IL-6 was prevented by the expression of a dominant-negative 
STAT3 mutant, STAT3F. Furthermore, androgen deprivation induced LNCaP cell death 
which was antagonized by ectopic expression of a constitutively active STAT3 (Lee et al., 
2004). DeMiguel et al (2002) has demonstrated that constitutive activation of STAT3 is 
associated with increased cell growth and prolonged survival in androgen sensitive 
LNCaP cells. The study was extended to involve in vivo work using both intact and 
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castrated nude male mice. Activation of STAT3 resulted in an increase in tumour growth 
in both groups of mice. This study shows that STAT3 can enhance the growth of hormone 
sensitive tumour even in low circulating androgen conditions in vivo. More in vivo work 
demonstrated that constitutive activation of STAT3 was found in 82% of human prostate 
tumours as compared with matched adjacent non-tumour prostate tissue in radical 
prostatectomy samples (Edwards et al., 2005). Furthermore higher levels of STAT3 
activation correlated with a more aggressive tumour or a higher Gleason score. In 
addition to this, three prostate cancer cell lines, DU145, PC3 and LNCaP cells were 
examined all of which displayed constitutive activation of STAT3, though substantially 
lower levels of STAT3 activation was observed in hormone sensitive LNCaP cells. This 
further supports the fact that STAT3 activation is involved in the progression of prostate 
cancer. The fact that activated STAT3 is found in tumour and not around its normal 
margins of prostatectomy samples was further supported by Barton et al (2004). In 
addition they also showed that directly inhibiting STAT3 either using antisense STAT3 
oligonucleotides or by transfecting cells with a dominant negative (DN) STAT3 plasmid, 
resulted in apoptosis. Cell lines used were NRP-154 and DU145 and apoptosis was seen in 
both lines when inhibition of STAT3 was performed. From these data the authors 
conclude that STAT3 specific inhibitors could be used in treating CRPC. Similar 
conclusions were drawn by (Tam et al, 2007) who reported that cytoplasmic pSTAT3Tyr 705 
expression is associated with time to death from hormone relapse and disease specific 
survival of the prostate cancer patients that develop castrate resistant disease. 

9. Mitogen activated protein (MAP) kinase pathway 
Alterations to members of the Raf/MAP kinase pathway have been linked with the 
progression of several solid tumours including prostate cancer (Weinstein-Oppenheimer 
et al., 2000). Most solid tumours demonstrate a link between Ras mutation and MAP 
Kinase activation (Edwards et al., 2004). Mutated Ras has been linked with increased 
levels of activated MAP Kinase and the development of androgen-independent growth in 
LNCaP cells (Bakin et al., 2003; Edwards et al., 2004). Activated MAP Kinase and MEK are 
also differentially expressed during the progression of prostate cancer in a transgenic 
mouse model (Uzgare et al., 2003-as referenced in Edwards et al., 2004). Raf and MEK are 
known to be expressed in both non-metastatic and metastatic prostate cancer cells 
(Weinstein-Oppenheimer et al., 2000; Fu et al., 2003). Increased MAP Kinase activity is 
known to be elevated in androgen insensitive cell-lines and in clinical CRPC (Abreu-
Martin et al., 1999; Gioeli et al., 1999). Recently increasing levels of Raf-1 and/or MAPK 
correlated with a more rapid biochemical relapse and rapid decline into CRPC, thus 
negatively impacting on survival time (Mukherjee et al., 2011). Intriguingly, the 
constitutively active form of MAP Kinase also induces Raf-1 activation in cell-line studies, 
forming the positive feedback loop required for chronic autocrine stimulation 
(Allessandrini et al., 1997; Weinstein-Oppenheimer et al., 2000). MAP Kinase has also been 
demonstrated to increase transcription of androgen-dependent genes, independently of 
androgens, via either direct or indirect phosphorylation of the AR (Abreu-Martin et al., 
1999; Bakin et al., 2003; Franco et al., 2003). MAP Kinase is known to activate the AR N 
terminal domain (NTD) by phosphorylation of the serine 515 site independently of 
androgen (Yeh et al. 1999; Rochette-Egly, 2003). Inhibition of MAP Kinase in cell-line 
studies is known to abrogate IL-6 and PKA activation of the AR, suggesting a crucial role 
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in the convergence of both pathways towards the AR NTD (Ueda et al., 2002). 
Hydroxyflutamide has been shown to activate the Raf/MAP Kinase pathway 
independently stimulating cell proliferation, possibly via a member of the EGFR receptor 
family (Lee et al., 2002). Activation of the pathway has therefore been linked with the 
pathogenesis of the androgen-withdrawal syndrome, by stimulating androgen-
independent cell growth in response to antiandrogens. Data has also revealed increased 
activation of the MAP Kinase pathway in prostate cancer in patients with tumour 
progression (Gioeli et al., 1999; Lee et al. 2002). Taken together, the MAP Kinase pathway 
appears to play a crucial role in cross-talking with the AR-signalling pathway, modulating 
its response to ligands. It may also function as a surrogate for ligand-activation during 
androgen withdrawal, resulting in the progression to CRPC. 

10. Human epidermal growth factor receptor (her) signalling 
The Human Epidermal Growth Factor Receptor (HER) family consists of 4 
transmembrane glycoprotein receptor molecules and their variants; Epidermal Growth 
Factor Receptor (EGFR also known as HER1 and ErbB1), HER2 (ErbB2), HER3 (ErbB3) 
and HER4 (ErbB4). The HER family members are all differentially expressed in malignant 
compared to benign prostatic tissue. Great variability of EGFR has been reported amongst 
studies, with 17-100% detactable levels observed (Di Lorenzo et al., 2002) which has been 
attributed mainly in PCa disease heterogeneity amongst tissue specimens and variation in 
IHC technique procedures (Hernes et al., 2004). EGFR overexpression both at the protein 
and transcript level has been reported in metastatic PCa in numerous studies (Kumar et 
al., 1996, Kim et al., 1999). Furthermore, the expression of EGFR variant EGFRvII has only 
been detected in PCa cells and not in benign prostate tissue. In addition EGFRvII 
expression is greater in CRPC samples compared to hormone naive tissue (Olepade and 
Oleopa, 2001). Contradictory is also the expression of HER2 in studies in patient tissue; 
some studies have noted greater expression of HER2 in PCa than benign tissue (Hernes et 
al., 2004; Okegawa et al., 2006) while others demonstrated no significant difference 
between the two states (Mellon et al., 1992). In general, HER2 expression in PCa is lower 
than other tumor types (Edwards, 2003). Furthermore, HER2 gene amplification is not a 
feature of the transition of hormone naive PCa to CRPC (Bartlett et al., 2005). HER3 is 
consistently expressed in PCa tissue, however, only nuclear expression and not 
cytoplasmic is significantly different from benign tissue (Koumakpayi et al., 2006). On the 
other hand, HER4 is expressed at low levels in PCa tissue and its expression in CRPC 
samples may offer up to 2 years survival (Hernes et al., 2004). This is contradictory to 
HER1-3 expression which is associated with worse prognosis. Heregulins are highly 
expressed in benign prostate tissue compared to malignant (prostatectomy derived PCa) 
(Lyne et al., 1998). This may indicate that HRGs may act as tumor suppressors and its loss 
might signify an early stage in PCa oncogenesis. 
HER role in prostate carcinogenesis relies in cross-talk interactions with other pathways. 
EGFR member can cross-talk with the signalling pathways of P13K/Akt, MAP kinase and 
PKC to increase growth, modulate cell cycle progression, cell motility and angiogenesis of 
CaP oncogenesis (Mimeault et al., 2003). Overexpression of the EGFR-HER2 heterodimer 
in comparison to other HER dimers is considered an alternative mechanism of HER-
induced carcinogenesis (Xia et al., 1999). EGFR activity has been implicated in hormone 
escape. EGFR signalling has been shown to activate AR in the absence of adrogenic 
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stimulation (Mimeault, 2003). Cross-talk between HER2 and AR pathways is also 
apparent (Mellinghoff et al., 2004; Yeh et al., 1999). HER2 and HER3 expression, 
stimulated by HRG, have also been shown to increase AR transactivation and tumour 
proliferation in a recurrent CaP cell line in the absence of androgen (Gregory et al., 2005). 
Overexpression of HER2 has been shown to be induced by low androgen environments in 
vitro and in vivo (Berger et al., 2006). Androgen independent AR transactivation can be 
induced by spontaneous HER2 homodimerisation in the presence of extreme 
overexpression of HER2 (Wen et al., 2000). In vitro, the Q646C constitutively active HER4 
mutant inhibits formation of colonies in DU-145 and PC-3 CaP cell lines suggesting that 
the HER4 signalling is coupled to PCa cell growth arrest and tumor suppression (Williams 
et al., 2003). 

11. Fibroblast growth factor (FGF) receptor signalling 
FGF functions are mediated through high ligand-specific affinity receptor signalling. FGF 
receptor overexpression has been evident in malignant PCa biopsies of patients. In 
particular, FGFR1 and FGFR4 receptor expression at protein and transcript level are 
significantly upregulated compared to benign prostates (Sahadevan et al., 2007). 
Furthermore, FGFR1 is involved in PCa initiation (Acevedo et al., 2007) and promotes 
tumour progression (Feng et al. 1997). Transgenic models that express constitutively active 
FGFR-1 in the prostate epithelium develop hyperplasia and PIN (Wang et al. 2002, 2004a) 
and increased expression accelerates the appearance of this phenotype (Jin et al. 2003; 
Kwabi-Addo et al., 2004). The role of FGFR2 in prostate cancer is dependent on the 
expression of its specific isoform (Kwabi-Addo et al., 2001). More specifically, increased 
expression of FGFR2IIIc isoform and not of FGFR2IIIb was observed in only in a subset of 
PCa tissue compared to normal epithelial cells. No significant change in the levels of FGFR3 
expression and cellular localisation is observed in both benign prostatic hyperplasia (BPH) 
and PCa tissue (Gowardhan et al., 2005). Increased FGFR4 expression and the germline 
FGFR4 Gly388Arg polymorphism is associated with adverse survival of patients with PCa 
(Wang et al. 2004; Gowardhan et al., 2005; Murphy et al., 2010). Moreover, the presence of 
the FGFR4 GlyArg388 polymorphism is correlated with the occurrence of pelvic lymph 
node metastasis and PSA recurrence in men undergoing radical prostatectomy. Expression 
of the FGFR-4 Arg388 in immortalized PCa epithelial cells results in increased cell motility 
and invasion and upregulation of the urokinase-type plasminogen activator receptor 
(uPAR), which is known to promote invasion and metastasis (Sidenius & Blasi, 2003; Kwabi-
Addo et al., 2004). 
In PCa, upregulation of some ligands of the FGF system has also been reported; FGF1, 
FGF2, FGF6, FGF8, FGF10 and FGF17 mainly used as autocrine or paracrine factors for 
PCa cells (Heer et al., 2004; Kwabi et al., 2004). FGF1 is known to be expressed in more 
than 80% of PCa (Dorkins et al., 1999) and be increased in PIN. FGF1 was shown to induce 
the expression of matrix metalloproteinase MT1-MMP which is also overexpressed in PIN 
and invasive cancers and might provide a link to the role of FGF1 in the progression of 
PCa (Udayakumar et al., 2004). FGF2 expression is altered during the progression of PCa; 
evidence shows that paracrine stromal expression can be observed during early stages of 
PCa which eventually switches to autocrine expression by epithelial cells (Dorkin et al., 
1999; Girri and Ittmann, 2001). FGF1 and FGF2 regulate angiogenesis. In particular, 
expression of FGF2 in PCa cells and stromal cells can induce tumour vasculature 
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in the convergence of both pathways towards the AR NTD (Ueda et al., 2002). 
Hydroxyflutamide has been shown to activate the Raf/MAP Kinase pathway 
independently stimulating cell proliferation, possibly via a member of the EGFR receptor 
family (Lee et al., 2002). Activation of the pathway has therefore been linked with the 
pathogenesis of the androgen-withdrawal syndrome, by stimulating androgen-
independent cell growth in response to antiandrogens. Data has also revealed increased 
activation of the MAP Kinase pathway in prostate cancer in patients with tumour 
progression (Gioeli et al., 1999; Lee et al. 2002). Taken together, the MAP Kinase pathway 
appears to play a crucial role in cross-talking with the AR-signalling pathway, modulating 
its response to ligands. It may also function as a surrogate for ligand-activation during 
androgen withdrawal, resulting in the progression to CRPC. 

10. Human epidermal growth factor receptor (her) signalling 
The Human Epidermal Growth Factor Receptor (HER) family consists of 4 
transmembrane glycoprotein receptor molecules and their variants; Epidermal Growth 
Factor Receptor (EGFR also known as HER1 and ErbB1), HER2 (ErbB2), HER3 (ErbB3) 
and HER4 (ErbB4). The HER family members are all differentially expressed in malignant 
compared to benign prostatic tissue. Great variability of EGFR has been reported amongst 
studies, with 17-100% detactable levels observed (Di Lorenzo et al., 2002) which has been 
attributed mainly in PCa disease heterogeneity amongst tissue specimens and variation in 
IHC technique procedures (Hernes et al., 2004). EGFR overexpression both at the protein 
and transcript level has been reported in metastatic PCa in numerous studies (Kumar et 
al., 1996, Kim et al., 1999). Furthermore, the expression of EGFR variant EGFRvII has only 
been detected in PCa cells and not in benign prostate tissue. In addition EGFRvII 
expression is greater in CRPC samples compared to hormone naive tissue (Olepade and 
Oleopa, 2001). Contradictory is also the expression of HER2 in studies in patient tissue; 
some studies have noted greater expression of HER2 in PCa than benign tissue (Hernes et 
al., 2004; Okegawa et al., 2006) while others demonstrated no significant difference 
between the two states (Mellon et al., 1992). In general, HER2 expression in PCa is lower 
than other tumor types (Edwards, 2003). Furthermore, HER2 gene amplification is not a 
feature of the transition of hormone naive PCa to CRPC (Bartlett et al., 2005). HER3 is 
consistently expressed in PCa tissue, however, only nuclear expression and not 
cytoplasmic is significantly different from benign tissue (Koumakpayi et al., 2006). On the 
other hand, HER4 is expressed at low levels in PCa tissue and its expression in CRPC 
samples may offer up to 2 years survival (Hernes et al., 2004). This is contradictory to 
HER1-3 expression which is associated with worse prognosis. Heregulins are highly 
expressed in benign prostate tissue compared to malignant (prostatectomy derived PCa) 
(Lyne et al., 1998). This may indicate that HRGs may act as tumor suppressors and its loss 
might signify an early stage in PCa oncogenesis. 
HER role in prostate carcinogenesis relies in cross-talk interactions with other pathways. 
EGFR member can cross-talk with the signalling pathways of P13K/Akt, MAP kinase and 
PKC to increase growth, modulate cell cycle progression, cell motility and angiogenesis of 
CaP oncogenesis (Mimeault et al., 2003). Overexpression of the EGFR-HER2 heterodimer 
in comparison to other HER dimers is considered an alternative mechanism of HER-
induced carcinogenesis (Xia et al., 1999). EGFR activity has been implicated in hormone 
escape. EGFR signalling has been shown to activate AR in the absence of adrogenic 

 
Signalling Pathways and Gene Expression Profiles in Prostate Cancer 

 

103 

stimulation (Mimeault, 2003). Cross-talk between HER2 and AR pathways is also 
apparent (Mellinghoff et al., 2004; Yeh et al., 1999). HER2 and HER3 expression, 
stimulated by HRG, have also been shown to increase AR transactivation and tumour 
proliferation in a recurrent CaP cell line in the absence of androgen (Gregory et al., 2005). 
Overexpression of HER2 has been shown to be induced by low androgen environments in 
vitro and in vivo (Berger et al., 2006). Androgen independent AR transactivation can be 
induced by spontaneous HER2 homodimerisation in the presence of extreme 
overexpression of HER2 (Wen et al., 2000). In vitro, the Q646C constitutively active HER4 
mutant inhibits formation of colonies in DU-145 and PC-3 CaP cell lines suggesting that 
the HER4 signalling is coupled to PCa cell growth arrest and tumor suppression (Williams 
et al., 2003). 

11. Fibroblast growth factor (FGF) receptor signalling 
FGF functions are mediated through high ligand-specific affinity receptor signalling. FGF 
receptor overexpression has been evident in malignant PCa biopsies of patients. In 
particular, FGFR1 and FGFR4 receptor expression at protein and transcript level are 
significantly upregulated compared to benign prostates (Sahadevan et al., 2007). 
Furthermore, FGFR1 is involved in PCa initiation (Acevedo et al., 2007) and promotes 
tumour progression (Feng et al. 1997). Transgenic models that express constitutively active 
FGFR-1 in the prostate epithelium develop hyperplasia and PIN (Wang et al. 2002, 2004a) 
and increased expression accelerates the appearance of this phenotype (Jin et al. 2003; 
Kwabi-Addo et al., 2004). The role of FGFR2 in prostate cancer is dependent on the 
expression of its specific isoform (Kwabi-Addo et al., 2001). More specifically, increased 
expression of FGFR2IIIc isoform and not of FGFR2IIIb was observed in only in a subset of 
PCa tissue compared to normal epithelial cells. No significant change in the levels of FGFR3 
expression and cellular localisation is observed in both benign prostatic hyperplasia (BPH) 
and PCa tissue (Gowardhan et al., 2005). Increased FGFR4 expression and the germline 
FGFR4 Gly388Arg polymorphism is associated with adverse survival of patients with PCa 
(Wang et al. 2004; Gowardhan et al., 2005; Murphy et al., 2010). Moreover, the presence of 
the FGFR4 GlyArg388 polymorphism is correlated with the occurrence of pelvic lymph 
node metastasis and PSA recurrence in men undergoing radical prostatectomy. Expression 
of the FGFR-4 Arg388 in immortalized PCa epithelial cells results in increased cell motility 
and invasion and upregulation of the urokinase-type plasminogen activator receptor 
(uPAR), which is known to promote invasion and metastasis (Sidenius & Blasi, 2003; Kwabi-
Addo et al., 2004). 
In PCa, upregulation of some ligands of the FGF system has also been reported; FGF1, 
FGF2, FGF6, FGF8, FGF10 and FGF17 mainly used as autocrine or paracrine factors for 
PCa cells (Heer et al., 2004; Kwabi et al., 2004). FGF1 is known to be expressed in more 
than 80% of PCa (Dorkins et al., 1999) and be increased in PIN. FGF1 was shown to induce 
the expression of matrix metalloproteinase MT1-MMP which is also overexpressed in PIN 
and invasive cancers and might provide a link to the role of FGF1 in the progression of 
PCa (Udayakumar et al., 2004). FGF2 expression is altered during the progression of PCa; 
evidence shows that paracrine stromal expression can be observed during early stages of 
PCa which eventually switches to autocrine expression by epithelial cells (Dorkin et al., 
1999; Girri and Ittmann, 2001). FGF1 and FGF2 regulate angiogenesis. In particular, 
expression of FGF2 in PCa cells and stromal cells can induce tumour vasculature 
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formation (Powers et al., 2000; Kwabi-Addo et al., 2004). FGF6 is expressed by normal 
prostatic basal cells in extremely small amounts, and expression in basal cells is markedly 
increased in PIN lesions. The acquisition of FGF6 expression by the prostate cancers 
implies but does not prove that it may play a role in cancer cell proliferation or perhaps in 
other aspects of tumor progression (Ropiquet et al., 2000). The role of FGF7 still remains 
unclear although it was one of the first factors shown to regulate AR transcription in PCa 
cells, along with EGF and IGF-I (Culig et al.,1994). Recent evidence support the role of 
paracrine mesenchymal FGF10 in driving tumourgenesis as enhanced expression of 
mesenchymal FGF10 was sufficient for histologic transformation of the adjacent prostate 
epithelium in CB.17SCID/SCID mice (Memarzadeh et al., 2007). FGFs play an important role 
in all stages of bone formation. Thus, it is not surprising that some FGF members have 
been linked with bone metastasis of PCa. FGF8 secreted by cancer cells regulates 
osteoblast differentiation by enhancing osteoprogenitor cell proliferation and their 
osteogenic capacity (Valta et al., 2006). Moreover, FGF8 in particular is expressed highly 
in PCa bone metastasis and was recently shown to increase the growth of intratibial PC3 
tumors in nude mice used as an experimental model for PCa bone metastasis (Valta et al., 
2008). FGF8 can also induce FGF17 expression which has also been associated with bone 
metastasis (Heer et al., 2004). 

12. Insulin growth factor receptor (igfr) signalling 
The insulin-like growth factor (IGF) system, is composed of the receptors IGFR-IR, IGFR-IIR, 
insulin receptor (IR), numerous atypical receptors, two ligands (IGF-I and IGF-II), and six 
binding proteins (IGFBP-1 to -6) (Nakae et al., 2001). Involvement of the IGF system in the 
progression of hormone naïve PCa to CRPC and metastasis of PCa tumour has had a long 
standing role, and along with androgens and EGF, IGFs represent another important class of 
mitogens in PCa. Early in vitro work has shown that treatment with IGF-I and IGF-II can 
increase the proliferation of PCa DU145 cells (Connolly and Rose, 1994). However, in 
LNCaP cells, IGF-I alone was unable to increase cell growth in growth factor free conditions, 
revealing the need of IGF signalling for co-operation with other factors in order to promote 
tumour cell growth (Ngo et al., 2003). Although most of the members of the IGF system are 
expressed in PCa patients the results from numerous studies are fairly contradictory. 
Studies on the IGF-I serum levels and PCa risk have shown mixed results with some studies 
showing a positive correlation while others showing no or inverse correlation. Furthermore 
similar associations were produced for IGFBP3 and PCa. A large study from the Cancer 
Research UK Epidemiology Unit in 2007 examining 630 specimens from PCa patients at 
diagnosis and 630 matched control samples, did not identify a strong correlation between 
serum IGF-I neither IGFBP3 and PCa risk and only a small increase in risk was noted for 
advanced stage disease. 
Significant interactions of IGF-I have been reported with AR, depicting a significant 
involvement of this pathway in CRPC. In vitro experiments in M12AR cells showed that 
IGF-I enhances nuclear translocation of AR in the absence of any androgenic signal and this 
effect can be inversed by an IGF-IR inhibitory antibody (Wu et al., 2006). In vitro studies 
have demonstrated that IGF-1R downstream signalling via MAPK pathway may promote 
proliferation of prostate cancer cells whereas involvement of PI3K-AKT pathway is required 
to inhibit apoptosis (Genningens et al., 2006). 
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IGF-I plays an important role in PCa bone metastasis. IGF-I can cross-talk with the NFB 
pathway by direct upregulation of RANK ligand and osteoblasts and binding to RANK. 
Activation of NFB leads to osteoclast synthesis and osteoprotegerin (OPG) thus driving 
bone formation and resorption (Fizzazi et al., 2003). 

13. Conclusion 
The signalling pathways involved in the initiation and progression of PCa are complex 
and require further investigation. However in this chapter we have attempted to elucidate 
which receptors (HER, FGFR and IGFR) and intracellular signalling pathways play major 
roles in prostate cancer. In addtion, we also demonstrate that the AR has a central role to 
play in both hormone naïve and castrate resistant disease, and it is only by unravelling 
the interactions between cell surface receptors, intracellular signalling and steroid 
receptors that we are going to move forward with a targeted personalised approach to 
treatment of PCa. 
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1. Introduction 
The prostate carcinoma is the most frequent cancer of men. In contrast to the second most lung 
cancer, there are no self-caused risk factors. Hence, the cause of prostate cancer is still 
unknown. Nevertheless, there are men having a higher risk to get prostate cancer than other 
men. In the early stage the disease is symptom-free, whereas in the advanced stage complaints, 
such as difficulty in urination, miction pains and bone pains may occur. If symptoms emerge, 
metastases, primarily in the local lymph nodes or the bone marrow, may frequently be 
diagnosed (Knudsen & Vasioukhin, 2010). A successive treatment is only possible if the 
tumour tissue did not metastasize. So far, the early diagnosis of prostate cancer is difficult and 
challenging. Usually, the diagnosis is associated with several prostate biopsies. The current 
standard screening method is carried out by measuring the level of the prostate specific 
antigen (PSA) in blood, combined with a digital rectal examination (Jones & Koeneman, 2008). 
However, in men starting from 50 years an increased PSA value can indicate benign prostatic 
hyperplasia or prostate cancer. Moreover, the increase in the blood level of PSA (biochemical 
recurrence) cannot differentiate between local and metastatic tumours (Jansen et al., 2008). 
Therefore, an increased PSA value has to be absolutely clarified. Moreover, most prostate 
tumours are initially sensitive to androgen ablation therapy. If the treatment is not curative, 
patients can become hormonal refractory. Although docetaxel-based chemotherapy remains 
the standard treatment for hormone-refractory prostate cancer (Tannock et al., 2004), few 
predictive factors for the efficacy of chemotherapy has been reported. Thus, new strategies of 
early prostate cancer diagnosis and prognosis should be developed. 
During the last years, nucleic acids, such as DNA, RNA and microRNAs (miRs), which 
circulate in high concentrations in blood of cancer patients, have gained increasing attention 
and their potential value as possible biomarkers has been highlighted. To avoid tumour 
biopsies by invasive methods, cell-free nucleic acids in plasma or serum could serve as a 
“liquid biopsy” useful for diagnostic application of prostate cancer. This minimally invasive 
procedure delivers the possibility of taking repeated blood samples, consequently allowing the 
changes in cell-free nucleic acids to be traced during the natural course of the disease or during 
anti-cancer treatment. The current chapter focuses on the clinical utility of cell-free nucleic 
acids as blood-based biomarkers for prostate cancer, considering the genetic and epigenetic 
alterations that can be detected in circulating DNA as well as the modulated levels of miRs. 
The relationship between cell-free nucleic acids and micrometastatic cells is also discussed. 
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As a result of increased apoptotic and necrotic cell deaths during carcinogenesis, nucleic 
acids are released into the blood circulation (Jahr et al., 2001). The concentrations of these 
tumour-associated, cell-free nucleic acids may associate with tumour load and malignant 
progression towards metastatic relapse, and discriminate between men with localized 
prostate cancer and benign prostatic hyperplasia (Muller et al., 2006). Analyses of cell-free 
DNA allow the detection of tumour-specific genetic and epigenetic alterations of genes 
relevant to prostate cancer development and progression. In particular, DNA 
hypermethylation of pi-class glutathione S-transferase genes may be an additional blood-
based biomarker relevant for prostate cancer. Combining the scrutiny of tumour-specific 
blood DNA with the screening of disseminated tumour cells - the putative precursor cells of 
metastases - in blood and bone marrow, may provide additional information for monitoring 
tumour progression and metastases, and support the molecular staging of prostate tumours 
(Schwarzenbach & Pantel, 2008; Ellinger et al., 2011). The approach could also favour an 
early intervention to therapy, and contribute to identify those patients with a higher risk for 
a recurrence. In addition, miRs involved in the regulatory networks of protein expression by 
binding to and repressing the translation of specific target mRNAs are frequently 
deregulated in cancer (Ozen et al., 2008). Recent measurements have shown that these small 
RNA molecules may become potential blood-based biomarkers for prostate cancer patients 
(Wang et al., 2009). 

2. History and biology of circulating nucleic acids 
In 1948, Mandel and Métais described the presence of cell-free nucleic acids in human 
blood for the first time (Mandel & Métais, 1948). This attracted little attention in the 
scientific community, and it was not until 1994 that the importance of circulating nucleic 
acids was recognized as a result of the detection of mutated RAS gene fragments in blood 
of cancer patients (Sorenson et al., 1994; Vasioukhin et al., 1994). Two years later, also 
microsatellite alterations on cell-free DNA could be detected in the blood (Nawroz et al., 
1996). These findings were the beginning of increasing attention that has during the past 
decade been paid to cell-free nucleic acids, such as DNA and RNA, which are present at 
high concentrations in blood of cancer patients. The first study on cell-free DNA in blood 
of prostate cancer was published in 2004, and showed higher plasma DNA levels in 
patients with metastatic disease than in patients with clinically localized prostate cancer 
(Jung et al., 2004). 
Investigations of DNA fragmentation patterns in blood of cancer patients revealed that this 
DNA shows an apoptotic as well as a necrotic pattern (Jahr et al., 2001), as a result of cell 
death of tumour and wild type cells or of active secretion. It is unknown, whether besides 
the increased cell turnover in cancer patients, the clearance time also contributes to the 
higher levels of cell-free DNA. The degradation of cell-free DNA from the bloodstream 
occurs usually rapidly, e.g., the half-life time of fetal DNA in blood of mothers after delivery 
was approximately 16 minutes (Lo et al., 1999). Conversely, miRs appear highly stable, as 
they are small nucleotide fragments resistant to enzymes and incorporated in microvesicles 
(Kosaka et al., 2010). The nuclease activity in blood may be one of the important factors for 
the turnover of cell-free nucleic acids. However, this area of physiology remains unclear and 
needs further examination. The elimination of cell-free nucleic acids occurs by renal and 
hepatic mechanisms (Botezatu et al., 2000; Minchin et al., 2001).  
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3. Quantification of cell-free genomic and mitochondrial DNA 
In blood of patients with prostate cancer, increased levels of cell-free DNA consisting of 
genomic and mitochondrial DNA have been assessed by different fluorescence-based methods 
using PicoGreen or SybrGreen and quantitative real-time PCR amplifying different genes. It is 
difficult to compare the DNA concentrations reported by various groups of investigators, since 
different techniques and plasma or serum were used. Plasma DNA seems to reflect the in vivo 
concentrations of cell-free DNA better than serum DNA. In respect to the quantification of 
DNA released from haematopoietic cells during the clotting process, the DNA concentrations 
in serum were essentially higher than those in plasma (Lee et al., 2001). Table 1 summarizes 
the diagnostic and prognostic relevance of cell-free DNA in plasma and serum of prostate  
 

n>50 Cell-free 
nucleic acids Diagnostic Prognostic Refs. 

64 DNA quantification x  Altimari et al., 2008 
78 DNA quantification x  Boddy et al., 2005 
91 DNA quantification  x Jung et al., 2004 
161 DNA quantification x  Chun et al., 2006 
192 DNA quantification  x Bastian et al., 2007 
252 DNA quantification x  Gordian et al., 2010 
168 PTGS2 DNA x x Ellinger et al., 2008a 
75 mitochondrial DNA  x Mehra et al., 2007 
100 mitochondrial DNA  x Ellinger et al., 2008c 
57 microsatellite assay x  Schwarzenbach et al., 2007 
65 microsatellite assay x  Muller et al., 2006 
71 microsatellite assay x  Muller et al., 2008 
81 microsatellite assay x  Schwarzenbach et al., 2009 
83 microsatellite assay x  Sunami et al., 2009 
230 microsatellite assay x  Schwarzenbach et al., 2008 
76 DNA methylation  x Okegawa et al., 2010 
83 DNA methylation x  Sunami et al., 2009 
85 DNA methylation x  Bastian et al., 2005 
210 DNA methylation x  Bastian et al., 2008 
91 DNA methylation x  Schwarzenbach et al., 2010 
142 DNA methylation x  Payne et al., 2009 
168 DNA methylation x  Ellinger et al., 2008b 
171 DNA methylation x  Ellinger et al., 2008a 
61 Histone modification x  Deligezer et al., 2010 
50 miR 21 x  Zhang et al., 2010 
51 miR 21, 141, 221 x  Yaman Agaoglu et al., 2011 
71 miR 375, 141 x  Brase et al., 2010 

Table 1. Detection of cell-free DNA with its genetic and epigenetic alterations and 
quantification of miRs in patients with prostate cancer  
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3. Quantification of cell-free genomic and mitochondrial DNA 
In blood of patients with prostate cancer, increased levels of cell-free DNA consisting of 
genomic and mitochondrial DNA have been assessed by different fluorescence-based methods 
using PicoGreen or SybrGreen and quantitative real-time PCR amplifying different genes. It is 
difficult to compare the DNA concentrations reported by various groups of investigators, since 
different techniques and plasma or serum were used. Plasma DNA seems to reflect the in vivo 
concentrations of cell-free DNA better than serum DNA. In respect to the quantification of 
DNA released from haematopoietic cells during the clotting process, the DNA concentrations 
in serum were essentially higher than those in plasma (Lee et al., 2001). Table 1 summarizes 
the diagnostic and prognostic relevance of cell-free DNA in plasma and serum of prostate  
 

n>50 Cell-free 
nucleic acids Diagnostic Prognostic Refs. 

64 DNA quantification x  Altimari et al., 2008 
78 DNA quantification x  Boddy et al., 2005 
91 DNA quantification  x Jung et al., 2004 
161 DNA quantification x  Chun et al., 2006 
192 DNA quantification  x Bastian et al., 2007 
252 DNA quantification x  Gordian et al., 2010 
168 PTGS2 DNA x x Ellinger et al., 2008a 
75 mitochondrial DNA  x Mehra et al., 2007 
100 mitochondrial DNA  x Ellinger et al., 2008c 
57 microsatellite assay x  Schwarzenbach et al., 2007 
65 microsatellite assay x  Muller et al., 2006 
71 microsatellite assay x  Muller et al., 2008 
81 microsatellite assay x  Schwarzenbach et al., 2009 
83 microsatellite assay x  Sunami et al., 2009 
230 microsatellite assay x  Schwarzenbach et al., 2008 
76 DNA methylation  x Okegawa et al., 2010 
83 DNA methylation x  Sunami et al., 2009 
85 DNA methylation x  Bastian et al., 2005 
210 DNA methylation x  Bastian et al., 2008 
91 DNA methylation x  Schwarzenbach et al., 2010 
142 DNA methylation x  Payne et al., 2009 
168 DNA methylation x  Ellinger et al., 2008b 
171 DNA methylation x  Ellinger et al., 2008a 
61 Histone modification x  Deligezer et al., 2010 
50 miR 21 x  Zhang et al., 2010 
51 miR 21, 141, 221 x  Yaman Agaoglu et al., 2011 
71 miR 375, 141 x  Brase et al., 2010 

Table 1. Detection of cell-free DNA with its genetic and epigenetic alterations and 
quantification of miRs in patients with prostate cancer  
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cancer patients, and represents different forms of cell-free nucleic acids analyzed in studies 
including more than 50 prostate cancer patients (n>50). This table is based on my review of 
publications deemed as significant clinical translational events. 

3.1 Cell-free genomic DNA 
The first systematic investigation on the quantitative changes of circulating DNA in prostate 
cancer patients was the study by Jung et al. (Jung et al., 2004). In this publication increased 
DNA concentrations were only observed in patients with lymph node and distant 
metastases. Whereas the DNA concentrations measured in patients with organ-confined 
cancer did not differ from those in healthy controls, the concentrations in patients with 
benign prostate hyperplasia (BPH) were elevated. These enquiries suggested that high DNA 
levels in patients with prostatic diseases can be considered neither as cancer-specific nor as 
sensitive marker for prostate cancer. In contrast to the lacking diagnostic relevance, the 
prognostic value of DNA concentrations as survival indicator could be shown and was 
comparable with the established marker PSA or with a reliable bone marker like 
osteoprotegerin (Jung et al., 2004). Besides, Boddy et al. found higher DNA levels in prostate 
cancer patients than in either healthy controls or men at low risk of having prostate cancer 
(low PSA or normal digital rectal examination). However, the elevated levels were not of 
diagnostic value during the management of prostate cancer, because those men with benign 
prostatic pathology had significantly higher DNA yields than the prostate cancer group 
(Boddy et al., 2005). Although the diagnostic relevance of cell-free DNA levels has been 
reported by other studies, most of those studies have not examined benign prostatitis. My 
laboratory compared the plasma DNA levels in prostate cancer and BPH patients and 
showed that the preoperative DNA level is a highly accurate and informative predictor in 
uni- and multivariate models for the presence of prostate cancer on needle biopsy. The 
median plasma concentration of cell-free DNA was 267 ng/mL in men with BPH versus 709 
ng/mL in men with prostate cancer, and could consequently discriminated between men 
with localized prostate cancer and BPH (Chun et al., 2006). In another study, the median 
serum DNA concentration of prostate cancer patients was 5.3 ng/mL. Concentrations of 
≥5.75 ng/mL were associated with an increased risk of PSA recurrence within 2 years of 
radical prostatectomy (Bastian et al., 2007). A cut off value of 8 ng/mL of plasma DNA was 
reported to discriminate between patients and healthy control subjects with a sensitivity of 
80% and specificity of 82%, but in comparison to the other studies, these DNA 
measurements were very low. In addition, high levels of cell-free DNA correlated with 
pathologic tumour stage (Altimari et al., 2008). It was also reported, that patients with PSA 
of ≤10 ng/mL and cell-free DNA of > 180 ng/mL were at increased risk for prostate cancer 
compared with those with DNA of ≤180 ng/mL. Summing up, these findings show that cell-
free DNA improved the specificity of prostate cancer screening and might, therefore, reduce 
the number of unnecessary prostate biopsies (Gordian et al., 2010).  
Ellinger et al. designed a study to evaluate the apoptosis index which expresses the ratio of 
prostaglandin-endoperoxide synthase 2 (PTGS2) to Reprimo DNA fragments. 
Concentrations of apoptotic PTGS2 fragments discriminated between BPH and prostate 
cancer patients with a sensitivity of 88% and specificity of 64%, whereas the apoptosis index 
was more specific with 82% but less sensitive with 70%. Following radical prostatectomy 
apoptotic PTGS2 fragments and the apoptosis index correlated with PSA recurrence 
(Ellinger et al., 2008a).  
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3.2 Cell-free mitochondrial DNA 
Apart from genomic DNA, mitochondrial DNA can also be quantified in blood of prostate 
cancer patients. Indicating the different nature of these circulating DNA types, the levels of 
cell-free genomic and mitochondrial DNA did not correlate (Mehra et al., 2007). In contrast 
to two copies of genomic DNA, a single cell contains up to several hundred copies of 
mitochondrial DNA. Whereas genomic DNA circulates mostly in a cell-free form and has 
also been isolated from microvesicles (which include exosomes and apoptotic bodies 
(Orozco & Lewis, 2010), mitochondrial DNA circulates mainly in microvesicles (Chiu et al., 
2003). As diagnostic and prognostic marker in prostate cancer patients the amplification of 
mitochondrial nucleic acids has been reported to display increased sensitivity and 
specificity over genomic DNA. Advanced prostate cancer patients with high plasma 
mitochondrial nucleic acids (DNA and RNA) had a poorer survival than patients with low 
levels. Thus, mitochondrial RNA seems to be a strong predictor of overall survival and an 
independent prognostic factor for cancer-related death (Mehra et al., 2007). A further study 
showed that circulating mitochondrial DNA levels did not distinguish between prostate 
cancer and BPH patients. However, there was a significant increase in short mitochondrial 
DNA fragments including apoptotic DNA in patients with early PSA recurrence after 
radical prostatectomy (Ellinger et al., 2008c). 

4. Genetic analyses of cell-free DNA 
The development of prostate cancer is associated with genetic and epigenetic alterations 
accumulating during tumour growth and disease progression. The loss of particular 
sequences encoding for tumour suppressors can lead to the loss of a tumour-protective 
function of the appropriate gene product. Such gene defects may have an influence on cell 
cycle, cell adhesion or apoptosis. Cytogenetic and molecular genetic methods have 
identified numerous tumour-associated chromosomal regions playing a role in the 
tumourigenesis of prostate cancer.  
Genetic alterations on cell-free DNA, including loss of heterozygosity (LOH), can be detected 
by PCR-based fluorescence microsatellite assays using microsatellite DNA (Fig. 1). 
Microsatellite DNA consists of short highly repetitive DNA sequences and is widely spread in 
the genome. In maternal and paternal chromosomes microsatellite DNA frequently differs in 
its length, corresponding to the number of repetitive sequences. This allows the separation of 
both alleles by gel or capillary electrophoresis and their analyses. Although similar plasma- 
and serum-based detection methods have been used, a great variability in detection of LOH on 
cell-free DNA has been reported. Besides the concordance of tumour-related LOH on cell-free 
DNA in blood with LOH on DNA from matched primary tumour tissues, discrepancies have 
also been found (Fleischhacker & Schmidt, 2007). These contradictory LOH data derived from 
blood and tumour tissue and the low incidence of LOH on cell-free DNA have been explained 
in part by technical problems and the dilution of tumour-associated cell-free DNA in blood by 
DNA released from normal cells (Muller et al., 2008; Schwarzenbach et al., 2008; Schmidt et al., 
2006). Moreover, abnormal proliferation of benign cells, due to inflammation or tissue repair 
processes, also leads to an increase in apoptotic cell death, the accumulation of small, 
fragmented DNA in blood and the masking of LOH (Schulte-Hermann et al., 1995). In spite of 
these evident restrictions, plasma DNA may be a more appropriate source for genetic analyses 
than tumour tissue because blood may be a pool of tumour-specific DNA derived from focal 
areas of the heterogeneous primary prostate tumour harbouring different genetic alterations 
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ng/mL in men with prostate cancer, and could consequently discriminated between men 
with localized prostate cancer and BPH (Chun et al., 2006). In another study, the median 
serum DNA concentration of prostate cancer patients was 5.3 ng/mL. Concentrations of 
≥5.75 ng/mL were associated with an increased risk of PSA recurrence within 2 years of 
radical prostatectomy (Bastian et al., 2007). A cut off value of 8 ng/mL of plasma DNA was 
reported to discriminate between patients and healthy control subjects with a sensitivity of 
80% and specificity of 82%, but in comparison to the other studies, these DNA 
measurements were very low. In addition, high levels of cell-free DNA correlated with 
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cancer patients. Indicating the different nature of these circulating DNA types, the levels of 
cell-free genomic and mitochondrial DNA did not correlate (Mehra et al., 2007). In contrast 
to two copies of genomic DNA, a single cell contains up to several hundred copies of 
mitochondrial DNA. Whereas genomic DNA circulates mostly in a cell-free form and has 
also been isolated from microvesicles (which include exosomes and apoptotic bodies 
(Orozco & Lewis, 2010), mitochondrial DNA circulates mainly in microvesicles (Chiu et al., 
2003). As diagnostic and prognostic marker in prostate cancer patients the amplification of 
mitochondrial nucleic acids has been reported to display increased sensitivity and 
specificity over genomic DNA. Advanced prostate cancer patients with high plasma 
mitochondrial nucleic acids (DNA and RNA) had a poorer survival than patients with low 
levels. Thus, mitochondrial RNA seems to be a strong predictor of overall survival and an 
independent prognostic factor for cancer-related death (Mehra et al., 2007). A further study 
showed that circulating mitochondrial DNA levels did not distinguish between prostate 
cancer and BPH patients. However, there was a significant increase in short mitochondrial 
DNA fragments including apoptotic DNA in patients with early PSA recurrence after 
radical prostatectomy (Ellinger et al., 2008c). 

4. Genetic analyses of cell-free DNA 
The development of prostate cancer is associated with genetic and epigenetic alterations 
accumulating during tumour growth and disease progression. The loss of particular 
sequences encoding for tumour suppressors can lead to the loss of a tumour-protective 
function of the appropriate gene product. Such gene defects may have an influence on cell 
cycle, cell adhesion or apoptosis. Cytogenetic and molecular genetic methods have 
identified numerous tumour-associated chromosomal regions playing a role in the 
tumourigenesis of prostate cancer.  
Genetic alterations on cell-free DNA, including loss of heterozygosity (LOH), can be detected 
by PCR-based fluorescence microsatellite assays using microsatellite DNA (Fig. 1). 
Microsatellite DNA consists of short highly repetitive DNA sequences and is widely spread in 
the genome. In maternal and paternal chromosomes microsatellite DNA frequently differs in 
its length, corresponding to the number of repetitive sequences. This allows the separation of 
both alleles by gel or capillary electrophoresis and their analyses. Although similar plasma- 
and serum-based detection methods have been used, a great variability in detection of LOH on 
cell-free DNA has been reported. Besides the concordance of tumour-related LOH on cell-free 
DNA in blood with LOH on DNA from matched primary tumour tissues, discrepancies have 
also been found (Fleischhacker & Schmidt, 2007). These contradictory LOH data derived from 
blood and tumour tissue and the low incidence of LOH on cell-free DNA have been explained 
in part by technical problems and the dilution of tumour-associated cell-free DNA in blood by 
DNA released from normal cells (Muller et al., 2008; Schwarzenbach et al., 2008; Schmidt et al., 
2006). Moreover, abnormal proliferation of benign cells, due to inflammation or tissue repair 
processes, also leads to an increase in apoptotic cell death, the accumulation of small, 
fragmented DNA in blood and the masking of LOH (Schulte-Hermann et al., 1995). In spite of 
these evident restrictions, plasma DNA may be a more appropriate source for genetic analyses 
than tumour tissue because blood may be a pool of tumour-specific DNA derived from focal 
areas of the heterogeneous primary prostate tumour harbouring different genetic alterations 



 
Prostate Cancer – From Bench to Bedside 

 

120 

(Bonkhoff & Remberger, 1998). Furthermore, the possibility of taking repeated blood samples 
allows tracing genetic alterations during treatment. 
 

 
Fig. 1. Detection of genetically and epigenetically altered DNA and quantification of 
microRNAs in blood  

To detect LOH on cell-free DNA, extracted DNA is amplified in a PCR-based fluorescence 
microsatellite analysis using a gene-specific primer set binding to tumour suppressor genes. 
The fluorescence-labeled PCR products can be separated by capillary gel electrophoresis 
and detected by a fluorescence laser. In the diagram (left) the abscissa indicates the length of 
the PCR product, whereas the ordinate gives information on the fluorescence intensity 
represented as peaks. The upper and lower part of the diagram show the PCR products 
derived from wild type DNA (from leukocytes) and plasma DNA, respectively. As depicted 
by the two peaks of the amplified wild type DNA, both alleles are intact, whereas the lower 
peak of the PCR product derived from the plasma DNA shows LOH (indicated by an 
arrow). To detect cell-free methylated DNA, extracted DNA is denatured and treated by 
sodium bisulfite. In a methylation-sensitive PCR the modified DNA is amplified with gene-
specific primers. Since sodium bisulfite converts unmethylated cytosine residues into uracil, 
in contrast to methylated cytosine, the methylation pattern can be determined by DNA 
sequencing (middle). To quantify miRs, extracted total RNA is subscribed into cDNA which 
is then amplified with miR-specific primers in a quantitative real-time PCR reaction (right). 
To investigate the potential significance of LOH on cell-free DNA, my laboratory compared 
the LOH incidence at 5 polymorphic microsatellite markers in plasma of prostate cancer and 
BPH patients. We found that LOH was frequently detected in prostate cancer patients and 
rarely observed in BPH patients indicating for the first time that microsatellite analysis 
using plasma DNA may be an interesting tool for molecular screening of prostate cancer 
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patients (Muller et al., 2006). When the LOH frequency in blood plasma was compared with 
the incidence in tumour tissues and bone marrow aspirates of prostate cancer patients 
without clinical signs of overt metastases, we found that the concordance of LOH 
aberrations was 65% in blood plasma and 55% in bone marrow plasma samples with the 
analogous primary tumours. Our findings show that at least part of the cell-free DNA in 
blood and bone marrow may originate from the primary tumour. The subsets of LOH in 
blood and bone marrow plasma, which were not concordant with the detected tumour 
alterations, might be due to the known heterogeneity of the prostate tumours and the 
presence of wild type DNA in the plasma (Schwarzenbach et al., 2007). Moreover, we 
analyzed LOH at a panel of 13 polymorphic microsatellite markers in a large cohort of 230 
prostate cancer and 43 BPH patients. The overall incidence was significantly higher in primary 
tumours (34%) than in blood plasma samples from prostate cancer patients (11%). Although 
LOH was also found in BPH plasma samples, its frequency of 2% was low. The highest 
concordance of LOH between tumour and plasma samples was 83% at the chromosomal locus 
8p21 (Schwarzenbach et al., 2008). These findings provoked us to optimize the DNA extraction 
method to increase the detection rate of LOH on cell-free DNA in blood. 
Comparing two DNA extraction techniques, Wang et al. demonstrated that the 
guanidine/Promega resin method significantly enhanced the sensitivity of detection of k-
ras mutations on circulating serum DNA from colorectal cancer patients in comparison to 
the commonly used QIAamp DNA blood kit from the manufacturer Qiagen (Wang et al., 
2004). The most abundant DNA detected in the Qiagen preparation was high-molecular-
weight DNA, in contrast to mono-, di-, and trinucleosomal DNA isolated by the 
guanidine/Promega resin method (Wang et al., 2004). These findings lead to the 
suggestion that tumour-specific DNA might be enriched in the DNA portion containing 
shorter fragments, and to optimize the PCR-based fluorescence microsatellite method, we 
established a method to fractionate plasma DNA in short and long fragments (Muller et 
al., 2008). For preparation of the first fraction containing high-molecular-weight DNA, we 
isolated plasma DNA by Qiagen DNA Mini columns, and for the second fraction 
containing low-molecular-weight DNA, we used the flow-through of the first fraction and 
purified it on Promega columns. Because low-molecular-weight DNA may interfere with 
assay sensitivity, it was necessary to improve the assay conditions. By adding 
tetramethylammonium chloride (TMAC) (Hung et al., 1990; Chevet et al., 1995) as a 
general and essential enhancer to the PCR reactions, our results could be stabilized and 
ambiguous allelic losses could be largely avoided. Our data showing an enhancement of 
the detection rate of LOH in the low-molecular-weight plasma DNA from prostate cancer 
patients, point out that tumour-specific plasma DNA seems to mainly consist of short 
fragments. However, for practical plasma-based diagnostic tests the presence of LOH in 
both fractions should be considered (Muller et al., 2008).  
Table 1 summarizes the diagnostic relevance of genetically altered DNA in plasma and 
serum of prostate cancer patients. 

5. Epigenetic analyses of cell-free DNA 
The epigenetic process includes DNA methylation and chromatin histone modifications. In 
chromosomal regions of tumour-associated genes epigenetic alterations may affect 
important regulatory mechanisms for the pathogenesis of malignant transformation (Klose 



 
Prostate Cancer – From Bench to Bedside 

 

120 

(Bonkhoff & Remberger, 1998). Furthermore, the possibility of taking repeated blood samples 
allows tracing genetic alterations during treatment. 
 

 
Fig. 1. Detection of genetically and epigenetically altered DNA and quantification of 
microRNAs in blood  

To detect LOH on cell-free DNA, extracted DNA is amplified in a PCR-based fluorescence 
microsatellite analysis using a gene-specific primer set binding to tumour suppressor genes. 
The fluorescence-labeled PCR products can be separated by capillary gel electrophoresis 
and detected by a fluorescence laser. In the diagram (left) the abscissa indicates the length of 
the PCR product, whereas the ordinate gives information on the fluorescence intensity 
represented as peaks. The upper and lower part of the diagram show the PCR products 
derived from wild type DNA (from leukocytes) and plasma DNA, respectively. As depicted 
by the two peaks of the amplified wild type DNA, both alleles are intact, whereas the lower 
peak of the PCR product derived from the plasma DNA shows LOH (indicated by an 
arrow). To detect cell-free methylated DNA, extracted DNA is denatured and treated by 
sodium bisulfite. In a methylation-sensitive PCR the modified DNA is amplified with gene-
specific primers. Since sodium bisulfite converts unmethylated cytosine residues into uracil, 
in contrast to methylated cytosine, the methylation pattern can be determined by DNA 
sequencing (middle). To quantify miRs, extracted total RNA is subscribed into cDNA which 
is then amplified with miR-specific primers in a quantitative real-time PCR reaction (right). 
To investigate the potential significance of LOH on cell-free DNA, my laboratory compared 
the LOH incidence at 5 polymorphic microsatellite markers in plasma of prostate cancer and 
BPH patients. We found that LOH was frequently detected in prostate cancer patients and 
rarely observed in BPH patients indicating for the first time that microsatellite analysis 
using plasma DNA may be an interesting tool for molecular screening of prostate cancer 

 
Clinical Relevance of Circulating Nucleic Acids in Blood of Prostate Cancer Patients 

 

121 

patients (Muller et al., 2006). When the LOH frequency in blood plasma was compared with 
the incidence in tumour tissues and bone marrow aspirates of prostate cancer patients 
without clinical signs of overt metastases, we found that the concordance of LOH 
aberrations was 65% in blood plasma and 55% in bone marrow plasma samples with the 
analogous primary tumours. Our findings show that at least part of the cell-free DNA in 
blood and bone marrow may originate from the primary tumour. The subsets of LOH in 
blood and bone marrow plasma, which were not concordant with the detected tumour 
alterations, might be due to the known heterogeneity of the prostate tumours and the 
presence of wild type DNA in the plasma (Schwarzenbach et al., 2007). Moreover, we 
analyzed LOH at a panel of 13 polymorphic microsatellite markers in a large cohort of 230 
prostate cancer and 43 BPH patients. The overall incidence was significantly higher in primary 
tumours (34%) than in blood plasma samples from prostate cancer patients (11%). Although 
LOH was also found in BPH plasma samples, its frequency of 2% was low. The highest 
concordance of LOH between tumour and plasma samples was 83% at the chromosomal locus 
8p21 (Schwarzenbach et al., 2008). These findings provoked us to optimize the DNA extraction 
method to increase the detection rate of LOH on cell-free DNA in blood. 
Comparing two DNA extraction techniques, Wang et al. demonstrated that the 
guanidine/Promega resin method significantly enhanced the sensitivity of detection of k-
ras mutations on circulating serum DNA from colorectal cancer patients in comparison to 
the commonly used QIAamp DNA blood kit from the manufacturer Qiagen (Wang et al., 
2004). The most abundant DNA detected in the Qiagen preparation was high-molecular-
weight DNA, in contrast to mono-, di-, and trinucleosomal DNA isolated by the 
guanidine/Promega resin method (Wang et al., 2004). These findings lead to the 
suggestion that tumour-specific DNA might be enriched in the DNA portion containing 
shorter fragments, and to optimize the PCR-based fluorescence microsatellite method, we 
established a method to fractionate plasma DNA in short and long fragments (Muller et 
al., 2008). For preparation of the first fraction containing high-molecular-weight DNA, we 
isolated plasma DNA by Qiagen DNA Mini columns, and for the second fraction 
containing low-molecular-weight DNA, we used the flow-through of the first fraction and 
purified it on Promega columns. Because low-molecular-weight DNA may interfere with 
assay sensitivity, it was necessary to improve the assay conditions. By adding 
tetramethylammonium chloride (TMAC) (Hung et al., 1990; Chevet et al., 1995) as a 
general and essential enhancer to the PCR reactions, our results could be stabilized and 
ambiguous allelic losses could be largely avoided. Our data showing an enhancement of 
the detection rate of LOH in the low-molecular-weight plasma DNA from prostate cancer 
patients, point out that tumour-specific plasma DNA seems to mainly consist of short 
fragments. However, for practical plasma-based diagnostic tests the presence of LOH in 
both fractions should be considered (Muller et al., 2008).  
Table 1 summarizes the diagnostic relevance of genetically altered DNA in plasma and 
serum of prostate cancer patients. 

5. Epigenetic analyses of cell-free DNA 
The epigenetic process includes DNA methylation and chromatin histone modifications. In 
chromosomal regions of tumour-associated genes epigenetic alterations may affect 
important regulatory mechanisms for the pathogenesis of malignant transformation (Klose 



 
Prostate Cancer – From Bench to Bedside 

 

122 

& Bird, 2006). Inactivation of tumour suppressor genes by promoter hypermethylation is 
thought to play a crucial role in this process (Esteller & Herman, 2002). DNA methylation of 
the cytosine base in CpG dinucleotides, which are found as isolated or clustered CpG 
islands, induces gene repression by inhibiting the access of transcription factors to their 
binding sites, and by recruiting methyl-CpG binding proteins (MBDs) to methylated DNA 
together with histone modifying enzymes (Hendrich & Tweedie, 2003). This leads to 
configurational changes in chromatin histone proteins and a compact packing of 
nucleosomes that are implicated in transcriptional regulation, as well (Zheng et al., 2008; 
Cedar & Bergman, 2009). DNA methylation on cell-free DNA can be detected by 
methylation-sensitive PCR using bisulfite-converted DNA (Fig. 1, Table 1). 
CpG hypermethylation within the regulatory region of the π-class glutathione S-transferase 
gene (GSTP1) has been observed to be the most prevalent somatic genome abnormality in 
human prostate cancer, whereas this methylated GSTP1 is rarely detected in other organs. 
GSTP1 encodes an enzyme that acts as a carcinogen detoxifier by catalyzing conjugation 
reactions with reduced glutathione (Lee et al., 1994). Using a restriction endonuclease 
quantitative PCR technique, Bastian et al. (Bastian et al., 2005) addressed the question 
whether circulating cell-free DNA hypermethylation of GSTP1 can be evaluated as a 
prognostic biomarker for prostate cancer. They did not detect circulating hypermethylated 
GSTP1 in serum of men with a negative prostate biopsy, but they detected 
hypermethylation in 12% of men with clinically localized disease and 28% of men with 
metastatic cancer. Thus, they saw a continuing increase in DNA methylation during tumour 
progression. Moreover, they showed that men with clinically localized prostate cancer 
displaying CpG hypermethylation of GSTP1 in their preoperative serum were at significant 
risk to experience PSA recurrence within the following years after radical prostatectomy. 
These data suggest that hypermethylation of GSTP1 in blood may be an important DNA-
based prognostic serum biomarker for prostate cancer (Bastian et al., 2005). The same 
laboratory also assessed the hypermethylation profile of several other genes including 
multidrug resistance 1 (MDR1), endothelin receptor B (EDNRB), CD44, NEP (neutral 
endopeptidase), PTGS2, Ras association domain family 1 isoform A (RASSF1A), retinoic 
acid receptor-ß (RAR-ß) and ESR1 (estrogen receptor 1) in serum of men with clinically 
localized prostate cancer, hormone refractory metastatic disease or a negative prostate 
biopsy (Bastian et al., 2008). Hypermethylation of MDR1 was positive in 38% of the cases 
without PSA recurrence and in 16% of those with biochemical recurrence after radical 
prostatectomy. DNA hypermethylation of the other genes was not detected in the serum. 
No single gene was observed to be consistently hypermethylated in patients with hormone 
refractory disease. In serum from men with metastatic prostate cancer, hypermethylation 
was detected at MDR1 in 83%, EDNRB in 50%, RAR-ß in 39%, and NEP as well as RASSF1A 
in 17% of the cases. The hypermethylation of CD44, PTGS2 or ESR1 was not detected in any 
samples (Bastian et al., 2008). These finding show that along with the hypermethylation of 
GSTP1, the hypermethylation status of a defined panel of genes may represent convenient 
targets for men with prostate cancer. 
Using real-time PCR and sodium bisulfite-modified DNA, Payne et al. compared DNA 
methylation of the biomarkers GSTP1, RASSF2, histone 1H4K (HIST1H4K) and transcription 
factor AP2E (TFAP2E) in matched plasma and urine samples collected prospectively. The 
DNA methylation of the biomarkers in urine and plasma correlated significantly with each 
other. Surprisingly, the measurements of the biomarkers in urine were more sensitive for 
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prostate cancer detection than those in plasma (Payne et al., 2009). Ellinger et al. compared 
the CpG hypermethylation of GSTP1, TIG1, PTGS2 and Reprimo in prostate cancer and BPH 
patients using a restriction endonuclease real-time PCR. They detected a higher methylation 
frequency in serum of prostate cancer patients than in BPH patients. The hypermethylation 
in serum distinguished between both patient cohorts in a highly specific but less sensitive 
manner (Ellinger et al., 2008b).  
It is also possible to detect tumour-related altered histone modifications in blood of prostate 
cancer patients (Table 1). The utility of plasma levels of circulating bone-morphogenetic 
protein-6-specific (BMP6) mRNA and histone H3 lysine 27 trimethylation (H3K27me3) in 
discriminating metastatic prostate cancer from organ confined, local disease was evaluated 
at the end of therapy of the patients. Higher levels of BMP6 mRNA were found in the 
patients with metastases than in those with localized or local advanced disease. H3K27me3 
displayed an inverse distribution compared to BMP6 mRNA and was significantly lower in 
patients with metastatic disease than in those with localized or local advanced disease. This 
study provides evidence that post-treatment analysis of cBMP6 mRNA and H3K27me3 in 
plasma may be used to distinguish metastatic prostate cancer from organ confined, local 
disease (Deligezer et al., 2010). 

6. Combined genetic and epigenetic analyses of cell-free DNA 
Sunami et al. hypothesized that circulating multimarker DNA assays detecting both genetic 
and epigenetic markers in serum would be more useful in assessing prostate cancer patients. 
They examined DNA methylation of RASSF1, RAR-ß2 and GSTP1 using a methylation-
specific PCR assay and a panel of six microsatellite markers (D6S286 at 6q14, D8S261 at 
8p22, D8S262 at 8p23, D9S171 at 9p21, D10S591 at 10p15 and D18S70 at 18q23). The 
combination of these two DNA assays increased the number of prostate cancer patients 
positive for at least one marker and detected the presence of prostate cancer regardless of 
AJCC (American Joint Cancer Committee) stage or PSA concentration. When these DNA 
assays were combined with PSA measurements, they reached a sensitivity of 89%. This pilot 
study demonstrated that the combined circulating DNA multimarker assay may yield 
information independent of AJCC stage or PSA concentration (Sunami et al., 2009). 

7. Cell-free tumour DNA as a marker for circulating tumour cells 
Currently, PSA blood serum levels are measured repeatedly after the primary treatment of 
prostate cancer. However, approximately 25% of patients with clinically localized prostate 
cancer will eventually experience biochemical evidence of tumour recurrence after surgical 
resection of the primary tumour. A possible explanation for this clinical observation may be 
an early occult onset of tumour cell dissemination to the blood circulation in these men. 
Even if overt metastases are subsequently confirmed by current imaging technologies, such 
as bone scans, these patients have become already incurable (Pantel et al., 2009). Therefore, a 
biomarker indicating early spread of tumour cells as the potential seed for future metastases 
is highly desirable.  
The precise sources of tumour-related cell-free DNA in the peripheral blood are still 
unknown, but it has been postulated that this DNA may originate from primary and 
metastatic tumours. The most common view is that apoptotic and necrotic tumour cells shed 
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thought to play a crucial role in this process (Esteller & Herman, 2002). DNA methylation of 
the cytosine base in CpG dinucleotides, which are found as isolated or clustered CpG 
islands, induces gene repression by inhibiting the access of transcription factors to their 
binding sites, and by recruiting methyl-CpG binding proteins (MBDs) to methylated DNA 
together with histone modifying enzymes (Hendrich & Tweedie, 2003). This leads to 
configurational changes in chromatin histone proteins and a compact packing of 
nucleosomes that are implicated in transcriptional regulation, as well (Zheng et al., 2008; 
Cedar & Bergman, 2009). DNA methylation on cell-free DNA can be detected by 
methylation-sensitive PCR using bisulfite-converted DNA (Fig. 1, Table 1). 
CpG hypermethylation within the regulatory region of the π-class glutathione S-transferase 
gene (GSTP1) has been observed to be the most prevalent somatic genome abnormality in 
human prostate cancer, whereas this methylated GSTP1 is rarely detected in other organs. 
GSTP1 encodes an enzyme that acts as a carcinogen detoxifier by catalyzing conjugation 
reactions with reduced glutathione (Lee et al., 1994). Using a restriction endonuclease 
quantitative PCR technique, Bastian et al. (Bastian et al., 2005) addressed the question 
whether circulating cell-free DNA hypermethylation of GSTP1 can be evaluated as a 
prognostic biomarker for prostate cancer. They did not detect circulating hypermethylated 
GSTP1 in serum of men with a negative prostate biopsy, but they detected 
hypermethylation in 12% of men with clinically localized disease and 28% of men with 
metastatic cancer. Thus, they saw a continuing increase in DNA methylation during tumour 
progression. Moreover, they showed that men with clinically localized prostate cancer 
displaying CpG hypermethylation of GSTP1 in their preoperative serum were at significant 
risk to experience PSA recurrence within the following years after radical prostatectomy. 
These data suggest that hypermethylation of GSTP1 in blood may be an important DNA-
based prognostic serum biomarker for prostate cancer (Bastian et al., 2005). The same 
laboratory also assessed the hypermethylation profile of several other genes including 
multidrug resistance 1 (MDR1), endothelin receptor B (EDNRB), CD44, NEP (neutral 
endopeptidase), PTGS2, Ras association domain family 1 isoform A (RASSF1A), retinoic 
acid receptor-ß (RAR-ß) and ESR1 (estrogen receptor 1) in serum of men with clinically 
localized prostate cancer, hormone refractory metastatic disease or a negative prostate 
biopsy (Bastian et al., 2008). Hypermethylation of MDR1 was positive in 38% of the cases 
without PSA recurrence and in 16% of those with biochemical recurrence after radical 
prostatectomy. DNA hypermethylation of the other genes was not detected in the serum. 
No single gene was observed to be consistently hypermethylated in patients with hormone 
refractory disease. In serum from men with metastatic prostate cancer, hypermethylation 
was detected at MDR1 in 83%, EDNRB in 50%, RAR-ß in 39%, and NEP as well as RASSF1A 
in 17% of the cases. The hypermethylation of CD44, PTGS2 or ESR1 was not detected in any 
samples (Bastian et al., 2008). These finding show that along with the hypermethylation of 
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their DNA into the blood circulation. Dying circulating tumour cells (CTCs) may also 
contribute to the high levels of circulating DNA in the blood. This assumption provoked 
scientists to investigate the relation between cell-free tumour-related DNA and CTCs. 
Since different patterns of LOH may affect cancer progression toward metastases, we 
assessed the relationship of the occurrence of LOH on cell-free DNA with the presence of 
CTCs in peripheral blood of prostate cancer patients (Schwarzenbach et al., 2009). The 
presence of CTCs, which was detected by an epithelial immunospot assay, significantly 
correlated with the increase in LOH at the microsatellite markers D8S137, D9S171, and 
D17S855, which are located in the chromosomal regions of the cytoskeletal protein dematin 
(Lutchman et al., 1999), the inhibitor of the cyclin dependent kinase CDKN2/p16 
(Perinchery et al., 1999) and BRCA1 (Gao et al., 1995), respectively. Identification of LOH in 
these regions may contribute to a better understanding of early steps in the metastatic 
cascade in prostate cancer. Dematin is localized in the junctional complex bundling actin 
filaments in a phosphorylation-dependent manner. Its biological function is to regulate the 
cell shape, and changes in cell plasticity are thought to be important for the dissemination of 
tumour cells (Thiery & Sleeman, 2006). CDKN2/p16 is a protein of the cell cycle regulating 
the G1-S phase transition. It can be inactivated by mutations, deletions, or transcriptional 
silencing during pathogenesis of a variety of human malignancies and seems to be involved 
in the tumourigenesis of prostate cancer (Fernandez et al., 2002). BRCA1 has been 
implicated in a number of cellular processes including DNA repair and recombination, cell 
cycle checkpoint control, chromatin remodelling, ubiquitination, and apoptosis (Murray et 
al., 2007). Deletions in the BRCA1 gene have recently been implicated in metastatic spread 
and tumour progression in prostate cancer (Bednarz et al., 2010). 
A comparative genetic profiling of isolated PSA-positive CTCs and multifocal prostate tumour 
tissues was performed by Schmidt et al. They showed that the detection of LOH at the BRCA1 
locus in CTCs and primary tumours was associated with an early biochemical recurrence 
(Schmidt et al., 2006). In a recent study, Okegawa et al. determined for the first time the 
relation between CTCs detected on the CellSearch System and circulating tumour-related 
methylated DNA using a sensitive SYBR green methylation-specific PCR (Okegawa et al., 
2010). In blood of patients with hormone-refractory prostate cancer hypermethylation of 
adenomatosis polyposis coli (APC), GSTP1, PTGS2, MRD1 and RASSF1A was analyzed. With 
the exception of PTGS2, the presence of CTCs significantly correlated with the presence of 
methylated APC, GSTP1, MDR1 and RASSF1A. Patients with CTCs and methylated DNA in 
their blood had a shorter median overall survival time, which was significantly different from 
that of patients without either molecular markers or with one of both markers. In addition, 
patients with CTCs or tumour-related methylated DNA had a poorer outcome than patients 
without these blood markers, and patients with both markers had the worst outcome. These 
findings indicate the high relapse risk and aggressiveness of tumours in patients with high 
levels of CTCs and DNA methylation in the blood (Okegawa et al., 2010).  
Although the findings discussed above are still preliminary, they emphasize that cell-free 
tumour-related DNA may also stem from CTCs that have undergone cell death in the 
circulatory system.  

8. Circulating microRNAs 
MiRs are a class of naturally occurring small non-coding RNA molecules. They modulate 
post-transcriptionally the expression of numerous genes, such as tumor suppressor genes, 
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by binding sequence-specifically to their target mRNA and inhibiting their translation into 
proteins or degrading the mRNA. Mature miRs consist of 19 to 25 nucleotides and are 
derived from hairpin precursor molecules of 70-100 nucleotides. As half of human miRs are 
localized in fragile chromosomal regions, which may exhibit DNA amplifications, deletions 
or translocations during tumour development, their expression is frequently deregulated in 
cancer (Croce, 2009). MiRs have, therefore, important roles in repression of protein 
expression in cancer (Bartel, 2009). To date, studies on solid cancers (ovarian, lung, breast 
and colorectal cancer) reported that miRs are involved in the regulation of different cellular 
processes, such as apoptosis, cell proliferation, epithelial to mesenchymal transition and 
metastases (Heneghan et al., 2009). In blood, miRs appear highly stable, because most of 
them are included in apoptotic bodies, microvesicles, or exosomes and can withstand 
known mRNA degradation factors (Asaga et al., 2011; Kosaka et al., 2010). Quanitative real- 
time PCR can be used to measure circulating miRs with miR-specific TaqMan MicroRNA 
assays (Fig. 1, Table 1). 
Circulating miRs have recently been indicated as practicable and promising biomarkers for 
minimally invasive diagnosis in prostate cancer. Quantification of miR 21 targeting the 
tumour suppressor gene phosphatase and tensin homolog deleted (PTEN) and programmed 
cell death 4 (PDCD4) has been reported to be a useful biomarker for prostate cancer patients 
during disease progression (Zhang et al., 2010). Patients with hormone-refractory prostate 
cancer expressed higher serum miR 21 levels than those with androgen-dependent and 
localized prostate cancer. Androgen-dependent prostate cancer patients with low serum 
PSA levels had similar serum miR 21 levels to patients with localized prostate cancer or 
BPH. The highest serum miR 21 levels were found in hormone-refractory prostate cancer 
patients who were resistant to docetaxel-based chemotherapy when compared to those 
sensitive to chemotherapy. These findings suggest that miR 21 is an indicator of the 
transformation to hormone refractory disease and a potential predictor for the efficacy of 
docetaxel-based chemotherapy (Zhang et al., 2010). Quantification of miR-21 together with 
miR 141 and 221 revealed varying patterns in blood of the clinical subgroups. The 
differences in plasma between the control group and the patients were highly significant for 
miR 21 and 221 but not for miR 141. In patients diagnosed with metastatic prostate cancer, 
levels of all three miRs were significantly higher than in patients with localized and local 
advanced disease (Yaman Agaoglu et al., 2011). After screening of 667 miRs in serum 
samples from patients with metastatic and localized prostate cancer by microaarray 
analyses, five upregulated miRs were selected for further validation. Circulating miR 375 
and 141 turned out to be the most pronounced markers for high-risk tumours. Their levels 
also correlated with high Gleason score and lymph-node positive status. These observations 
suggest that the release of miR 375 and 141 into the blood circulation is associated with 
advanced cancer disease (Brase et al., 2010). 
Although there is only a few literatures on circulating miRs in blood of prostate cancer 
patients, the findings discussed above highlight their potential clinical utility (Table 1).  

9. Conclusion 
It took decades to attract attention to circulating cell-free nucleic as a surrogate for molecular 
analysis in the management of cancer patients, but their clinical relevance gains more and 
more in importance. Cell-free nucleic acids may be a reflection of the pathological processes 
during prostate cancer development, progression and metastasis. Besides these attributes, 
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nucleic acids play also important biological roles. An intriguing hypothesis, the so-called 
genometastasis hypothesis describes that extracellular DNA and RNA from cancer cells may 
transform normal cells. Thus, metastases could develop in distant organs as a result of 
horizontal transfer of dominant oncogenes released from the primary tumour by susceptible 
cells (Garcia-Olmo et al., 2004). Whether this biological function has relevance in human 
blood in prostate cancer patients is an aspect to be considered in the future.  
Since tumour-associated nucleic acids are easily accessible from plasma/serum and may 
be derived from several different sources, e.g. primary tumour, lymph nodes or CTCs, 
their detection could provide more information on prostate tumour biology. Although 
there is a number of biomarkers, e.g. PSA, commonly used for prostate cancer, these 
markers are also elevated in BPH patients, and their levels are dependent on prostate 
volume and age of the men. To date, the screening of cancer patients relies on early 
diagnosis, precise tumour staging, and monitoring of therapies. Histological evaluation of 
tumour tissues obtained from biopsies is the gold standard of diagnosis at present. 
Minimally invasive blood analyses of cell-free nucleic acids could have the potential to 
complement the existing biomarkers, such as PSA, and current clinical methods. These 
minimally invasive assays could serve as a “liquid biopsy” that can be repeated many 
times in an individual patient to assure a real-time monitoring of the disease course and 
assess the efficacy of anti-cancer therapies. In combination with the detection of CTCs, 
this assay might allow following metastatic progression and to predict the outcome of 
prostate cancer patients. The emerging biological role of miRs in the regulation of 
different cellular processes, e.g. apoptosis, cell proliferation, tumour progression, 
epithelial-mesenchymal transition and metastasis suggests that they may have a great 
potential as novel blood-based biomarkers and may also be considered as future 
therapeutic targets. 
However, there are also some drawbacks. As the prevalence of wild type nucleic acids in 
blood hampers the genetic analyses of cell-free tumour DNA, better extraction procedures 
are required. This also implicates that the pre-analytical parameters, such as blood 
collection, processing of plasma or serum, storage and accurate clinical conditions need to 
be improved. The quantification of cell-free nucleic acids using different methods ia a 
further problem. To date, no approach has been developed that is consistent, robust, 
reproducible, and validated on a large-scale prostate cancer patient population. If these 
problems could be solved, these issues would provide better universal standardization for 
comparison of results and address clinical utility of the assays. Another issue is that after 
extraction of nucleic acids, different assays varying in assay sensitivity and specificity are 
used for analysis. A standardized PCR-based assay is needed in validating clinical 
biomarkers. This implicates that the slowed down progress of new cancer blood-based 
biomarkers in the last decade could be pushed.  
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nucleic acids play also important biological roles. An intriguing hypothesis, the so-called 
genometastasis hypothesis describes that extracellular DNA and RNA from cancer cells may 
transform normal cells. Thus, metastases could develop in distant organs as a result of 
horizontal transfer of dominant oncogenes released from the primary tumour by susceptible 
cells (Garcia-Olmo et al., 2004). Whether this biological function has relevance in human 
blood in prostate cancer patients is an aspect to be considered in the future.  
Since tumour-associated nucleic acids are easily accessible from plasma/serum and may 
be derived from several different sources, e.g. primary tumour, lymph nodes or CTCs, 
their detection could provide more information on prostate tumour biology. Although 
there is a number of biomarkers, e.g. PSA, commonly used for prostate cancer, these 
markers are also elevated in BPH patients, and their levels are dependent on prostate 
volume and age of the men. To date, the screening of cancer patients relies on early 
diagnosis, precise tumour staging, and monitoring of therapies. Histological evaluation of 
tumour tissues obtained from biopsies is the gold standard of diagnosis at present. 
Minimally invasive blood analyses of cell-free nucleic acids could have the potential to 
complement the existing biomarkers, such as PSA, and current clinical methods. These 
minimally invasive assays could serve as a “liquid biopsy” that can be repeated many 
times in an individual patient to assure a real-time monitoring of the disease course and 
assess the efficacy of anti-cancer therapies. In combination with the detection of CTCs, 
this assay might allow following metastatic progression and to predict the outcome of 
prostate cancer patients. The emerging biological role of miRs in the regulation of 
different cellular processes, e.g. apoptosis, cell proliferation, tumour progression, 
epithelial-mesenchymal transition and metastasis suggests that they may have a great 
potential as novel blood-based biomarkers and may also be considered as future 
therapeutic targets. 
However, there are also some drawbacks. As the prevalence of wild type nucleic acids in 
blood hampers the genetic analyses of cell-free tumour DNA, better extraction procedures 
are required. This also implicates that the pre-analytical parameters, such as blood 
collection, processing of plasma or serum, storage and accurate clinical conditions need to 
be improved. The quantification of cell-free nucleic acids using different methods ia a 
further problem. To date, no approach has been developed that is consistent, robust, 
reproducible, and validated on a large-scale prostate cancer patient population. If these 
problems could be solved, these issues would provide better universal standardization for 
comparison of results and address clinical utility of the assays. Another issue is that after 
extraction of nucleic acids, different assays varying in assay sensitivity and specificity are 
used for analysis. A standardized PCR-based assay is needed in validating clinical 
biomarkers. This implicates that the slowed down progress of new cancer blood-based 
biomarkers in the last decade could be pushed.  
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1. Introduction 
Malignant transformation of cells resulting from enhanced proliferation, aberrant 
differentiation, and impaired ability to die is the prime reason for abnormal tissue growth, 
which can eventually turn into uncontrolled expansion and invasion, characteristic of cancer 
(Hanahan and Weinberg, 2011). Such transformation is often accompanied by changes in ion 
channel expression and, consequently, by abnormal progression of the cellular responses 
with which they are involved. The first important role ascribed to plasma membrane ion 
channels, over 60 years ago, was their participation in cellular electrogenesis and electrical 
excitability. However, numerous subsequent studies have firmly established the 
contribution of ion channels to virtually all basic cellular behaviors, including such crucial 
ones for maintaining tissue homeostasis as proliferation, differentiation, and apoptosis 
(Lang et al., 2005; Razik and Cidlowski, 2002; Schonherr, 2005). The major mechanisms via 
which ion channels contribute to these crucial processes include: providing the influx of 
essential signaling ions, regulating cell volume, and maintaining membrane potential. 
Malignant transformation of cells resulting from enhanced proliferation, aberrant 
differentiation, and impaired ability to due is the prime reason for abnormal tissue growth, 
which can eventually turn into uncontrolled expansion and invasion, characteristic of cancer 
(Chaffer and Weinberg, 2011). This review focuses on the aspects prostate tumour 
carcinogenesis influenced by various ion channels belonging to a large superfamily of 
Transient Receptor Potential (TRP) channels and how dysfunctions and/or misregulations 
of these channels may influence the development and progression of prostate cancer. 

2. TRP-channels and epithelial cell homeostasis  
Transient Receptor Potential (TRP) channels are a recently discovered superfamily of non-
selective cationic channels defined firstly as mechanoreceptors. They are predominantly 
expressed in epithelial tissues and carry a plethora of functions including but not limited to 
sensation of chemical, mechanical, and thermo stimuli (for review see (Clapham et al., 2001)).  
According to a growing number of articles, non-voltage dependent cationic channels of the 
Transient Receptor Potential (TRP) channel family are key players in ion homeostasis. All 
TRPs contain six putative transmembrane domains, which are thought to assemble as homo- 
or hetero-tetramers to form cation selective channels. All TRPs are cation channels, although 
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the permeability for different mono- and divalent cations varies greatly between isoforms. 
Based on amino acid homologies, the mammalian TRP channel superfamily can be divided 
into seven families. About thirty members of the TRP superfamily identified in mammals 
are classified in six different families: TRPC for «Canonical», TRPV for «Vanilloid», TRPM 
for «Melastatin», TRPML for «Mucolipins», TRPP for «Polycystins» and TRPA for «Ankirin 
transmembrane», and the TRPN (no mechanoreceptor potential C, or NOMPC). The 
characteristic feature of TRP channels is their ability to be activated by a wide range of 
chemical and mechanical stimuli. TRP channels are activated by a wide range of stimuli 
including intra- and extracellular messengers, chemical, mechanical and osmotic stress, and 
some probably by the filling state of intracellular Ca2+ stores (Clapham, 2003). As such, they 
can be envisioned as the polymodal molecular sensors of the cell.  
For instance, all channels of the TRPC family are activated by stimulation of receptors that 
activate different isoforms of PLC, i.e. PLCβ after activation of G-protein coupled receptors 
(GPCRs), and PLCγ after activation of receptor tyrosine kinases (RTKs) (Clapham, 2003).  
TRPCs have also been widely proposed to be regulated by the filling status of intracellular 
Ca2+ stores, and consequently to be the elusive molecular candidates for store-operated Ca2+ 
entry channels (SOCs) (Clapham et al., 2001). However, both store-depletion dependent and 
independent mechanisms have been suggested for all members of the TRPC family, and at 
variance with a physiological role as SOCs, there is evidence that TRPC1, TRP4/5 and 
TRPC3/6/7 can function as receptor-operated channels that are mostly insensitive to store 
depletion (Lintschinger et al., 2000; Nilius, 2004; Plant and Schaefer, 2003).  
At the same time TRPV1–4 are non-selective cation channels which are thermosensitive, 
although TRPV1 and 4, can also be activated by numerous other stimuli (Nilius et al., 2003). 
TRPV3, and to a lesser extend also TRPV2 and TRPV1, but not TRPV4, can be activated by 2-
aminoethoxydiphenyl borate (2-APB), which, in contrast, blocks some TRPC and TRPM 
channels (Hu et al., 2004). Other members as TRPV5 and TRPV6 are highly expressed in the 
kidney and intestine, respectively, where they form highly selective Ca2+ channels essential 
for Ca2+ reabsorption (Nijenhuis et al., 2003). 
TRPM channels exhibit highly varying permeability to Ca2+ and Mg2+, from Ca2+-
impermeable (TRPM4 and 5) to highly Ca2+ and Mg2+ permeable (TRPM6 and 7). In 
contrast to that of TRPCs and TRPVs, the TRPM sequence does not contain ankyrin repeats. 
TRPM channel has a vide pattern of expression in human body and many of them are also 
temperature sensitive (Clapham, 2003).  
The TRPML proteins are relative small (less than 600 residues), and have relatively low 
sequence homology to other TRP families. TRPML1 is widely expressed, and appears to 
reside in late endosomes/lysosomes (LaPlante et al., 2004). TRPML1-mediated control of 
lysosomal Ca2+ levels plays an important role in proper lysosome formation and recycling 
(Piper and Luzio, 2004). 
A significant body of evidence indicates that TRPP1 and TRPP2 are physically coupled and 
act as a signaling complex which is necessary for localization of TRPP2 to the plasma 
membrane (Hanaoka et al., 2000), and in which the association of TRPP1 and TRPP2 
suppresses the G-protein stimulating activity of TRPP1 as well as the constitutive channel 
activity of TRPP2 (Delmas et al., 2004). It should be noted that TRPP2 likely has roles 
independent of TRPP1, as TRPP2 expression and TRPP2-like activity has been detected in 
left ventricular myocytes in the absence of TRPP1 (Volk et al., 2003). 
The TRPA family currently comprises just one mammalian member, TRPA1, which has been 
shown to be expressed in in hair cells (Corey et al., 2004), and in DRG and TG neurons (Story 
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et al., 2003). TRPA1 exhibits intruiging gating promiscuity, and might be involved in pain 
perception, temperature sensing, and mechanosensation, e.g. hearing (Voets et al., 2005). 
This subfamily TRPN comprises a single member, found in C. elegans, Drosophila and zebra 
fish whereas the mammalian genome appears to lack the TRPN gene (Corey et al., 2004).  
A large number of TRP channel binding partners have recently been described, many of which 
have been assigned important roles in the regulation and function of TRP channels. All TRPs 
also contain consensus sites for direct phosphorylation by serine/threonine and tyrosine 
kinases, although the role of phosphorylation in channel function remains to be fully 
elucidated. Also, in addition to regulatory modes activating TRP channels resident in the 
plasma membrane, several TRPs appear to be constitutively open, and may be regulated by 
vesicular insertion (Bezzerides et al., 2004; Iwata et al., 2003). Most, but not all, of the TRP 
channels function as Ca2+ pathways, cause cell depolarization, and also form intracellular 
pathways for Ca2+ release from various intracellular stores, such as the endo- and 
sarcoplasmic reticulum, lysosomes, and endosomes  (Clapham et al., 2001). Beyond their 
sensory functions, they are broadly involved in diverse homeostatic functions. It is not 
surprising, therefore, that dysfunctions of these TRP channels are involved in the pathogenesis 
of several diseases (Tsavaler et al., 2001; Wissenbach et al., 2001). Many TRP channels have so 
far been described in the genitourinary tract (Peng et al., 2001b; Tsavaler et al., 2001) and more 
specifically in the prostate, where they are suggested to play a role in normal prostate 
physiology and prostate diseases, most importantly in prostate carcinogenesis. 

3. TRPM channels and their possible implication in prostate cancer initiation 
In 2009 a new TRPM channel, TRPM2, has been identified in prostate cancer cell lines (Zeng et 
al., 2010). TRPM2 encodes a non-selective cation-permeable ion channel and it has benn found 
that selectively knocking down TRPM2 with the small interfering RNA technique inhibited the 
growth of prostate cancer cells but not of non-cancerous cells. The subcellular localization of 
this protein is also remarkably different between cancerous and non-cancerous cells. In BPH-1 
(benign), TRPM2 protein is homogenously located near the plasma membrane and in the 
cytoplasm, whereas in the cancerous cells (PC-3 and DU-145), a significant amount of the 
TRPM2 protein is located in the nuclei in a clustered pattern (Zeng et al., 2010). 
TRPM4 levels were shown to be elevated in prostate cancer (Armisen et al., 2011). However, 
whether such changes in TRPM4 expression may be relevant to genesis or progression of 
prostate cancer remains unknown.  
The last member of this family TRPM8 channel has been firstly cloned in 2001 as a novel 
prostate-specific gene by screening a prostate cDNA library (Tsavaler et al., 2001). Later on, it 
was shown that TRPM8 encodes for a cold- and menthol-sensitive ion channel in trigeminal 
ganglion and dorsal root ganglion neurons (TGN and DRG) (Voets et al., 2007). Moreover, the 
mRNA levels in BPH and PCa appeared to be higher than in the normal prostate (Tsavaler et 
al., 2001). Several groups have studied the expression of TRPM8 in different PCa cell lines. In 
primary cultures of prostate epithelial cells, the density of the TRPM8 membrane current was 
increased in cancerous compared to normal cells (Bidaux et al., 2007). Moreover, RT-PCR 
analysis of these cells revealed an up-regulation of TRPM8 in PCa-derived cells (Bidaux et al., 
2007). Also in tumoral cell lines, such as LNCaP (“lymph node carcinoma of the prostate”, a 
widely used cell line derived from a supraclavicular lymph node metastasis expressing the 
androgen receptor [AR] (Horoszewicz et al., 1983)), TRPM8 was detected by RT-PCR (Tsavaler 
et al., 2001). Zhang and Barritt also suggested a functional role for TRPM8 in LNCaP cells, 



 
Prostate Cancer – From Bench to Bedside 

 

134 

the permeability for different mono- and divalent cations varies greatly between isoforms. 
Based on amino acid homologies, the mammalian TRP channel superfamily can be divided 
into seven families. About thirty members of the TRP superfamily identified in mammals 
are classified in six different families: TRPC for «Canonical», TRPV for «Vanilloid», TRPM 
for «Melastatin», TRPML for «Mucolipins», TRPP for «Polycystins» and TRPA for «Ankirin 
transmembrane», and the TRPN (no mechanoreceptor potential C, or NOMPC). The 
characteristic feature of TRP channels is their ability to be activated by a wide range of 
chemical and mechanical stimuli. TRP channels are activated by a wide range of stimuli 
including intra- and extracellular messengers, chemical, mechanical and osmotic stress, and 
some probably by the filling state of intracellular Ca2+ stores (Clapham, 2003). As such, they 
can be envisioned as the polymodal molecular sensors of the cell.  
For instance, all channels of the TRPC family are activated by stimulation of receptors that 
activate different isoforms of PLC, i.e. PLCβ after activation of G-protein coupled receptors 
(GPCRs), and PLCγ after activation of receptor tyrosine kinases (RTKs) (Clapham, 2003).  
TRPCs have also been widely proposed to be regulated by the filling status of intracellular 
Ca2+ stores, and consequently to be the elusive molecular candidates for store-operated Ca2+ 
entry channels (SOCs) (Clapham et al., 2001). However, both store-depletion dependent and 
independent mechanisms have been suggested for all members of the TRPC family, and at 
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TRPV3, and to a lesser extend also TRPV2 and TRPV1, but not TRPV4, can be activated by 2-
aminoethoxydiphenyl borate (2-APB), which, in contrast, blocks some TRPC and TRPM 
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lysosomal Ca2+ levels plays an important role in proper lysosome formation and recycling 
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A significant body of evidence indicates that TRPP1 and TRPP2 are physically coupled and 
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et al., 2003). TRPA1 exhibits intruiging gating promiscuity, and might be involved in pain 
perception, temperature sensing, and mechanosensation, e.g. hearing (Voets et al., 2005). 
This subfamily TRPN comprises a single member, found in C. elegans, Drosophila and zebra 
fish whereas the mammalian genome appears to lack the TRPN gene (Corey et al., 2004).  
A large number of TRP channel binding partners have recently been described, many of which 
have been assigned important roles in the regulation and function of TRP channels. All TRPs 
also contain consensus sites for direct phosphorylation by serine/threonine and tyrosine 
kinases, although the role of phosphorylation in channel function remains to be fully 
elucidated. Also, in addition to regulatory modes activating TRP channels resident in the 
plasma membrane, several TRPs appear to be constitutively open, and may be regulated by 
vesicular insertion (Bezzerides et al., 2004; Iwata et al., 2003). Most, but not all, of the TRP 
channels function as Ca2+ pathways, cause cell depolarization, and also form intracellular 
pathways for Ca2+ release from various intracellular stores, such as the endo- and 
sarcoplasmic reticulum, lysosomes, and endosomes  (Clapham et al., 2001). Beyond their 
sensory functions, they are broadly involved in diverse homeostatic functions. It is not 
surprising, therefore, that dysfunctions of these TRP channels are involved in the pathogenesis 
of several diseases (Tsavaler et al., 2001; Wissenbach et al., 2001). Many TRP channels have so 
far been described in the genitourinary tract (Peng et al., 2001b; Tsavaler et al., 2001) and more 
specifically in the prostate, where they are suggested to play a role in normal prostate 
physiology and prostate diseases, most importantly in prostate carcinogenesis. 

3. TRPM channels and their possible implication in prostate cancer initiation 
In 2009 a new TRPM channel, TRPM2, has been identified in prostate cancer cell lines (Zeng et 
al., 2010). TRPM2 encodes a non-selective cation-permeable ion channel and it has benn found 
that selectively knocking down TRPM2 with the small interfering RNA technique inhibited the 
growth of prostate cancer cells but not of non-cancerous cells. The subcellular localization of 
this protein is also remarkably different between cancerous and non-cancerous cells. In BPH-1 
(benign), TRPM2 protein is homogenously located near the plasma membrane and in the 
cytoplasm, whereas in the cancerous cells (PC-3 and DU-145), a significant amount of the 
TRPM2 protein is located in the nuclei in a clustered pattern (Zeng et al., 2010). 
TRPM4 levels were shown to be elevated in prostate cancer (Armisen et al., 2011). However, 
whether such changes in TRPM4 expression may be relevant to genesis or progression of 
prostate cancer remains unknown.  
The last member of this family TRPM8 channel has been firstly cloned in 2001 as a novel 
prostate-specific gene by screening a prostate cDNA library (Tsavaler et al., 2001). Later on, it 
was shown that TRPM8 encodes for a cold- and menthol-sensitive ion channel in trigeminal 
ganglion and dorsal root ganglion neurons (TGN and DRG) (Voets et al., 2007). Moreover, the 
mRNA levels in BPH and PCa appeared to be higher than in the normal prostate (Tsavaler et 
al., 2001). Several groups have studied the expression of TRPM8 in different PCa cell lines. In 
primary cultures of prostate epithelial cells, the density of the TRPM8 membrane current was 
increased in cancerous compared to normal cells (Bidaux et al., 2007). Moreover, RT-PCR 
analysis of these cells revealed an up-regulation of TRPM8 in PCa-derived cells (Bidaux et al., 
2007). Also in tumoral cell lines, such as LNCaP (“lymph node carcinoma of the prostate”, a 
widely used cell line derived from a supraclavicular lymph node metastasis expressing the 
androgen receptor [AR] (Horoszewicz et al., 1983)), TRPM8 was detected by RT-PCR (Tsavaler 
et al., 2001). Zhang and Barritt also suggested a functional role for TRPM8 in LNCaP cells, 
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since temperatures below 28°C or application of 100 μM menthol, which is sufficient for 
TRPM8 activation, led to an increase in [Ca2+]cyt (Zhang and Barritt, 2004). Regarding the 
localization of TRPM8 in LNCaP, Thebault et al. reported that TRPM8 was almost exclusively 
expressed in the endoplasmic reticulum (Thebault et al., 2005), whereas Mahieu et al. reported 
a mainly plasmamembrane localization of TRPM8 (Mahieu et al., 2007).  
Bidaux et al. reported that TRPM8 expression requires a functional AR. Transfection of the AR 
into PNT1A cells, which lack the expression of the AR in normal physiological conditions, 
induced the appearance of TRPM8 that could be reversed by incubation of siRNA-AR (Bidaux 
et al., 2005). Primary cultures of prostate epithelial cells expressed the AR, TRPM8, CK8, and 
CK18 after 12 days, but after 20 days, the cultured cells displayed a more basal epithelial 
phenotype, expressing CK5 and CK14, but not the AR and TRPM8 (Bidaux et al., 2007). 
Moreover, it seems that the AR regulates the membranic translocation of TRPM8, since TRPM8 
resides in the ER in the absence of the AR, and only appears in the plasmamembrane when the 
AR is expressed. The authors postulated the hypothesis of a shift of plasma membrane TRPM8 
in normal apical fully differentiated epithelial cells to endoplasmic reticulum TRPM8 in a 
metastatic PCa cell during prostate carcinogenesis (Bidaux et al., 2007). 
Several studies using quantitative RT-PCR revealed a significantly increased expression of 
TRPM8 mRNA in malignant prostate samples in comparison to nonmalignant tissue, 
suggesting that the level of TRPM8 in biopsy specimens could be used in the diagnosis of PCa 
(Fuessel et al., 2003). This elevation seemed to be statistically significant, unlike the relative 
transcript-level elevation of PSA mRNA (Fuessel et al., 2003). However, no clear correlation of 
TRPM8 expression with the pathological grade of PCa could be found (Kiessling et al., 2003). 
Moreover, Henshall et al. showed a strong correlation between the level of TRPM8 mRNA 
expression and disease relapse after radical prostatectomy, as loss of TRPM8 was associated 
with a significantly shorter time to PSA relapse-free survival (Henshall et al., 2003). 

4. TRPC channels in prostate cancer cell survival 
The first TRPC channel which has been described in the prostate was TRPC3. Using 
Northern blot analysis, the expression of this gene was described in the normal prostate 
(Zhu et al., 1996). On the other hand, a more extensive quantitative TRP expression study in 
human prostate samples revealed the abundant expression of TRPC1, TRPC4, and TRPC6, 
whereas TRPC3, TRPC5, and TRPC7 were hardly detected (Riccio et al., 2002). In addition to 
normal prostate, immunohistochemistry revealed expression of TRPC6 in BPH and, more 
importantly, a significant overexpression in PCa specimens. Higher pathological stages of 
PCa tended to have increased TRPC6 expression, but these differences were not statistically 
significant among pT2, pT3, and pT4 PCa (Yue et al., 2009). Human primary prostate 
epithelial cell cultures expressed TRPC1A, a TRPC1 splice variant, TRPC3, TRPC4 (and the 
splice variant TRPC4β), and TRPC6 (and the splice variant TRPC6γ) at the mRNA level 
(Thebault et al., 2006). In LNCaP, the presence of TRPC1, TRPC3, TRPC5, and TRPC7 was 
detected; TRPC6, however, seemed not to be present (Pigozzi et al., 2006). 
The functional role of TRPC channels in the prostate has been investigated in human 
primary prostate epithelial cell cultures, using antisense assays of TRPC1, TRPC3, TRPC4, 
and TRPC6 (Thebault et al., 2006). It was postulated that TRPC1 and TRPC4 were 
exclusively involved in ATP-stimulated, store-dependent Ca2+ entry (SOCE), whereas 
TRPC6 was the diacylglycerol-gated, channel mediating α1-AR (α1-adrenergic receptor) 
agonist–stimulated Ca2+ influx (store independent). Moreover, treatment of the cultures 
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with α1-AR agonists enhanced cell proliferation, in contrast to ATP, which had an inhibitory 
effect. Therefore, authors concluded that TRPC6 is a crucial mediator of the proliferative 
effects of α1-AR agonists. TRPC1 and TRPC4, on the other hand, are the major contributors 
of SOC activation in response to ATP (Thebault et al., 2006). In LNCaP, TRPC1 and TRPC3 
were overexpressed after prolonged intracellular Ca2+ store depletion due to the decreased 
levels of [Ca2+]cyt. LNCaP cells overexpressing TRPC1 and TRPC3 showed an increased 
[Ca2+]cyt response to α-adrenergic stimulation, but SOCE entry remained unaffected. Thus, 
expression of TRPC1 and TRPC3 is not sufficient for SOC formation (Pigozzi et al., 2006), 
though the other authors have considered TRPC1 as the most likely molecular candidate for 
the formation of prostate-specific endogenous SOCs which could participate to enhanced 
proliferation and apoptosis resistance (Vanden Abeele et al., 2003). 

5. TRPV channels as a hallmark of advanced prostate cancer 
Vanilloid receptor subtype-1 (TRPV1), the founding member of the vanilloid receptor-like 
transient receptor potential channel family, is a non-selective cation channel that responds to 
noxious stimuli such as low pH, painful heat and irritants. It has been shown that the 
vanilloid TRPV1 receptor is expressed in the prostate epithelial cell lines PC-3 and LNCaP as 
well as in human prostate tissue (Sanchez et al., 2005). The contribution of the endogenously 
expressed TRPV1 channel to intracellular calcium concentration increase in the prostate cells 
showed that the addition of capsaicin, (R)-methanandamide and resiniferatoxin to prostate 
cells induced a dose-dependent increase in the intracellular calcium concentration that was 
reversed by the vanilloid TRPV1 receptor antagonist capsazepine. These results indicate that 
the vanilloid TRPV1 receptor is expressed and functionally active in human prostate cells 
(Sanchez et al., 2005). 
Capsaicin-treated PC-3 cells increased the synthesis and secretion of IL-6 which was abrogated 
by the transient receptor potential vanilloid receptor subtype 1 (TRPV1) antagonist 
capsazepine, as well as by inhibitors of PKC-α, phosphoinositol-3 phosphate kinase (PI-3K), 
Akt and extracellular signal-regulated protein kinase (ERK) (Malagarie-Cazenave et al., 2011). 
Furthermore, incubation of PC-3 cells with an anti-TNF-α antibody blocked the capsaicin-
induced IL-6 secretion. These results raise the possibility that capsaicin-mediated IL-6 increase 
in prostate cancer PC-3 cells is regulated at least in part by TNF-α secretion and signaling 
pathway involving Akt, ERK and PKC-α activation (Malagarie-Cazenave et al., 2011). 
The nonselective cationic channel transient receptor potential vanilloid 2 (TRPV2) is a 
distinctive feature of castration-resistant PCa (Monet et al., 2010). TRPV2 transcript levels 
were higher in patients with metastatic cancer (stage M1) compared with primary solid 
tumors (stages T2a and T2b). Introducing TRPV2 into androgen-dependent LNCaP cells 
enhanced cell migration along with expression of invasion markers matrix 
metalloproteinase (MMP) 9 and cathepsin B. Consistent with the likelihood that TRPV2 may 
affect cancer cell aggressiveness by influencing basal intracellular calcium levels, small 
interfering RNA-mediated silencing of TRPV2 reduced the growth and invasive properties 
of PC3 prostate tumors established in nude mice xenografts, and diminished expression of 
invasive enzymes MMP2, MMP9, and cathepsin B. These findings establish a role for TRPV2 
in PCa progression to the aggressive castration-resistant stage, prompting evaluation of 
TRPV2 as a potential prognostic marker and therapeutic target in the setting of advanced 
PCa (Monet et al., 2010). Though the physiological role, the mechanisms of activation, as 
well as the endogenous regulators for the non-selective cationic channel TRPV2 are not clear 
far. It was shown that endogenous lysophospholipids such as lysophosphatidylcholine 
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since temperatures below 28°C or application of 100 μM menthol, which is sufficient for 
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Bidaux et al. reported that TRPM8 expression requires a functional AR. Transfection of the AR 
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CK18 after 12 days, but after 20 days, the cultured cells displayed a more basal epithelial 
phenotype, expressing CK5 and CK14, but not the AR and TRPM8 (Bidaux et al., 2007). 
Moreover, it seems that the AR regulates the membranic translocation of TRPM8, since TRPM8 
resides in the ER in the absence of the AR, and only appears in the plasmamembrane when the 
AR is expressed. The authors postulated the hypothesis of a shift of plasma membrane TRPM8 
in normal apical fully differentiated epithelial cells to endoplasmic reticulum TRPM8 in a 
metastatic PCa cell during prostate carcinogenesis (Bidaux et al., 2007). 
Several studies using quantitative RT-PCR revealed a significantly increased expression of 
TRPM8 mRNA in malignant prostate samples in comparison to nonmalignant tissue, 
suggesting that the level of TRPM8 in biopsy specimens could be used in the diagnosis of PCa 
(Fuessel et al., 2003). This elevation seemed to be statistically significant, unlike the relative 
transcript-level elevation of PSA mRNA (Fuessel et al., 2003). However, no clear correlation of 
TRPM8 expression with the pathological grade of PCa could be found (Kiessling et al., 2003). 
Moreover, Henshall et al. showed a strong correlation between the level of TRPM8 mRNA 
expression and disease relapse after radical prostatectomy, as loss of TRPM8 was associated 
with a significantly shorter time to PSA relapse-free survival (Henshall et al., 2003). 
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The first TRPC channel which has been described in the prostate was TRPC3. Using 
Northern blot analysis, the expression of this gene was described in the normal prostate 
(Zhu et al., 1996). On the other hand, a more extensive quantitative TRP expression study in 
human prostate samples revealed the abundant expression of TRPC1, TRPC4, and TRPC6, 
whereas TRPC3, TRPC5, and TRPC7 were hardly detected (Riccio et al., 2002). In addition to 
normal prostate, immunohistochemistry revealed expression of TRPC6 in BPH and, more 
importantly, a significant overexpression in PCa specimens. Higher pathological stages of 
PCa tended to have increased TRPC6 expression, but these differences were not statistically 
significant among pT2, pT3, and pT4 PCa (Yue et al., 2009). Human primary prostate 
epithelial cell cultures expressed TRPC1A, a TRPC1 splice variant, TRPC3, TRPC4 (and the 
splice variant TRPC4β), and TRPC6 (and the splice variant TRPC6γ) at the mRNA level 
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with α1-AR agonists enhanced cell proliferation, in contrast to ATP, which had an inhibitory 
effect. Therefore, authors concluded that TRPC6 is a crucial mediator of the proliferative 
effects of α1-AR agonists. TRPC1 and TRPC4, on the other hand, are the major contributors 
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[Ca2+]cyt response to α-adrenergic stimulation, but SOCE entry remained unaffected. Thus, 
expression of TRPC1 and TRPC3 is not sufficient for SOC formation (Pigozzi et al., 2006), 
though the other authors have considered TRPC1 as the most likely molecular candidate for 
the formation of prostate-specific endogenous SOCs which could participate to enhanced 
proliferation and apoptosis resistance (Vanden Abeele et al., 2003). 
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transient receptor potential channel family, is a non-selective cation channel that responds to 
noxious stimuli such as low pH, painful heat and irritants. It has been shown that the 
vanilloid TRPV1 receptor is expressed in the prostate epithelial cell lines PC-3 and LNCaP as 
well as in human prostate tissue (Sanchez et al., 2005). The contribution of the endogenously 
expressed TRPV1 channel to intracellular calcium concentration increase in the prostate cells 
showed that the addition of capsaicin, (R)-methanandamide and resiniferatoxin to prostate 
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reversed by the vanilloid TRPV1 receptor antagonist capsazepine. These results indicate that 
the vanilloid TRPV1 receptor is expressed and functionally active in human prostate cells 
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Furthermore, incubation of PC-3 cells with an anti-TNF-α antibody blocked the capsaicin-
induced IL-6 secretion. These results raise the possibility that capsaicin-mediated IL-6 increase 
in prostate cancer PC-3 cells is regulated at least in part by TNF-α secretion and signaling 
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tumors (stages T2a and T2b). Introducing TRPV2 into androgen-dependent LNCaP cells 
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metalloproteinase (MMP) 9 and cathepsin B. Consistent with the likelihood that TRPV2 may 
affect cancer cell aggressiveness by influencing basal intracellular calcium levels, small 
interfering RNA-mediated silencing of TRPV2 reduced the growth and invasive properties 
of PC3 prostate tumors established in nude mice xenografts, and diminished expression of 
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(LPC) and lysophosphatidylinositol (LPI) induce a calcium influx via TRPV2 channel 
(Monet et al., 2009). TRPV2-mediated calcium uptake stimulated by LPC and LPI occurred 
via Gq/Go-protein and phosphatidylinositol-3,4 kinase (PI3,4K) signalling. The activation of 
TRPV2 channel by LPC and LPI leads to an increase in the cell migration of the prostate 
cancer cell line PC3 (Monet et al., 2009).  
TRPV6, an epithelium TRP channel highly selective for Ca2+ in organs that reabsorb Ca2+, 
was originally cloned from rat duodenum as a Ca2+ transport protein (Wissenbach and 
Niemeyer, 2007). In 2001, using Northern blot and in situ hybridization, Wissenbach et al. 
described that TRPV6 was present in PCa tissue specimens and in lymph node metastasis, 
but not in BPH or in normal prostate. The most elevated levels of TRPV6 mRNA were found 
in high-grade, locally advanced (pT3a/b) prostate tumors, whereas no TRPV6 mRNA was 
detectable in low-grade PCa, suggesting that TRPV6 could be a promising prostate tumor 
marker (Wissenbach et al., 2001). The onset of PCa seemed to be independent of the TRPV6 
genotype (Kessler et al., 2009). In 2001, Peng et al. (Peng et al., 2001a) confirmed these results 
via in situ hybridization experiments, but claimed that TRPV6 was also expressed in normal 
epithelial cells, BPH tissue, and LNCaP cells. Interestingly, TRPV6 mRNA expression 
correlated significantly with the Gleason score and the pathological stage (TRPV6 was 
absent in normal prostate, BPH, and pT1a/b lesions, but appeared in higher pathological 
stages)(Fixemer et al., 2003). Androgen Regulation of TRPV6 Peng et al. suggested in 2001 
that TRPV6 expression was androgen controlled, showing that the administration of AR 
antagonists to LNCaP cells resulted in a twofold increase of TRPV6 mRNA levels, whereas 
adding dihydrotestosterone (DHT) decreased TRPV6 levels (Peng et al., 2001b). In contrast, 
TRPV6 mRNA expression studies revealed decreased TRPV6 expression levels in androgen-
deprived human prostates (Fixemer et al., 2003). Other authors found that the application of 
AR antagonists or DHT had no significant effects on TRPV6 expression in LNCaP cells at all 
(Lehen'kyi et al., 2007). siRNA knockdown of the AR, however, induced a significant 
decrease of TRPV6 expression. Moreover, it was suggested that TRPV6 was regulated by the 
AR in a ligand-independent manner and that the AR constituted an essential cofactor of 
TRPV6 gene transcription in LNCaP cells (Lehen'kyi et al., 2007).  
From the other side, it’s known that cell hyperpolarization will always increase the driving 
force for Ca2+ entry via Ca2+-permeable ion channels, such as TRPV6. Ca2+ entry via these 
channels depends on coactivation of the intermediate-conductance, calcium-activated, 
potassium channels (IKCa or according to the IUPHAR nomenclature KCa3.1 or SK41) 
(Alexander et al., 2007), which are expressed in LNCaP cells as well as in primary prostate 
epithelial cultures. Moreover, KCa3.1 seemed to be preferentially expressed in PCa tissue, 
leading to hyperpolarization of the plasma membrane, after which TRPV6 is opened and 
Ca2+ influx occurs. siRNA knockdown of KCa3.1 and blocking of KCa3.1 led to a decreased 
cell proliferation in LNCaP (Lallet-Daher et al., 2009). Role of TRPV6 in Prostate Authors 
suggested a role for TRPV6 in cell proliferation. TRPV6 increased the proliferation rate of 
HEK cells in a Ca2+-dependent manner. As TRPV6 slightly enhanced global resting 
[Ca2+]cyt, these small changes could indeed increase proliferation rate. This suggests a 
causal relationship between PCa progression and TRPV6 expression (Schwarz et al., 2006). 
Lehen'kyi et al. showed that silencing assays of TRPV6 in LNCaP led to a decreased number 
of viable cells. They suggested a role for TRPV6 in LNCaP proliferation by mediating Ca2+ 
entry, which is followed by the activation of Ca2+-dependent NFAT (“nuclear factor of 
activated T cells”, a nuclear transcription factor) signaling pathways. As such, TRPV6 
increased cell survival and induced apoptosis resistance (Lehen'kyi et al., 2007). 
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6. Conclusions 
TRP channels are multifunctional sensors of environmental factors in the form of physical 
and chemical stimuli. They are widely expressed in the central nerve system and peripheral 
cell types, and are involved in numerous fundamental cell functions. In accordance with 
this, an increasing number of important pathological conditions are now being linked to 
TRP dysfunction. Though several TRP channels have been identified in the human prostate 
using non- or semi-quantitative methods, no TRP channels have definite, clear roles in 
prostate physiology or carcinogenesis. The majority of the TRP expression studies in the 
human prostate have used random prostate tissue, whereas the prostate itself is an 
extremely heterogeneous organ. There is a definite need for more appropriate prostate 
epithelial cell models, such as primary cultures of prostate epithelial cells, but the latter 
should be more thoroughly characterized. Many aspects of the physiology and regulation of 
TRPs are, however, still elusive, especially for some of the novel TRP family members. It is 
to be expected that the further evaluation of the cellular functions, regulation, and binding 
partners of TRPs, and their genetic and molecular properties may have an enormous impact 
in human prostate pathopysiology and disease and will become an urgent priority in 
biomedical sciences.  
Finally, the use of some of TRP channels as cancer biomarkers has been proposed and for 
some of them (as TRPV2 and TRPV6) the role as potential pharmaceutical targets has been 
predicted. Nevertheless, further studies using in vivo models are needed to establish this 
TRP channels as potential pharmaceutical targets for the future interventions in the 
treatment of the early and the late prostate cancer stages. 
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(LPC) and lysophosphatidylinositol (LPI) induce a calcium influx via TRPV2 channel 
(Monet et al., 2009). TRPV2-mediated calcium uptake stimulated by LPC and LPI occurred 
via Gq/Go-protein and phosphatidylinositol-3,4 kinase (PI3,4K) signalling. The activation of 
TRPV2 channel by LPC and LPI leads to an increase in the cell migration of the prostate 
cancer cell line PC3 (Monet et al., 2009).  
TRPV6, an epithelium TRP channel highly selective for Ca2+ in organs that reabsorb Ca2+, 
was originally cloned from rat duodenum as a Ca2+ transport protein (Wissenbach and 
Niemeyer, 2007). In 2001, using Northern blot and in situ hybridization, Wissenbach et al. 
described that TRPV6 was present in PCa tissue specimens and in lymph node metastasis, 
but not in BPH or in normal prostate. The most elevated levels of TRPV6 mRNA were found 
in high-grade, locally advanced (pT3a/b) prostate tumors, whereas no TRPV6 mRNA was 
detectable in low-grade PCa, suggesting that TRPV6 could be a promising prostate tumor 
marker (Wissenbach et al., 2001). The onset of PCa seemed to be independent of the TRPV6 
genotype (Kessler et al., 2009). In 2001, Peng et al. (Peng et al., 2001a) confirmed these results 
via in situ hybridization experiments, but claimed that TRPV6 was also expressed in normal 
epithelial cells, BPH tissue, and LNCaP cells. Interestingly, TRPV6 mRNA expression 
correlated significantly with the Gleason score and the pathological stage (TRPV6 was 
absent in normal prostate, BPH, and pT1a/b lesions, but appeared in higher pathological 
stages)(Fixemer et al., 2003). Androgen Regulation of TRPV6 Peng et al. suggested in 2001 
that TRPV6 expression was androgen controlled, showing that the administration of AR 
antagonists to LNCaP cells resulted in a twofold increase of TRPV6 mRNA levels, whereas 
adding dihydrotestosterone (DHT) decreased TRPV6 levels (Peng et al., 2001b). In contrast, 
TRPV6 mRNA expression studies revealed decreased TRPV6 expression levels in androgen-
deprived human prostates (Fixemer et al., 2003). Other authors found that the application of 
AR antagonists or DHT had no significant effects on TRPV6 expression in LNCaP cells at all 
(Lehen'kyi et al., 2007). siRNA knockdown of the AR, however, induced a significant 
decrease of TRPV6 expression. Moreover, it was suggested that TRPV6 was regulated by the 
AR in a ligand-independent manner and that the AR constituted an essential cofactor of 
TRPV6 gene transcription in LNCaP cells (Lehen'kyi et al., 2007).  
From the other side, it’s known that cell hyperpolarization will always increase the driving 
force for Ca2+ entry via Ca2+-permeable ion channels, such as TRPV6. Ca2+ entry via these 
channels depends on coactivation of the intermediate-conductance, calcium-activated, 
potassium channels (IKCa or according to the IUPHAR nomenclature KCa3.1 or SK41) 
(Alexander et al., 2007), which are expressed in LNCaP cells as well as in primary prostate 
epithelial cultures. Moreover, KCa3.1 seemed to be preferentially expressed in PCa tissue, 
leading to hyperpolarization of the plasma membrane, after which TRPV6 is opened and 
Ca2+ influx occurs. siRNA knockdown of KCa3.1 and blocking of KCa3.1 led to a decreased 
cell proliferation in LNCaP (Lallet-Daher et al., 2009). Role of TRPV6 in Prostate Authors 
suggested a role for TRPV6 in cell proliferation. TRPV6 increased the proliferation rate of 
HEK cells in a Ca2+-dependent manner. As TRPV6 slightly enhanced global resting 
[Ca2+]cyt, these small changes could indeed increase proliferation rate. This suggests a 
causal relationship between PCa progression and TRPV6 expression (Schwarz et al., 2006). 
Lehen'kyi et al. showed that silencing assays of TRPV6 in LNCaP led to a decreased number 
of viable cells. They suggested a role for TRPV6 in LNCaP proliferation by mediating Ca2+ 
entry, which is followed by the activation of Ca2+-dependent NFAT (“nuclear factor of 
activated T cells”, a nuclear transcription factor) signaling pathways. As such, TRPV6 
increased cell survival and induced apoptosis resistance (Lehen'kyi et al., 2007). 
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6. Conclusions 
TRP channels are multifunctional sensors of environmental factors in the form of physical 
and chemical stimuli. They are widely expressed in the central nerve system and peripheral 
cell types, and are involved in numerous fundamental cell functions. In accordance with 
this, an increasing number of important pathological conditions are now being linked to 
TRP dysfunction. Though several TRP channels have been identified in the human prostate 
using non- or semi-quantitative methods, no TRP channels have definite, clear roles in 
prostate physiology or carcinogenesis. The majority of the TRP expression studies in the 
human prostate have used random prostate tissue, whereas the prostate itself is an 
extremely heterogeneous organ. There is a definite need for more appropriate prostate 
epithelial cell models, such as primary cultures of prostate epithelial cells, but the latter 
should be more thoroughly characterized. Many aspects of the physiology and regulation of 
TRPs are, however, still elusive, especially for some of the novel TRP family members. It is 
to be expected that the further evaluation of the cellular functions, regulation, and binding 
partners of TRPs, and their genetic and molecular properties may have an enormous impact 
in human prostate pathopysiology and disease and will become an urgent priority in 
biomedical sciences.  
Finally, the use of some of TRP channels as cancer biomarkers has been proposed and for 
some of them (as TRPV2 and TRPV6) the role as potential pharmaceutical targets has been 
predicted. Nevertheless, further studies using in vivo models are needed to establish this 
TRP channels as potential pharmaceutical targets for the future interventions in the 
treatment of the early and the late prostate cancer stages. 
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1. Introduction 
The molecular mechanisms of prostate cancer are still poorly understood, despite the threat 
that prostate cancer poses to the health of men worldwide. As prostate tumors are initially 
dependent on androgens for growth and survival, androgen deprivation therapy is the first-
line treatment for prostate cancer patients. However, a hormonal-refractory (androgen 
independent) state often develops afterwards, and principal treatment options are palliative 
because of the tumor progression, which is characterized by uncontrolled growth and 
metastasis associated with androgen independence. To date, no effective therapy can 
abrogate prostate cancer progression to advanced, invasive forms. Recent evidence suggests 
that acquisition of androgen-independence may be due to upregulation of growth factor 
receptor signaling pathways, principally the epidermal growth factor receptor 
(EGFR)/ErbB/human epidermal receptor (HER) family (Craft et al., 1999), making it an 
attractive target for therapeutic intervention. EGFR/ErbB/HER signaling in cancer has been 
extensively studied for decades, and there have been a number of excellent reviews on the 
roles of ErbB receptors in the initiation and progression of a wide variety of cancers, 
including prostate cancer (Laskin & Sandler, 2004; Ratan et al., 2003; Yarden & Sliwkowski, 
2001). Thus, this review chapter will focus more narrowly on EGFR phosphorylation, 
signaling, and trafficking, and their specific roles in prostate cancer development and 
progression (tumor growth and metastasis) given the growing literature in this area. Better 
understanding of the precise roles of divergent EGFR signaling pathways and their 
phenotypic consequences in prostate cancer (and normal prostate) will enable the 
development of more effective and selective therapies for this urologic disease.  

2. Overview of the EGF/EGFR signaling system 
2.1 The EGFR/ErbB/HER family and ligands 
EGFR/ErbB1/HER1 is the prototype of the EGFR or ErbB family, which also includes other 
three receptor tyrosine kinases, ErbB2/HER2/Neu, ErbB3/HER3, and ErbB4/HER4 (Figure 
1). All four members have in common an extracellular ligand-binding domain, a single 
hydrophobic transmembrane domain, and a cytoplasmic region that contains a highly 
conserved tyrosine kinase domain and C-terminal tail (Wells, 1999). However, ErbB3 lacks 
intrinsic tyrosine kinase activity due to substitutions of critical amino acids within the kinase 
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The molecular mechanisms of prostate cancer are still poorly understood, despite the threat 
that prostate cancer poses to the health of men worldwide. As prostate tumors are initially 
dependent on androgens for growth and survival, androgen deprivation therapy is the first-
line treatment for prostate cancer patients. However, a hormonal-refractory (androgen 
independent) state often develops afterwards, and principal treatment options are palliative 
because of the tumor progression, which is characterized by uncontrolled growth and 
metastasis associated with androgen independence. To date, no effective therapy can 
abrogate prostate cancer progression to advanced, invasive forms. Recent evidence suggests 
that acquisition of androgen-independence may be due to upregulation of growth factor 
receptor signaling pathways, principally the epidermal growth factor receptor 
(EGFR)/ErbB/human epidermal receptor (HER) family (Craft et al., 1999), making it an 
attractive target for therapeutic intervention. EGFR/ErbB/HER signaling in cancer has been 
extensively studied for decades, and there have been a number of excellent reviews on the 
roles of ErbB receptors in the initiation and progression of a wide variety of cancers, 
including prostate cancer (Laskin & Sandler, 2004; Ratan et al., 2003; Yarden & Sliwkowski, 
2001). Thus, this review chapter will focus more narrowly on EGFR phosphorylation, 
signaling, and trafficking, and their specific roles in prostate cancer development and 
progression (tumor growth and metastasis) given the growing literature in this area. Better 
understanding of the precise roles of divergent EGFR signaling pathways and their 
phenotypic consequences in prostate cancer (and normal prostate) will enable the 
development of more effective and selective therapies for this urologic disease.  

2. Overview of the EGF/EGFR signaling system 
2.1 The EGFR/ErbB/HER family and ligands 
EGFR/ErbB1/HER1 is the prototype of the EGFR or ErbB family, which also includes other 
three receptor tyrosine kinases, ErbB2/HER2/Neu, ErbB3/HER3, and ErbB4/HER4 (Figure 
1). All four members have in common an extracellular ligand-binding domain, a single 
hydrophobic transmembrane domain, and a cytoplasmic region that contains a highly 
conserved tyrosine kinase domain and C-terminal tail (Wells, 1999). However, ErbB3 lacks 
intrinsic tyrosine kinase activity due to substitutions of critical amino acids within the kinase 
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domain (Guy et al., 1994). The extracellular domains are less conserved among the four, 
suggesting their ligand binding specificity (Yarden, 2001; Yarden & Sliwkowski, 2001).  
 

 
Fig. 1. The four EGFR/ErbB family members and their ligands. TK, tyrosine kinase domain. 
See the text for more details. 

ErbB receptors are activated by a number of ligands that belong to the EGF family of 
peptide growth factors (Citri & Yarden, 2006; Yarden, 2001). The EGF-related growth 
factors are characterized by the presence of an EGF-like domain consisting of three 
disulfide-bonded intramolecular groups conferring binding specificity, and additional 
structural motifs such as immunoglobulin-like domains, heparin-binding sites and 
glycosylation sites. They are produced as transmembrane precursors that are biologically 
active and able to interact with receptors expressed on adjacent cells, and the ectodomains 
are processed by proteolysis, resulting in the shedding of soluble growth factors 
(Massagué & Pandiella, 1993). Based on their affinity for one or more ErbBs, the EGF-
related growth factors are generally classified into three groups (Yarden & Sliwkowski, 
2001) (Figure 1). The first group includes EGF, transforming growth factor-α (TGF-α) and 
amphiregulin (AR), which bind specifically to EGFR. The second group includes 
betacellulin (BTC), heparin-binding EGF (HB-EGF), and epiregulin (EPR), which exhibit 
dual specificity for both EGFR and ErbB4 (Yarden, 2001). The third group includes 
nuregulins (NRG, also called Neu differentiation factors (NDF) or heregulins (HRG)) that 
can be divided into two subgroups based on their binding specificity to both ErbB3 and 
ErbB4 (NRG-1 and NRG-2) or only ErbB4 (NRG-3 and NRG-4) (Harari et al., 1999; Zhang 
et al., 1997). Despite intensive efforts, no direct ligand for ErbB2 has yet been discovered. 
Increasing evidence suggests that ErbB2 primarily functions as a coreceptor for other ErbB 
family members (Graus-Porta et al., 1997; Tzahar et al., 1996).  
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2.2 Major EGF/EGFR signaling pathways 
The repertoire of ErbB ligands and the combinatorial properties of ligand-induced receptor 
dimers give rise to the signaling diversity of the ErbB family. Ligand binding drives receptor 
homo- or hetero-dimerization, leading to activation of the intrinsic tyrosine kinase and 
subsequent auto- or trans-phosphorylation of specific tyrosine residues in the cytoplasmic tail 
(Citri & Yarden, 2006; Olayioye et al., 2000; Yarden & Sliwkowski, 2001), which provide the 
docking sites for proteins containing Src homology 2 (SH2) or phosphotyrosine binding (PTB) 
domains (Shoelson, 1997; Sudol, 1998). These proteins generally include the adaptor proteins 
such as Src homology domain-containing adaptor protein C (Shc), Crk, growth factor receptor-
bound protein 2 (Grb2), Grb7, Grb2-associated binding protein 1 (Gab1),  phospholipase C γ 
(PLCγ), Cbl, Esp15; the kinases such as Src, Chk and phosphatidylinositol-3-kinase (PI3K; via 
the p85 regulatory subunit); and the protein tyrosine phosphatases such as PTP1B, SHP1 and 
SHP2 (Olayioye et al., 2000; Sebastian et al., 2006), suggesting diversity and complexity of ErbB 
signaling networks. Among them, the signaling elicited by EGF-induced EGFR homodimers is 
perhaps the best studied and has served as the prototype for other cases. 
Adaptor proteins, kinases, and phosphatases recruited by the activated EGFR transmit 
signals from the receptor through different downstream signaling pathways to the nucleus 
to regulate various biological functions such as cell proliferation, differentiation, anti-
apoptosis (survival), adhesion, migration, and angiogenesis (Baselga & Hammond, 2002; 
Laskin & Sandler, 2004; Morandell et al., 2008; Yarden & Sliwkowski, 2001). So far with the 
numbers still growing, over one hundred EGFR interacting proteins have been described in 
the literature, of which many were discovered by proteomics approaches (Morandell et al., 
2008). Approximately twenty phosphotyrosine residues located within the EGFR 
cytoplasmic tail have been identified as specific docking sites for above-mentioned EGFR 
interacting partners to engage various signaling cascades (Figure 2). The major EGF/EGFR 
signaling pathways include Ras/Raf/MAPK kinase (MEK)/extracellular-related kinase 
(ERK) and PI3K/Akt (Hirsch et al., 2003; Singh & Harris, 2005), although other pathways 
such as PLCγ/protein kinase C (PKC), signal transducer and activator of transcription 
(STAT) (Andl et al., 2004; Kloth et al., 2002), c-Jun terminal kinase (JNK) and p38 MAPKs 
(Johnson et al., 2005), and Ca2+-calmodulin-dependent protein kinase (CaMK) (Sengupta et 
al., 2009) have been reported. It is also known that upon EGF binding, EGFR undergoes a 
process of internalization, ubiquitination (via Cbl), destruction (namely EGFR endocytosis 
and trafficking), resulting in temporary EGFR downregulation (Citri & Yarden, 2006; 
Sebastian et al., 2006; Wiley, 2003). This will be discussed in Section 3. 

2.3 EGFR signaling in prostate cancer development 
Both clinical and experimental data have established the importance of ErbBs, especially EGFR 
and ErbB2, in carcinogenesis and progression of various types of solid tumors including 
prostate cancer (Harari, 2004; Laskin & Sandler, 2004; Sebastian et al., 2006; Yarden & 
Sliwkowski, 2001). Increased expression and signaling of EGFR and/or ErbB2 are associated 
with a more aggressive clinical behavior of tumors, and correlate with a poor prognosis (Alroy 
& Yarden, 1997; Hatake et al., 2007; Lichtner, 2003; Nicholson et al., 2001). There are estimated 
40-80% of prostate tumors with expressed EGFR (Kim et al., 1999; Sebastian et al., 2006). 
Studies mainly from breast cancer, lung cancer, and glioma have suggested many potential 
mechanisms related to aberrant EGFR signaling (quantitatively and/or qualitatively). These 
include elevated expression of ligands and/or receptors, enhanced autocrine signaling loop, 
constitutive activation of EGFR mutants, impaired endocytosis and trafficking of the ligand-
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domain (Guy et al., 1994). The extracellular domains are less conserved among the four, 
suggesting their ligand binding specificity (Yarden, 2001; Yarden & Sliwkowski, 2001).  
 

 
Fig. 1. The four EGFR/ErbB family members and their ligands. TK, tyrosine kinase domain. 
See the text for more details. 
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receptor complex, hetero-dimerization with other ErbBs (Ciardiello & Tortora, 2003; Grandal & 
Madshus, 2008; Huang et al., 2009; Olayioye et al., 2000; Roepstorff et al., 2008; Sebastian et al., 
2006; Sharma et al., 2007), as well as crosstalk with other receptor signaling systems such as 
type 1 insulin-like growth factor receptor (IGF-1R), G-protein-coupled receptors (GPCRs), and 
cytokine receptors (Adams et al., 2004; Gee et al., 2005; Prenzel et al., 2000). 
 

 
Fig. 2. EGF/EGFR-mediated signaling pathways and cellular effects. Major tyrosine 
phosphorylation sites in the EGFR cytoplasmic tail, possible adaptors and signaling 
proteins, and signaling cascades are indicated. See the text for more details. 

Progression from normal prostate epithelium to an androgen-responsive tumor, and finally 
to hormone-refractory carcinoma is a multistep process, usually accompanied by the 
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upregulation of growth factor receptors and/or their ligands, and downregulation of tumor 
suppressor gene products (Djakiew, 2000; Ware, 1999). EGFR ligands, such as EGF, HB-EGF, 
and TGF-α, are expressed in the prostate and prostatic carcinomas (Elson et al., 1984; 
Freeman et al., 1998). In particular, the expression of TGF-α (signaling merely through 
EGFR) has been found to be greater in some higher grade and metastatic prostate cancers 
than in primary low grade tumors (Scher et al., 1995). It is now more widely believed that 
EGF is the predominant EGFR ligand in early, localized prostate cancer, and that TGF-α 
becomes more abundant than EGF at advanced, metastatic stages (Liu et al., 1993; Scher et 
al., 1995; Seth et al., 1999). This is the so-called EGFR ligand switch (DeHaan et al., 2009). 
Overexpression of EGFR and/or ErbB2 would have been expected in prostate carcinomas, 
as seen in breast cancer (Hatake et al., 2007; Lichtner, 2003; Nicholson et al., 2001). However, 
current data regarding ErbB receptor overexpression in prostate cancer appear to conflict 
with each other, possibly due to technical reasons and lack of standardized measurement 
and evaluation methods (Marks et al., 2008; Neto et al., 2010; Salomon et al., 1995; Schlomm 
et al., 2007; Sherwood & Lee, 1995). Nevertheless, several lines of evidence strongly support 
the important role of EGFR signaling in prostate cancer development. For example, 
autocrine activation of EGFR signaling by EGF and TGF-α most likely drives the 
autonomous growth of human prostate cancer (Hofer et al., 1991; Scher et al., 1995). 
Expression of mutant EGFRs also contributes to prostate carcinogenesis and malignant 
progression (Cai et al., 2008; Douglas et al., 2006; He & Young, 2009; Olapade-Olaopa et al., 
2000). Taken together, studies over the years have suggested that both EGFR and ErbB2 
signaling play important roles in prostate cancer development and, more specifically, in the 
progression from an androgen-dependent to a hormone-refractory state. 

3. EGF/EGFR endocytosis and trafficking 
As just described, aberrant EGFR signaling is frequently associated with carcinogenesis and 
cancer progression. This can be the result of several unbalanced mechanisms controlling the 
quantitative and qualitative output of EGFR, such as elevated expression of receptors and 
ligands, activating receptor mutations, and impaired endocytic receptor downregulation. 
Proper endocytic uptake and endosomal sorting of signaling receptors have been considered 
as a crucial step for precisely controlling cellular processes such as growth, differentiation, 
and survival. Our current understanding of ligand-induced receptor endocytic 
downregulation is largely from the knowledge of EGFR trafficking routes following EGF 
binding, which has historically been and remains to be the most popular experimental 
system for studies in this field. In contrast, very little is known about endocytosis of ErbB2-4, 
as well as about EGFR endocytosis following binding of ligands other than EGF. 
It is generally believed that EGFR is present at the plasma membrane as a monomer prior to 
activation. Ligand (EGF) binding triggers EGFR dimerization and activation of its intrinsic 
kinase, leading to signaling and relocation to invaginating clathrin-coated pits (CCPs) on the 
plasma membrane. The CCPs give rise to clathrin-coated endocytic vesicles. The vesicles are 
then released from the membrane and fuse with early endosomes. Thus, EGFR is delivered to 
this compartment by these sequential processes. From here the receptor is sorted for further 
transport, either back to the cell surface by recycling, or to the multivesicular bodies (MVBs), a 
pathway for eventual delivery of EGFR to late endosomes and lysosomes for degradation, 
which results in temporary EGFR downregulation (Figure 3). Under most physiological 
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receptor complex, hetero-dimerization with other ErbBs (Ciardiello & Tortora, 2003; Grandal & 
Madshus, 2008; Huang et al., 2009; Olayioye et al., 2000; Roepstorff et al., 2008; Sebastian et al., 
2006; Sharma et al., 2007), as well as crosstalk with other receptor signaling systems such as 
type 1 insulin-like growth factor receptor (IGF-1R), G-protein-coupled receptors (GPCRs), and 
cytokine receptors (Adams et al., 2004; Gee et al., 2005; Prenzel et al., 2000). 
 

 
Fig. 2. EGF/EGFR-mediated signaling pathways and cellular effects. Major tyrosine 
phosphorylation sites in the EGFR cytoplasmic tail, possible adaptors and signaling 
proteins, and signaling cascades are indicated. See the text for more details. 
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upregulation of growth factor receptors and/or their ligands, and downregulation of tumor 
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then released from the membrane and fuse with early endosomes. Thus, EGFR is delivered to 
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pathway for eventual delivery of EGFR to late endosomes and lysosomes for degradation, 
which results in temporary EGFR downregulation (Figure 3). Under most physiological 
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conditions, clathrin-dependent pathways are considered to be the main routes of EGFR 
internalization and downregulation. However, clathrin-independent pathways have also been 
reported and suggested as alternative mechanisms for EGFR endocytosis (Orth et al., 2006; 
Sigismund et al., 2005; Yamazaki et al., 2002), which will not be discussed here. 
 

 
Fig. 3. EGFR endocytosis, trafficking, and turnover. EGF engagement results in EGFR 
activation and signaling from the cell surface. Upon EGF binding, EGFRs are internalized 
into clathrin-coated pits (CCP). Activated EGFR recruits the E3 ubiquitin (Ub) ligase Cbl, 
which ubiquitinates EGFR. EGFRs are delivered to early endosomes. From here, the 
receptors are sorted for either recycling back to the plasma membrane or transferring via 
multivesicular bodies (MVB) to late endosomes/lysosomes for degradation. The activated 
EGFR can continuously signal from endosomes or during its postendocytic trafficking. See 
the text for more details. 

3.1 Ubiquitination and internalization of EGFR 
Although the major steps of EGF/EGFR endocytosis and trafficking pathways are well 
established (Grandal & Madshus, 2008; Wiley, 2003), the molecular machinery controlling 
these processes remains poorly understood. It is believed that ubiquitination plays a key 
role in “tagging” or sorting EGFR for endocytosis and degradation (Hicke, 1999). Cbl is a 
ring-finger domain E3 ubiquitin ligase that is mainly responsible for EGFR ubiquitination 
(Levkowitz et al., 1998; Waterman et al., 1999). Upon EGF binding to EGFR, Cbl proteins are 
tyrosine phosphorylated by Src kinases (Feshchenko et al., 1998) and recruited rapidly to the 
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activated EGFR to mediate the receptor ubiquitination (Sebastian et al., 2006). Cbl can bind 
to EGFR either directly at phosphorylated tyrosine residue 1045 (Y1045) or indirectly via 
adaptor protein Grb2, which binds to phosphorylated EGFR at Y1068 and Y1086 (Levkowitz 
et al., 1999; Waterman et al., 2002). However, these two Cbl-EGFR interaction mechanisms 
have different effects on EGFR endocytosis. Direct binding via Y1045 may not be necessary 
for EGFR endocytosis, as the Y1045F mutation of EGFR results in impaired ubiquitination 
but does not affect receptor internalization (Grøvdal et al., 2004; Jiang et al., 2003). In 
contrast, Grb2-mediated binding is essential and sufficient for EGFR internalization. This is 
supported by the fact that Grb2 knockdown inhibits EGFR endocytosis and a chimeric 
protein consisting of the Y1068/Y1086-binding domain of Grb2 fused to Cbl can rescue the 
EGFR internalization in Grb2-depleted cells (Huang & Sorkin, 2005). 
In addition to acting as an E3 ubiquitin ligase, Cbl may have other functions in EGFR 
endocytic signaling. Phosphorylated Cbl can bind to the 85 kDa Cbl interacting protein 
(CIN85) that is constitutively associated with endophilin (Soubeyran et al., 2002), a known 
regulator of clathrin-mediated endocytosis (CME) (Reutens & Begley, 2002). The recruitment 
of CIN85 and endophilin to EGFR by Cbl plays an important role in EGF-induced EGFR 
internalization and downregulation (Soubeyran et al., 2002). Furthermore, Eps15 and epsin, 
the two adaptor proteins with ubiquitin binding capacity and known to localize to CCPs, are 
required for EGFR internalization and possibly form a complex with ubiquitinated EGFR 
(Polo et al., 2002; Roepstorff et al., 2008; Salcini et al., 1999). Interestingly, it has been 
reported that Esp15 localizes at the rim of CCPs (Stang et al., 2004; Tebar et al., 1996), while 
epsin localizes along the entire CCP curvature (Stang et al., 2004). These findings suggest 
that EGFR (ubiquitinated by Cbl) is captured by Eps15 and subsequently handed off to 
epsin deeper in the coated pits, which could be a more efficient way of EGFR progression 
into CCPs (Grandal & Madshus, 2008). 
As shown above, many lines of evidence indicate that functional Cbl is a prerequisite for 
EGFR internalization and that Cbl ubiquitinates EGFR. However, the role of EGFR 
ubiquitination as an internalization signal remains controversial. One study reported that an 
ubiquitination-deficient mutant of EGFR with full kinase activity can still undergo normal 
internalization (Huang et al., 2007). Several studies also showed that siRNA depletion of 
epsin and/or Eps15 did not specifically affect the clathrin-mediated EGFR internalization 
(Chen & Zhuang, 2008; F. Huang et al., 2004; Sigismund et al., 2005; Vanden Broeck & De 
Wolf, 2006). A very recent study has demonstrated that CME of activated EGFR is regulated 
by four mechanisms, which function in a redundant and cooperative fashion (Goh et al., 
2010). All these imply that the EGFR endocytosis is a rather complicated process whose 
molecular mechanisms deserve further investigation.  

3.2 Ubiquitination and endosomal sorting of EGFR 
Upon EGF binding, activated EGFR undergoes CME at a much enhanced rate compared to 
the constitutive (ligand-independent) rate (Wiley, 2003). Immediately after internalization 
by CME, EGFR is delivered to early endosomes for sorting to either recycled back to the 
plasma membrane or transferred via MVBs to late endosomes/lysosomes for degradation 
(Figure 3). If not recycled back to the cell surface (as in the absence of EGF stimulation), 
EGFRs are sorted for lysosomal degradation. The latter is initiated by forming a complex 
with Esp15, signal transduction adaptor molecule (STAM), and hepatocyte growth factor-
regulated tyrosine kinase substrate (Hrs) (Bache et al., 2003). Hrs directs the receptors to 
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activated EGFR to mediate the receptor ubiquitination (Sebastian et al., 2006). Cbl can bind 
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but does not affect receptor internalization (Grøvdal et al., 2004; Jiang et al., 2003). In 
contrast, Grb2-mediated binding is essential and sufficient for EGFR internalization. This is 
supported by the fact that Grb2 knockdown inhibits EGFR endocytosis and a chimeric 
protein consisting of the Y1068/Y1086-binding domain of Grb2 fused to Cbl can rescue the 
EGFR internalization in Grb2-depleted cells (Huang & Sorkin, 2005). 
In addition to acting as an E3 ubiquitin ligase, Cbl may have other functions in EGFR 
endocytic signaling. Phosphorylated Cbl can bind to the 85 kDa Cbl interacting protein 
(CIN85) that is constitutively associated with endophilin (Soubeyran et al., 2002), a known 
regulator of clathrin-mediated endocytosis (CME) (Reutens & Begley, 2002). The recruitment 
of CIN85 and endophilin to EGFR by Cbl plays an important role in EGF-induced EGFR 
internalization and downregulation (Soubeyran et al., 2002). Furthermore, Eps15 and epsin, 
the two adaptor proteins with ubiquitin binding capacity and known to localize to CCPs, are 
required for EGFR internalization and possibly form a complex with ubiquitinated EGFR 
(Polo et al., 2002; Roepstorff et al., 2008; Salcini et al., 1999). Interestingly, it has been 
reported that Esp15 localizes at the rim of CCPs (Stang et al., 2004; Tebar et al., 1996), while 
epsin localizes along the entire CCP curvature (Stang et al., 2004). These findings suggest 
that EGFR (ubiquitinated by Cbl) is captured by Eps15 and subsequently handed off to 
epsin deeper in the coated pits, which could be a more efficient way of EGFR progression 
into CCPs (Grandal & Madshus, 2008). 
As shown above, many lines of evidence indicate that functional Cbl is a prerequisite for 
EGFR internalization and that Cbl ubiquitinates EGFR. However, the role of EGFR 
ubiquitination as an internalization signal remains controversial. One study reported that an 
ubiquitination-deficient mutant of EGFR with full kinase activity can still undergo normal 
internalization (Huang et al., 2007). Several studies also showed that siRNA depletion of 
epsin and/or Eps15 did not specifically affect the clathrin-mediated EGFR internalization 
(Chen & Zhuang, 2008; F. Huang et al., 2004; Sigismund et al., 2005; Vanden Broeck & De 
Wolf, 2006). A very recent study has demonstrated that CME of activated EGFR is regulated 
by four mechanisms, which function in a redundant and cooperative fashion (Goh et al., 
2010). All these imply that the EGFR endocytosis is a rather complicated process whose 
molecular mechanisms deserve further investigation.  

3.2 Ubiquitination and endosomal sorting of EGFR 
Upon EGF binding, activated EGFR undergoes CME at a much enhanced rate compared to 
the constitutive (ligand-independent) rate (Wiley, 2003). Immediately after internalization 
by CME, EGFR is delivered to early endosomes for sorting to either recycled back to the 
plasma membrane or transferred via MVBs to late endosomes/lysosomes for degradation 
(Figure 3). If not recycled back to the cell surface (as in the absence of EGF stimulation), 
EGFRs are sorted for lysosomal degradation. The latter is initiated by forming a complex 
with Esp15, signal transduction adaptor molecule (STAM), and hepatocyte growth factor-
regulated tyrosine kinase substrate (Hrs) (Bache et al., 2003). Hrs directs the receptors to 
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tumor susceptibility gene-101 (TSG101). The endosomal sorting complex required for 
transport (ESCRT) complexes (ESCRT-I to III) are sequentially recruited. These processes 
eventually lead to the translocation of EGFRs into the intralumenal vesicles (ILVs) of MVBs 
and MVS fusion with lysosomes for receptor degradation and signal termination (Bache et 
al., 2006; Katzmann et al., 2002; Q. Lu et al., 2003; Williams & Urbé, 2007). 
In contrast to its controversial role in EGFR internalization (see above), it is clear that Cbl-
mediated EGFR ubiquitination plays a pivotal role at the early endosome to the late 
endosome/lysosome sorting step of EGFR downregulation (Duan et al., 2003). EGFR 
mutants with reduced ubiquitination display impaired downregulation or degradation 
(Grøvdal et al., 2004; Huang et al., 2007; F. Huang et al., 2006; Jiang & Sorkin, 2003; 
Levkowitz et al., 1999), and the Y1045F mutant can not translocate to ILVs (Grøvdal et al., 
2004). Thus, it can be concluded from these studies that Cbl-associated ubiquitination is the 
signal for EGFR downregulation. 

3.3 EGFR signaling from the endosome 
EGF binding leads to and accelerates internalization and lysosomal degradation of EGFR. 
The most obvious function of receptor endocytosis is to remove activated EGF/EGFR 
complexes from the cell surface to achieve consumption of ligand and activated receptors 
and to prevent excessive signaling. Thus, the canonical view holds that endocytosis is a 
mechanism to attenuate receptor signaling via receptor downregulation. On the other hand, 
it has been known for many years that activated EGFR following EGF stimulation remains 
at the cell surface only briefly (5-10 min), and the majority of activated receptors are located 
in endosomes for a much longer time (1 h) (Lai et al., 1989; Sebastian et al., 2006; Wiley, 
2003). Accumulating evidence indicates that the activated EGFR can continuously signal 
from endosomes or during its postendocytic trafficking (Baass et al., 1995; Carpenter, 2000; 
Pennock & Wang, 2003; Wang et al., 2002a). 
Studies of EGFR signaling in the context of endocytosis have uncovered that endosome-
associated EGFR is linked to many, if not all, of its downstream signaling cascades, suggesting 
the complex and multifaceted effects of EGFR endocytosis on its signaling. Early work done in 
rat liver parenchyma (in vivo) has demonstrated that, shortly after EGF administration (1 min), 
internalized activated EGFR recruits a protein complex of Shc, Grb2, and the son of sevenless 
(Sos) to endosomes, leading to endosomally localized activation of the Ras/Raf/MEK/ERK 
pathway (Di Guglielmo et al., 1994). In mice, the MEK1 binding partner (MP1), adaptor 
protein p14, and MEK1 form a complex in endosomes. Such endosomal p14-MP1-MEK1 
signaling plays an important role in cell proliferation during tissue homeostasis (Teis et al., 
2006; Teis et al., 2002). Further, appropriate trafficking of activated EGFRs through endosomes 
ensures spatial and temporal fidelity of MAPK signaling (Taub et al., 2007). An elegant work 
in which EGFR is specifically activated when it is endocytosed into endosomes, has 
established that internalized EGFR can exert signals from endosomes to control cell survival 
(Wang et al., 2002a; Wang et al., 2002b), possibly by stimulating the PI3K/Akt pathway 
(Haugh & Meyer, 2002; Sorkin & von Zastrow, 2009). Finally, it has been reported that EGFR 
endocytosis is essential for STAT3 nuclear translocation and STAT3-dependent gene 
regulation, suggesting that endocytosis is the transport machinery for STAT3 translocation 
through the cytoplasm to the nucleus (Bild et al., 2002). Collectively, ligand-activated EGFR 
has been demonstrated to continue to signal along the endocytic pathway, which contributes 
to the spatio-temporal regulation of signaling, i.e. determining the specificity of signals and 
controlling the strength and duration of signaling.  
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4. ERK-dependent EGFR phosphorylation and its impact on EGFR trafficking 
4.1 Ras/Raf/MEK/ERK signaling pathway 
The Ras/Raf/MEK/ERK cascade is one of the major and best studied EGFR downstream 
pathways, which links extracellular signals to the machinery that can regulate diverse and 
fundamentally important cellular processes such as cell proliferation, differentiation, 
migration, apoptosis, angiogenesis, and chromatin remodeling (Dunn et al., 2005; Yoon & 
Seger, 2006). Upon ligand binding, receptor dimerization, and EGFR intrinsic kinase 
activation and auto-phosphorylation, activation of the ERK pathway is triggered by Grb2 
binding directly to EGFR at Y1068 and Y1086 and indirectly through Shc binding at Y1148 
and Y1173 (Batzer et al., 1994; Lowenstein et al., 1992) (Figure 2). Grb2 recruits Sos guanine 
nucleotide exchange factor to the receptor complex and Sos mediates the route of activation 
of Ras proteins (H-Ras, K-Ras, and N-Ras) at the plasma membrane (Downward, 1996; 
Quilliam et al., 1995). Ras activation induces the activation of Raf family kinases including 
A-Raf, B-Raf, and C-Raf (Raf-1) (Marais et al., 1997; Marais & Marshall, 1996). The active Raf 
then activates MEK1 and MEK2 by phosphorylating serines 218 and 222 in the activation 
loop, which further phosphorylate and activate ERK1 and ERK2 (Dhillon et al., 2007; McKay 
& Morrison, 2007). These active ERKs phosphorylate numerous cytoplasmic and nuclear 
targets including kinases, phosphatases, transcription factors, and cytoskeletal proteins 
(Yoon & Seger, 2006). We have recently uncovered ERK activation-dependent 
phosphorylation of EGFR in several cell systems including human prostate cancer cells, 
which can have profound feedback to EGFR signaling and trafficking and EGFR-driven cell 
migration. These previously understudied aspects are further discussed below. 

4.2 ERK activity-dependent phosphorylation of EGFR at threonine-669 
As illustrated in Figure 2, EGF binding to EGFR causes activation of the receptor tyrosine 
kinase and phosphorylation at multiple tyrosine residues in the cytoplasmic tail. Besides the 
tyrosine phosphorylation events, EGFR can be phosphorylated at several serine and 
threonine residues (Bao et al., 2000; Countaway et al., 1990; Theroux et al., 1992a), which 
may influence the EGFR kinase activity (Countaway et al., 1992; Theroux et al., 1992b). We 
have recently uncovered a previously unappreciated type of EGFR phosphorylation 
induced by EGF stimulation in several cell types. By employing a state-specific monoclonal 
antibody (mAb), PTP101, which specifically recognizes phosphorylation of the consensus 
site(s) (serine or threonine residues) in the substrates for proline-directed protein kinases 
such as ERKs (Pearson & Kemp, 1991), we initially observed that upon EGF stimulation, 
both EGFR and ErbB2 undergo PTP101-reactive phosphorylation in addition to tyrosine 
phosphorylation in murine 3T3-F442A preadipocytes (Huang et al., 2003). Such PTP101-
reactive phosphorylation seems to correlate well with EGF-induced ERK activation, as the 
phosphorylation can be specifically inhibited by pretreatment of the cells with two separate 
MEK1 inhibitors, PD98059 and UO126 (Huang et al., 2003). Furthermore, we found that 
peptide hormones, such as growth hormone (GH) and prolactin, can activate ERKs and 
cause PTP101-reactive phosphorylation of both EGFR and ErbB2 in 3T3-F442A (Huang et 
al., 2003) and human T47D breast cancer cells (Y. Huang et al., 2006), respectively. Previous 
studies suggested that serine/threonine phosphorylation of EGFR and ErbB2/Neu induced 
by the phorbol ester (PMA) and platelet-derived growth factor (PDGF) are attributable to 
the activation of PKC (Bao et al., 2000; Davis & Czech, 1985; Davis & Czech, 1987; Epstein et 
al., 1990; Hunter et al., 1984; Lund et al., 1990). Our data showed that neither GH-induced 
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tumor susceptibility gene-101 (TSG101). The endosomal sorting complex required for 
transport (ESCRT) complexes (ESCRT-I to III) are sequentially recruited. These processes 
eventually lead to the translocation of EGFRs into the intralumenal vesicles (ILVs) of MVBs 
and MVS fusion with lysosomes for receptor degradation and signal termination (Bache et 
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(Haugh & Meyer, 2002; Sorkin & von Zastrow, 2009). Finally, it has been reported that EGFR 
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MEK1 inhibitors, PD98059 and UO126 (Huang et al., 2003). Furthermore, we found that 
peptide hormones, such as growth hormone (GH) and prolactin, can activate ERKs and 
cause PTP101-reactive phosphorylation of both EGFR and ErbB2 in 3T3-F442A (Huang et 
al., 2003) and human T47D breast cancer cells (Y. Huang et al., 2006), respectively. Previous 
studies suggested that serine/threonine phosphorylation of EGFR and ErbB2/Neu induced 
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al., 1990; Hunter et al., 1984; Lund et al., 1990). Our data showed that neither GH-induced 
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ERK activation nor EGFR and ErbB2 PTP101 reactivity are affected by the PKC inhibitor 
(GF109203X), though the MEK1 inhibitors (PD98059 and UO126) are indeed inhibitory (Huang 
et al., 2003). Similar results have been obtained for prolactin-induced ERK activation and 
PTP101-reactivity of EGFR in T47D cells (Y. Huang et al., 2006). Collectively, our data suggests 
that the mAb PTP101 detects ERK-dependent, rather than PKC-dependent, serine/threonine 
phosphorylation of EGFR and ErbB2, and that EGF/GH/prolactin-induced and PMA-induced 
phosphorylation may have distinct mechanisms (Huang et al., 2003; Y. Huang et al., 2006). 
Interestingly, we have recently demonstrated that such an EGF-induced serine/threonine 
phosphorylation of EGFR also occurs in human prostate cancer cells, which requires activation 
of ERK pathway but not Akt pathway (Gan et al., 2010) (Figure 4). 
 

 
Fig. 4. EGF-induced PTP101-reactive threonine phosphorylation of EGFR is ERK pathway 
dependent. Serum-starved DU145 cells were pretreated with vehicle control, MEK/ERK 
pathway inhibitors (PD98059 or UO126) or PI3K/Akt pathway inhibitor (LY294002) for 1 h 
prior to stimulation with EGF for 15 min. Protein extracts were either immunoprecipitated 
(IP) with anti-EGFR antibody, followed by immunoblotting (IB) with PTP101 (A) or anti-
EGFR (B), or directly immunoblotted with anti-phospho-ERK (C) or anti-total ERK (D). For 
more details see (Gan et al., 2010). Reprinted with permission from Oncogene. 

Two major threonine phosphorylation sites are known in the EGFR juxtamembrane 
cytoplasmic domain, Thr-654 and Thr-669 (Davis & Czech, 1985; Heisermann & Gill, 1988; 
Hunter et al., 1984; Takishima et al., 1988). PKC may directly mediate Thr-654 
phosphorylation (Davis & Czech, 1985; Hunter et al., 1984), whereas Thr-669 is thought to be 
phosphorylated by ERKs (Northwood et al., 1991; Takishima et al., 1991). The human EGFR 
cytoplasmic tail contains only one ERK consensus phosphorylation site [PX(S/T)P], i.e. 
PL669TP (Li et al., 2008). In reconstituted Chinese hamster ovary (CHO) cells, we showed 
that only wild-type EGFR, but not EGFR mutant (EGFR-T669A in which Thr-669 is mutated 
to alanine), underwent PTP101-reactive phosphorylation upon EGF stimulation, although 
EGF can cause tyrosine phosphorylation of both forms of receptors (Li et al., 2008). In a 
comparison experiment, in distinction to EGFR-T669A, a different EGFR mutant (EGFR-
T654A in which Thr-654 is mutated to alanine) can undergo PTP101-reactive 
phosphorylation after EGF treatment, which was abolished by the MEK/ERK pathway 
inhibitor PD98059 (Li et al., 2008). These findings indicate that Thr-669, but not Thr-654, is 
required for EGF-induced, ERK activity-dependent PTP101-reactive (threonine) 
phosphorylation of EGFR. 
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4.3 Impact of Thr-669 phosphorylation on EGFR tyrosine phosphorylation (activation) 
and trafficking 
EGF binding triggers EGFR kinase activation and phosphorylation, and also initiates the 
process of EGFR endocytosis and degradation, leading to temporary downregulation of 
EGFR (Wiley, 2003; Wiley et al., 2003). Previous views held that signaling emanated only 
from activated cell-surface EGFRs and that internalization terminated signaling (Wells et al., 
1990). However, it is now more widely believed that signaling can also emanate from the 
EGFR in the process of postendocytic trafficking and thus, altered postendocytic trafficking of 
the activated EGFR may quantitatively and/or qualitatively influence its net signaling (Burke et 
al., 2001; Ceresa & Schmid, 2000; Di Fiore & De Camilli, 2001; Sebastian et al., 2006; Wiley, 2003).  
We previously reported that GH pretreatment lessens EGF-induced EGFR downregulation in 
murine 3T3-F442A preadipocytes (Huang et al., 2003). Further, GH-mediated attenuation of 
EGF-induced EGFR downregulation is ERK pathway-dependent, correlating with GH-
induced threonine phosphorylation of EGFR and signaling synergy of GH and EGF (Y. Huang 
et al., 2004; Huang et al., 2003). Similarly, in human T47D breast carcinoma cells, prolactin-
induced, ERK activation-dependent, PTP101-reactive phosphorylation of EGFR retards 
subsequent EGF-induced receptor downregulation and potentiates acute EGF/EGFR signaling 
(Y. Huang et al., 2006). Furthermore, in T47D cells, EGF itself causes PTP101-reactive threonine 
phosphorylation of EGFR, and inhibition of the MEK/ERK pathway enhances EGF-induced 
EGFR downregulation (Y. Huang et al., 2006). Similar results were obtained in a human 
fibrosarcoma cell line that harbors an activating Ras mutation and subsequent basal activation 
of ERK and ERK-dependent PTP101-reactive EGFR phosphorylation (Li et al., 2008). Recently, 
we have demonstrated that in two human prostate cancer cell lines, DU145 and PC-3, 
pharmacological blockade of MEK/ERK pathway, but not PI3K/Akt pathway, results in 
accelerated EGF-induced EGFR downregulation (Figure 5), which negatively correlates with 
ligand-induced ERK-dependent threonine phosphorylation of EGFR (Figure 4) (Gan et al., 
2010). Taken together, these results strongly suggest that ERK-mediated threonine 
phosphorylation of EGFR, whether accomplished by GH or prolactin (via crosstalk), or as a 
result of EGF-induced ERK activation, may serve as a “brake” on ligand-induced EGFR 
downregulation. Indeed, elimination of EGFR phosphorylation at threonine-669 by a point 
mutation (threonine to alanine) resulted in accelerated EGF-induced EGFR loss in CHO 
reconstitution cell system (Li et al., 2008).  
 

 
Fig. 5. Inhibition of ERK pathway but not Akt pathway accelerates EGF-induced EGFR 
downregulation. (A) Serum-starved DU145 cells were pretreated with vehicle (DMSO), 
PD98059 or LY294002 for 1 h prior to stimulation with EGF for 0-30 min. Protein extracts 
were subjected to immunoblotting (IB) with anti-EGFR or anti-β-actin. (B) Statistical analysis 
of pooled data from five independent experiments indicated that PD98059 significantly 
enhances EGF-induced EGFR downregulation at 15 and 30 min (**, P < 0.01). For more 
details see (Gan et al., 2010). Reprinted with permission from Oncogene. 
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of ERK pathway but not Akt pathway (Gan et al., 2010) (Figure 4). 
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cytoplasmic tail contains only one ERK consensus phosphorylation site [PX(S/T)P], i.e. 
PL669TP (Li et al., 2008). In reconstituted Chinese hamster ovary (CHO) cells, we showed 
that only wild-type EGFR, but not EGFR mutant (EGFR-T669A in which Thr-669 is mutated 
to alanine), underwent PTP101-reactive phosphorylation upon EGF stimulation, although 
EGF can cause tyrosine phosphorylation of both forms of receptors (Li et al., 2008). In a 
comparison experiment, in distinction to EGFR-T669A, a different EGFR mutant (EGFR-
T654A in which Thr-654 is mutated to alanine) can undergo PTP101-reactive 
phosphorylation after EGF treatment, which was abolished by the MEK/ERK pathway 
inhibitor PD98059 (Li et al., 2008). These findings indicate that Thr-669, but not Thr-654, is 
required for EGF-induced, ERK activity-dependent PTP101-reactive (threonine) 
phosphorylation of EGFR. 
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EGF-induced EGFR downregulation is ERK pathway-dependent, correlating with GH-
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induced, ERK activation-dependent, PTP101-reactive phosphorylation of EGFR retards 
subsequent EGF-induced receptor downregulation and potentiates acute EGF/EGFR signaling 
(Y. Huang et al., 2006). Furthermore, in T47D cells, EGF itself causes PTP101-reactive threonine 
phosphorylation of EGFR, and inhibition of the MEK/ERK pathway enhances EGF-induced 
EGFR downregulation (Y. Huang et al., 2006). Similar results were obtained in a human 
fibrosarcoma cell line that harbors an activating Ras mutation and subsequent basal activation 
of ERK and ERK-dependent PTP101-reactive EGFR phosphorylation (Li et al., 2008). Recently, 
we have demonstrated that in two human prostate cancer cell lines, DU145 and PC-3, 
pharmacological blockade of MEK/ERK pathway, but not PI3K/Akt pathway, results in 
accelerated EGF-induced EGFR downregulation (Figure 5), which negatively correlates with 
ligand-induced ERK-dependent threonine phosphorylation of EGFR (Figure 4) (Gan et al., 
2010). Taken together, these results strongly suggest that ERK-mediated threonine 
phosphorylation of EGFR, whether accomplished by GH or prolactin (via crosstalk), or as a 
result of EGF-induced ERK activation, may serve as a “brake” on ligand-induced EGFR 
downregulation. Indeed, elimination of EGFR phosphorylation at threonine-669 by a point 
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PD98059 or LY294002 for 1 h prior to stimulation with EGF for 0-30 min. Protein extracts 
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Early studies of EGFR phosphorylation at serine and threonine sites, including serine-1046, 
serine 1047, and threonine-654, revealed that mutations at these sites can modulate EGFR 
signaling and downregulation (Bao et al., 2000; Countaway et al., 1990; Countaway et al., 1992; 
Theroux et al., 1992a). When examining the impact of ERK-mediated EGFR phosphorylation at 
threonine-669 on EGFR signaling, we found that in the CHO cell reconstitution system, the 
mutant EGFR-T669A exhibits enhanced tyrosine phosphorylation (reflecting EGFR kinase 
activation) compared to wild-type EGFR upon EGF stimulation (Li et al., 2008). Interestingly, 
coexpression of wild-type EGFR and EGFR-T669A, presumably resulting in a hybridimer of 
wild-type and mutant EGFR, does not dampen the propensity of EGFR-T669A to enhance EGF 
sensitivity (reflected in enhanced EGFR kinase activation) (Li et al., 2008). This led us to 
conclude that, in the hybridimer, the mutant EGFR-T669A exerts dominance regarding the 
EGF-induced EGFR activation (Li et al., 2008). More recently, in human prostate cancer cells 
(DU145 and PC-3) where the endogenous EGFR level is high, we have shown that 
pharmacological inhibition of the MEK/ERK pathway, but not the PI3K/Akt pathway, 
significantly augments the EGF-induced EGFR phosphorylation at multiple tyrosine residues 
including Y845, Y1045, and Y1068 (Gan et al., 2010). 
The EGF-induced downregulation of EGFR is a complex, tightly regulated process, and 
impaired endocytic downregulation is often associated with malignancy (Grandal & Madshus, 
2008; Polo et al., 2004; Roepstorff et al., 2008). The molecular machinery controlling ligand-
induced EGFR endocytic trafficking remains poorly understood. It is believed that 
ubiquitination plays a key role in “tagging” EGFR for endocytosis. Subsequent to EGF binding 
to EGFR, the activated receptor is rapidly ubiquitinated by Cbl, an ubiquitin ligase that binds 
to phosphorylated EGFR, promoting post-internalization EGFR sorting to lysosomes for 
degradation (see Sections 3.1 and 3.2 for details). In human prostate cancer cells, we uncovered 
that blockade of the MEK/ERK pathway, but not the PI3K/Akt pathway, significantly 
enhanced EGF-induced ubiquitination of EGFR, correlating with increased Cbl tyrosine 
phosphorylation level and degree of physical association between tyrosine phosphorylated 
Cbl and activated EGFR (Gan et al., 2010). This phenomenon in prostate cancer cells resembles 
the effects of mutant EGFR-T669A in the CHO reconstitution system, in which EGFR-T669A 
underwent more robust ubiquitination than wild-type EGFR did upon EGF stimulation, due 
to the loss of phosphorylation at Thr-669 in EGFR-T669A cells (Li et al., 2008).  
Emerging evidence suggests that Cbl can bind to EGFR directly at phosphorylated Y1045 or 
indirectly through Grb2, which binds to phosphorylated Y1068 and Y1086 in the EGFR 
cytoplasmic tail (Levkowitz et al., 1999; Waterman et al., 2002). As described above, our data in 
prostate cancer cells indicated that inhibition of ERK activity enhances the EGF-induced 
tyrosine phosphorylation of EGFR at multiple sites, at least including Y1045 and Y1068 (Gan et 
al., 2010). This raises several interesting questions, such as through which site(s) or tyrosine 
residue(s) within the EGFR cytoplasmic domain is the effect of the ERK activation-dependent 
Thr-669 phosphorylation exerted; whether Cbl is the sole factor in EGFR ubiquitination or are 
there any other contributors, such as CIN85, Grb2, Eps15, epsin, Hrs, and ESCRT complexes 
(see Sections 3.1 and 3.2 for details); and finally whether two completely different types of 
EGFR phosphorylation (tyrosine versus threonine phosphorylation) exist and how they are 
balanced under physiological and pathological conditions. More detailed studies are required 
to decipher these mechanisms. Taken together, our recent experimental data from multiple cell 
systems strongly support the notion that ERK-mediated Thr-669 phosphorylation of EGFR 
may serve as a “brake” on EGF-induced EGFR activation, signaling, and trafficking 
(ubiquitination and downregulation) (Figure 6). 
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Fig. 6. Schematic model of how ERK activity-dependent threonine phosphorylation of EGFR 
modulates EGF-induced EGFR ubiquitination and downregulation. Based on our published 
data (Gan et al., 2010; Huang et al., 2003; Y. Huang et al., 2006; Li et al., 2008), ERK activation 
results in PTP101-reactive phosphorylation of EGFR at Thr-669. Such threonine 
phosphorylation serves as a “brake” on EGF-induced EGFR tyrosine phosphorylation 
(kinase activation), ubiquitination, and downregulation (A). Mutation of Thr-669 to alanine 
(B), or blockade of the ERK pathway by PD98059 (C) abolishes the threonine 
phosphorylation of EGFR, which releases the “brake”, resulting in enhanced EGF-induced 
EGFR tyrosine phosphorylation/activation, ubiquitination, and downregulation. 

5. Akt signaling, EGF/EGFR-driven epithelial-mesenchymal transition (EMT) 
and tumor metastasis 
5.1 PI3K/Akt signaling pathway 
The PI3K/Akt pathway plays an important role in human cancers including prostate 
carcinoma (Chin & Toker, 2009; de Souza et al., 2009; Morgan et al., 2009; Qiao et al., 2008). 
Akt was initially identified as an oncogene within the murine leukemia virus AKT8 (Staal, 
1987; Staal & Hartley, 1998). It is a serine/threonine kinase and also called protein kinase B 
(PKB) because its catalytic domain is related to PKA and PKC family members (Jones et al., 
1991). In humans, there are three highly homologous isoforms of Akt (Akt1, Akt2, and Akt3) 
(Nicholson & Anderson, 2002). However, it remains controversial whether all three are 
equally important in human malignancies (Chin & Toker, 2009; Le Page et al., 2006; 
Maroulakou et al., 2008). PI3K and the tumor suppressor, phosphatase and tensin homolog 
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Fig. 6. Schematic model of how ERK activity-dependent threonine phosphorylation of EGFR 
modulates EGF-induced EGFR ubiquitination and downregulation. Based on our published 
data (Gan et al., 2010; Huang et al., 2003; Y. Huang et al., 2006; Li et al., 2008), ERK activation 
results in PTP101-reactive phosphorylation of EGFR at Thr-669. Such threonine 
phosphorylation serves as a “brake” on EGF-induced EGFR tyrosine phosphorylation 
(kinase activation), ubiquitination, and downregulation (A). Mutation of Thr-669 to alanine 
(B), or blockade of the ERK pathway by PD98059 (C) abolishes the threonine 
phosphorylation of EGFR, which releases the “brake”, resulting in enhanced EGF-induced 
EGFR tyrosine phosphorylation/activation, ubiquitination, and downregulation. 

5. Akt signaling, EGF/EGFR-driven epithelial-mesenchymal transition (EMT) 
and tumor metastasis 
5.1 PI3K/Akt signaling pathway 
The PI3K/Akt pathway plays an important role in human cancers including prostate 
carcinoma (Chin & Toker, 2009; de Souza et al., 2009; Morgan et al., 2009; Qiao et al., 2008). 
Akt was initially identified as an oncogene within the murine leukemia virus AKT8 (Staal, 
1987; Staal & Hartley, 1998). It is a serine/threonine kinase and also called protein kinase B 
(PKB) because its catalytic domain is related to PKA and PKC family members (Jones et al., 
1991). In humans, there are three highly homologous isoforms of Akt (Akt1, Akt2, and Akt3) 
(Nicholson & Anderson, 2002). However, it remains controversial whether all three are 
equally important in human malignancies (Chin & Toker, 2009; Le Page et al., 2006; 
Maroulakou et al., 2008). PI3K and the tumor suppressor, phosphatase and tensin homolog 
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deleted on chromosome 10 (PTEN), are two well-known upstream components of Akt. 
Receptor tyrosine kinases such as EGFR and IGF-1R can activate PI3K at the cell membrane, 
initiating the PI3K/Akt signaling cascade. Once activated, PI3K phosphorylates 
phosphatidylinositol-4,5-diphosphate (PIP2), leading to accumulation of phosphati-
dylinositol-3,4,5-triphosphate (PIP3) (Morgan et al., 2009). PIP3 recruits Akt and 
phosphoinositide dependent protein kinase 1 (PDK1) to the cell membrane, where Akt is 
phosphorylated at Thr-308 by PDK1 and at Ser-473 via an unknown mechanism (de Souza et 
al., 2009). Activated Akt translocates to the nucleus, resulting in downstream effects, such as 
cell survival (anti-apoptosis), cell motility, angiogenesis, proliferation, and metabolism 
(Chin & Toker, 2009; de Souza et al., 2009; Morgan et al., 2009). PTEN is the primary 
negative regulator of Akt (Li et al., 1997). Loss of PTEN or PTEN mutation is the most 
common cause of hyperactivation of the PI3K/Akt pathway in many human cancers (Sansal 
& Sellers, 2004). Most recently, we have demonstrated that the Akt pathway plays a central 
role in EGFR-driven prostate cancer cell migration by activating epithelial-mesenchymal 
transition (EMT) (Gan et al., 2010), which is discussed in detail below. 

5.2 EMT and tumor metastasis 
EMT is a pivotal physiological process involved in embryogenesis, wound healing, and 
tissue remodeling (Thiery, 2003), and is regulated by complex signaling networks (Thiery & 
Sleeman, 2006). It is now recognized that EMT may be an important mechanism for 
carcinoma progression given EMT-like phenotypes of epithelial cancers (Klymkowsky & 
Savagner, 2009; Thiery, 2002). Acquisition of migratory properties is a prerequisite for 
cancer progression and for invasive migration of tumor cells into surrounding tissue. Within 
carcinoma (cancer of epithelial origin) cells, acquisition of invasiveness requires a dramatic 
morphological alteration similar to EMT, wherein carcinoma cells lose their epithelial 
characteristics of cell polarity and cell-cell adhesion and switch to a motile mesenchymal 
phenotype (Thiery, 2002; Thiery, 2003; Thiery & Sleeman, 2006). Disruption of cell-cell 
adherens junctions mediated by E-cadherin (one of the epithelial markers) is considered a 
crucial step in EMT and the downregulation of E-cadherin is common in metastatic 
carcinomas (Cavallaro & Christofori, 2004). Reduced E-cadherin expression has been found 
in high-grade prostate cancers and is associated with poor prognosis (Umbas et al., 1994; 
Umbas et al., 1992), reflective of its critical role in tumor progression. It is widely believed 
that downregulation of E-cadherin occurs via transcriptional repression mediated by the 
protein, Snail (Cano et al., 2000; Moreno-Bueno et al., 2008; Peinado et al., 2007). 
Accumulating evidence indicates that the EGFR family and PI3K/Akt signaling pathway 
can regulate Snail expression (Hipp et al., 2009; Lee et al., 2008; Qiao et al., 2008), suggesting 
that inhibition of the EGFR signaling pathways may prevent the loss of E-cadherin function 
and thereby acquisition of invasive motility (metastasis). 

5.3 Role of Akt signaling in EGF/EGFR-driven EMT and prostate cancer cell migration 
To understand which pathway(s) may have significant impact on EGFR-driven migration, 
we have recently probed this issue in human prostate cancer cells. The two cell lines, DU145 
and PC-3, are both androgen insensitive (van Bokhoven et al., 2003), and are excellent 
models for studying EGFR signaling in hormonal-refractory prostate cancer. We showed 
that the two cell lines predominantly expressed EGFR but not ErbB-2 when compared to an 
androgen-responsive prostate cancer cell line, LnCap (van Bokhoven et al., 2003), in which 
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both EGFR and ErbB-2 were expressed (Gan et al., 2010). EGF activated EGFR and its 
downstream ERK and Akt pathways, and markedly promoted cell migration in both DU145 
and PC-3. Using pharmacological inhibitors, LY294002 and PD98059, to specifically block 
PI3K/Akt and MEK/ERK pathways, respectively, we further demonstrated that LY29004, 
but not PD98059, significantly inhibited EGF/EGFR-driven cell motility. In parallel, we 
observed that DU145 cells expressing constitutively activated (myristoylated) Akt (Myr-Akt) 
migrated much faster than control cells (Gan et al., 2010). Taken together, our data suggests 
that Akt activation is critical for EGFR-mediated prostate cancer cell migration. 
As described above, tumors of epithelial origin, as they transform to malignancy, appear to 
exploit the innate plasticity of epithelial cells, with EMT conferring increased invasiveness 
and metastatic potential. Previous studies have implicated the involvement of ErbBs in EMT 
and E-cadherin downregulation in breast, lung, and cervical cancer cells (Lee et al., 2008; Lu 
et al., 2009; Z. Lu et al., 2003). Our recent work has clearly demonstrated that prostate cancer 
cells undergo EMT-like morphological changes after EGF treatment, accompanied by the 
loss of E-cadherin at cell-cell junctions (Gan et al., 2010). Interestingly, these EGF-induced 
phenomena were markedly prevented when the cells were exposed to the PI3K/Akt 
pathway inhibitor LY294002 (Figure 7). Consistent with downregulation of E-cadherin (an 
epithelial marker), we further showed an upregulation of vimentin (a mesenchymal marker) 
induced by EGF treatment. Similarly, LY294002 pretreatment abolished the EGF-induced 
quantitative (mass) changes of both E-cadherin and vimentin (Figure 8) (Gan et al., 2010). 
All these findings suggest that Akt activation is required for EGFR-driven EMT. 
 

 
Fig. 7. Effect of inhibition of Akt pathway on EGF-induced EMT and loss of E-cadherin at 
cell-cell junction. Serum-starved DU145 cells were treated with vehicle (-) or EGF for 24 h in 
the presence or absence of LY294002. Inhibition of the Akt pathway by LY294002 prevents 
EGF-induced EMT (A) and loss of E-cadherin expression at cell-cell adherens junctions (B). 
For details see (Gan et al., 2010). Reprinted with permission from Oncogene. 
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deleted on chromosome 10 (PTEN), are two well-known upstream components of Akt. 
Receptor tyrosine kinases such as EGFR and IGF-1R can activate PI3K at the cell membrane, 
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that inhibition of the EGFR signaling pathways may prevent the loss of E-cadherin function 
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models for studying EGFR signaling in hormonal-refractory prostate cancer. We showed 
that the two cell lines predominantly expressed EGFR but not ErbB-2 when compared to an 
androgen-responsive prostate cancer cell line, LnCap (van Bokhoven et al., 2003), in which 
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both EGFR and ErbB-2 were expressed (Gan et al., 2010). EGF activated EGFR and its 
downstream ERK and Akt pathways, and markedly promoted cell migration in both DU145 
and PC-3. Using pharmacological inhibitors, LY294002 and PD98059, to specifically block 
PI3K/Akt and MEK/ERK pathways, respectively, we further demonstrated that LY29004, 
but not PD98059, significantly inhibited EGF/EGFR-driven cell motility. In parallel, we 
observed that DU145 cells expressing constitutively activated (myristoylated) Akt (Myr-Akt) 
migrated much faster than control cells (Gan et al., 2010). Taken together, our data suggests 
that Akt activation is critical for EGFR-mediated prostate cancer cell migration. 
As described above, tumors of epithelial origin, as they transform to malignancy, appear to 
exploit the innate plasticity of epithelial cells, with EMT conferring increased invasiveness 
and metastatic potential. Previous studies have implicated the involvement of ErbBs in EMT 
and E-cadherin downregulation in breast, lung, and cervical cancer cells (Lee et al., 2008; Lu 
et al., 2009; Z. Lu et al., 2003). Our recent work has clearly demonstrated that prostate cancer 
cells undergo EMT-like morphological changes after EGF treatment, accompanied by the 
loss of E-cadherin at cell-cell junctions (Gan et al., 2010). Interestingly, these EGF-induced 
phenomena were markedly prevented when the cells were exposed to the PI3K/Akt 
pathway inhibitor LY294002 (Figure 7). Consistent with downregulation of E-cadherin (an 
epithelial marker), we further showed an upregulation of vimentin (a mesenchymal marker) 
induced by EGF treatment. Similarly, LY294002 pretreatment abolished the EGF-induced 
quantitative (mass) changes of both E-cadherin and vimentin (Figure 8) (Gan et al., 2010). 
All these findings suggest that Akt activation is required for EGFR-driven EMT. 
 

 
Fig. 7. Effect of inhibition of Akt pathway on EGF-induced EMT and loss of E-cadherin at 
cell-cell junction. Serum-starved DU145 cells were treated with vehicle (-) or EGF for 24 h in 
the presence or absence of LY294002. Inhibition of the Akt pathway by LY294002 prevents 
EGF-induced EMT (A) and loss of E-cadherin expression at cell-cell adherens junctions (B). 
For details see (Gan et al., 2010). Reprinted with permission from Oncogene. 
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Fig. 8. Akt signaling contributes to EGF-driven EMT through the route of 
EGFR→Akt→GSK3β→Snail→E-cadherin. (A) LY294002 abolishes EGF-induced 
downregulation of E-cadherin and upregulation of vimentin. (B) LY294002 prevents EGF-
induced phosphorylation (inactivation) of GSK3β via Akt inhibition. (C) LY294002 blocks 
EGF-induced upregulation of Snail. *, P < 0.05; **, P < 0.01; NS, not statistically significant. 
For details see (Gan et al., 2010). Reprinted with permission from Oncogene. 

Snail is one of the several transcriptional factors that can suppress E-cadherin gene 
expression (Batlle et al., 2000; Cano et al., 2000) via binding to E-box sequences in the 
proximal E-cadherin promoter (Hemavathy et al., 2000). Snail is regulated by glycogen 
synthase kinase 3β (GSK3β, a downstream effector of Akt) by direct binding and 
phosphorylation, and inhibition of GSK3β results in upregulation of Snail and 
downregulation of E-cadherin (Zhou et al., 2004). This implies that Snail and GSK3β 
together, function as a molecular switch for many signaling pathways leading to EMT, and 
may provide a new connection of Akt to EMT. Along this line, we uncovered that in 
prostate cancer cells, EGF induced robust GSK3β phosphorylation (inactivation) and 
LY294002 markedly inhibited this phosphorylation, which correlated with the Akt activity. 
Consistent with Akt-mediated inactivation of GSK3β, Snail was upregulated upon EGF 
stimulation. Intriguingly, LY294002 pretreatment abolished such an EGF-induced 
upregulation of Snail, presumably by inactivating Akt and restoring GSK3β activity (Figure 
8). As an alternative approach, we also demonstrated that knockdown of endogenous Snail 
in DU145 cells significantly prevented the EGF-induced loss of E-cadherin expression and 
concomitantly suppressed EGF-driven EMT, which correlated with a decrease in EGF-
directed cell migration (Figure 9) (Gan et al., 2010). These results implicate Snail as a central 
effector of EMT and cell motility mediated by EGF/EGFR-activated Akt within prostate 
cancer cells. Collectively, our findings that EGF-mediated Akt signaling affects both 
phenotypic and molecular attributes, typical of EMT, provide new insights into the 
molecular mechanisms of EGFR-driven prostate cancer progression and metastasis. 

Epidermal Growth Factor Receptor (EGFR)  
Phosphorylation, Signaling, and Trafficking in Prostate Cancer 

 

159 

 

 
 

Fig. 9. Knockdown of endogenous Snail prevents EGF-induced E-cadherin loss, EMT, and 
cell migration. (A) Knockdown of Snail in DU145 cells. (B) Knockdown of Snail prevents 
EGF-induced loss of E-cadherin expression. (C) Knockdown of Snail blocks EGF-induced 
EMT process. (D) Knockdown of Snail reduces EGF-driven cell migration measured by 
transwell assay. NS siRNA, nonspecific siRNA (control); **, P < 0.01. For details see (Gan et 
al., 2010). Reprinted with permission from Oncogene. 

6. Negative feedback loop between EGFR-directed ERK and Akt signaling 
As described above, Ras/Raf/MEK/ERK and PI3K/Akt signaling pathways play central roles 
in many aspects related to tumorigenesis and cancer progression. Thus, inhibition of these 
signaling cascades could hold powerful therapeutic potentials. Given that many receptors 
utilize the common downstream pathways such as MEK/ERK and PI3K/Akt, targeting these 
kinases is expected to have greater therapeutic efficacy and broader applicability. For example, 
blockade of signaling through MEK offers the potential advantage of inhibiting both 
proliferation-promoting and anti-apoptotic signals originating from either activated receptors 
or mutation of RAS/Raf in breast cancer (Adeyinka et al., 2002). However, clinical studies of 
MEK inhibitors have only shown limited antitumor effects (Adjei et al., 2008; Rinehart et al., 
2004). The underlying mechanisms remain poorly understood.  
The molecular features of breast cancer cells that determine sensitivity to pharmacological 
inhibition of the Ras/Raf/MEK/ERK signaling pathway have been recently examined. 
Using a large set of human breast cancer cell lines as a model system, it was found that 
activation of PI3K/Akt pathway in response to MEK inhibition through a negative MEK-
EGFR-PI3K feedback loop counteracts the efficacy of MEK inhibition on cell cycle and 
apoptosis induction (Mirzoeva et al., 2009). In concert with this finding, we uncovered that 
in prostate cancer cells, in contrast to inhibition of PI3K/Akt pathway, inhibition of 
MEK/ERK pathway rather enhanced EGF-directed cell motility, accompanied by enhanced 
EGF-induced Akt activation (Figure 10) (Gan et al., 2010). This phenomenon highly supports 
the notion that Akt is the key node in EGFR-mediated migratory pathways (see Section 5.3). 
It also raises a key question as to how ERK inactivation exerts its feedback effect to EGF-
induced Akt activation. Based on our data, we believe that one mechanism could be through 
the feedback of ERK on EGFR phosphorylation (Figure 6). One can envision that inhibition 
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together, function as a molecular switch for many signaling pathways leading to EMT, and 
may provide a new connection of Akt to EMT. Along this line, we uncovered that in 
prostate cancer cells, EGF induced robust GSK3β phosphorylation (inactivation) and 
LY294002 markedly inhibited this phosphorylation, which correlated with the Akt activity. 
Consistent with Akt-mediated inactivation of GSK3β, Snail was upregulated upon EGF 
stimulation. Intriguingly, LY294002 pretreatment abolished such an EGF-induced 
upregulation of Snail, presumably by inactivating Akt and restoring GSK3β activity (Figure 
8). As an alternative approach, we also demonstrated that knockdown of endogenous Snail 
in DU145 cells significantly prevented the EGF-induced loss of E-cadherin expression and 
concomitantly suppressed EGF-driven EMT, which correlated with a decrease in EGF-
directed cell migration (Figure 9) (Gan et al., 2010). These results implicate Snail as a central 
effector of EMT and cell motility mediated by EGF/EGFR-activated Akt within prostate 
cancer cells. Collectively, our findings that EGF-mediated Akt signaling affects both 
phenotypic and molecular attributes, typical of EMT, provide new insights into the 
molecular mechanisms of EGFR-driven prostate cancer progression and metastasis. 
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kinases is expected to have greater therapeutic efficacy and broader applicability. For example, 
blockade of signaling through MEK offers the potential advantage of inhibiting both 
proliferation-promoting and anti-apoptotic signals originating from either activated receptors 
or mutation of RAS/Raf in breast cancer (Adeyinka et al., 2002). However, clinical studies of 
MEK inhibitors have only shown limited antitumor effects (Adjei et al., 2008; Rinehart et al., 
2004). The underlying mechanisms remain poorly understood.  
The molecular features of breast cancer cells that determine sensitivity to pharmacological 
inhibition of the Ras/Raf/MEK/ERK signaling pathway have been recently examined. 
Using a large set of human breast cancer cell lines as a model system, it was found that 
activation of PI3K/Akt pathway in response to MEK inhibition through a negative MEK-
EGFR-PI3K feedback loop counteracts the efficacy of MEK inhibition on cell cycle and 
apoptosis induction (Mirzoeva et al., 2009). In concert with this finding, we uncovered that 
in prostate cancer cells, in contrast to inhibition of PI3K/Akt pathway, inhibition of 
MEK/ERK pathway rather enhanced EGF-directed cell motility, accompanied by enhanced 
EGF-induced Akt activation (Figure 10) (Gan et al., 2010). This phenomenon highly supports 
the notion that Akt is the key node in EGFR-mediated migratory pathways (see Section 5.3). 
It also raises a key question as to how ERK inactivation exerts its feedback effect to EGF-
induced Akt activation. Based on our data, we believe that one mechanism could be through 
the feedback of ERK on EGFR phosphorylation (Figure 6). One can envision that inhibition 
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of ERK activity eliminates EGFR threonine-669 phosphorylation, resulting in enhanced 
EGFR tyrosine phosphorylation (kinase activation), and subsequently augmented activation 
of the downstream PI3K/Akt pathway. The discovery of the negative feedback loop of 
MEK/ERK-EGFR-PI3K/Akt on several cellular aspects implies that targeting single 
MEK/ERK pathway in some cancers (e.g., breast and prostate carcinomas) may have 
undesirable outcomes, which deserves further investigation. 
 

 
 

Fig. 10. Effects of ERK and Akt pathways on EGF-driven prostate cancer cell migration. (A) 
Inhibition of the ERK pathway by PD98059 augments EGF-induced Akt activation in both 
DU145 and PC3 cells, revealed by immunoblotting (IB) with anti-phospho-Akt antibody (top 
panel). (B) Transwell assay shows that blockade of the Akt pathway by LY294002 
significantly inhibits EGF-driven cell migration. In contrast, blockade of the ERK pathway 
by PD98059 rather enhances EGF-induced migration. **, P < 0.01. For details see (Gan et al., 
2010). Reprinted with permission from Oncogene. 

7. Concluding remarks 
Recent advances in the ErbB field have broadened our understanding of the important roles 
of EGFR/ErbB signaling in human cancer. However, the complexity of the ErbB signaling 
network, which involves numerous ligands, multiple dimerization partners, and a variety of 
downstream signaling components, makes it a real challenge to establish which pathways 
are activated or critical in the context of tumorigenesis and progression of specific cancer 
types. In this chapter, several aspects of EGFR/ErbB signaling and their potential roles in 
prostate cancer initiation and progression are discussed. In particular, we focus on the 
mechanisms of how Ras/Raf/MEK/ERK and PI3K/Akt pathways impact EGFR 
phosphorylation, trafficking, and cell motility. New insights into prostate cancer biology 
gained from our own work and the studies of other investigators highlight the importance 
of ERK activity-dependent threonine-669 phosphorylation of EGFR and its profound 
feedback on EGFR tyrosine phosphorylation/kinase activation, ubiquitination, and 
trafficking. Recent data from our group demonstrates that the Akt pathway plays a pivotal 
role in EGFR-driven prostate cancer cell migration by activating EMT. In particular, our 
results in prostate cancer (Gan et al., 2010) and data from a recent study in breast cancer 
(Mirzoeva et al., 2009) suggest that therapeutic targeting of ERK signaling may have 
undesirable outcomes. For example, inhibition of the MEK/ERK pathway conversely 
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activates the PI3K/Akt pathway through a negative MEK/ERK-EGFR-PI3K/Akt feedback 
loop. We believe that ERK-mediated threonine-669 phosphorylation is critically involved in 
such a negative feedback and thereby contributes to invasive migration (metastasis). Thus, 
inhibition of the MEK/ERK-EGFR-PI3K/Akt feedback loop is likely to result in therapeutic 
synergism. Future detailed studies along these lines and a deeper understanding of various 
mechanisms of cell signaling from EGFR and other ErbBs will undoubtedly generate new 
avenues for drug and biomarker development to combat cancers including prostate cancer. 
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of the downstream PI3K/Akt pathway. The discovery of the negative feedback loop of 
MEK/ERK-EGFR-PI3K/Akt on several cellular aspects implies that targeting single 
MEK/ERK pathway in some cancers (e.g., breast and prostate carcinomas) may have 
undesirable outcomes, which deserves further investigation. 
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activates the PI3K/Akt pathway through a negative MEK/ERK-EGFR-PI3K/Akt feedback 
loop. We believe that ERK-mediated threonine-669 phosphorylation is critically involved in 
such a negative feedback and thereby contributes to invasive migration (metastasis). Thus, 
inhibition of the MEK/ERK-EGFR-PI3K/Akt feedback loop is likely to result in therapeutic 
synergism. Future detailed studies along these lines and a deeper understanding of various 
mechanisms of cell signaling from EGFR and other ErbBs will undoubtedly generate new 
avenues for drug and biomarker development to combat cancers including prostate cancer. 
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1. Introduction 
The widespread nature of protein phosphorylation/dephosphorylation underscores its key 
role in cell metabolism. Phosphate moiety balance on proteins is regulated by protein kinases 
(PK) and protein phosphatases (PP), which are milestone players of eukaryotic signaling 
pathways. In general, signaling proteins involved in intracellular pathways are transiently 
active or inactive by phosphorylation and dephosphorylation mechanisms, covalently 
executed by PK and PP, respectively (Hooft et al. 2002; Tonks, 2005). It is accepted that the 
phosphorylation state of these proteins must be kept at a dynamic equilibrium in biological 
systems. Any deviation in this balance (generally associated with augmented PK signaling) 
can cause the intracellular accumulation of serine, threonine, tyrosine-phosphorylated 
proteins, which will cause abnormal cell proliferation and differentiation, thereby resulting in 
different kinds of diseases (Souza et al., 2009). Similar deviation from this equilibrium can be 
also induced by decreased activity of protein tyrosine phosphatases (PTP) resulting from gene 
mutation or gene deletion, leading to an increase in tyrosine phosphorylated proteins in cells. 
PPs are subdivided into two major families, with regard to their physiological substrates: 
protein tyrosine phosphatases and serine/threonine phosphatases. In particular, tyrosine 
phosphorylation of key proteins is a critical event in the regulation of intracellular signaling 
pathways (Aoyama et al., 2003; Gee and Mansuy, 2004; Souza et al., 2009). There is strong 
evidence pointing that low SHP-1 PTP activity is associated with a high proliferation rate and 
an increased risk of recurrence after radical prostatectomy for localized prostate cancer 
(Tassidis et al., 2010). Moreover, it has been proposed that specific PTPs may be related to 
determining the developmental stage and aggressiveness degree of prostate cancer (Chuang et 
al, 2010). Thus, it is reasonable to suggest that the chemical modulation of PTPs may, therefore, 
be a good spot for pharmacological intervention for overcoming prostate cancer, in 
combination with conventional cancer chemotherapeutic strategies. However, the critical 
bottleneck in deciphering the role of PTPs in prostate cancer biology is the identification of 
their physiological substrates and how their enzymatic activity is related to molecular changes 
in proliferation and cell death. In this chapter we shall focus on the contribution of the low 
molecular weight protein tyrosine phosphatase (LMWPTP), Src homology 2 (SH2) domain-
containing PTP (SHP-1), cell division cycle 25 (Cdc25), acid phosphatase, phosphatase and 
tensin homolog (PTEN) and dual-specificity phosphatase (DUSP) for prostate carcinogenesis 
and describe their participation in the molecular events that lead to tumor survival and 
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osteomimetic properties, highlighting perspectives and directions for future research that 
improve current knowledge on these critical signaling molecules. 

2. Protein phosphatases 
The ubiquitous nature of protein phosphorylation/dephosphorylation underscores its key role 
in cell signaling metabolism, growth and differentiation. In fact, cells respond to internal and 
external stimuli through integrated networks of intracellular signaling pathways that act via 
cascades of sequential phosphorylation or dephosphorylation reactions which are governed by 
the action of PK and PPs, respectively (Hooft van Huijsduijnen et al., 2002; Tonks, 2005). 
PPs have been classified by structure and substrate specificity into protein serine/threonine 
phosphatases (PSTPs) and protein tyrosine phosphatases (PTPs) (Aoyama et al., 2003; Gee and 
Mansuy, 2005). 
In general, PTPs control fundamental physiological processes such as cell growth and 
differentiation, cell cycle, metabolism, immune response and cytoskeletal function. 
Furthermore, interfering with the delicate balance between counteracting PTKs and PTPs is 
involved in the development of numerous inherited and acquired human diseases such as 
autoimmunity, diabetes and cancer (Alonso et al., 2004; Andersen et al., 2004; Ferreira et al., 
2006; Souza et al., 2009; Zambuzzi et al., 2010; Zambuzzi et al., 2011). 

2.1 PTPs classification 
Up to now, 107 genes encoding PTPs have been discovered in the human genome, whereas 
81 of them have been predicted to be active PTPs (Alonso et al., 2004). Classically, PTPs were 
divided into four classes: receptor type PTPs, non-receptor PTPs, dual specificity PTPs and 
low molecular weight PTPs. However, some authors have proposed an alternative way to 
classify this enzyme family based on the amino acid residues of their catalytic domains 
(Alonso et al., 2004; Bialy and Waldmann et al., 2005). In fact, comparison of the crystal 
structure of the PTPs that have been solved to date demonstrates that the PTPs domains are 
conserved in both sequence and structure. Additionally the sequences (domains) outside the 
catalytic domain are diverse and may regulate PTP activity and/or function (Table 1).  
 Class I cysteine-based PTPs catalyze the enzymatic reaction in which an active-site 

cysteine group plays a central role and renders the PTP susceptible to oxidant agents that 
can lead to oxidation of the key cysteine and inhibition of PTP activity. This class contains 
the “classical” PTPs and the “dual specificity” protein phosphatases (DSPs), both evolved 
from a common ancestor. The “classical PTPs” members are strictly tyrosine-specific and 
according to their subcellular localization can be further divided into intracellular PTPs 
(PTP1B and SHP) and receptor-like PTPs (CD45, PTP and PTP), both containing one or 
two catalytic domain(s) of approximately 240 amino acids. The DSPs (VH1-like enzymes) 
are the most diverse group in terms of substrate specificity and can be distinguished by 
their ability to hydrolyze pSer/pThr as well as pTyr residues and non-protein substrates, 
such as inositol phospholipids. The DSP family contains, amongst others, highly 
specialized types of phosphatases. For instance, members of this family include mitogen-
activated protein kinases phosphatases (MKPs), members of the myotubularin family, 
RNA triphosphatases, and PTEN (phosphatase and tensin homologue deleted on 
chromosome 10) type phosphatase (Alonso et al., 2004; Wishart and Dixon, 2006).  

 Class II cysteine-based PTPs are especially common in bacteria and enzymes of this 
class appear to be more ancient than class I PTPs. In humans this class is represented by 
an 18 kDa tyrosine-specific low Mr phosphatase (LMPTP). LMPTP is able to 
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dephosphorylate tyrosine kinases and their substrates but its biological functions 
remain unclear. The correlation between expression and activity of variants of this PTP 
with some human diseases, including cancer, indicates that this phosphatase may be 
involved in pivotal processes in cell physiology (Malentacchi et al., 2005). 

 Class III cysteine-based PTPs are tyrosine/threonine specific phosphatases and probably 
evolved from a bacterial rhodanese-like enzyme. In humans, this class is represented by 
the group of Cdc 25 phosphatases: Cdc25A, Cdc25B and Cdc25C. These three cell cycle 
regulators act by dephosphorylation of Cdks at their inhibitory N-terminal phosphor-
Thr/Tyr motifs, a reaction that is required for the activation of these kinases to drive 
progression of the cell cycle (Hoffman et al., 2004; Kristjansdottir and Rudolph, 2004).  

 The fourth class of PTPs is represented by aspartate-based PTPs, which use a different 
catalytic mechanism with a key aspartic acid and dependence on a cation (Rayapureddi 
et al., 2003). 

 
PTP family Members 

Class I cys-based 

Receptor PTP
CD45, RPTP, RPTP, RPTP, RPTP, RPTP, RPTP, RPTP, 
RPTP, RPTP, RPTP, RPTP, DEP1, SAP1, GLEPP, PTPS31, 
PCPTP, STEP, IA2 and IA2 
Nonreceptor PTP 
PTP1B, TCPTP, PTP-MEG2, HePTP, STEP, LYP, PTP-PEST, 
PTP-HSCF, Typ-PTP and HD-PTP 
MPKs 
PAC-1, MKP1, MKP2, MKP3, MKP4, VH3, VH5, PYST2, 
MKP5, MKP7 and MK-STYX 
Atypical DSPs 
VHR, PIR1, BEDP, TMDP, MKP6, DSP20, SKRP, DSP21, 
MOSP, MGC1136, VHZ, FMDSP, VHX, VHY, HYVH1, VHP, 
Laforin, RNGTT and STYX 
PRLs 
PRL1, PRL2 and PRL3, 
CDC14s 
CDC14A, CDC14B, KAP and PTP9Q22 
Slingshots 
SSH1, SSH2 and SSH3 
PTENs 
PTEN, TPIP, TPTE, tensin and C-1-TEN 
Myotubularins 
MTM1, MTMR1, MTMR2, MTMR3, MTMR4, MTMR5, 
MTMR6, MTMR7, MTMR8, MTMR9, MTMR10, MTMR11, 
MTMR12, MTMR13 and MTMR14

Class II cys-based LMWPTP 
Class III cys-based CDC25A, CDC25B and CDC25C 
Class IV asp-based EyA1, EyA2, EyA3 and EyA4 

Alonso et al., 2004; Souza et al., 2009. 

Table 1. Classification of protein tyrosine phosphatases based on amino acid sequences of 
the catalytic domains 
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2.2 Mechanisms of PTP catalysis 
Different experimental approaches, such as X-ray crystallography, directed site mutagenesis 
and circular dichroism, have contributed to our understanding of catalysis and substrate 
recognition by PTPs. Although PTPs have conserved catalytic domains and share a common 
mechanism of action, substrate specificity of individual PTPs may display substantial 
specificity, thus resulting in these enzymes to regulate highly specialized and often 
fundamentally important processes. 
The PTP family shares a strictly conserved active site comprising the "P-loop" residues 
(H/V)C(X)5R(S/T) and a conserved acidic residue (Denu et al., 1996; Fauman et al., 1996; 
Zhang 2003; Aoyama et al., 2003). In all structurally characterized PTPs to date, the three-
dimensional structure of active-site components is also highly conserved suggesting a 
common catalytic mechanism. In general, the catalytic site is located in a groove at the protein 
surface. Its size is responsible for explaining the higher substrate selectivity of classical PTPs 
(Alonso et al., 2004). 
In vitro studies based on model substrates, such as phenyl phosphate or p-nitrophenyl 
phosphate, have provided much of the information on the mechanistic aspects of catalysis. In 
particular, it is well established that the enzyme completes its action in two major steps. In the 
first step, the phosphoryl group from the substrate is transferred to the nucleophilic cysteine, 
forming a phosphoenzyme intermediate. In the second step, this intermediate is hydrolyzed, 
leading to the regeneration of the enzyme and the release of an inorganic phosphate (Aoyama 
et al., 2003; Zhang, 1997). Although this two-step mechanism is well-established, some 
mechanistic aspects still need to be clarified, such as regulatory and inhibitory mechanisms. 

3. Protein tyrosine phosphatases and prostate cancer 
3.1 LMWPTP 
3.1.1 Signaling features 
Chernoff and Li (1985) purified a PTP from bovine heart whose characteristics were similar to 
those described for the low molecular weight acid phosphatase (See item 3.4.1). This low 
molecular weight (about 18 kDa) protein tyrosine phosphatase (LMWPTP) shares very low 
sequence homology in relation to the other protein tyrosine phosphatase families, except for 
the consensus active site motif CX5R, that contains the essential nucleophilic cysteinyl residue, 
and an identical catalytic mechanism (Tonks, 2006; Tabernero et al, 2008). All PTPs hydrolyze 
p-nitrophenylphosphate and show inhibition by vanadate, insensitivity to okadaic acid and 
lack of metal ion requirement for catalysis. LMWPTP contains two conserved adjacent 
tyrosines, Tyr131 and Tyr132, which are preferential sites for phosphorylation by protein 
tyrosine kinases and important for the regulation of its activity (Tailor et al, 1997; Buccciantini 
et al, 1999). This enzyme class is very important in cell signaling processes such as 
proliferation, adhesion and migration. It can associate with and dephosphorylate many 
growth factors and receptors, such as platelet-derived growth factor (PDGFR), fibroblast 
growth factor (FGFR), insulin receptor (IR) and ephrin receptor (Eph), causing downregulation 
of tyrosine kinase receptor functions and leading to cell division (Souza et al, 2009).  

3.1.2 Role in prostate cancer 
LMWPTP has been recognized as a positive regulator of tumor growth (Chiarugi et al., 
2004). Our research group has a long-standing interest in the possible beneficial prostate 
cancer biological effects of LMWPTP. In this scenario, we demonstrated that a compound 
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isolated from the Chilean tree Persea nubigena and from the stem bark of Podocarpus andina 
(Podocarpaceae), modulates both expression and activity of LMWPTP in prostate cancer 
cells (PC3) which was important for diminishing the proliferation ratio of these cells (Bispo 
de Jesus et al. 2008). More recently, we observed that prostate cancer cells that had 
LMWPTP silenced showed considerable reduction in invasiveness (unpublished data). 
Thus, this enzyme is attracting great interest as a drug target. Zabell et al. (2004) described 
that specific inhibitors could be rationally designed according to each of the two isoform 
structures of this class of enzymes. Taddei et al. (2006) observed that, at least in part, the 
antitumoral activity of Aplidin could be due to the direct oxidation and inactivation of 
LMWPTP. Marzocchini et al. (2008) reported that the treatment of rats with 1,2-
dimethylhydrazine provoked a significant increase in LMWPTP expression in 
adenocarcinomas, suggesting that this phenomenon is associated with the onset of 
malignancy.  

3.2 SHP-1 
3.2.1 Signaling features 
Among all members of PTPs, SHP-1 has been suggested as a key signaling protein to control 
cell growth. Specifically, SHP-1 (an SH2 domain-containing cytosolic PTP) is an important 
modulator of intracellular phosphotyrosine level in eukaryotic cells, controlling different cell 
fates, such as proliferation, migration and differentiation through regulating signaling of 
cytokines such as IL-3R, PDGF- and EGF receptors, and other tyrosine kinase receptors 
(Tomic et al., 1995; Keilhack et al., 1998). Disruption on SHP-1 regulation can cause abnormal 
cell growth and induce different kinds of cancers such as leukemia, lymphoma, breast and 
prostate cancers as well. In order to validate this hypothesis, some authors have inserted the 
SHP-1 gene into different cancer cell lines and they reported a diminishment on growth of 
those cells (Zapata et al., 2002). Altogether, these data reinforce that SHP-1 acts as a tumor 
suppressor protein, regulating cell signaling responsible to growth of eukaryotic cells. 

3.2.2 Role in prostate cancer 
In men, it is known that androgen deprivation leads to development of a negative growth-
regulating loop involving antiproliferative molecules like somatostatin (SST) in prostate 
adenocarcinoma. Physiologically, SST presents an antiproliferative effect, impairing 
mitogenic signals upon growth factors signaling (Patel, 1999). The SST signaling starts upon 
activation of a family of transmembrane receptors (SSTRs), sharing common signaling 
pathways such as the inhibition of adenylate cyclase, activation of PTP, and modulation of 
mitogen-activated protein kinase (MAPK). A number of publications support an 
involvement of SHP- 1 on negative regulation of cellular proliferation by SST (Lahlou et al., 
2003). The expression of SHP-1 in rat prostate (Valencia et al., 1997) and in human prostate 
was shown as well (Tassidis et al., 2010). Despite the limitation of cell culture, some authors 
have defined SHP-1 as a decisive protein on determining cancer cell phenotype in vitro by 
using two classical prostate cancer cell lines: PC3 and LNCap. They determined an inverse 
relationship between cell proliferation and secreted somatostain amount. Briefly, SST was 
able to inhibit both PC-3 and LNCap cell proliferation by an autocrine/paracrine manner, 
suggesting its participation on blocking cell cycle signaling. Moreover, when SST secretion 
was blocked, the expression and activity levels of SHP-1 protein were reduced, and PC-3 cell 
proliferation was increased (Zapata et al., 2002). These authors suggest that SHP-1 could 
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play a key role in controlling prostatic cell proliferation, which also indicates that SHP-1 
expression might be a therapeutic target for treatment of prostate cancer (Zapata et al., 
2002). On the other hand, by using human prostate biopsies, Cariaga-Martinez et al. (2009) 
observed a decrease of SHP-1 and somatostatin in prostate cancer cells, and they 
demonstrated that this is consistent with aggressiveness of the tumor. In addition, Wu et 
al. (2003) proposed the diminished or abolished SHP-1 expression could be due to 
mutation of the SHP-1 gene, methylation of the promoter region or post-transcriptional 
regulation of SHP-1 protein synthesis. It might also be explained by the action of specific 
families of miRNAs. 

3.3 CDC25 
3.3.1 Signaling features 
Unbalance on either expression or activity of proteins related to control of cell cycle 
progression provokes a wide variety of malignant diseases, including prostate cancer. 
Biochemically, cell cycle progression is a well orchestrated event regulated by well-defined 
sequential activities of cyclin-dependent kinases (CDKs), cyclins, and other proteins 
(Karlsson-Rosenthal and Millar, 2006). During mitosis, Cdc2/Cyclin B complexes can be 
dephosphorylated by the CDC25 phosphatase (a dual-specificity protein tyrosine 
phosphatase). CDC25 phosphatases play a critical role in regulating cell cycle progression 
by dephosphorylating CDKs at inhibitory residues and, therefore, have been shown to 
possess oncogenic potential (Karlsson-Rosenthal and Millar, 2006). In human, CDC25 
proteins are encoded by a multigene family: CDC25A, CDC25B, and CDC25C (Turowski et 
al., 2003). It has been suggested that phosphorylation of CDC25C at Ser216 (activated Chk 
kinases) negatively regulate the activity of this phosphatase by an immediate cytoplasmic 
sequestration (Peng et al., 1997). Despite its potential role in prostate cancer, its exact 
involvement remains unclear. 

3.3.2 Role in prostate cancer 
Due to its hormone-dependent nature, prostate cancer at the metastatic stage is usually 
treated with hormone ablation therapy. Androgen receptor (AR) is a ligand-dependent 
transcription factor and its activity is regulated by numerous AR coregulators. Inadequate 
incidence of these AR coregulators contributes for the development of prostate cancer. 
Current studies have shown that AR activity is modulated by phosphorylation at specific 
sites performed by mitogen-activated protein kinases, Akt/PKB, and cAMP-activated 
protein kinase A, which control AR transcriptional activity. Guo et al. (2006) reported that 
AR was tyrosine-phosphorylated in prostate cancer cell lines and that an elevated level of 
phosphorylation was detected in hormone refractory prostate tumor xenografts, 
demonstrating that such AR modification may contribute to androgen-independent 
activation of AR. Chiu et al. (2009) demonstrated for the first time that CDC25A could 
interact with AR and inhibit its transcriptional activity. Since CDC25A overexpression is 
implicated in cancer development, their findings may provide an insight into the 
pathological role of CDC25A and AR in the development of prostate cancer. 
In addition, CDC25A phosphatase has been implicated in the regulation of Raf-1 and the 
MAPK pathway. Raf-1 controls the mitogen activated protein kinase (MAPK) pathway, 
which has been associated with the progression of prostate cancer to the more advanced and 
androgen-independent disease. Nemoto et al. (2004) showed that Raf-1 interacts with 
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CDC25A in PC-3 and LNCap cells and CDC25A inhibitors induced both extracellular signal-
regulated kinase (Erk) activation and augmented Raf-1 tyrosine phosphorylation. These 
results indicate that CDC25A phosphatase regulates Raf-1/MEK/Erk kinase activation in 
human prostate cancer cells. Indeed, CDC25A controls proliferation and survival signaling, 
culminating on modulation of prostate cancer progression and aggressiveness. 
Moreover, to determine whether CDC25C activity is altered in prostate cancer, Ozen and 
Ittman (2005) have examined the expression of CDC25C and an alternatively spliced 
variant in human prostate cancer samples and cell lines. Interestingly, they showed that 
an active dephosphorylated form of CDC25C was up-regulated in prostate cancer in 
comparison with normal prostate tissue. In addition, they showed that at the 
transcriptional level, CDC25C and alternatively spliced variants were both overexpressed 
in prostate cancer. Finally, their findings suggest that expression of the spliced variants is 
correlated with biochemical recurrence. 
Regarding CDC25B, Ngan et al. (2003) described that its overexpression is associated with 
the stage of prostate cancer, transiting from a hormone-dependent to a hormone-
independent state and contributing to prostate cancer development and progression. 

3.4 Acid phosphatase 
3.4.1 Signaling features 
Acid phosphatases (EC 3.1.3.2), enzymes that catalyze the hydrolysis of a wide range of 
orthophosphate monoesters, are largely distributed in nature and have been studied in 
numerous organisms and tissues (Granjeiro et al, 1997; Ferreira et al, 1998a, 1998b; Granjeiro 
et al, 1999; Fernandes et al, 2003; Jonsson et al, 2007). The enzyme found in mammalian 
tissues occurs in multiple forms that differ in regard to molecular mass, substrate specificity 
and sensitivity to inhibitors (Granjeiro et al, 1997). Low relative molecular mass (Mr) 
enzymes (Mr < 20.0 kDa) are insensitive to tartrate and fluoride and strongly inhibited by 
SH-reacting compounds. High Mr acid phosphatases (Mr > 100.0 kDa) are inhibited by 
tartrate and intermediary Mr enzymes (30.0 kDa < Mr<60.0 kDa) by fluoride. In contrast to 
high Mr acid phosphatases, low Mr enzymes present more restricted substrate specificity, 
preferentially hydrolyzing p-nitrophenylphosphate, flavin mononucleotide and tyrosine-
phosphorylated proteins. 
In 1985, Chernoff and Li reported several similarities between the low molecular weight 
acid phosphatase and one class of protein tyrosine phosphatase (PTP), the low molecular 
weight protein tyrosine phosphatase (LMWPTP).   
The phosphatidic acid phosphatase (PAP) is a key enzyme in both glycerolipid biosynthesis 
and cellular signal transduction. It was observed that the plasma membrane-bound type 2 
PAP, now known as lipid phosphate phosphatase, participates in germ cell migration, 
epithelial differentiation and other signaling processes (Kanoh et al, 1997; Brindley and 
Pilquil, 2009). 

3.4.2 Role in prostate cancer 
Altered acid phosphatase activities can be related to several pathological processes, such as 
those involving infectious, inflammatory or tumoral processes. For instance, high and 
intermediary molecular weight acid phosphatases levels are increased in the serum of 
patients with prostate carcinoma (Hudson et al. 1955), of patients suffering from spleen 
disorders (Kumar and Gupta, 1971), of patients with endothelial reticulum leukemia 
(Ketcham et al, 1985), etc. 
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play a key role in controlling prostatic cell proliferation, which also indicates that SHP-1 
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transcription factor and its activity is regulated by numerous AR coregulators. Inadequate 
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Moreover, to determine whether CDC25C activity is altered in prostate cancer, Ozen and 
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variant in human prostate cancer samples and cell lines. Interestingly, they showed that 
an active dephosphorylated form of CDC25C was up-regulated in prostate cancer in 
comparison with normal prostate tissue. In addition, they showed that at the 
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in prostate cancer. Finally, their findings suggest that expression of the spliced variants is 
correlated with biochemical recurrence. 
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the stage of prostate cancer, transiting from a hormone-dependent to a hormone-
independent state and contributing to prostate cancer development and progression. 
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In 1985, Chernoff and Li reported several similarities between the low molecular weight 
acid phosphatase and one class of protein tyrosine phosphatase (PTP), the low molecular 
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The phosphatidic acid phosphatase (PAP) is a key enzyme in both glycerolipid biosynthesis 
and cellular signal transduction. It was observed that the plasma membrane-bound type 2 
PAP, now known as lipid phosphate phosphatase, participates in germ cell migration, 
epithelial differentiation and other signaling processes (Kanoh et al, 1997; Brindley and 
Pilquil, 2009). 

3.4.2 Role in prostate cancer 
Altered acid phosphatase activities can be related to several pathological processes, such as 
those involving infectious, inflammatory or tumoral processes. For instance, high and 
intermediary molecular weight acid phosphatases levels are increased in the serum of 
patients with prostate carcinoma (Hudson et al. 1955), of patients suffering from spleen 
disorders (Kumar and Gupta, 1971), of patients with endothelial reticulum leukemia 
(Ketcham et al, 1985), etc. 
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Human prostatic acid phosphatase has been used as a valuable marker for prostate cancer, 
before the evaluation by the prostate-specific antigen (PSA). Increased prostatic acid 
phosphatase serum levels are well correlated with metastatic prostate cancer (Ahmann and 
Schifman, 1987). In normal human prostate epithelial cells, human prostatic acid 
phosphatase expression is very high and guarantees the slow proliferation rate of those 
cells (Goldfarb et al., 1986; Veeramani et al, 2005). On the other hand, decreased activity of 
this phosphatase correlates with the poor differentiation of high-grade prostate cancer. 
One possible mechanism by which this phosphatase regulates the proliferation of prostate 
cancer is due to the dephosphorylation of the receptor HER-2. Uncontrolled 
phosphorylation of HER-2 leads to increased hormone-refractory growth of prostate 
cancer cells (Chuang et al, 2010). 

3.5 PTEN 
3.5.1 Signaling features 
PTEN is a tumor suppressor protein, acting as a dual-specificity protein phosphatase. It is 
one of several enzymes with the ability to dephosphorylate tyrosine-, serine- and threonine-
phosphorylated residues (Pulido & van Huijsduijnen, 2008). It also presents lipid 
phosphatase activity, mainly towards phosphatidylinositol-3,4,5-triphosphate (Maehama & 
Dixon, 1998). This is crucial to its tumor suppressor function, since it opposes the survival 
and proliferative actions of many growth factors (Uzoh et al., 2008). 
PTEN was first described in 1997. Mutations in its encoding gene were detected, at the time, 
in several human cancer tissues and cell lines, including prostate cancer (Li et al., 1997). Its 
loss has been associated mainly with activation of the PI3K/Akt/mTOR pathway, leading to 
proliferation and survival of cancer cells (Hollander et al., 2011). 

3.5.2 Role in prostate cancer 
The lack of PTEN has been implicated in the resistance of prostate cancer cells to 
conventional chemo- and radiotherapy, as well as androgen-independence (Uzoh et al., 
2008; Huang et al., 2001; Priulla et al., 2007; Anai et al., 2006; Shen & Abate-Shen, 2007). In a 
mouse model of prostate cancer, PTEN inactivation was shown to induce growth arrest 
through the p53-dependent cellular senescence pathway both in vitro and in vivo (Chen et 
al., 2005). 
Chemo- and radiotherapy resistance is linked to overexpression of Bcl-2, an anti-apoptotic 
protein that blocks PTEN-mediated apoptosis. Huang et al. showed this overexpression to be 
related to PTEN-loss, as well as establishing an association between PTEN-induced 
chemosensitivity and inhibition of Bcl-2 expression (Huang et al., 2001). 
mTOR inhibition has also been shown to sensitize Pten-null prostate cancer cells to chemo- 
and radiotherapy (Grunwald et al., 2002; Cao et al., 2006), pointing to PTEN’s role in 
resistance. Interestingly, Cao and colleagues used an mTOR inhibitor other than rapamycin 
(RAD001 - everolimus) to enhance the cytotoxic effects of radiotherapy on two prostate 
cancer cell lines (PC-3 and DU145). They found that the increased susceptibility to radiation 
presented by both cell lines was due to autophagy, instead of apoptosis. They also showed 
that blocking apoptosis with caspase inhibition and Bax/Bak small interfering RNA leads to 
the same effects (Cao et al., 2006). TORC1/TORC2 inhibition in association with docetaxel 
and cisplatin also led to promising results in mice with chemoresistant prostate cancer 
(Gravina et al., 2011). 
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PTEN loss effects also extend to the androgen receptor (AR) activity, associated to 
androgen-independence. AR is shown to be inhibited by PTEN through blockage of the Akt 
pathway (Shen & Abate-Shen, 2007; Nan et al., 2003). However, a recent study points to the 
opposite activities of AR and PI3K signaling pathways and their cross-regulation, with 
inhibition of one activating the other, maintaining cancer cell survival by distinct means. 
Through combined pharmacological inhibition of both pathways, the authors could achieve 
near-complete prostate cancer regressions in a PTEN-deficient murine model and in human 
xenografts (Carver et al., 2011). 
Recent studies have also implicated PTEN loss in chemokine receptor 4 (CXCR4)- mediated 
prostate cancer progression and metastasis, as well as showing that reactive oxygen species 
(ROS) can increase this outcome through direct inactivation of PTEN by active site oxidation 
(Chetram et al., 2011). 

3.6 DUSP 
3.6.1 Signaling features 
Dual-specificity phosphatases (DUSPs) are enzymes able to dephosphorylate both tyrosine 
and serine/threonine residues within their substrate (Patterson et al., 2009). There are 49 
gene products characterized as human DUSPs in the Gene Ontology database (The Gene 
Ontology Consortium, 2000). These are divided into subgroups, according to their substrate 
specificity. MKPs, one of the best-characterized subgroups, are able to dephosphorylate 
mitogen-associated protein kinases (MAPKs), which are in turn increasingly implicated in 
the development and progression of several cancers, including prostate cancer. Another 
subgroup is named atypical DUSPs. Some of them also show a preference for MAPKs as 
substrates, but, unlike MKPs, they are mostly of low-molecular mass and lack the N-
terminal CH2 (Cdc25 homology 2) domain (Patterson et al., 2009). 
In spite of some clear links between some DUSPs, their substrates and specific cancer 
types, there is still variability in respect to their role in distinct tissue environments. The 
existing reports regarding prostate cancer are diverse, sometimes even antagonistic. Thus, 
the precise role of DUSPs in carcinogenesis remains to be clarified (Arnoldussen & 
Saatcioglu, 2009). 
DUSP1 is a member of the MKP group. It is able to dephosphorylate all members of the 
MAPK family, although displaying preference for p38 and JNK substrates (Magi-Galluzzi et 
al., 1997; Sun et al., 1993; Franklin & Kraft, 1997). 
DUSP3 is an atypical dual-specificity phosphatase that has controversial substrate 
specificity. ERK 1/2 and JNK were identified as direct substrates for DUSP3 (Todd et al., 1999; 
Todd et al., 2002), although a later report points to ERK2 as an unlikely substrate for DUSP3 
(Zhou et al., 2002). STAT5 was also identified as a substrate for DUSP3 (Hoyt et al., 2007). 
DUSP10 is a MKP with preference for p38 and JNK rather than ERK as substrates. It has 
been implicated in the regulation of innate and adaptive immune responses (Zhang et al., 
2004) and also has been shown to have a potent anti-inflammatory activity in prostate cells 
(Nonn et al., 2007). 
DUSP18 is a member of the atypical subgroup of dual-specificity phosphatases whose 
mRNA expression was identified in several cancer tissues and cell lines, including 
prostate, among others (Patterson et al., 2009; Wu et al., 2006). It presents phosphatase 
activity against ERK, JNK and p38 synthetic substrates, with a preference for ERK and 
JNK (Hood et al., 2002). 
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DUSP10 is a MKP with preference for p38 and JNK rather than ERK as substrates. It has 
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2004) and also has been shown to have a potent anti-inflammatory activity in prostate cells 
(Nonn et al., 2007). 
DUSP18 is a member of the atypical subgroup of dual-specificity phosphatases whose 
mRNA expression was identified in several cancer tissues and cell lines, including 
prostate, among others (Patterson et al., 2009; Wu et al., 2006). It presents phosphatase 
activity against ERK, JNK and p38 synthetic substrates, with a preference for ERK and 
JNK (Hood et al., 2002). 
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3.6.2 Role in prostate cancer 
DUSP1 mRNA was found to be overexpressed in the early phases of prostate cancer, but 
this did not prevent high ERK-1 expression (Loda et al., 1996). Overall, ERK appears to 
increase DUSP1 expression, decreasing JNK activity and inhibiting apoptosis.  In a 2008 
study it was shown that coordinate inhibition of AKT/mTOR and ERK-1/MAPK pathways 
leads to reduced cell growth and proliferation, as well as upregulation of the apoptotic 
regulator Bcl-2-interacting mediator of cell death (Bim) in a preclinical mouse model of 
hormone-refractory prostate cancer (Kinkade et al., 2008). Accordingly, a later study 
showed DUSP1 mRNA expression to be lower in hormone-refractory prostate carcinomas 
than in benign prostate hyperplasia (BPH) or untreated prostate carcinomas. Higher 
DUSP1 protein levels were found in BPH, normal prostate and high-grade prostate 
intraepithelial neoplasia (Rauhala et al., 2005). Consistent with the low levels of DUSP1 in 
response to androgen ablation, DUSP1 mRNA was found to be upregulated upon 
androgen treatment of LNCaP cells (Arnoldussen et al., 2008) The androgen receptor (AR) 
has been identified as responsible for increased expression of DUSP1 (and several other 
DUSPs) upon interaction with testosterone. However, DUSP1 implication in prostate 
cancer is not yet fully resolved, since there have been reports showing that both high and 
low levels of DUSP1 may have an antiapoptotic effect, depending on which MAP kinase 
DUSP1 is targeting (Rauhala et al., 2005). 
Similarly, androgens protect LNCaP cells from 12-O-tetradecanoylphorbol-13-acetate- and 
thapsigargin-induced apoptosis via down-regulation of JNK activity through an increase in 
DUSP3 expression. This effect was not observed in androgen-independent DU145 cells 
(Arnoldussen et al., 2008). Expression analysis in human prostate cancer specimens also 
show that DUSP3 is increased in prostate cancer compared with normal prostate, evidencing 
a direct DUSP3 role in prostate cancer progression through JNK-mediated apoptosis 
inhibition (Arnoldussen et al, 2008). 
Another DUSP that has been related to prostate cancer is DUSP10. DUSP10 presents anti-
inflammatory activity and its expression is increased after treatment with calcitriol, the 
hormonally active form of vitamin D. This results in the subsequent inhibition of p38 stress 
kinase signaling and the attenuation of the production of pro-inflammatory cytokines 
(Nonn, et al., 2006; Krishnan & Feldman, 2010). 

4. Concluding remarks 
Deciphering the molecular networks that distinguish progressive from non-progressive 
prostate cancer will bring light on the biology of this tumor, as well as lead to the 
identification of biomarkers that will aid to the selection of better-suited treatments for each 
patient. For this, it is crucial to characterize and integrate the molecular mediators involved 
in prostate cancer biology. In this chapter we pointed out some evidences of the contribution 
of protein tyrosine phosphatases for prostate cancer pathogenesis. PTPs, as a large enzyme 
family, can act as prostate cancer suppressors or promoters, depending on their target 
protein (Table 2). However, studies quantifying PTPs on gene and protein levels in prostate 
cancer have been limited. New efforts to raise this kind of combinatory data might reveal a 
spectacular relationship between genotype and PTP activity levels and lead to an 
understanding of the fundamental role of this enzyme family in controlling malignant cell 
transformation. This, in turn, may open new avenues to treat prostate cancer based on PTP 
activity modulation. 
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Phosphatase Prostate cancer 
cell localization Main action Main targets in prostate 

cancer 
LMWPTP cytosol cancer promoter unknown 

SHP-1 cytosol cancer suppressor IL-3R, PDGF- and EGF 
receptors 

CDC25B and 
CDC25C nucleus cancer promoter unknown 

CDC25A nucleus cancer suppressor Androgen receptor (AR) 
Acid phosphatase cytosol cancer suppressor Her-2 

PTEN cytosol and 
nucleus cancer suppressor phosphatidylinositol-

3,4,5-triphosphate 
DUSP nucleus cancer promoter JNK, p38 and ERK 

Table 2. Prostate cancer protein tyrosine phosphatases 
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3.6.2 Role in prostate cancer 
DUSP1 mRNA was found to be overexpressed in the early phases of prostate cancer, but 
this did not prevent high ERK-1 expression (Loda et al., 1996). Overall, ERK appears to 
increase DUSP1 expression, decreasing JNK activity and inhibiting apoptosis.  In a 2008 
study it was shown that coordinate inhibition of AKT/mTOR and ERK-1/MAPK pathways 
leads to reduced cell growth and proliferation, as well as upregulation of the apoptotic 
regulator Bcl-2-interacting mediator of cell death (Bim) in a preclinical mouse model of 
hormone-refractory prostate cancer (Kinkade et al., 2008). Accordingly, a later study 
showed DUSP1 mRNA expression to be lower in hormone-refractory prostate carcinomas 
than in benign prostate hyperplasia (BPH) or untreated prostate carcinomas. Higher 
DUSP1 protein levels were found in BPH, normal prostate and high-grade prostate 
intraepithelial neoplasia (Rauhala et al., 2005). Consistent with the low levels of DUSP1 in 
response to androgen ablation, DUSP1 mRNA was found to be upregulated upon 
androgen treatment of LNCaP cells (Arnoldussen et al., 2008) The androgen receptor (AR) 
has been identified as responsible for increased expression of DUSP1 (and several other 
DUSPs) upon interaction with testosterone. However, DUSP1 implication in prostate 
cancer is not yet fully resolved, since there have been reports showing that both high and 
low levels of DUSP1 may have an antiapoptotic effect, depending on which MAP kinase 
DUSP1 is targeting (Rauhala et al., 2005). 
Similarly, androgens protect LNCaP cells from 12-O-tetradecanoylphorbol-13-acetate- and 
thapsigargin-induced apoptosis via down-regulation of JNK activity through an increase in 
DUSP3 expression. This effect was not observed in androgen-independent DU145 cells 
(Arnoldussen et al., 2008). Expression analysis in human prostate cancer specimens also 
show that DUSP3 is increased in prostate cancer compared with normal prostate, evidencing 
a direct DUSP3 role in prostate cancer progression through JNK-mediated apoptosis 
inhibition (Arnoldussen et al, 2008). 
Another DUSP that has been related to prostate cancer is DUSP10. DUSP10 presents anti-
inflammatory activity and its expression is increased after treatment with calcitriol, the 
hormonally active form of vitamin D. This results in the subsequent inhibition of p38 stress 
kinase signaling and the attenuation of the production of pro-inflammatory cytokines 
(Nonn, et al., 2006; Krishnan & Feldman, 2010). 

4. Concluding remarks 
Deciphering the molecular networks that distinguish progressive from non-progressive 
prostate cancer will bring light on the biology of this tumor, as well as lead to the 
identification of biomarkers that will aid to the selection of better-suited treatments for each 
patient. For this, it is crucial to characterize and integrate the molecular mediators involved 
in prostate cancer biology. In this chapter we pointed out some evidences of the contribution 
of protein tyrosine phosphatases for prostate cancer pathogenesis. PTPs, as a large enzyme 
family, can act as prostate cancer suppressors or promoters, depending on their target 
protein (Table 2). However, studies quantifying PTPs on gene and protein levels in prostate 
cancer have been limited. New efforts to raise this kind of combinatory data might reveal a 
spectacular relationship between genotype and PTP activity levels and lead to an 
understanding of the fundamental role of this enzyme family in controlling malignant cell 
transformation. This, in turn, may open new avenues to treat prostate cancer based on PTP 
activity modulation. 
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Phosphatase Prostate cancer 
cell localization Main action Main targets in prostate 

cancer 
LMWPTP cytosol cancer promoter unknown 

SHP-1 cytosol cancer suppressor IL-3R, PDGF- and EGF 
receptors 

CDC25B and 
CDC25C nucleus cancer promoter unknown 

CDC25A nucleus cancer suppressor Androgen receptor (AR) 
Acid phosphatase cytosol cancer suppressor Her-2 

PTEN cytosol and 
nucleus cancer suppressor phosphatidylinositol-

3,4,5-triphosphate 
DUSP nucleus cancer promoter JNK, p38 and ERK 

Table 2. Prostate cancer protein tyrosine phosphatases 
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1. Introduction 
Extensive laboratory, epidemiological and clinical investigations suggest that prostate 
cancer might be affected by enhanced folate or B12 ingestion and or other perturbations of 
one-carbon (CH3—) metabolism. Over the last decade, largely due to government mandated 
dietary fortification with folic acid (FA), our clinic patients experienced a 4-6-fold increase in 
the median level of serum folate (5 ng/ml  24 ng/ml). The National Health and Nutrition 
Examination Surveys (NHANES) confirm similar elevated levels Figure 1 (Dietrich et al, 
2005; McDowell et al, 2008; Yang et al, 2010).  
 

 
Fig. 1. Median serum/plasma blood folate levels NHANES and GT data. 
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Exposure to varying concentrations of FA and other B vitamins may transform benign cells 
to malignant and/or accelerate tumor growth. This review explores clinical observations 
and biochemistry of B vitamin mediated one-carbon metabolism with general emphasis on 
neoplasia and particular focus on prostate cancer. 

2. Folic acid found to enhance tumor growth: Historical note 
Sidney Farber, a pediatric pathologist practicing in Boston’s Children Hospital in the mid 
1940s, is generally given credit for establishing that FA stimulates human leukemia cell 
proliferation; however, a careful review of the literature does not confirm that assessment. 
In fact, Sidney Farber’s clinical research group’s seminal paper did not include treatment 
with FA (Farber et al, 1947). This manuscript, published in 1947 in the popular journal 
Science, reported on Farber’s experience with the di- and triglutamate derivatives of 
oxidized folic acid (diopterin and teropterin, both supplied by Lederle Laboratories of Pearl 
River, NY under the direction of Yellapragada Subba Row, PhD). The fact is that Farber’s 
landmark paper, routinely referenced in the literature, never stated FA could accelerate 
leukemia or any other malignancy. 
Dr. Richard Lewisohn, famous for his excellence in surgery and his 1917 research on citrated 
blood as the preferred anticoagulant for transfusion was semiretired in the early 1940’s and 
working in a trivial basement laboratory at Mount Sinai Hospital in NYC. At that time, he 
was given two folate compounds that were isolated at the Lederle Laboratories: liver L. casei 
factor (folic acid) and fermentation L. casei factor. The mislabeling of these compounds was 
the source of confusion for his initial paper mistakenly stating that folic acid was an 
inhibitor of spontaneous mouse mammary cancer (Leuchtenberger et al, 1945). The 
compound he thought was FA was in fact pteroyltriglutamate or teropterin. 
Later, Hutchings and Stokstad of Lederle informed Lewisohn’s group that the correct 
tentative designation of liver L. casei factor as used in Lewisohn’s first report was actually 
fermentation L. casei factor (the triglutamate of pteroylglutamic acid or teropterin (Angier 
et al, 1946). 
In Lewisohn’s subsequent paper (Lewisohn et al, 1946) he confirmed that the mislabeled 
folic acid (liver L. casei factor) was actually fermentation L. casei factor or teropterin. 
Clarifying this confusing issue, the initial study revealed that teropterin injection inhibited 
spontaneous mouse mammary cancer while folic acid (liver L. casei factor), as confirmed in 
subsequent experiments, stimulated mouse mammary primary tumor growth and its 
pulmonary metastases while shortening overall survival (Lewisohn et al, 1946). To our 
knowledge, this is the first literature-documented study revealing FA stimulation of cancer 
cells (mouse mammary cancer) and their metastasis. 
Next, in 1948, the hematologist Robert Heinle (Heinle & Welch, 1948) and later in 1950 the 
laboratory researcher Howard Skipper (Skipper et al, 1950) were first to document in the 
clinic and laboratory respectively that FA stimulated chronic myelogenous leukemia in man 
and acute leukemia in the rat.  
The first mention that Farber was aware of what he termed an “acceleration phenomenon” 
appeared in his work published in 1948 in the NEJM (Farber et al, 1948). In that paper, he 
referred back to the Science 1947 manuscript stating that the reported children with 
leukemia displayed acceleration of the leukemic process within the marrow in response to 
diopterin or teropterin therapy. However, that finding had never been mentioned in the 
1947 landmark Science report.  

Modulation of One-Carbon Metabolism by B Vitamins:  
Implications for Transformation and Progression of Prostate Cancer 

 

193 

The idea that B12 could accelerate chronic myelogenous leukemia in a patient with 
pernicious anemia and B12 deficiency was first demonstrated by Jose Corcino in 1971 while 
working in Dr. Victor Herbert’s lab in the Bronx, NY (Corcino et al, 1971). In 1994, Dr. Ralph 
Green confirmed that observation in other patients with pernicious anemia (Green, 1994). 
Finally, in 2009, Tisman first demonstrated that B12 administration accelerated the growth 
of the epithelial prostate tumor in a patient with pernicious anemia and untreated prostate 
cancer, while at the same time correcting his anemia (Tisman et al, 2009). 

3. Contemporary observations spur interest in folate, B12 and prostate 
neoplasia 
In 1998 the US government mandated that the US diet be fortified with FA in an attempt to 
prevent birth defects such as spina bifida and anencephaly. Subsequent to government-
mandated fortification of US, Canadian and Chilean diets with FA, numerous reports 
appeared documenting a higher incidence of certain cancers (colon, rectum, breast, 
prostate), reviewed by Young-In Kim and others (Hirsch et al, 2009; Kim, 2007; Kim, 2007; 
Kim, 2008; Smith et al, 2008).  
The newest data relate elevated serum and prostate tissue folate to increased Gleason’s grade 
and proliferation of prostate tumors compared to normal donor prostate tissue (Tomaszewski 
et al, 2011). FA supplementation was associated with a 2.6 fold increase in incidence 
(Figueiredo et al, 2009) and stage (Lawson et al, 2007) of prostate tumors. Collin noted serum 
folate-related increase in PSA velocity (Collin et al, 2010) enough to advance low-risk prostate 
cancer to higher risk with decreased survival (D'Amico et al, 2005) Figure 2.  
 

 
 

Fig. 2. Higher serum/plasma folate, associated with PSA velocity > 2.0 may increase mortality. 
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Others related high B12 levels to prostate cancer (Hultdin et al, 2005; Johansson et al, 2009; 
Weinstein et al, 2006; Vlajinac et al, 1997). We reported direct stimulation of prostate cancer 
by administration of B12 to a B12 deficient patient (Tisman et al, 2009) and by a supplement 
containing a combination of B12 and mixed folates Figures 3 and 4 (Tisman & Garcia, 2011). 
Patients with prostate cancer frequently ingest a variety of B vitamin-containing 
supplements (Velicer & Ulrich, 2008; Bailey et al, 2010) including FA and B12. We confirmed 
this almost universal finding in our clinic. Many are oblivious that their supplements 
contain larger than needed doses of vitamins. Others take comfort in supplement ingestion 
immediately after a cancer diagnosis while some use them in an attempt at prophylaxis 
(Holmes et al, 2010). Holmes’ group noted folic acid supplement use before a colorectal 
cancer diagnosis was 35.4%. This statistic increased to 55.1% after receiving a diagnosis. 
We start our review by briefly presenting two of our patients with prostate cancer whose 
clinical course was adversely impacted by the administration of B12 and mixed folates. This 
is to be followed by a rather in depth review of B vitamin metabolism as relates to 
biochemistry that could affect the prostate and its malignant transformation. 

3.1 Patient 1 
A 75 year-old man presented with prostate cancer and was later found to have pernicious 
anemia. After a period of 10 months of expectant surveillance it was noted that he was 
anemic; serum vitamin B12 level was 32 pg/ml (300-900 pg/ml) and holotranscobalamin 0 
pg/ml (>70 pg/ml). There was an unexpected rapid progression of Gleason's score during 
watchful waiting. Therapeutic injection of vitamin B12 was accompanied by acceleration of 
PSA and prostatic acid phosphatase with shortening of prostate-specific antigen doubling 
time (Tisman et al, 2009) Figure 3.  
 

 
Fig. 3. Patient 1,PSA velocity in response to B12  
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3.2 Patient 2 
A 71 year-old man was diagnosed in 1997 with Stage T1c prostate cancer, Gleason’s score = 
3+4 = 7. Primary therapy included intermittent androgen deprivation to resistance. While 
receiving docetaxel chemotherapy for 18 weeks with a continually increasing PSA, 
withdrawal of ingestion of 10 daily doses of a supplement composed of (500 mcg of vitamin 
B12 as cyanocobalamin, and 400 mcg each of folic acid as pteroylglutamic acid and 400 mcg 
of L-5-methyltetrahydrofolate = 800 mcg of mixed folates) was associated with a return to 
normal of serum prostate specific antigen Figure 4 (in press JMCR). 
 
 
 

 
 
 

Fig. 4. Patient 2, PSA & withdrawal of B12 and folates 

4. Mechanisms of modulation of one-carbon metabolism associated with B 
vitamin nutrition 
Figures 5 and 6 help visualization of the nomenclature and structure of folate vitamers of 
the “one-carbon” pool. A normal diet supplies methyl groups through methionine and 
choline, however physiological needs exceed dietary intake. Man makes up the difference 
by de novo synthesis of methyl groups (CH3—). As illustrated in Figure 7, both dietary 
methionine and choline supply CH3— groups. Note the re-methylation of homocysteine 
generating methionine, later to be metabolized to S-adenosylmethionine (SAM).  
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Fig. 5. Folate(s) nomenclature 

 

 
Fig. 6. Folate nomenclature and structure 
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Fig. 7. Sources of dietary CH3— groups 

Six fully reduced folate coenzymes, 5-formyl-THF, 5-formamino-THF, 10-formyl-THF, 5,10-
methenyl-THF, 5,10-methylene-THF, and 5-methyl-THF (Figures) transfer methyl groups 
through folate-dependent enzymes. One-carbon fragments in various states of oxidation, 
when bound to reduced folate coenzymes, are referred to as the one-carbon pool Figures 5, 6 
and 8 and are involved in multiple trans methylation reactions. These include the re-
methylation of homocysteine leading to methionine and S-adenosylmethionine (SAM) 
(Figures 7 and 8). SAM is termed the universal methylator, and is involved in more than 100 
methylation reactions either directly as in DNA epimethylation or indirectly in the synthesis 
of DNA-thymine from dUMP, purines (adenine and guanine) and for methylation of 
protein, RNA, histones etc.  

5. Folate fortification, some adverse effects 
For purposes of this review, B9 refers to folic acid (FA), the pharmaceutically synthesized, 
oxidized folic acid (FA) and folate(s) refers to the naturally occurring, usually reduced 
vitamers found in green leafy vegetables. Man is incapable of self-synthesis of folates and is 
fully dependent on folates provided by bowel flora, diet and supplements. FA is not 
normally found in nature, is inexpensive, water-soluble, and an artificial provitamin to 
reduced folates. Natural forms of the vitamin exist in nature with appended peptide tails of 
gamma linked glutamate amino acids (usually 5-8 in length). Polyglutamate forms are based 
mainly on 5-methytetrahydrofolate (CH3—THF) and account for approximately 90% of the 
folates in fresh foods, the majority of the remainder is based on 10-formyltetrahydrofolate 
(10-formylTHF) (Butterworth & Santini, 1963; Santini et al, 1964).  
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Fig. 8. Folate coenzyme forms, folate-requiring enzymes, important polyglutamates (Gn) 
and testosterone effects. 1) gamma-glutamyl hydrolase (enterocyte brush border) 1’) PSMA 
prostate specific membrane antigen ( 2) dihydrofolate reductase 3) folylpolygamma-
glutamate synthetase 4) Serinehydroxymethyl transferase 5) methylenetetrahydrofolate 
reductase 6) gammaglutamyl hydrolase (possibly lysosomal) 6’) PSM’ Prostate Membrane 
Antigen splice variant 7) cobalamin dependent methionine synthase 8) glycine cleavage 
enzyme system 9) glutamate ormimino-transferase 10) formiminotetrahydrofolate 
cyclodeaminase 11) methylenetetrahydrofolate dehydrogenase 12) 
methenyltetrahydrofolate cyclohydrolase* 13) formyl tetrahydrofolate synthetase 14) 
thymidylate synthase 15) formyltetrahydrofolate dehydrogenase 16) phosphoribosyl 
glycinamide (GAR) formyl transferase 17) phosphoribosylaminoimidazolecarboxamide 
(AICAR) formyl transferase 18) 5-formyl etrahydrofolate cycloligase 19) folate/methotrexate 
transport system 20)** glycinemethyl transferase. Dihydrofolate monoglutamate is a weak 
inhibitor with a Kt = 50 μM, while the pentaglutamate is a potent competitive inhibitor with 
a Ki of 3.8 μM (Bertrand et al, 1987). Only 5-Me-THFG5 inhibits this enzyme. 

Prior to 1998, folate was primarily delivered by diet while FA was added to multivitamin 
products furnished by health food stores. After 1998, because neural tube defects were 
related to folate deficiency, US law mandated that FA be added to the food supply. 
Fortification has proven 19% effective (Honein et al, 2001) in rescuing approximately ~1500-
2000 live births a year from neural tube anomalies (spina bifida and anencephaly). However, 
fortification was followed by reports of reversal of the declining incidence of colorectal 
cancer in the US, Canada and Chile (Mason et al, 2007; Hirsch et al, 2009). After FA 
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supplementation in the US, there were approximately 15,000 additional cases of colorectal 
cancer per year (Mason et al, 2007). In the following years, larger amounts of FA were 
ingested to metabolically lower serum levels of the vasculotoxic amino acid, homocysteine. 
It was thought that lowering homocysteine would decrease the incidence of arteriosclerotic 
cardiovascular disease. However, studies thus far have been inconsistent and not confirmed 
this assumption save for a possible benefit in stroke prevention (Chen, J (J), Xu, X (X), et al., 
2010; Wang et al, 2007; Robinson et al, 1998) and thrombophilia.  
Alarmingly, there are now laboratory animal (Lindzon et al, 2009; Ly et al, 2011) and 
epidemiological reports pointing to excessive malignancy, including prostate (Figueiredo et 
al, 2009), breast ({Campbell 2002); Chen et al, 2005; Ericson et al, 2009; Stevens et al, 2010) 
colorectal and other cancers (Kim, 2005) associated with both hyper and hypo-sufficiency of 
folate and folate enzyme polymorphisms, reviewed by Young-In Kim and others (Kim, 2007; 
Kim, 2008; Kim, 2005; Smith et al, 2008) see Table 1. 
 

Study B2 B6 B12 Folate 
Kasperzyk  
et al, 2009  Hi B6 less risk of 

death from CaP   

Key et al, 1997 Hi B6 Less risk of CaP

Collin et al, 2010   Hi B12
Hi CaP  

Hultdin et al, 
2005   Hi B12

Hi risk for CaP
Hi Fol 
Hi risk for CaP 

Johansson et al, 
2008   Hi B12

Hi risk for CaP  

Vlajinac et al, 
1997   Hi B12

Hi risk for CaP  

Collin et al, 2010   Hi B12
Hi risk for CaP

Hi Fol 
Hi risk for CaP 

Pelucchi et al, 
2005    Hi Fol protects 

against CaP 

Collin et al, 2010    Hi Fol 
Hi risk PSAV > 2 

Figueiredo  
et al, 2009    Hi Fol Hi risk for 

CaP 2.7-fold higher 
Johansson  
et al, 2009 

Hi B2 Hiher 
risk for CaP    

Table 1. Significant epidemiological studies relating B vitamins with prostate cancer (CaP) 

5.1 Folate fortification: Effects on chemotherapy 
5-fluorouracil and capecitabine (a prodrug metabolized to fluoropyrimidines) are active in 
breast and colon cancer. In the presence of high serum levels of folate and or in the presence 
of certain folate-metabolizing enzyme polymorphisms (Kim, 2009; Maring et al, 2005; 
Sharma et al, 2008), their toxicity is greatly magnified (Midgley & Kerr, 2009). This requires 
lowering of the recommended dose of folate in the US (Hennessy et al, 2005). This appears 
to be due to strengthening of the ternary complex between 5,10 methyleneTHF, F-dUMP 
and thymidylate synthase with enhanced inhibition of DNA-thymine synthesis. 
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Fig. 8. Folate coenzyme forms, folate-requiring enzymes, important polyglutamates (Gn) 
and testosterone effects. 1) gamma-glutamyl hydrolase (enterocyte brush border) 1’) PSMA 
prostate specific membrane antigen ( 2) dihydrofolate reductase 3) folylpolygamma-
glutamate synthetase 4) Serinehydroxymethyl transferase 5) methylenetetrahydrofolate 
reductase 6) gammaglutamyl hydrolase (possibly lysosomal) 6’) PSM’ Prostate Membrane 
Antigen splice variant 7) cobalamin dependent methionine synthase 8) glycine cleavage 
enzyme system 9) glutamate ormimino-transferase 10) formiminotetrahydrofolate 
cyclodeaminase 11) methylenetetrahydrofolate dehydrogenase 12) 
methenyltetrahydrofolate cyclohydrolase* 13) formyl tetrahydrofolate synthetase 14) 
thymidylate synthase 15) formyltetrahydrofolate dehydrogenase 16) phosphoribosyl 
glycinamide (GAR) formyl transferase 17) phosphoribosylaminoimidazolecarboxamide 
(AICAR) formyl transferase 18) 5-formyl etrahydrofolate cycloligase 19) folate/methotrexate 
transport system 20)** glycinemethyl transferase. Dihydrofolate monoglutamate is a weak 
inhibitor with a Kt = 50 μM, while the pentaglutamate is a potent competitive inhibitor with 
a Ki of 3.8 μM (Bertrand et al, 1987). Only 5-Me-THFG5 inhibits this enzyme. 

Prior to 1998, folate was primarily delivered by diet while FA was added to multivitamin 
products furnished by health food stores. After 1998, because neural tube defects were 
related to folate deficiency, US law mandated that FA be added to the food supply. 
Fortification has proven 19% effective (Honein et al, 2001) in rescuing approximately ~1500-
2000 live births a year from neural tube anomalies (spina bifida and anencephaly). However, 
fortification was followed by reports of reversal of the declining incidence of colorectal 
cancer in the US, Canada and Chile (Mason et al, 2007; Hirsch et al, 2009). After FA 
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supplementation in the US, there were approximately 15,000 additional cases of colorectal 
cancer per year (Mason et al, 2007). In the following years, larger amounts of FA were 
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It was thought that lowering homocysteine would decrease the incidence of arteriosclerotic 
cardiovascular disease. However, studies thus far have been inconsistent and not confirmed 
this assumption save for a possible benefit in stroke prevention (Chen, J (J), Xu, X (X), et al., 
2010; Wang et al, 2007; Robinson et al, 1998) and thrombophilia.  
Alarmingly, there are now laboratory animal (Lindzon et al, 2009; Ly et al, 2011) and 
epidemiological reports pointing to excessive malignancy, including prostate (Figueiredo et 
al, 2009), breast ({Campbell 2002); Chen et al, 2005; Ericson et al, 2009; Stevens et al, 2010) 
colorectal and other cancers (Kim, 2005) associated with both hyper and hypo-sufficiency of 
folate and folate enzyme polymorphisms, reviewed by Young-In Kim and others (Kim, 2007; 
Kim, 2008; Kim, 2005; Smith et al, 2008) see Table 1. 
 

Study B2 B6 B12 Folate 
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et al, 2009  Hi B6 less risk of 
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Collin et al, 2010   Hi B12
Hi CaP  

Hultdin et al, 
2005   Hi B12

Hi risk for CaP
Hi Fol 
Hi risk for CaP 

Johansson et al, 
2008   Hi B12

Hi risk for CaP  

Vlajinac et al, 
1997   Hi B12

Hi risk for CaP  
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Hi risk for CaP

Hi Fol 
Hi risk for CaP 

Pelucchi et al, 
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Figueiredo  
et al, 2009    Hi Fol Hi risk for 
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Johansson  
et al, 2009 

Hi B2 Hiher 
risk for CaP    

Table 1. Significant epidemiological studies relating B vitamins with prostate cancer (CaP) 

5.1 Folate fortification: Effects on chemotherapy 
5-fluorouracil and capecitabine (a prodrug metabolized to fluoropyrimidines) are active in 
breast and colon cancer. In the presence of high serum levels of folate and or in the presence 
of certain folate-metabolizing enzyme polymorphisms (Kim, 2009; Maring et al, 2005; 
Sharma et al, 2008), their toxicity is greatly magnified (Midgley & Kerr, 2009). This requires 
lowering of the recommended dose of folate in the US (Hennessy et al, 2005). This appears 
to be due to strengthening of the ternary complex between 5,10 methyleneTHF, F-dUMP 
and thymidylate synthase with enhanced inhibition of DNA-thymine synthesis. 



 
Prostate Cancer – From Bench to Bedside 

 

200 

5.2 B vitamin metabolism, malignant transformation and effects of enzyme 
polymorphisms on neoplasia  
Impaired de novo DNA-thymine synthesis associated with absolute, relative or functional 
deficiency of folate coenzymes or folate-metabolizing enzyme concentration shifts may 
result in uracil misincorporation into DNA, defective DNA base excision repair, double 
strand chromosome breaks, and DNA point mutations resulting in malignant 
transformation (Blount et al, 1997; Milic et al, 2010) Figure 9. The resulting chromosomal 
breaks are identical to specific breaks found in common cancers (Yunis & Soreng, 1984).  
 

 
Fig. 9. De novo and salvage pathways to DNA-thymine synthesis, SAM methylation of DNA, 
polyamine synthesis and MTHFR polymorphisms 

S-adenosylmethionine (SAM) is regulated by multiple factors including the enzyme glycine 
N-methyltransferase (GNMT) (Luka et al, 2009; Wang et al, 2011) and is governed in part by 
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testosterone, vitamin A and specifically the potent inhibitory folatepentaglutamate, 5-CH3—
THFG5 see Figure 10. The effects of altered SAM production may result in DNA hypo- and 
or hypermethylation thereby changing gene expression, which may result in malignant 
transformation (Davis & Uthus, 2004; De Cabo et al, 1995; Duthie, 1999; Duthie et al, 2002; 
Duthie, 2010; Esteller et al, 2002; Esteller, 2003; Esteller, 2007; Jones & Baylin, 2002; Ulrey et 
al, 2005; Wainfan et al, 1989) Compromised DNA-thymine synthesis (dUMP  TMP) results 
in uracil misincorporation into DNA and hastens malignant transformation, tumor 
proliferation and aggressiveness (Chango et al, 2009; Choi et al, 2004; James et al, 2003; Jang 
et al, 2005; Liu et al, 2006) Figures 9 and 10. 
Additional studies show examples of change due to large doses of dietary FA. Rats fed 40 
mg/kg compared to 2 mg/kg FA induced more hepatic SAM in Dams phenotypically 
resulting in fetuses of less weight and shortened vertex-coccyx length (Achón et al, 2000). 
High FA given to rats worsened experimentally induced liver fibrosis (Marsillach et al, 2008). 
Alternatively, folate insufficiency and/or B12 insufficiency slows cell metabolism and division. 
This is manifest in the clinic as macroovalocytic anemia with bone marrow megaloblastic 
change, and if severe, pancytopenia, as reviewed by Tisman (Tisman, 2005). Abnormal 
histones, targets for SAM-mediated epimethylation, are thought responsible for the clock-face  
 

 
Fig. 10. GNMT modulation by Testosterone, CH3—THFG5 polyglutamate and vitamin A, 
effects of folates and B12 on polyamines and spermidine and spermine on methionine 
synthetase. 
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appearance of chromatin within basophilic megaloblasts (Das et al, 2005). Though 
megaloblastic change is characteristic of blood cells, similar morphology is noted in other cells 
undergoing cell division during B12 and or folate insufficiency. These include enterocytes, oral 
and glossal mucosa cells, bronchial mucosa and the uterine cervix (Herbert, 1959). 
Exciting work in Young-In Kim’s lab disclosed that high intrauterine and post-weaning 
dietary exposure to FA increased the risk of mammary tumors of offspring. They conjecture 
the tumor-promoting effect could have been mediated by altered DNA methylation and DNA 
methyl transferase activity during pregnancy (Ly et al, 2011). However, other experiments 
with rats by this group disclosed that maternal, but not post-weaning, FA supplementation 
reduced the odds of colorectal adenocarcinoma by 64% in carcinogen challenged offspring. It 
was proposed that the protective effect may have been due to increased global DNA 
methylation and decreased epithelial proliferation (Sie et al, 2011). They hint that there may be 
tissue-specific and divergent responses to both high and low FA exposure. 
Historically, B12 and folate deficiency is associated with malignancy. B12 deficiency of 
pernicious anemia is accompanied by a 3-18 fold increase in gastric cancer (Kuster et al, 
1972). Approximately 10% of those suffering from celiac disease, which is almost always 
associated with folate deficiency, were noted to develop malignancy (Chanarin, 1969; 
Dormandy et al, 1963; ). Though B12 and folate may lead to pancytopenia in the short term, 
chronic insufficiency or gestational exposure to folate lack or hypersufficiency may lead to 
latent neoplastic change.  

6. Newer concepts of nutrition: Compartmentalization, organ-specific nutrient 
deficiency, nutrient-nutrient interaction and cell kinetic modulation of 
nutrient adequacy 
Epidemiological analyses measure nutrient consumption through questionnaires, serum levels of 
vitamins and metabolites and simultaneous analysis of clinical correlations with hypothesized 
relationships. Unfortunately, these studies frequently ignore micronutrient variation over long 
periods, presence of one or many interacting enzyme polymorphisms which vary with 
different populations, simultaneous variations of multiple interacting vitamers i.e. B12, B9, B2, 
B6, Figures 9 and 11 and the kinetic state of cellular metabolism at the time of the study. 
As an example of simultaneous B vitamin variation, we present our data from our untreated 
cancer patient population as we studied serum levels of B vitamins, Figure 11. Forty-four 
percent of patients were found to have at least one of six measured parameters of B vitamin 
sufficiency in the abnormal range. Many were simultaneously deficient and or hypersufficient 
of several metabolically interacting B vitamins. 
To understand how a specific organ such as the prostate may manifest vitamin deficiency 
while simultaneously others do not, we review relevant principles of nutrient distribution 
and utilization: 
1. Clement Finch (Finch et al, 1950) taught that total body cellular iron deficiency appears 

gradually. There occurs an orderly decline in body iron starting with loss of plasma 
iron, followed by depletion of hepatic and marrow stores, decrease in red cell size 
finally culminating in anemia.  

2. Victor Herbert expanded Finch’s work demonstrating micronutrient distribution varied 
simultaneously from cell to cell and organ-to-organ. Nutrient sufficiency for folate and B12, 
he claimed, was compartmentalized and progressed in an orderly fashion (Herbert, 1987) 
(see Figures 12 and 13). One cell type could be nutritionally satisfied and in apparent 
equilibrium with hepatic, red cell and serum folate. Simultaneously, other more kinetically 
active cells could struggle with deficiency. Work in Herbert’s lab by Das showed that the 
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adequacy of a cell’s folate and or B12 stores reflected the folate/B12 status at the time the 
cell was metabolically active (Das et al, 1980), which is the time that intracellular vitamin 
transport is active. Susan Duthie confirmed simultaneous discordance of folate stores 
between red blood and buccal mucosal cells (Basten et al, 2004). 

3. Bruce Ames’ theory of “micronutrient triage” (Ames, 2006) dovetails with that of 
Herbert. He teaches that through allocation and distribution, scarce micronutrients are 
triaged to the most metabolically acute process required for cell survival.  

4. Finally, Heaney (Heaney, 2003) presented his view of “long-latency disease” whereby a 
minimal level of chronic nutrient deficiency would take years before tissue damage 
became apparent. As examples, he points to stroke due to folate-related 
hyperhomocysteinemia (Wang et al, 2007) and thrombophilia from folate and B6 lack 
(Remacha et al, 2002) resulting in thrombosis (Hron et al, 2007). 

 

 
Fig. 11. Frequency of multiple simultaneous vitamin abnormalities among untreated cancer 
patients. 
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Awareness of these concepts helps in understanding how seemingly unrelated vitamin 
metabolism, cellular kinetics and nutrition might simultaneously starve select organs while 
others thrive.  

7. Cell-specific metabolic preferences in one-carbon metabolism 
Herbert demonstrated that patients’ tumors and their own normal bone marrow cells more 
often than not differed in degree and preference for de novo and salvage pathways for DNA-
thymine synthesis (Tisman et al, 1973) Figure 9. These inherent metabolic differences 
dictated sensitivity to vitamin deficiency and drugs such as fluorinated pyrimidines, 
methotrexate and other anti-fols. 
 

 
Fig. 12. Sequential stages of folate deficiency 

Young-In Kim’s group studied two colon cancer cell lines, HCT 116 and Caco2 (Hayashi et 
al, 2007), both grown in folate-limiting medium. They reported that the Caco2 line preserved 
de novo DNA-thymine synthesis while HCT 116 cells preserved SAM and DNA methylation 
pathways.  
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Bistulfi’s lab (Bistulfi et al, 2009) studied an example of cell-specific nutrition in prostate 
cells. They presented evidence of high folate requirements by prostate cells to maintain 
SAM to support extraordinarily large amounts of polyamine synthesis (Figure 14). Folate 
insufficiency resulted in increased gene promoter CpG island and DNA-histone 
methylation Figure 14. The cell DNA methylome changed to produce the more aggressive 
phenotype in vitro; cells became anchorage-independent and showed reduced sensitivity 
to folate depletion.  
 

 
Fig. 13. Sequential stages for B12 deficiency 
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Fig. 14. Prostate cells draw heavily of their SAM supply to maintain disproportionate 
polyamine synthesis 

There is mounting biochemical and epidemiological support that cancers of the prostate 
may result in part from micronutrient imbalance leading to mutations and the aberrant 
epimethylome triggering abnormal gene expression (van Engeland et al, 2003; Cooper & 
Foster, 2009; Diaw et al, 2007; Ernst et al, 2002; Esteller, 2007; Esteller, 2008; Li et al, 2005; Li 
& Dahiya, 2007; Maruyama et al, 2002; Perry et al, 2006; Sasaki et al, 2002; Shukeir et al, 2006; 
Yegnasubramanian et al, 2008). Folate metabolizing enzyme polymorphisms complicate the 
overall picture (Cai et al, 2010) (Figure 9) through interaction with B vitamin metabolism 
causing results of epidemiological studies to be inconsistent; this has been extensively 
reviewed (Kim, 2007; Kim, 2004; Kim, 2005; Kim, 2009; Sanderson et al, 2007; Smith et al, 
2008; Sohn et al, 2009). 

8. Mechanisms for B vitamin control of one-carbon metabolism 
8.1 Folate polyglutamate length modulation of one-carbon metabolism 
Folylpolygammaglutamates are substrates for folate-dependent enzymes and generally 
have lower Km values (stronger enzyme binding) than corresponding monoglutamates. 
They result from reacting with folylpolygammaglutamyl synthetase (FPGS) (Cook et al, 
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1987; Lowe et al, 1993; Moran & Colman, 1984; Shane, 2010; Sun et al, 2001; Ward & Nixon, 
1990). Polyglutamate tails increase folate cellular retention and coenzyme activity. Only 
folylmonoglutamates traverse cell membranes (Antony, 1992; Alemdaroglu, 2007; Perry & 
Chanarin, 1972; Shane, 2010). FPGS is up-regulated in cycling, dividing cells and in folate 
deficiency (Freemantle & Moran, 1997) Figure 15. 
 
 
 
 
 

 
 
 
 

Fig. 15. Changes in folate metabolism in deficiency and sufficiency 

Polyglutamation increases the affinity of folate forms (Krumdieck et al, 1992; Matthews et 
al, 1987) for most folate-dependent enzymes except for dihydrofolatereductase (DHFR) 
(Bailey & Ayling, 2009). DHFR is a crucial rate-limiting enzyme responsible for 
regenerating reduced tetrahydrofolates from spent dihydrofolates generated after 
reduced folates transfer their one-carbon moiety Figure 8. Polyglutamation of 5,10 
methyleneTHF results in the potentiation of thymidylate synthase (TS) and thus the 
conversion of dUMP to thymidine monophosphate (TMP) by a factor 100-fold greater 
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than for the monoglutamate (Galivan et al, 1977; Kisliuk et al, 1974; Matthews et al, 1987; 
Moran, 1989).  
The competing enzyme within intracellular lysosomes, folylpolygammaglutamalhydrolase 
(FPH) shortens polyglutamate length by splitting terminal glutamate residues (Krumdieck 
et al, 1976; Shane, 2010). FPGS and FPH are competing enzymes. FPH activity is duplicated 
in the prostate specific membrane antigen (PSMA) and its splice variants (PSM’) implicated 
in prostate cancer carcinogenesis (Yao et al, 2010) Figure 19. 
Methyltetrahydrofolate (CH3—THF) is a poor substrate for FPGS (Perry et al, 1983) and 
irreversible trapping of CH3—THF in B12 deficiency imposes both intracellular CH3—THF 
polyglutamate deficiency and loss of intracellular CH3—THF (Lowe et al, 1993). B12 
deficiency was found to limit intracellular transport of CH3—THF (Tisman & Herbert, 
1973), an example of B vitamin interaction compounding effects of B12 deficiency. 
Irreversible trapping of reduced folate as CH3—THF in B12 deficiency exhausts 
regeneration of reduced THF (Figure 9). 

9. Sex steroid hormones and modulation of folate metabolizing enzymes and 
polyglutamate length 
Relevant to the prostate, in rodents, estrogen and progesterone modulation of FPH affects 
intracellular polyglutamate length (Krumdieck et al, 1975) and thus folate polyglutamate 
concentrations and activity while testosterone impacts folate-metabolizing enzyme activity 
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estrogen administration to women lowers homocysteine and induces measurable changes of 
the epimethylome suggesting an effect on homocysteine remethylation and SAM 
methylation of DNA (Friso et al, 2007). 
By shortening the folylpolyglutamate tails, increased activity of FPH can induce folate 
insufficiency. FPH levels of uteri of castrated rats increase in response to estrogen 
replacement (Krumdieck et al, 1975). FPH modulation by estrogen, a hormone active in 
prostate cancer, could involve regulation of folate metabolism. Estramustine (Emcyt™) and 
diethylstilbestrol might share similar effects on FPH. Orchiectomy and testosterone 
replacement induce intracellular folate-dependent enzyme concentration variations (Bovina 
et al, 1972; Rovinetti et al, 1972) Figures 8 and 16. 
The effects of castration on folate metabolizing enzymes in rat prostate, seminal vesicle and 
liver tissue were reported by Rovinetti and Bovina (Bovina et al, 1972; Rovinetti et al, 1972). 
They found that for prostate tissue, castration caused reversible changes in content and 
tissue distribution of folate coenzymes Figures 8 and 16. Castration caused suppression of 
activity of dihydrofolate reductase (DHFR), 10- formyl THF synthase, and serine 
hydroxymethyl transferase (SHMT). Cytoplasmic cSHMT in concert with vitamin B6 acts as 
a metabolic switch with at least three functions: 1) preferentially supplies one-carbon units 
for DNA-thymidine synthesis, Figure 17 circle-number-1, 2) lowers methylene THF used for 
SAM synthesis Figure 17 circle-number-3, and 3) sequesters CH3—THF by adsorption to the 
enzyme thus limiting SAM synthesis Figure 17 circle-c. Administration of testosterone 
restored castration-related enzymatic activities to near normal and higher than normal 
values. The changes described by Rovinetti (Rovinetti et al, 1972) within prostate tissue 
could produce powerful metabolic and genetic changes regulated by the testosterone and 
folate status of the patient.  

Modulation of One-Carbon Metabolism by B Vitamins:  
Implications for Transformation and Progression of Prostate Cancer 

 

209 

 

 
1) FA may directly inhibit DHFR (Kao et al, 2008) 2) FA competes with H2FA for reduction 3) 10-CO-FA 
inhibits DHFR 4) FA induces 10-CO-FA (D'Urso-Scott et al, 1974; Pratt & Cooper, 1971)? 5) PSMA of 
prostate cell membrane enhances folate monoglutamate of microenvironment 6) Possible transient 
production of toxic diopterin and teropterin and other polyglutamates by action of FPGS on FA 
(Hoffbrand et al, 1976; Shane, 2010) 7) PSM’ splice variant FPH produces folate monoglutamates 
intracellularly 8) B2 modulates MTHFR (Bates & Fuller, 1986; Matthews & Baugh, 1980; Matthews & 
Haywood, 1979; McNulty et al, 2002) 9) DHFA  SAM (Matthews & Daubner, 1982), and FA-(slightly) 
(Matthews & Haywood, 1979) inhibit MTHFR 10) CH3—THF trapped by B12 deficiency 
11)Testosterone increases DHFR activity (Bovina et al, 1972; Rovinetti et al, 1972) 12) Estrogen increases 
FPH activity.  

Fig. 16. Folate pathways affected by sex steroid concentrations and FA and other B vitamins. 
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Fig. 17. DHFA, SAM, and S-adenosylhomocysteine (SAH) regulate 5, 10-methylene-THF 
reductase through inhibition and stimulation of the enzyme (see oval). Cytoplasmic 
serinehydroxymethylenetransferase (cSHMT) activity influences methylation of dUMP to 
DNA-thymine vs. homocysteine thru sequestration and inactivation of CH3—THF. Taken 
together, these compounds modulate methyl group flow to (1) dUMP for DNA-thymine (2) 
or purine synthesis (3) or for DNA epimethylation and other methylation reactions. 
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10. Modulation of folate polyglutamate tail length by folate hypersufficiency 
Raising the folate concentration with FA competes for FPGS binding sites thereby lowering 
average polyglutamate length. This can reduce folate coenzyme substrate activity (Cook et 
al, 1987; Lowe et al, 1993; Shane, 2010), Figure 18.  
As folate polyglutamate coenzymes increase in length, substrate-binding strength for FPGS 
decreases and polyglutamates are released from the enzyme limiting the maximum length 
to approximately 8 glutamate residues for mammalian cells. Polyglutamate tail length can 
change an active folate coenzyme to metabolically inert or to an anti-fol (Allegra et al, 1985; 
Kisliuk et al, 1974; Kisliuk & Gaumont, 1983; Kisliuk et al, 1981; Kisliuk, 1981; Matthews et 
al, 1987). As indicated in Figure 18, large doses of folate monoglutamates would compete for 
folate substrate binding, causing premature release of substrates resulting in shorter, less 
active folate coenzymes. 
 

 
Fig. 18. Increasing reduced folatemonoglutamates competes for reduced folate substrate 
sites of FPGS tending to decrease overall lengths of folate polyglutamates (Lowe et al, 1993; 
Cook et al, 1987).  
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11. Modulation of folate activity by pteridine ring oxidation and DHFR 
polymorphisms 
Matthews showed that several folate-dependent enzymes are inhibited by elevated 
concentrations of oxidized folate substrates. Dihydrofolate polyglutamates inhibit 
thymidylate synthase, AICAR transformylase and methylenetetrahydrofolate reductase 
(Krumdieck et al, 1992; Matthews et al, 1987; Matthews & Haywood, 1979; Ross et al, 1984). 
As discussed by Kisliuk, oxidation of the pteridine ring from the active tetrahydro to the 
dihydro state can change a stimulatory coenzyme to a powerful anti-fol (Kisliuk, 1981). 
10-formylfolic acid is a potent inhibitor of dihydrofolate reductase of rat liver slices (Rauen 
et al, 1952; Bertino et al, 1965; D'Urso-Scott et al, 1974; Friedkin et al, 1975; Rauen et al, 1952; 
Silverman et al, 1954). However, the literature is inconsistent concerning the in vivo activity 
of 10-formylfolic acid in man. Whether this oxidized folate is active in vivo, a natural part of 
the diet (Butterworth & Santini, 1963; Konings et al, 2002; Konings et al, 2001) or an artifact 
of oxidation when purified is controversial. Pratt (Pratt & Cooper, 1971) and others 
(Ratanasthien et al, 1974) conjecture that this folate could be formed within the jejunum by 
bacteria and subject to entero-hepatic circulation and jejunal absorption. Long-term feeding 
of 10-formylfolic acid produces bioactive folates found to support the growth of chickens 
(Gregory III et al, 1984) and produces a relatively weak but measurable hematological 
response in humans with pernicious anemia (Spies & Garcia-Lopez, 1948). Needless to say, 
more work is needed here. 

12. Prostate Specific Membrane Antigen (PSMA), PSMA splice variants 
(PSM’): Putative biology 
PSMA, Figure 19, is a prostate cell membrane receptor with extracellular, transmembrane and 
intracellular components. The extracellular portion expresses both folylpolyglutamyl 
hydrolase and neurocarboxypeptidase activity. PSMA is expressed on epithelial cells of benign 
prostate, prostate hyperplasia, premalignant proliferative inflammatory atrophy (PIA), 
prostate intraepithelial neoplasia (PIN), and most intensely on high Gleason grade prostate 
carcinoma cells. PSMA was successfully targeted for radio-imaging vis-a-vis Prostascint scan 
(Taneja, 2004) and immunotherapy of prostate cancer (Bander et al, 2005;  Harzstark & Small, 
2009). Almost all Gleason grade 4 tumor cells express excessive amounts of surface PSMA. 
PSMA staining was positive for 49% of high-grade PIN and only 6% of normal prostate cells 
(Marchal et al, 2004). Surprisingly, PSMA, first thought to be specific for prostate cancer cells, 
is expressed on endothelial cells of neovessels involved in angiogenesis of most cancers and 
with normal wound healing (Chang et al, 1999; Gordon et al, 2008). PSMA expression on 
prostate epithelium is decreased by testosterone and increased in patients with prostate cancer 
refractory to testosterone withdrawal. As Gleason’s grade and clinical stage increase, 
acceleration of cell proliferation requires an increased supply of nutrients and PSMA could 
help cells acquire folate by scavenging folatemonoglutamates from surrounding apoptotic 
inflammatory cells. Lighter molecular weight, so-called splice variants of PSMA, termed PSM’, 
are present in large amounts within the cytoplasm of normal prostate cells. PSM’ and its 
congeners are highly expressed in the normal prostate and in low-grade tumors retaining both 
FPH and neurocarboxypeptidase enzymatic activity (O'Keefe, Bacich, et al., 2001; Yao et al, 
2008). As illustrated in Figure 18, and as suggested by Yao and O’Keefe, extensive expression 
of PSM’ makes cells vulnerable to loss of folatemonoglutamates putatively causing 
intracellular folate deficiency (O'Keefe, Bacich, et al., 2001; Yao et al, 2008; Yao et al, 2010). Over 
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time, it is conceivable that such chronic, cell-specific deficiency could transform cells to a 
malignant phenotype (Yao et al, 2008). 
 

 
Fig. 19. Proposed balance between PSMA and PSM’. Prostate specific membrane antigen 
(PSMA) and its splice variant cogeners, PSM’. PSMA supplies intracellular folate 
monoglutamates from surrounding degenerating inflammatory cells that supply 
polyglutamates. PSM’, present in high concentration in normal prostate cells, through its 
FPH activity generates folatemonoglutamates for extracellular transport leaving cells 
relatively deficient of folates. 
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13. Polyamines 
These compounds contain two or more amine groups, such as spermidine and spermine and 
function as essential growth factors. The prostate is the major source of polyamine 
production and secretion. Metabolic demands for polyamine synthesis divert intracellular 
folate methyl groups from other metabolic processes including the synthesis of DNA-
thymine and epimethylation of DNA (Bistulfi et al, 2009) Figure 14. 
 
 

 
 

Fig. 20. Polyamine metabolism: B12 and FA influence polyamine metabolism and polyamines 
may modulate methionine synthase (MS) 
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Polyamines regulate cellular growth and participate in the evolution of prostate cancer. As 
noted in Figure 20 the enzyme ornithine decarboxylase (ODC) initiates polyamine synthesis. 
Testosterone increases the activity of ODC, S-adenosylmethionine decarboxylase and 
spermidine synthase of prostate epithelial cells. Figure 20 shows modulation by B12 and 
folate of the enzymes of polyamine oxidation, diamine oxidase (DAO) and polyamine 
oxidase (PAO). Spermine and spermidine modulate the key B12-requiring enzyme, 
methionine synthase, illustrating other areas of regulation between B vitamins, one-carbon 
transfer and polyamine metabolism critical for prostate cells. 
In 1996 Kenyon’s group reported that spermine increased methionine synthase (MS) activity 
by 400% and spermidine by 270% (Kenyon et al, 1996). In 2006 Bjelakovic  (Bjelakovic et al, 
2006) reported effects of mega doses of B12 alone and B12 plus folic acid on the activity of 
the polyamine metabolizing enzymes DAO and PAO, Figure 20. Dongmei Sun placed rats 
on a low folate diet inducing folate insufficiency and observed hepatic spermidine, 
spermine and putrescine increase by 58%, 67% and 27% respectively compared to controls 
fed a folate-replete diet (Sun et al, 2002). The polyamine concentrations of the jejunum, 
ileum, colon and brain remained stable. There was a tissue-specific polyamine response to 
folate deficiency. Low folate (Sun et al, 2002) as well large doses of folic acid alone, B12 
alone, or B12 plus folic acid produced increased hepatic levels of spermidine and spermine 
(Bjelakovic et al, 2003; Bjelakovic et al, 2006). B12 and folate are thus modulators of 
polyamine metabolism and vice versa. 

13.1 Other regulatory mediators of one-carbon metabolism: DHFR, SAM, GHMT and 
cSHMT 
The pentaglutamate of CH3—THF modulates GNMT enzyme activity by non-substrate 
binding. CH3—THF, only as the pentaglutamate-G5, strongly inhibits GNMT activity 
(Wagner et al, 1985; Yeo et al, 1999). Likewise, cytoplasmic serinehydroxymethyltra-nsferase 
(cSHMT), by non-enzymatic sequestration of CH3—THF controls its metabolism to THF. 
These interactions add further diversity to mechanisms for control of one-carbon 
metabolism and surely wreak havoc on those trying to study them Figures 10 and 17. 
When SAM levels are high, MTHFR is inhibited (Ubbink et al, 1996) and CH3—THF 
formation is reduced, resulting in active GNMT, which reduces excess SAM (Wang et al, 
2011) Figures 10 and 17. SAM diversion to polyamine synthesis leads to active MTHFR 
increasing CH3—THF, which is polyglutamated to CH3—THFG5 leading to inhibition of 
GNMT (Williams & Schalinske, 2007; Yeo et al, 1999). GNMT catalyzes SAM mediated 
methylation of glycine to sarcosine (Rowling et al, 2002) Figures 8 and 10. Testosterone up-
regulates GNMT, producing more sarcosine. Blood and urinary sarcosine has been the 
subject of intense debate in the literature. Sarcosine was initially identified as a valuable 
marker for aggressive prostate cancer (Sreekumar et al, 2009) but this has not yet been 
confirmed by others (Jentzmik et al, 2010; Jentzmik et al, 2011; Struys et al, 2010).  

13.2 General genomic and chromosomal structure 
Figures 21 and 22 summarize promoter and genomic architecture. The genome includes 
both the genes and the non-coding sequences of DNA. The DNA helix coiled around 
histones contains the genetic code. DNA coiled around a set of 4 histone dimers is 
referred to as a nucleosome (illustrated as a single bead). When the nucleosomes are 
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loosely packed in a relaxed state and spread apart they are collectively referred to as 
"euchromatin" and as such allow "epimethylation", the transfer of methyl groups 
delivered by S-adenosylmethionine to the cytosine bases of DNA (some arranged as CpG 
islands/groupings while others are more diffusely scattered about the global genome). 
CpG cytosine bases extend out from the DNA helix. Alternatively, tightly packed histones 
within chromosomes are termed "heterochromatin" and under this condition access to 
methylation of cytosine bases is prohibited. The packed beads of histones (loose or tight) 
are further folded into segments called chromosomes of which there are normally 46 in 
number. 

14. Epigenetics, control of the epigenome, folic acid and malignant 
transformation 
As a primer on the epigenome, methylation reactions and genetic control, we would 
recommend excellent comprehensive reviews (Choi & Friso, 2010; Dobosy et al, 2007; Foley 
et al, 2009; Jones & Takai, 2001;Perry et al, 2006). The definition of epigenetics given by Peter 
Jones at USC School of Medicine is "the study of heritable changes in gene expression that 
occur independent of changes in the primary DNA sequence or genetic code” (Jones & 
Laird, 1999; Sharma et al, 2010). The presence of a genetic code within DNA, though 
obviously necessary, is not sufficient for gene transcription. Only through gene expression 
do observable phenotypic changes become apparent. The prostate is under environmental 
controls mediated through DNA and histone methylation (Diaw et al, 2007; Esteller, 2008; Li 
& Dahiya, 2007; Li et al, 2005; Perry et al, 2006).  
SAM, in concert with methyl transferases, mediates DNA methylation. Transfers of SAM 
CH3—groups occur at the carbon 5’ position of cytosine within CpG dinucleotide rich 
islands through complex reactions involving cytosine bases that “poke out” of the double 
helix Figures 21 and 22. DNA CpG dinucleotide clusters/islands are extensive only at 
promoter regions of genes Figures 21 and 22 (Esteller, 2007). Unmethylated promoter status 
allows downstream portions of gene exons to be transcribed to m~RNA. The presence of 
methylated CpG islands at promoter sites changes regional chromatin geometry by affecting 
the binding properties of methylation-sensitive DNA-binding proteins. This ultimately leads 
to interference with gene transcription and down-regulation of gene expression. 
DNA from normal tissue is globally methylated/epimethylated while their CpG promoter 
regions lack such methyl groups. These unmethylated promoter islands turn ON m~RNA 
transcription of regulatory genes, some of which are tumor suppressor genes. Global 
methylation of normal cells stabilizes genomes, thwarting global genetic expression of 
oncogenes. On the other hand, tumors are globally hypomethylated allowing for oncogene 
expression while at the same time promoter areas of tumors are hypermethylated turning 
OFF transcription (Ehrlich, 2002) of regulatory and tumor suppressor genes. Promoter or 
CpG island hypermethylation and global hypomethylation occur during malignant 
transformation Figures 21 and 22. 
Each tumor subtype can be assigned a DNA hypermethylome profile, a CpG island 
hypermethylation pattern that closely defines a specific cancer. It is estimated that each 
tumor contains between 100-400 tumor-specific hypermethylated CpG islands (Esteller, 
2007). These hypermethylated promoters appear before overt malignancy. 
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Fig. 21. Epigenetic methylations in normal and tumor cells. 
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Fig. 22. Gene promoter ON/OFF control, a closer look. 
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15. Folate modifies the epigenome 
In our opinion the US population suffers from dietary “iatrogenic hyperfolatemia.”  Study 
of the effects of both high and low concentrations of FA on the epigenome are important. 
Linette Pellis (Pellis et al, 2008) exposed colon cancer cells to elevated concentrations of FA, 
100 ng/ml, levels routinely achieved by supplement users in the USA and compared growth 
to cells chronically exposed to 10 ng/ml. Exposure to FA 100 ng/ml induced greater 
proliferation and apoptosis compared to lower doses. Gene expression analysis of the 100 
ng/ml cells revealed lower expression of E-cadherin. Rennie pointed to DNA 
hypermethylation as an important mechanism in prostate cancer for inactivation of key 
regulatory genes including E-cadherin (Rennie & Nelson, 1998). Reduction of E-cadherin 
expression in carcinomas correlates positively to the potential for invasion and metastasis. 
These changes occur in many tumors including hepatoma, advanced prostate, lobular breast 
and others (Hirohashi, 1998).  
Studies by Wainfan (Wainfan & Poirier, 1992) disclosed that within seven days of initiating a 
methyl-deficient diet, depletion of S-adenosylmethionine pools resulted in DNA 
hypomethylation leading to expression of growth regulatory genes. There were decreases in 
overall levels of DNA methylation yielding patterns that closely resembled those reported to 
occur in livers of animals exposed to hepatoma-inducing carcinogens. Studies such as these 
indicate the importance of dietary FA as a regulator of gene expression. The rapidity of 
folate-induced changes of the epimethylome is alarming. 
Man is not necessarily entirely hostage to fortune. As we learned, epigenetic changes 
dictated by diet can turn genes ON and OFF. The epimethylome is dictated in part by 
ingestion of nutrients and chemicals including B vitamins, medications, sun exposure 
(Vitamin D3), exercise induced decreases in insulin levels (Hsing et al, 2001) and methyl 
groups supplied by the diet such as methionine, choline, betaine, B12, folic acid and other 
supplements. We are in part a product of our environment, which can be changed (Hayashi 
et al, 2007; Kim, 2005; Kim, 2007). 

16. DNA methylation and prostate cancer 
The link between nutrition, epimethylation and cancer is now well established (Choi et al, 
2004; Davis & Uthus, 2004, Esteller, 2007; Friso & Choi, 2005; Mason et al, 2008). In 
addition to gene-specific changes, studies of methylation of colonic mucosa indicate that 
age-specific, as well as organ site-specific (right or left colon) changes are demonstrable 
(Wallace et al, 2010). Genomic DNA aberrant methylation of tumor specific genes is 
almost always abnormal in malignant and transforming cells. These changes progress 
during carcinogenesis through clinical metastases and are more frequent than 
chromosomal mutations (Bastian et al, 2004; Diaw et al, 2007; Li & Dahiya, 2007; Perry et 
al, 2006; Sasaki et al, 2002; Song et al, 2002). Epimethylation’s relevance to the genesis of 
prostate cancer is illustrated by sequential hypermethylation and hypomethylation of 
genes as prostate tumors dedifferentiate and clinically progress over time (Maruyama et 
al, 2002). Yegnasubramanian showed that CpG promoter hypermethylation occurs early 
in prostate tumors, before global genomic hypomethylation. Genomic hypomethylation 
occurs late in metastasis and varies at different metastatic sites (Yegnasubramanian et al, 
2008) and is possibly responsible for heterogeneity of the therapeutic response. As 
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Fig. 22. Gene promoter ON/OFF control, a closer look. 
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illustrated in Figure 23 the glutathione S-transferase (GSTP1) gene is methylated early in 
the evolution of prostate cancer. GSTP1 codes for proteins involved in processing 
carcinogenic metabolites and its dysfunction is understandably associated with malignant 
transformation.  
Methylation of the GSTP1 promoter area is absent in normal prostate tissue and present in 
6.4% of proliferative inflammatory atrophy, the precursor lesion of prostate cancer. GSTP1 
hypermethylation is observed in 70% of high-grade PIN and in 90% of prostate cancer 
patients. As prostate tissue progresses from proliferative inflammatory atrophy (PIA) and 
PIN through hormone refractory metastatic disease a series of hypermethylated genes 
appear, see Figure 23 (Li & Dahiya, 2007). As tumors develop androgen independence, 
methylation of androgen and estrogen receptor genes becomes evident (Diaw et al, 2007; 
Sasaki et al, 2002). 
 

 
Fig. 23. Transformation of prostate tissue to malignancy involves sequential aberrant 
methylation of the genome. 

17. Demethylating agents: Reversal of aberrant methylation in the clinic 
Hypomethylation of oncogenes may activate cMYC , H-RAS (Das & Singal, 2004) and K-
RAS (Feinberg & Vogelstein, 1983) contributing to oncogenesis while simultaneous 
promoter hypermethylation silences growth regulating tumor suppressor genes. 
Hypomethylation of prostate DNA is associated with BPH and metastatic prostate cancer 
but remarkably not with localized prostate cancer (Bedford & van Helden, 1987). Keep in 
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mind that either high or low (Duthie, 1999) concentrations of folate and its intermediates 
may induce simultaneous tissue-specific (Kawakami et al, 2003) and gene-specific 
aberrant hyper- and hypo-methylation (Duthie, 1999; Kawakami et al, 2003). Who said life 
would be easy? 
As is now readily demonstrable in the clinic, 5-azacitidine (Vidaza™) therapy for patients 
with myelodysplastic syndromes variably reverses DNA hypermethylation after several 
weeks to months of therapy restoring phenotypic expression towards normal vis a‘ vis 
reversal of severe anemia and life-threatening thrombocytopenia to moderate transfusion-
independent anemia and mild thrombocytopenia. Based on our clinical observations, 
responders may have complete reversal of disease for many years, or more often, clinical 
symptoms are walked back to a previous, tolerable stage no longer requiring aggressive 
blood product support. 
5-azacitidine is a demethylating agent capable of activating genes repressed by promoter 
hypermethylation. In preclinical studies, demethylating agents reversed acquired androgen 
withdrawal-resistance of prostate cancer (Gravina et al, ). Each steroid receptor gene active 
in prostate cancer that physicians have successfully targeted in the clinic (ER, PR, AR) may 
become inactive by CpG methylation both in prostate cancer tissue and cultured cell lines 
(Li et al, 2005; Sasaki et al, 2002).  
A phase II clinical trial evaluated 5-azacitidine for men with hormone refractory prostate 
cancer that had progressed while on androgen deprivation therapy (Sonpavde et al, 2009). 
Patients with PSA doubling times (PSADT) ≤ 3 months were treated with 5-azacitidine 75 
mg/m2 subcutaneously on days 1-5 of each 28-day cycle up to 12 cycles or until clinical 
progression or severe toxicity. A PSADT > 3 months was attained in 19 patients or 55.8%. 
Overall median PSADT was significantly prolonged compared to baseline 2.8 vs. 1.5 
months. Fourteen patients had some PSA decline during therapy and 1 patient had a > 30% 
decline compared with baseline. It appeared the 5-azacitidine favorably modulated PSA 
kinetics and a correlation was made with decreasing plasma DNA methylation.  
Braieth (Braiteh et al, 2008), using 5-azacitidine and valproic acid (Depakote™), a histone 
deacetylase inhibitor in combination treated a small group of patients with advanced, 
pretreated malignancies and observed stable disease lasting 4 to 12 months (median, 6 
months) in 14 patients (25%), one of two patients with prostate cancer experienced stable 
disease. We caution that demethylating drugs lack gene specificity and may be associated 
with unexpected results. In our own clinic we observed decreases in PSA in occasional 
patients with myelodysplasia treated with 5-azacitidine without obvious prostate cancer, a 
possible lead that should be followed.  
Global DNA hypermethylation associated with epigenetic reprogramming resulting in 
adriamycin chemotherapy resistance was reversed by the demethylator, hydralazine 
(Segura-Pacheco et al, 2006). Sensitivity to taxanes, the most active drugs in hormone 
resistant prostate cancer, was found to be a function of aberrant methylation of the CHFR 
(checkpoint with forkhead-associated and ring finger) gene in endometrial cancer 
(Yanokura et al, 2007). Thus, not only tumor transformation but chemotherapy resistance 
and sensitivity may be influenced by ones DNA epimethylome. Such may in part have been 
responsible for Patient 2’s PSA response while on docetaxel (Taxotere™) after withdrawal of 
folate and B12. The therapeutic potential of demethylating agents and their pharmacology is 
reviewed by Szyf (Szyf, 2009) and Fenaux (Fenaux, 2005).  
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18. Review of epidemiological studies 
18.1 Vitamin B12, folic acid, potential toxicity of dietary fortification 
As is apparent in Figure 24, it doesn’t take much extra FA to change serum levels to values 
demonstrated to impact DNA methylation  (Basten et al, 2006; Jacob, 2000; Mokarram et al, 
2008; Pufulete et al, 2005; Rampersaud et al, 2000; Smith et al, 2008; Tisman & Garcia, 2011; 
Zeisel, 2009). As previously noted, post 1998 serum levels have increased 4-6-fold in select 
populations. In the US, a daily bowl of FA-fortified cereal (400 µg FA) plus a routine 
multivitamin (400-800 µg FA) plus an afternoon “pick-me-upper” 5-Hour Energy™ drink 
(400µg FA+500µg B12+40mg B6), available at almost every gas station, liquor and 
convenience store across the US, plus a probiotic supplement supplying lactic acid bacteria-
generated folates LeBlanc et al, 2007 could add up to an additional 40-200ng/ml increment 
to the usual basal serum level, which on average in the US is ~12 ng/ml. So, serum levels in 
our patient population are often greater than 30 ng/ml, median 24 ng/ml Figure 1. When 
reviewing epidemiological studies of folate and other vitamers often there are dose-response 
effects that may produce contrasting results, Figure 26.  
 

 
Fig. 24. Change in serum/plasma folate as a function of ingested folic acid. 

There are epidemiological studies investigating prostate cancer risk based on dietary 
ingestion and serum folate. Most find no consistent relation (Hultdin et al, 2005; Johansson 
et al, 2008; Stevens et al, 2006, Weinstein et al, 2003) to prostate cancer. In one case control 
study by Pelucchi et al. of Italy (Pelucchi et al, 2005), folate ingestion was found to be 
protective against prostate cancer. The OR of prostate cancer was 0.66 for the highest versus 
the lowest quintile of folate intake.  
A large study by Lawson (Lawson et al, 2007) of multivitamin and supplement use and risk 
of prostate cancer in the National Institutes of Health-AARP Diet and Health Study revealed 
absence of an association between multivitamin use and risk of localized prostate cancer. 
However, there was a statistically significant increased risk for advanced and fatal prostate 
cancers (RR = 1.32, and RR = 1.98, respectively) among men reporting excessive use of 
multivitamins (more than seven times per week) when compared with never users. The 
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incidence rates per 100,000 person-years for advanced and fatal prostate cancers for those 
who took a multivitamin more than seven times per week were 143.8 and 18.9, respectively, 
compared with 113.4 and 11.4 in never users. Also noted was a significant increase in risk of 
localized prostate cancer among heavy multivitamin users who consumed a folate 
supplement. Use of folate, as an individual supplement independent of a multivitamin, 
lacked an association with prostate cancer. 
An important clinical study by Figueiredo (Figueiredo et al, 2009) reviewed prostate cancer 
occurrence in the Aspirin/Folate Polyp Prevention Study. This was a placebo-controlled 
randomized trial of aspirin and folic acid supplementation for the prevention of colorectal 
adenomas conducted between July 1994 and December 2006. The US government mandated 
folic acid fortification of the food supply by the end of 1998. Participants were followed for 
up to 10.8 (median = 7.0) years. Aspirin alone had no effect on prostate cancer incidence, but 
there were unexpected and marked differences according to FA treatment. Among the 643 
men who were randomly assigned to placebo or daily supplementation with 1000 µg folic 
acid, the estimated probability of being diagnosed with prostate cancer over a 10-year 
period was 9.7% in the FA group and 3.3% for the placebo group. The age-adjusted hazard 
ratio = 2.63 and was found statistically significant with p=0.01.  
A troublesome observation by Troen (Troen et al, 2006) among women with a diet low in 
folate (< 233 µ/d) found that those who used folic acid-containing supplements had 
significantly greater natural killer (NK) cytotoxicity (p = 0.01) while those who consumed a 
folate-rich diet and used folic acid supplements > 400 µg/d had reduced NK cytotoxicity, p 
= 0.02. Ingestion of > 400µg FA is associated with measurable serum FA in addition to usual 
CH3—THF. Troen detected unmetabolized FA in 78% of plasma samples from fasting 
participants (Troen et al, 2006). There was an inverse relation between the presence of 
unmetabolized FA in plasma and NK cytotoxicity remembering that NK lymphocytes are 
important innate immune cells that target cancer cells and those infected with virus. NK 
cytotoxicity was 23% lower among women with detectable serum levels of FA (P = 0.04). 
Older women greater than 60 years were more susceptible to NK cell suppression. 
Complicating the picture, Young-In Kim found decreased NK-mediated cytotoxicity in rats 
made folate deficient (Kim et al, 2002). 
Absorbed and circulating unmetabolized FA is potentially toxic (Lucock & Yates, 2005; Smith 
et al, 2008; Sweeney et al, 2009). Lucock studied three patients ingesting high doses of FA (5 
mg/d) to lower serum homocysteine. Under these circumstances, serum folate levels may 
exceed 100-200 ng/ml and FA is frequently 50% of total serum folate. HPLC analysis of red 
cell folate coenzymes revealed an aberrant distribution from the usual. There was 
accumulation of methylene-, methenyl-, formyl- and unsubstituted THF at the expense of the 
MTHFR-downstream folate-coenzyme, CH3—THF. He conjectured that de novo DNA-thymine 
synthesis would be preferred through high intracellular FA direct inhibition of MTHFR 
(Lucock & Yates, 2005) Figures 9 and 25. This would limit the production of SAM and possibly 
DNA methylation and relative to prostate metabolism, polyamine synthesis. Importantly, he 
points out that administration of the recommended daily dose of ~400 µg/d, the neural tube 
preventing dose (Daly et al, 1997), is not associated with significant blood levels of the 
oxidized provitamin, FA; however, as more FA is ingested, much is circulated as potentially 
dangerous FA. John Scott’s group has studied this pharmacology (Sweeney et al, 2009) and 
reported no detectable serum FA after doses of 100 or 200 μg FA were ingested for 14 weeks, 
however, FA was measurable at the highest level (400 μg) tested (Sweeney et al, 2007). The 
review by Smith discusses potential metabolic interference (Kao et al, 2008) and toxicity (Smith 
et al, 2008) of the provitamin FA some of which is noted in Figure 25.  
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Fig. 24. Change in serum/plasma folate as a function of ingested folic acid. 
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absence of an association between multivitamin use and risk of localized prostate cancer. 
However, there was a statistically significant increased risk for advanced and fatal prostate 
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multivitamins (more than seven times per week) when compared with never users. The 
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incidence rates per 100,000 person-years for advanced and fatal prostate cancers for those 
who took a multivitamin more than seven times per week were 143.8 and 18.9, respectively, 
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ratio = 2.63 and was found statistically significant with p=0.01.  
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cytotoxicity was 23% lower among women with detectable serum levels of FA (P = 0.04). 
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review by Smith discusses potential metabolic interference (Kao et al, 2008) and toxicity (Smith 
et al, 2008) of the provitamin FA some of which is noted in Figure 25.  
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Fig. 25. Folate and one-carbon metabolism.  

Modulation of One-Carbon Metabolism by B Vitamins:  
Implications for Transformation and Progression of Prostate Cancer 

 

225 

 

 
 

Fig. 26. Dose-response curve for folate effects. Folate dose, stage (prenatal/postnatal) and 
duration of exposure are critical factors in determining tissue-specific outcome 
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Collin (Collin et al, 2010) measured plasma concentrations of folate, B12 (cobalamin), 
holohaptocorrin, holotranscobalamin (“active B12”) total transcobalamin, and total 
homocysteine in 1,461 cases and 1,507 controls. They investigated whether both B12 and 
folate metabolism were associated with prostate-specific antigen (PSAV) as a proxy 
measure of prostate cancer progression in men with localized prostate cancer. 
Furthermore, thirteen folate pathway single nucleotide polymorphisms were genotyped 
for 311 participants. Post diagnosis PSAV was calculated. Median follow-up time was 2.5 
years. Plasma folate was associated with an increased risk of PSAV > 2 ng/mL/yr, OR per 
unit increase in loge concentration, OR = 1.57. This study provides some evidence that 
higher folate levels may be associated with faster prostate tumor progression. The MTRR 
66A>G polymorphism was related to slower progression of localized prostate cancer. 
Note that the MTRR 66A>G polymorphism for methionine synthase reductase (MSR) 
catalyzes reductive methylation of the co-factor of [MS, B12, SAM], thus activating MS 
activity Figures 9 and 25. This polymorphism was associated with a reduced risk (OR, 
0.33) for PSAV > 2 ng/ml/yr. The serinehydroxymethyltransferase (SHMT1) 
polymorphism (SHMT1 1420C>T) was associated with increased risk (per-allele OR, 1.49) 
for PSAV > 2 ng/ml/yr. Their work suggests that in addition to plasma levels of folate, 
folate-metabolizing enzyme polymorphisms are associated with the rate at which prostate 
tumors secrete PSA (PSAV), which relates to the rate of increase of prostate tumor volume 
(Berger et al, 2006). Elevated PSAV >2.0 ng/ml/yr as indicated by D’Amico increases the 
risk of death due to prostate cancer following radiation therapy despite having low-risk 
disease, Figure 2 (D'Amico et al, 2005). So it is conceivable that the combination of high 
plasma folate with or without associated folate enzyme polymorphisms may affect cure 
rates for some patients with prostate cancer. 
Observations in our clinic of B12 alone and B12 plus folic acid stimulation of prostate cancer 
in two patients, and those of Tomaszewski’s group (Tomaszewski et al, 2011) revealing 
direct correlation of Gleason’s grade and Ki67 cellular proliferation index with both high 
serum and prostate tumor tissue folate, are compelling because they directly identify 
specific patients seen in the clinic that are adversely affected by what have largely been 
theoretical concepts developed from laboratory animal and large population studies.  

19. Epidermal growth factor receptor (EGFR) and FA 
Two colon cancer cell lines, Caco-2 and HCT-116, were maintained in medium containing 
1μg/ml folic acid and supplemental folic acid was found to inhibit cell proliferation in a dose-
dependent manner (Jaszewski et al, 1999). Pretreatment of the cell lines with supplemental FA 
(1.25 μg/ml) completely abrogated transforming growth factor-a (TGF-a)-induced 
proliferation in both. Tyrosine kinase activity and the relative concentration of EGFR were 
markedly diminished in both following a 24-h exposure to supplemental FA. FA-mediated 
reduced proliferation and EGFR tyrosine kinase pathway appeared to be involved.  
To further establish the mechanism(s) by which FA affects EGFR, Nagothu (Nagothu et al, 
2004) examined whether and to what extent supplemental FA or its metabolites modulate 
basal and serum-induced activation of the EGFR promoter in the HCT-116 colon cancer cell 
line. HCT-116 cells were pre-incubated with or without FA 10 µg/ml for 48 hours. 
Supplemental FA as well as its metabolites markedly inhibited EGFR promoter activity and 
its methylation status. Exposure of cells to 10% fetal bovine serum caused a marked 
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stimulation of EGFR promoter activity and EGFR expression, both of which were greatly 
abrogated by supplemental FA or CH3—THF. Their work suggests that FA and CH3—THF 
inhibit EGFR promoter activity in colon cancer cells by enhancing promoter methylation. 
This could partly be responsible for FA-mediated inhibition of growth-related processes not 
only in colorectal but other neoplasia as well. 

20. Effect of combined B vitamin insufficiency on the canonical Wnt kinase 
pathway 
Inspection of Figures 8, 9 and 25 illustrates at least four different pathways where one-
carbon vitamers of folate coenzymes depend on other B vitamins. Changes in the Wnt 
family of genes are prominent in prostate cancer (Yardy & Brewster, 2005; Zhu et al, 2004). 
In many tissues, activation of Wnt signaling is associated with neoplasia (Liu et al, 2007). 
Wnt-signaling was attenuated by combined B vitamin deficiency but not by singlet folate or 
doublet deficiencies. Increased levels of Wnt-11 found in prostate tumors contribute to 
tumor progression by promoting neuroendocrine dedifferentiation, tumor cell survival and 
cell migration/invasion (Uysal-Onganer et al, 2010). There is a positive correlation between 
Wnt-11 expression and PSA levels above 10 ng/ml. Beta-catenin protein, a critical molecular 
component of canonical Wnt signaling is capable of promoting androgen signaling through 
its ability to bind to the AR in a ligand-dependent (reminiscent of androgen) fashion thus 
allowing the beta catenin-AR complex to activate transcription of androgen-regulated genes. 
Based on Liu’s study of colon cancer cells, one might expect that multiple deficiencies of B 
vitamins could modulate Wnt control of beta catenin in prostate cells. For excellent reviews 
of the importance of the Wnt gene and its effects in prostate metabolism, we refer Bisson 
and Prowse (Bisson & Prowse, 2009). 
Various combinations of B vitamins and their metabolites are frequently elevated and/or 
low in untreated cancer patients as illustrated in Figure 11.  

21. Conclusion 
This review of B vitamin effects on one-carbon metabolism and neoplasia with focus on the 
prostate comes at a time when several countries are contemplating fortification of their 
nations’ food supply with B12 and folic acid due to the known benefit in reducing neural 
tube defects in newborns. At the same time, “supplement mania” is rampant in the US and 
especially prominent in the prostate cancer patient population. FA-associated cancer 
acceleration as first reported by Lewisohn (Lewisohn et al, 1946) for mouse mammary 
cancer, Heinle (Heinle & Welch, 1948) for CGL, Tisman Tisman et al, 2009, Figueiredo 
(Figueiredo et al, 2009), Collin Collin et al, 2010 and Tomaszewski (Tomaszewski et al, 2011) 
for prostate cancer, is of utmost importance to those with potential or manifest occult 
prostate disease. Based on this review and our clinical experience we suggest a more 
targeted approach to vitamin supplementation, so that the benefit for one demographic does 
not come at the expense of another. Until more is learned, it may be best to adjust frequently 
abnormal serum levels of B vitamins into the normal range. It is clear that both vitamin 
deficiency and hypersufficiency have profound physiological effects that differentially affect 
select tissues. In the laboratory, the effects can be measured within days to weeks and have 
potential to cause life-threatening results that could have immediate effects on drug efficacy 
and toxicity or latent effects which may take years to manifest.  
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Intracellular one-carbon transfer reactions are essential for nucleotide (thymidylate from 
dUMP) and purine synthesis and diffuse methylation reactions that deliver methyl 
(CH3—) groups to DNA, RNA, proteins, and phospholipids. The one-carbon transfer 
reactions use intracellular polyglutamated reduced derivatives of FA. CH3-THF is the 
predominant form of folate in serum/plasma. The reduced folate carrier (RFC) delivers 
most CH3—THF into cells. RFC has a higher affinity for reduced folate and the 
chemotherapy folate inhibitor methotrexate than oxidized, pharmaceutical FA, and it 
accounts for the transport of most dietary, naturally occurring, reduced folate(s) 
(Brzezinska et al, 2000). Membrane-bound folate receptors, including folate receptor (FR) 
with very high affinity for pharmaceutical FA, are expressed in epithelial tissues and its 
expression is elevated in some malignant tumors. The predominant cytoplasmic folate, 
CH3—THF, donates its one-carbon moiety to methylate homocysteine to methionine, 
regenerating usable THF. THF is the much-preferred substrate to folypolygammaglu-
tamyl synthetase (FPGS) that extends the glutamate chain enhancing intracellular 
retention and folate substrate binding strength to folate metabolizing enzymes. 
Methionine, from methylation of homocysteine and dietary ingestion, is converted to S-
adenosylmethionine (SAM), a universal donor of CH3— groups to numerous methylation 
reactions through methyl transferase enzymes. SAM supplies CH3 — groups to cytosine 
bases positioned across from guanine as CpG islands of DNA and histones surrounding 
the DNA double helix. The methylation patterns are both heritable and subject to acute 
(drug) and chronic dietary effects restricting or enhancing methyl group precursors 
responsible for epigenetic control of both tumor suppressor and tumor promoter genes. 
The active coenzyme THF acquires a one-carbon moiety from the amino acid serine via 
serine hydroxy methyl transferase, a vitamin B6 requiring coenzyme. There are at least 
two forms of SHMT enzyme, one active in mitochondria, (mSHMT or SHMT2) and one 
active in cytoplasm (cSHMT or SHMT1). This metabolic catalysis of glycine with THF 
yields 5,10-methyleneTHF, a critical compound at the center of a switching point of 
CH3— delivery. The cSHMT form shuttles CH3—methylation reactions in the direction of 
the de novo synthesis of thymine from deoxyuridine. cSHMT activity is enhanced by the 
heavy chain of ferritin, a compound critical in iron metabolism. Many reactions depend 
on genetic coenzyme polymorphisms such as MTHFR C677TT weakening the enzyme's 
usual function by up to 70%. Regional B vitamin concentrations (B9, B12, B6, B2) affect 
delivery of CH3— from 5,10-methyleneTHF to either dUMP to form DNA 
thymine/thymidine (required in rapidly growing cells) or to methylation of homocysteine 
via B12-requiring transfer of CH3— from CH3—THF thus generating more SAM. 
Concentrations of SAM and DNA epimethylation enzymes control gene promoter and 
global gene epimethylation. This turns ON and OFF various tumor suppressor (TSG) and 
tumor associated (TAG) genes.  
The robustness of the homocysteine methylation/SAM generation depends on the 
concentration and functional state of the methionine synthase-B12-enzyme complex. B12 
deficiency from adsorptive, dietary, drug interference, N2O anesthesia inactivation (still 
common during routine surgeries) and anomalies of holotranscobalamin will eventually 
shut down global methylation through impaired synthesis of SAM and the ternary complex 
formed between thymidylate synthase, 5,10-methyleneTHF and dUMP which supplies TMP 
for DNA synthesis. This leads to uracil misincorporation into DNA resulting in DNA point 
mutations and finally to chromosomal breaks, and malignant transformation.  
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on genetic coenzyme polymorphisms such as MTHFR C677TT weakening the enzyme's 
usual function by up to 70%. Regional B vitamin concentrations (B9, B12, B6, B2) affect 
delivery of CH3— from 5,10-methyleneTHF to either dUMP to form DNA 
thymine/thymidine (required in rapidly growing cells) or to methylation of homocysteine 
via B12-requiring transfer of CH3— from CH3—THF thus generating more SAM. 
Concentrations of SAM and DNA epimethylation enzymes control gene promoter and 
global gene epimethylation. This turns ON and OFF various tumor suppressor (TSG) and 
tumor associated (TAG) genes.  
The robustness of the homocysteine methylation/SAM generation depends on the 
concentration and functional state of the methionine synthase-B12-enzyme complex. B12 
deficiency from adsorptive, dietary, drug interference, N2O anesthesia inactivation (still 
common during routine surgeries) and anomalies of holotranscobalamin will eventually 
shut down global methylation through impaired synthesis of SAM and the ternary complex 
formed between thymidylate synthase, 5,10-methyleneTHF and dUMP which supplies TMP 
for DNA synthesis. This leads to uracil misincorporation into DNA resulting in DNA point 
mutations and finally to chromosomal breaks, and malignant transformation.  
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1. Introduction 
Metastatic prostate tumours are responsible for the majority of deaths associated with 
prostate cancer. The most frequent site of prostate cancer metastasis is to bone; over 80% of 
men who die of the disease have metastatic bony lesions (Bubendorf et al., 2000). Early 
detection of prostate cancer remains crucial to effective treatment. However, we are still 
unable to identify with certainty those tumours requiring aggressive and immediate 
interventions, which are associated with considerable morbidity, from those where a 
“watchful waiting” approach may be more appropriate. Currently little is known about 
inherited determinants of an individual’s propensity to develop tumours that rapidly 
progress and metastasise (Hunter, 2006). Experimental evidence investigating the role of 
integrins in tumourigenesis suggests that they play important roles in tumour progression 
and metastasis, particularly the development of metastatic lesions in bone. Notably, recent 
evidence indicates that genetic variants in selected integrins influence risk and/or prostate 
tumour behaviour. 
The integrins represent a large family of cell surface receptors that are responsible for cell to 
cell adhesion and complex formation with ligands found within the extracellular matrix 
(ECM). The integrins have important roles in cell proliferation, cell survival, differentiation 
and cell migration. Thus, these adhesion receptors play important roles in many 
physiological processes including normal organ development and wound healing. Integrins 
are obligate, noncovalent, heterodimeric molecules, composed of a larger α subunit and a 
smaller β subunit. Each of the subunits extends from within the cytoplasm into the ECM. 
The ECM tail of the α and β subunits are approximately 700-1000 amino acid residues in 
length, and the cell membrane is spanned by approximately 20-24 residues. Integrin 
subunits have a short cytoplasmic tail, approximately 15-58 residues in length, with the 
exception of β4 which has a cytoplasmic tail approximately 1000 residues (Alghisi and 
Ruegg, 2006). Within the cytosol they are attached to the cytoskeleton via talin-actin 
microfilaments. A detailed review on integrin structure can be found in the following 
publications (Buckley et al., 1999; Humphries et al., 2003; Ivaska and Heino, 2000; Lu et al., 
2008). The conservation of integrin structure from more primitive through to higher order 
organisms highlights their importance to multicellular organisms (Burke, 1999). Upon 
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length, and the cell membrane is spanned by approximately 20-24 residues. Integrin 
subunits have a short cytoplasmic tail, approximately 15-58 residues in length, with the 
exception of β4 which has a cytoplasmic tail approximately 1000 residues (Alghisi and 
Ruegg, 2006). Within the cytosol they are attached to the cytoskeleton via talin-actin 
microfilaments. A detailed review on integrin structure can be found in the following 
publications (Buckley et al., 1999; Humphries et al., 2003; Ivaska and Heino, 2000; Lu et al., 
2008). The conservation of integrin structure from more primitive through to higher order 
organisms highlights their importance to multicellular organisms (Burke, 1999). Upon 
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binding to extracellular ligands, the integrin molecules cluster at the membrane, permitting 
a focal cellular response and the transduction of signals from the ECM. Further, integrins 
respond to intracellular signalling resulting in conformational changes to the integrin 
molecules on the surface of cells, thus permitting modification of interactions with the ECM. 
Integrin signalling thus permits cells to be exquisitely sensitive to both extracellular 
(“outside-in”) and intracellular (“inside-out”) signalling (Burridge et al., 1988). 
To date, 24 heterodimers have been identified, derived from 18 α and eight β subunits. 
Additional variation is provided by subunit ‘variants’ created by alternate mRNA splicing 
events. Selected integrins can also form multiple heterodimers; for example, αv, β2 and β1 all 
form multiple αβ heterodimers (5, 4 and 12 respectively). Most, however, only form one or 
two heterodimers (Ivaska and Heino, 2000). There is promiscuity in integrin-ligand binding 
which may reflect the need to initiate different cellular processes using the same available 
ECM proteins. The ability of integrins to bind to multiple ligands is thought to be an 
advantage when elicitation of the response is more important than the ECM protein 
signalling it; for example, in cell migration and wound healing (Alghisi and Ruegg, 2006). 
The interaction of integrins with these ligands appears to be dependent upon signal 
transduction via the cytoplasmic tails to the ECM which is evoked by the focal adhesion 
kinase (FAK) pathway, although the exact mechanism regulating this process remains 
unclear. It is not surprising, then, that attempts to understand the mechanisms that underlie 
cell motility and adhesion have implicated the membrane spanning integrins as major 
regulatory molecules. Cell migration and motility are crucial to maintain and promote 
healthy cell development, wound healing and immunity. They are complex processes 
requiring tightly regulated and coordinated intra-cellular signal transduction with the ECM. 
Instances where uncontrolled cell adhesion and motility remain unchecked can lead to 
tumourigenesis and metastases (Wehrle-Haller and Imhof, 2003). 
Given the physiological functions of integrins, it is not surprising that the role of integrins in 
neoplasms has been of intense interest over the past decade. Most pertinent to tumour 
development is the role of integrins in cellular processes, including cell survival and 
proliferation, cell migration, angiogenesis and lymphangiogenesis. Integrins are now known 
to play a key role in tumour biology and are implicated in tumour initiation, progression 
and metastasis. Aberrant expression of integrins also has been demonstrated to play a key 
role in cancer survival and proliferation. Integrins physically interact with the actin 
cytoskeleton which provides the traction required for migration to occur (Vicente-
Manzanares et al., 2009). Integrin mediated matrix metalloproteinase (MMP) feedback 
systems control the degradation of ECM proteins. Importantly integrins play an important 
role in regulation of neovascularisation, required for metastases via the vascular endothelial 
growth factor (VEGF) pathway. 
Much work has focussed on profiling changes in the expression of integrins at different 
stages of tumour development. In normal prostate tissue, integrins are expressed by normal 
basal epithelial cells, permitting interaction with the basal lamina comprising collagens, 
laminins, fibronectin, vitronectin and tenascin. During prostate tumour development, many 
studies report the overall down-regulation of both α and β integrin subunits. However, 
prostate tumourigenesis proceeds through defined stages of development from prostatic 
intraepithelial neoplasia (PIN), high-grade PIN lesions, prostate confined tumour, invasive 
tumour and finally to androgen-independent tumours. More rigorous examination of the 
integrin profiles at different stages of tumour development has revealed a more complex 
expression profile (Goel et al., 2008). Much research effort has focused on the identification 
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of an integrin expression profile as a prognostic marker for prostate cancer. In particular, 
integrins from the αv group and in particular αvβ3 have been previously identified as a 
putative prognostic marker for a number of cancers including prostate cancer and its utility 
as a therapeutic target is under clinical trial (Beekman et al., 2006; Chen et al., 2008; McNeel 
et al., 2005). It is beyond the scope of this review to provide a detailed analysis of the role of 
all integrins in prostate tumour development. Overall reviews are available which profile 
integrin expression in prostate cancer (Alghisi and Ruegg, 2006; Goel et al., 2009; Goel et al., 
2008; Lu et al., 2008).  
The advent of new high-throughput genotyping technologies has permitted rapid and 
significant advances in our understanding of the genes contributing to prostate cancer. In 
particular, genome wide association studies (GWAS) have permitted the identification of 
common genetic susceptibility variants associated with a significantly increased risk of 
developing the disease. These discoveries are now providing insight into the biological 
pathways that determine how disease arises, tumour progression, and the acquired 
propensity to metastasise. Whilst the role of the vast majority of these variants in prostate 
cancer remains to be determined, these studies have identified biological pathways 
important in the development of disease. The integrin family of cell adhesion molecules has 
recently featured both in the search for prostate cancer susceptibility genes, and in 
comparative analyses of genetic susceptibility variants and gene expression profiling studies 
of prostate tumours. Further, studies using a variety of approaches to identify the key 
drivers of prostate tumour development and progression have identified selected integrins 
as key molecules in these processes. Indeed, these studies have highlighted integrins as 
potential therapeutic options against prostate cancer. Here we provide a new perspective on 
the role of the integrins α2, α6 and β4 in prostate cancer risk and progression. Whilst these 
receptor subunits have not previously featured prominently in prostate tumour biology, 
their role in prostate tumour development has more recently come to the fore through the 
application of next generation molecular techniques to gene discovery in prostate cancer 
and prostate tumour stem cell studies.  

2. Integrin genetic variants and prostate cancer 
Family history remains the most frequently identified risk factor for developing prostate 
cancer, in addition to advancing age. A family history of disease is indicative of an 
underlying inherited genetic predisposition. Indeed, population studies have repeatedly 
identified increased risk to relatives of those diagnosed with this cancer. Despite intensive 
research over more than a decade, the genetic contributors to prostate cancer remained 
poorly understood. It was not until large scale genome-wide association studies became 
possible utilising high-throughput genotyping with commercially available arrays that 
rapid advances in our knowledge of the genetic contributors to prostate cancer and indeed 
other complex diseases became possible. These advances permitted the genotyping of 
hundreds of thousands of single nucleotide polymorphisms (SNPs) to test for association 
with a disease in large numbers of cases and controls. Using this approach, over 30 prostate 
cancer susceptibility variants have now been identified. These studies have identified 
genetic variants both in known genes and intergenic regions associated with risk of disease. 
However, it has become clear that for only for a select few is the role of the variant identified 
determining prostate cancer risk apparent. For example, the significantly associated variant, 
rs10993994, in the MSMB1 gene (Eeles et al., 2008) is located within 2bp of transcription 
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binding to extracellular ligands, the integrin molecules cluster at the membrane, permitting 
a focal cellular response and the transduction of signals from the ECM. Further, integrins 
respond to intracellular signalling resulting in conformational changes to the integrin 
molecules on the surface of cells, thus permitting modification of interactions with the ECM. 
Integrin signalling thus permits cells to be exquisitely sensitive to both extracellular 
(“outside-in”) and intracellular (“inside-out”) signalling (Burridge et al., 1988). 
To date, 24 heterodimers have been identified, derived from 18 α and eight β subunits. 
Additional variation is provided by subunit ‘variants’ created by alternate mRNA splicing 
events. Selected integrins can also form multiple heterodimers; for example, αv, β2 and β1 all 
form multiple αβ heterodimers (5, 4 and 12 respectively). Most, however, only form one or 
two heterodimers (Ivaska and Heino, 2000). There is promiscuity in integrin-ligand binding 
which may reflect the need to initiate different cellular processes using the same available 
ECM proteins. The ability of integrins to bind to multiple ligands is thought to be an 
advantage when elicitation of the response is more important than the ECM protein 
signalling it; for example, in cell migration and wound healing (Alghisi and Ruegg, 2006). 
The interaction of integrins with these ligands appears to be dependent upon signal 
transduction via the cytoplasmic tails to the ECM which is evoked by the focal adhesion 
kinase (FAK) pathway, although the exact mechanism regulating this process remains 
unclear. It is not surprising, then, that attempts to understand the mechanisms that underlie 
cell motility and adhesion have implicated the membrane spanning integrins as major 
regulatory molecules. Cell migration and motility are crucial to maintain and promote 
healthy cell development, wound healing and immunity. They are complex processes 
requiring tightly regulated and coordinated intra-cellular signal transduction with the ECM. 
Instances where uncontrolled cell adhesion and motility remain unchecked can lead to 
tumourigenesis and metastases (Wehrle-Haller and Imhof, 2003). 
Given the physiological functions of integrins, it is not surprising that the role of integrins in 
neoplasms has been of intense interest over the past decade. Most pertinent to tumour 
development is the role of integrins in cellular processes, including cell survival and 
proliferation, cell migration, angiogenesis and lymphangiogenesis. Integrins are now known 
to play a key role in tumour biology and are implicated in tumour initiation, progression 
and metastasis. Aberrant expression of integrins also has been demonstrated to play a key 
role in cancer survival and proliferation. Integrins physically interact with the actin 
cytoskeleton which provides the traction required for migration to occur (Vicente-
Manzanares et al., 2009). Integrin mediated matrix metalloproteinase (MMP) feedback 
systems control the degradation of ECM proteins. Importantly integrins play an important 
role in regulation of neovascularisation, required for metastases via the vascular endothelial 
growth factor (VEGF) pathway. 
Much work has focussed on profiling changes in the expression of integrins at different 
stages of tumour development. In normal prostate tissue, integrins are expressed by normal 
basal epithelial cells, permitting interaction with the basal lamina comprising collagens, 
laminins, fibronectin, vitronectin and tenascin. During prostate tumour development, many 
studies report the overall down-regulation of both α and β integrin subunits. However, 
prostate tumourigenesis proceeds through defined stages of development from prostatic 
intraepithelial neoplasia (PIN), high-grade PIN lesions, prostate confined tumour, invasive 
tumour and finally to androgen-independent tumours. More rigorous examination of the 
integrin profiles at different stages of tumour development has revealed a more complex 
expression profile (Goel et al., 2008). Much research effort has focused on the identification 
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of an integrin expression profile as a prognostic marker for prostate cancer. In particular, 
integrins from the αv group and in particular αvβ3 have been previously identified as a 
putative prognostic marker for a number of cancers including prostate cancer and its utility 
as a therapeutic target is under clinical trial (Beekman et al., 2006; Chen et al., 2008; McNeel 
et al., 2005). It is beyond the scope of this review to provide a detailed analysis of the role of 
all integrins in prostate tumour development. Overall reviews are available which profile 
integrin expression in prostate cancer (Alghisi and Ruegg, 2006; Goel et al., 2009; Goel et al., 
2008; Lu et al., 2008).  
The advent of new high-throughput genotyping technologies has permitted rapid and 
significant advances in our understanding of the genes contributing to prostate cancer. In 
particular, genome wide association studies (GWAS) have permitted the identification of 
common genetic susceptibility variants associated with a significantly increased risk of 
developing the disease. These discoveries are now providing insight into the biological 
pathways that determine how disease arises, tumour progression, and the acquired 
propensity to metastasise. Whilst the role of the vast majority of these variants in prostate 
cancer remains to be determined, these studies have identified biological pathways 
important in the development of disease. The integrin family of cell adhesion molecules has 
recently featured both in the search for prostate cancer susceptibility genes, and in 
comparative analyses of genetic susceptibility variants and gene expression profiling studies 
of prostate tumours. Further, studies using a variety of approaches to identify the key 
drivers of prostate tumour development and progression have identified selected integrins 
as key molecules in these processes. Indeed, these studies have highlighted integrins as 
potential therapeutic options against prostate cancer. Here we provide a new perspective on 
the role of the integrins α2, α6 and β4 in prostate cancer risk and progression. Whilst these 
receptor subunits have not previously featured prominently in prostate tumour biology, 
their role in prostate tumour development has more recently come to the fore through the 
application of next generation molecular techniques to gene discovery in prostate cancer 
and prostate tumour stem cell studies.  

2. Integrin genetic variants and prostate cancer 
Family history remains the most frequently identified risk factor for developing prostate 
cancer, in addition to advancing age. A family history of disease is indicative of an 
underlying inherited genetic predisposition. Indeed, population studies have repeatedly 
identified increased risk to relatives of those diagnosed with this cancer. Despite intensive 
research over more than a decade, the genetic contributors to prostate cancer remained 
poorly understood. It was not until large scale genome-wide association studies became 
possible utilising high-throughput genotyping with commercially available arrays that 
rapid advances in our knowledge of the genetic contributors to prostate cancer and indeed 
other complex diseases became possible. These advances permitted the genotyping of 
hundreds of thousands of single nucleotide polymorphisms (SNPs) to test for association 
with a disease in large numbers of cases and controls. Using this approach, over 30 prostate 
cancer susceptibility variants have now been identified. These studies have identified 
genetic variants both in known genes and intergenic regions associated with risk of disease. 
However, it has become clear that for only for a select few is the role of the variant identified 
determining prostate cancer risk apparent. For example, the significantly associated variant, 
rs10993994, in the MSMB1 gene (Eeles et al., 2008) is located within 2bp of transcription 
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initiation site, and has been demonstrated to influence transcriptional activity (Chang et al., 
2009). However, to date the functionality of the vast majority of the SNPs identified, many of 
which are not within or close to known genes, remains unknown. Thus, there are still 
significant gaps in our understanding of genetic contributors to prostate cancer susceptibility 
which is impeding translation of these exciting advances into the clinical setting. 
Variants within the ITGA6 gene, which codes for the α6 integrins, has recently been 
identified as contributing to the genetic risk of prostate cancer. A large, multi-stage 
international collaborative GWAS utilising over 30,000 cases and controls has identified 
seven novel prostate cancer susceptibility loci. One variant identified as significantly 
associated with disease risk is in intron one of the ITGA6 gene (Eeles et al., 2009). The SNP 
identified was rs12621278 on chromosome 2q31 (per allele odds ratio=0.75, confidence 
interval=95% P=8.7x10-23) (Eeles et al., 2009). Most interestingly, Cheng et al., (2010) have 
since screened 26 SNPs identified by previous GWAS studies (Duggan et al., 2007; Eeles et 
al., 2009; Eeles et al., 2008; Gudmundsson et al., 2009; Gudmundsson et al., 2007; 
Gudmundsson et al., 2008; Thomas et al., 2008) in 788 patients that had undergone radical 
prostatectomies to test for association with aggressive cancer. Five of these SNPs were 
independently associated with prostate cancer progression; however, the most strongly 
associated risk variant identified was in ITGA6 (rs12621278), where a 2.4 fold increase risk of 
prostate cancer progression (P=0.0003) was reported to be associated with the risk allele. 
This integrin is also known to play an important role in prostate cancer stem cell biology, 
vascularisation and metastasis. Thus, given the known role of this integrin in prostate 
tumour development, this may represent an opportunity for targeted therapy in those cases 
with ITGA6 associated genetic susceptibility. 
By employing a genome wide linkage approach in the study of familial prostate cancer, 
we have identified a second integrin as significantly associated with prostate cancer risk 
(FitzGerald et al., 2009). A region on chromosome 5p13q12 was highlighted by genetic 
linkage analysis of a large family with multiple, densely aggregated cases of prostate 
cancer. Two polymorphisms were subsequently found to be significantly associated with 
prostate cancer risk. The SNP rs3212649 was identified within the three prime 
untranslated region (3’-UTR), and a second polymorphism, rs1126643 (C807T), located in 
exon seven. Variant rs3212649 was the most strongly associated with disease in the 
familial cases (OR=2.43 CI=1.28-4.58) but also in the combined dataset comprising both 
sporadic and familial cases (OR=1.67 CI=1.07-2.60). This SNP had not been previously 
reported to be associated with cancer risk. The C807T SNP was also significantly 
associated with increased prostate cancer risk both in the familial (OR=2.16 CI=1.19-3.92) 
and combined datasets (OR=1.52 CI=1.01-2.28). Furthermore, the C807T variant has also 
been previously associated with an increased risk of oral cancers, and also advanced 
breast cancer (Langsenlehner et al., 2006; Vairaktaris et al., 2006). Whilst presence of the 
alternate allele at C807T does not alter amino acid sequence, it has been reported to be 
associated with altered levels of expression of the α2 receptor on the cell surface 
(Jacquelin, 2001). It should be noted that there exists significant linkage disequilibrium 
between rs3212649 and rs1126643 and a number of other SNPs located in the 3’-UTR of 
the ITGA2 gene. ITGA2 is also known to play an important role in prostate cancer stem 
cells, angiogenesis and tumour spread and also represents an exciting opportunity for 
target therapy. The mechanism by which these susceptibility variants influence ITGA2 
gene expression is currently under investigation in our laboratory. 
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Whilst these GWAS are identifying genetic variants significantly associated with disease 
risk and progression, the functional implications of many of these variants and their 
relevance to disease remains to be determined (Manolio, 2010). Thus, the results of GWAS 
have been examined in combination with microarray gene expression data, providing a 
systematic approach to the examination of genetic variants associated with disease and 
observed changes in gene expression. Gorlov et al. (2009) performed a meta-analysis on 
gene expression data from normal prostate tissue and prostate tumour tissue, and combined 
it with a GWAS meta-analysis to identify sets of genes over-represented in both types of 
studies. Cell adhesion genes including α2, α6 and β4 integrins feature prominently amongst 
the most significantly associated genes and also the most differentially expressed reported 
in the microarray study (Gorlov et al., 2009). Gorlov and colleagues (2009) also highlight 
cadherins and integrins as important modulators of prostate cancer development and 
further argue that whilst GWAS-identified genes are considered to be cancer susceptibility 
genes associated with tumour initiation, the detection of a tumour requires a minimum 
tumour size and thus those identified from GWAS are also likely be detecting variants 
association with tumour progression. 

3. Integrin α2 and α6 in stem cells 
The concept that most solid tumours, including prostate cancer, arise from cancer stem 
cells possessing the capacity for self-renewal and tumour initiating capacity has led to the 
search for tumour cell populations with “stem-cell like” properties. Collins et al. (2001) 
were the first to demonstrate a primary human prostate tumour cell subpopulation with 
the capacity for self renewal and high clonogenic potential. These cell populations were 
characterised by high expression of CD44, α2β1, and CD133. Subsequent studies have also 
identified prostate cancer stem cell populations (Collins, 2005; Guzman-Ramirez et al., 
2009; Li, 2008). Guzman-Ramirez et al., (2009) recently isolated cells from surgically 
excised human prostate tumour tissue and culture of these tumour derived cell 
populations termed “prostaspheres” resulted in sub-populations expressing high levels of 
both the α2 and α6 integrins. Furthermore, Eaton et al. (2010) have examined the tumour 
cell stem cell phenotype in 11 matched primary and bone metastasis specimens from 
prostate cancer patients for the presence of a number of putative stem cell markers. No 
definitive pattern was observed which established a single marker profile of the 
metastatic phenotype; integrins α2 and α6 were relatively widely expressed across the 
metastases series in nine of eleven tumours examined. Other groups have since 
characterised prostate cancer stem cell populations expressing stem cell markers 
including OCT3/4, BMI1, β-catenin and SMOOTHENED in addition to α2 and α6 integrins. 
Most recently, several studies have identified a link between prostate cancer stem cells 
and epithelial to mesenchymal transition (EMT) demonstrating the link between the 
biology of prostate cancer stem cells, EMT and the propensity to metastasise (Kong et al., 
2010; Mathews et al., 2010). EMT occurs during normal embryonic development; however, 
more recently, it has been identified as one of the early stages in the transition from 
confined tumours to invasive malignancies. The loss of epithelial cell phenotype and the 
gain of mesenchymal phenotype is accompanied by increased cell motility and 
invasiveness. This is accompanied by the loss of markers of epithelial phenotype and gain 
of mesenchymal markers. Profiling of expression of α2 and α6 integrin expression and EMT 
in prostate tumours has only recently been examined (Neal et al., 2011). SNAIL, a key 
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initiation site, and has been demonstrated to influence transcriptional activity (Chang et al., 
2009). However, to date the functionality of the vast majority of the SNPs identified, many of 
which are not within or close to known genes, remains unknown. Thus, there are still 
significant gaps in our understanding of genetic contributors to prostate cancer susceptibility 
which is impeding translation of these exciting advances into the clinical setting. 
Variants within the ITGA6 gene, which codes for the α6 integrins, has recently been 
identified as contributing to the genetic risk of prostate cancer. A large, multi-stage 
international collaborative GWAS utilising over 30,000 cases and controls has identified 
seven novel prostate cancer susceptibility loci. One variant identified as significantly 
associated with disease risk is in intron one of the ITGA6 gene (Eeles et al., 2009). The SNP 
identified was rs12621278 on chromosome 2q31 (per allele odds ratio=0.75, confidence 
interval=95% P=8.7x10-23) (Eeles et al., 2009). Most interestingly, Cheng et al., (2010) have 
since screened 26 SNPs identified by previous GWAS studies (Duggan et al., 2007; Eeles et 
al., 2009; Eeles et al., 2008; Gudmundsson et al., 2009; Gudmundsson et al., 2007; 
Gudmundsson et al., 2008; Thomas et al., 2008) in 788 patients that had undergone radical 
prostatectomies to test for association with aggressive cancer. Five of these SNPs were 
independently associated with prostate cancer progression; however, the most strongly 
associated risk variant identified was in ITGA6 (rs12621278), where a 2.4 fold increase risk of 
prostate cancer progression (P=0.0003) was reported to be associated with the risk allele. 
This integrin is also known to play an important role in prostate cancer stem cell biology, 
vascularisation and metastasis. Thus, given the known role of this integrin in prostate 
tumour development, this may represent an opportunity for targeted therapy in those cases 
with ITGA6 associated genetic susceptibility. 
By employing a genome wide linkage approach in the study of familial prostate cancer, 
we have identified a second integrin as significantly associated with prostate cancer risk 
(FitzGerald et al., 2009). A region on chromosome 5p13q12 was highlighted by genetic 
linkage analysis of a large family with multiple, densely aggregated cases of prostate 
cancer. Two polymorphisms were subsequently found to be significantly associated with 
prostate cancer risk. The SNP rs3212649 was identified within the three prime 
untranslated region (3’-UTR), and a second polymorphism, rs1126643 (C807T), located in 
exon seven. Variant rs3212649 was the most strongly associated with disease in the 
familial cases (OR=2.43 CI=1.28-4.58) but also in the combined dataset comprising both 
sporadic and familial cases (OR=1.67 CI=1.07-2.60). This SNP had not been previously 
reported to be associated with cancer risk. The C807T SNP was also significantly 
associated with increased prostate cancer risk both in the familial (OR=2.16 CI=1.19-3.92) 
and combined datasets (OR=1.52 CI=1.01-2.28). Furthermore, the C807T variant has also 
been previously associated with an increased risk of oral cancers, and also advanced 
breast cancer (Langsenlehner et al., 2006; Vairaktaris et al., 2006). Whilst presence of the 
alternate allele at C807T does not alter amino acid sequence, it has been reported to be 
associated with altered levels of expression of the α2 receptor on the cell surface 
(Jacquelin, 2001). It should be noted that there exists significant linkage disequilibrium 
between rs3212649 and rs1126643 and a number of other SNPs located in the 3’-UTR of 
the ITGA2 gene. ITGA2 is also known to play an important role in prostate cancer stem 
cells, angiogenesis and tumour spread and also represents an exciting opportunity for 
target therapy. The mechanism by which these susceptibility variants influence ITGA2 
gene expression is currently under investigation in our laboratory. 
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Whilst these GWAS are identifying genetic variants significantly associated with disease 
risk and progression, the functional implications of many of these variants and their 
relevance to disease remains to be determined (Manolio, 2010). Thus, the results of GWAS 
have been examined in combination with microarray gene expression data, providing a 
systematic approach to the examination of genetic variants associated with disease and 
observed changes in gene expression. Gorlov et al. (2009) performed a meta-analysis on 
gene expression data from normal prostate tissue and prostate tumour tissue, and combined 
it with a GWAS meta-analysis to identify sets of genes over-represented in both types of 
studies. Cell adhesion genes including α2, α6 and β4 integrins feature prominently amongst 
the most significantly associated genes and also the most differentially expressed reported 
in the microarray study (Gorlov et al., 2009). Gorlov and colleagues (2009) also highlight 
cadherins and integrins as important modulators of prostate cancer development and 
further argue that whilst GWAS-identified genes are considered to be cancer susceptibility 
genes associated with tumour initiation, the detection of a tumour requires a minimum 
tumour size and thus those identified from GWAS are also likely be detecting variants 
association with tumour progression. 

3. Integrin α2 and α6 in stem cells 
The concept that most solid tumours, including prostate cancer, arise from cancer stem 
cells possessing the capacity for self-renewal and tumour initiating capacity has led to the 
search for tumour cell populations with “stem-cell like” properties. Collins et al. (2001) 
were the first to demonstrate a primary human prostate tumour cell subpopulation with 
the capacity for self renewal and high clonogenic potential. These cell populations were 
characterised by high expression of CD44, α2β1, and CD133. Subsequent studies have also 
identified prostate cancer stem cell populations (Collins, 2005; Guzman-Ramirez et al., 
2009; Li, 2008). Guzman-Ramirez et al., (2009) recently isolated cells from surgically 
excised human prostate tumour tissue and culture of these tumour derived cell 
populations termed “prostaspheres” resulted in sub-populations expressing high levels of 
both the α2 and α6 integrins. Furthermore, Eaton et al. (2010) have examined the tumour 
cell stem cell phenotype in 11 matched primary and bone metastasis specimens from 
prostate cancer patients for the presence of a number of putative stem cell markers. No 
definitive pattern was observed which established a single marker profile of the 
metastatic phenotype; integrins α2 and α6 were relatively widely expressed across the 
metastases series in nine of eleven tumours examined. Other groups have since 
characterised prostate cancer stem cell populations expressing stem cell markers 
including OCT3/4, BMI1, β-catenin and SMOOTHENED in addition to α2 and α6 integrins. 
Most recently, several studies have identified a link between prostate cancer stem cells 
and epithelial to mesenchymal transition (EMT) demonstrating the link between the 
biology of prostate cancer stem cells, EMT and the propensity to metastasise (Kong et al., 
2010; Mathews et al., 2010). EMT occurs during normal embryonic development; however, 
more recently, it has been identified as one of the early stages in the transition from 
confined tumours to invasive malignancies. The loss of epithelial cell phenotype and the 
gain of mesenchymal phenotype is accompanied by increased cell motility and 
invasiveness. This is accompanied by the loss of markers of epithelial phenotype and gain 
of mesenchymal markers. Profiling of expression of α2 and α6 integrin expression and EMT 
in prostate tumours has only recently been examined (Neal et al., 2011). SNAIL, a key 
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factor promoting EMT decreases cell adhesion and increases α2 and β1 expression (Neal et 
al., 2011). However, there is evidence that known regulators of EMT, for example ZEB1 
influence expression of ITGB4 (Drake et al., 2010), and down-regulation of α6β4 in the 
prostate cancer cell line SNAI2 knockdown studies in PC3 cells (Emadi Baygi et al., 2010) 
However, EMT in prostate cancer remains controversial.  

4. Expression profiles of α2 and α6 integrins 
Investigations of integrin expression patterns in prostate tumours stratified by tumour 
stage have produced inconsistent findings. Studies of α2β1 expression in tumours report 
that expression patterns are abnormal in both primary tumours and lymph node 
metastases (Pontes-Junior et al., 2009). Whilst there have been several apparently 
conflicting reports, it appears that normal prostate basal epithelium expresses high levels 
of α2 which is down regulated in primary tumours, with conflicting results in metastases. 
For example, studies of primary and metastatic prostate carcinomas have reported that 
α2β1 expression is down-regulated in low grade tumours, heterozygous in intermediate 
grades, and up-regulated in lymph node metastases (Bonkhoff et al., 1993; Knox et al., 
1994; Kostenuik et al. 1996). Mirtti et al., (2006) have reported differential expression 
levels in prostate tumour cell lines, and lower α2 mRNA and protein expression in higher 
grade tumours when compared to benign lesions, although the levels of mRNA 
expression reported by Mirtti et al. (2006) again varied widely in tumours. Moreover, α6 
expression has been shown to be up-regulated in metastases and adenocarcinoma 
(Bonkhoff et al., 1993; Knox et al., 1994; Nagle et al., 1995; Schmelz et al., 2002), whereas α2 
has been shown to be down-regulated in adenocarcinomas and up-regulated in metastatic 
tumours (Bonkhoff et al., 1993; Nagle et al., 1995). This variable level of expression 
observed in prostate tumours is also evident in expression array analyses of α2β1 in 
prostate tumours, published in the NCBI GEO database (Edgar R, 2002). Ramirez and 
colleagues (2011) combined previously published microarray studies (Lapointe et al., 
2004; Tomlins et al., 2007) to identify that α2β1 expression was markedly reduced or lost 
with tumour progression in prostate and breast cancer. In normal prostate tissue, α2 is 
highly expressed and Ramirez et al., (2011) have shown that α2 expression decreases 
progressively as prostate cancer proceeds from PIN lesions, to prostate cancer and then to 
metastatic prostate cancer where α2β1 expression is completely absent. Ramirez et al. 
(2011) also suggests that α2β1 may be a prognostic biomarker for identifying patients at 
risk of metastasis. 
Using the profile of overall integrin expression as a predictive tool to measure patient 
outcomes has received some investigatory attention. Pontes-Junior et al. (2010) measured 
expression levels of eight integrins (α2β1, αvβ3, αIIbβ3, αv, α3β1, α3, β4 and α6) in resected tumour 
tissue from patients with localised prostate cancer, and found that the expression level of 
integrins α3 and α3β1 were associated with poor outcomes after a follow up period of ten 
years (2.5 and 3 fold higher respectively). The majority of integrins were down-regulated in 
tumour tissue with the exception of α6, consistent with previous studies (Cress et al., 1995; 
Edlund et al., 2001; Rabinovitz et al., 1995; Schmelz et al., 2002) where its ability to bind 
ligands such as laminins and collagens is associated with increased invasiveness and 
metastases to bone. Down-regulation of α2β1 in the early stages of prostate and breast 
tumour development has been reported to be associated with poor outcomes, with up-
regulation of this integrin in metastasis. Interestingly, increased expression has been 
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reported in colorectal cancer (CRC) and ovarian cancer to be associated with tumour cell 
spread (Luque-Garcia et al., 2010). 
It should perhaps be noted that studies examining integrin expression profiles at different 
stages of tumour development vary in the integrin subunits targeted for 
immunohistochemical analysis, some targeting single subunits, others heterodimeric 
complexes. Edlund et al. (2001) observed a change from normal prostate tissue expressing 
α6β1 and α6β4 to tumour tissue expressing only α6β1. This loss of the β4 subunit in 
carcinomas of the prostate was attributed to differential binding caused by the two 
different isoforms of α6 (α6A and α6B). Integrin α6A which is expressed by the prostate 
cancer cell line LNCaP, preferentially binds to β1, which is known to have high metastatic 
ability (Edlund et al., 2001). Therefore, examining changes in heterodimer ratios combined 
with isoform data may provide a more detailed profile of the α2 and α6 contribution to the 
prostate cancer biomarker model. The variable expression of these integrins in prostate 
tumour samples is perhaps reflective of the recognised heterogeneous nature of prostate 
tumours. Further, this observation is supported by the ability to derive sub-population 
cells expression high levels of α2 and α6 and with “stem cell-like” properties from prostate 
tumours expression. It is also worthwhile noting that examining the integrin expression 
profiles in tumours may not take into account individual genotype-driven variation in 
gene expression. 

5. Animal models of prostate tumour metastasis and angiogenesis 
Animal models have proven useful in the examination of the role of integrins in driving 
prostate tumour metastasis. In a study aiming to identify the critical molecules regulating 
prostate tumour metastasis, Hall et al. (2006) utilised LNCaP cells, a cell line of low 
tumourigenic potential that does not form metastases in mouse models. Selection by 
growth of LNCaP cells on type I collagen resulted in the generation of the derived 
LNCaPcol subline with enhanced chemotactic capacity. This subline expressed high levels 
of α2β1 receptor (in contrast to the parent line) and chemotactic capacity was inhibited by 
α2β1-specific antibodies. Further, upon injection of the derived LNCaPcol cell line into the 
tibia of nude mice, 53% of mice developed bony lesions compared with 0% of those 
injected with parental LNCaP cells. In similar studies, van Slambrouck et al. (2009) have 
demonstrated that the high bone metastatic potential of the subline, C4-2B, derived from 
LNCaP cells, is mediated by α2 signalling. This signalling results in down-stream 
activation of the critical FAK/src/paxillin/Rac/JNK pathway and activation of 
metalloproteinases, MMP2 and MMP9, known to play a central role in tumour invasion. 
Furthermore, van Slambrouck et al. (2009) argue that it is redistribution and clustering of 
α2 on the cell surface in their model that activates downstream signalling, rather than 
altered receptor level as observed by Hall et al. (2006). King et al. (2008) have also utilised 
a derivative of the prostate cancer cell line PC3 in a mouse xenograft model to 
demonstrate a role for α6 in the growth of prostate tumours in bone. PC3N cells were 
transfected with wild-type and functional mutant α6 subunits and stable transfectants 
were injected into femurs of severe combined immuno-deficient (SCID) mice. Whilst both 
wild-type and mutant transfected PC3N cells established bone tumours, the study showed 
the PC3N-α6 mutant transfected cells showed dramatically reduced invasion of bone 
marrow and less tumour associated bone loss. 
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factor promoting EMT decreases cell adhesion and increases α2 and β1 expression (Neal et 
al., 2011). However, there is evidence that known regulators of EMT, for example ZEB1 
influence expression of ITGB4 (Drake et al., 2010), and down-regulation of α6β4 in the 
prostate cancer cell line SNAI2 knockdown studies in PC3 cells (Emadi Baygi et al., 2010) 
However, EMT in prostate cancer remains controversial.  

4. Expression profiles of α2 and α6 integrins 
Investigations of integrin expression patterns in prostate tumours stratified by tumour 
stage have produced inconsistent findings. Studies of α2β1 expression in tumours report 
that expression patterns are abnormal in both primary tumours and lymph node 
metastases (Pontes-Junior et al., 2009). Whilst there have been several apparently 
conflicting reports, it appears that normal prostate basal epithelium expresses high levels 
of α2 which is down regulated in primary tumours, with conflicting results in metastases. 
For example, studies of primary and metastatic prostate carcinomas have reported that 
α2β1 expression is down-regulated in low grade tumours, heterozygous in intermediate 
grades, and up-regulated in lymph node metastases (Bonkhoff et al., 1993; Knox et al., 
1994; Kostenuik et al. 1996). Mirtti et al., (2006) have reported differential expression 
levels in prostate tumour cell lines, and lower α2 mRNA and protein expression in higher 
grade tumours when compared to benign lesions, although the levels of mRNA 
expression reported by Mirtti et al. (2006) again varied widely in tumours. Moreover, α6 
expression has been shown to be up-regulated in metastases and adenocarcinoma 
(Bonkhoff et al., 1993; Knox et al., 1994; Nagle et al., 1995; Schmelz et al., 2002), whereas α2 
has been shown to be down-regulated in adenocarcinomas and up-regulated in metastatic 
tumours (Bonkhoff et al., 1993; Nagle et al., 1995). This variable level of expression 
observed in prostate tumours is also evident in expression array analyses of α2β1 in 
prostate tumours, published in the NCBI GEO database (Edgar R, 2002). Ramirez and 
colleagues (2011) combined previously published microarray studies (Lapointe et al., 
2004; Tomlins et al., 2007) to identify that α2β1 expression was markedly reduced or lost 
with tumour progression in prostate and breast cancer. In normal prostate tissue, α2 is 
highly expressed and Ramirez et al., (2011) have shown that α2 expression decreases 
progressively as prostate cancer proceeds from PIN lesions, to prostate cancer and then to 
metastatic prostate cancer where α2β1 expression is completely absent. Ramirez et al. 
(2011) also suggests that α2β1 may be a prognostic biomarker for identifying patients at 
risk of metastasis. 
Using the profile of overall integrin expression as a predictive tool to measure patient 
outcomes has received some investigatory attention. Pontes-Junior et al. (2010) measured 
expression levels of eight integrins (α2β1, αvβ3, αIIbβ3, αv, α3β1, α3, β4 and α6) in resected tumour 
tissue from patients with localised prostate cancer, and found that the expression level of 
integrins α3 and α3β1 were associated with poor outcomes after a follow up period of ten 
years (2.5 and 3 fold higher respectively). The majority of integrins were down-regulated in 
tumour tissue with the exception of α6, consistent with previous studies (Cress et al., 1995; 
Edlund et al., 2001; Rabinovitz et al., 1995; Schmelz et al., 2002) where its ability to bind 
ligands such as laminins and collagens is associated with increased invasiveness and 
metastases to bone. Down-regulation of α2β1 in the early stages of prostate and breast 
tumour development has been reported to be associated with poor outcomes, with up-
regulation of this integrin in metastasis. Interestingly, increased expression has been 
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reported in colorectal cancer (CRC) and ovarian cancer to be associated with tumour cell 
spread (Luque-Garcia et al., 2010). 
It should perhaps be noted that studies examining integrin expression profiles at different 
stages of tumour development vary in the integrin subunits targeted for 
immunohistochemical analysis, some targeting single subunits, others heterodimeric 
complexes. Edlund et al. (2001) observed a change from normal prostate tissue expressing 
α6β1 and α6β4 to tumour tissue expressing only α6β1. This loss of the β4 subunit in 
carcinomas of the prostate was attributed to differential binding caused by the two 
different isoforms of α6 (α6A and α6B). Integrin α6A which is expressed by the prostate 
cancer cell line LNCaP, preferentially binds to β1, which is known to have high metastatic 
ability (Edlund et al., 2001). Therefore, examining changes in heterodimer ratios combined 
with isoform data may provide a more detailed profile of the α2 and α6 contribution to the 
prostate cancer biomarker model. The variable expression of these integrins in prostate 
tumour samples is perhaps reflective of the recognised heterogeneous nature of prostate 
tumours. Further, this observation is supported by the ability to derive sub-population 
cells expression high levels of α2 and α6 and with “stem cell-like” properties from prostate 
tumours expression. It is also worthwhile noting that examining the integrin expression 
profiles in tumours may not take into account individual genotype-driven variation in 
gene expression. 

5. Animal models of prostate tumour metastasis and angiogenesis 
Animal models have proven useful in the examination of the role of integrins in driving 
prostate tumour metastasis. In a study aiming to identify the critical molecules regulating 
prostate tumour metastasis, Hall et al. (2006) utilised LNCaP cells, a cell line of low 
tumourigenic potential that does not form metastases in mouse models. Selection by 
growth of LNCaP cells on type I collagen resulted in the generation of the derived 
LNCaPcol subline with enhanced chemotactic capacity. This subline expressed high levels 
of α2β1 receptor (in contrast to the parent line) and chemotactic capacity was inhibited by 
α2β1-specific antibodies. Further, upon injection of the derived LNCaPcol cell line into the 
tibia of nude mice, 53% of mice developed bony lesions compared with 0% of those 
injected with parental LNCaP cells. In similar studies, van Slambrouck et al. (2009) have 
demonstrated that the high bone metastatic potential of the subline, C4-2B, derived from 
LNCaP cells, is mediated by α2 signalling. This signalling results in down-stream 
activation of the critical FAK/src/paxillin/Rac/JNK pathway and activation of 
metalloproteinases, MMP2 and MMP9, known to play a central role in tumour invasion. 
Furthermore, van Slambrouck et al. (2009) argue that it is redistribution and clustering of 
α2 on the cell surface in their model that activates downstream signalling, rather than 
altered receptor level as observed by Hall et al. (2006). King et al. (2008) have also utilised 
a derivative of the prostate cancer cell line PC3 in a mouse xenograft model to 
demonstrate a role for α6 in the growth of prostate tumours in bone. PC3N cells were 
transfected with wild-type and functional mutant α6 subunits and stable transfectants 
were injected into femurs of severe combined immuno-deficient (SCID) mice. Whilst both 
wild-type and mutant transfected PC3N cells established bone tumours, the study showed 
the PC3N-α6 mutant transfected cells showed dramatically reduced invasion of bone 
marrow and less tumour associated bone loss. 
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The α2β1 receptor also plays a key role in developmental angiogenesis signalling via the 
VEGF pathway. In a Lewis lung carcinoma (LLC) xenografts model, α2β1 null mice exhibited 
no response to angiostatic agents targeting α2β1 in contrast to wild-type mice (Woodall et al., 
2008). Interestingly, it appears that this effect may be tumour cell dependent, a phenomenon 
also reported by Zhang et al. (2008), with current evidence suggesting that tumour cell 
characteristics, such as α2β1 integrin expression, and the interactions with the surrounding 
tissue environment, under the influence of host genetic factors, determine tumour 
development and/or metastasis. This is in keeping with the “soil determining the seed” 
hypothesis of tumour metastasis. 

6. Epigenetic regulation of integrins α2 and α6 
Events causing up-regulation or down-regulation of genes, whether they are DNA based 
sequence changes or epigenetic events can function to disrupt key genes in cancer 
development. It is now clear that epigenetic alterations feature prominently in abnormal 
growth states and there is strong evidence that these alterations can predict tumour 
behaviour. The apparent paucity of functional loci identified by GWAS and gene expression 
studies in prostate cancer has also led many research groups to focus on the epigenetic 
mechanisms influencing gene expression. Evidence that some epigenetic regulatory 
mechanisms are uniquely sensitive to environmental factors, such as diet and oxidative 
stress, may be an important mechanism by which environmental factors influence cancer 
risk (Dobosy et al., 2007). These mechanisms include DNA methylation, histone 
modification and micro RNAs (miRNA). 
Segments of DNA rich in CpG motifs, also known as CpG islands, are the targets for DNA 
methylation. CpG islands, when present in gene promoters, are an important mechanism by 
which genes can be regulated by the addition or removal of methyl groups at key CpG 
motifs. This permits differential expression of genes in different cell types. DNA 
methylation occurs at cytosine-guanine repeats where a methyl group is attached to a 
cytosine residue by a DNA methyltransferase or DNMT. DNA methylation can affect gene 
transcription in two ways: either by preventing the transcriptional machinery from binding 
or by becoming targets for chromatin remodelling proteins. Global de-methylation or hypo-
methylation has been reported in the promoter region of genes causing dysregulation and 
thus overexpression of genes including oncogenes (Ehrlich, 2009). Dysregulation of the 
genes that control for normal cellular function, such as integrins, can cause an over 
proliferation and thus tumour growth.  
In disease states such as cancer, disrupted methylation can permit aberrant silencing or re-
expression of key genes contributing to tumour development. Epigenetic alterations are a 
feature of both benign prostatic hyperplasia and prostate tumour development. There is a 
significant body of evidence highlighting the role of DNA methylation in prostate cancer. 
However, it is evident from these studies that these changes are complex, with both global loss 
of methylation across the genome occurring in addition to localised hyper-methylation of gene 
promoters. Global hypo-methylation is associated with chromosomal instability and activation 
of proto-oncogenes whilst gene-specific hyper-methylation frequently results in silencing of 
tumour suppressor genes. In particular, the research has focussed on the identification of a 
panel of genes that are hyper-methylated in prostate cancer with several key genes identified 
for example GSTP1 (Dobosy et al., 2007). As discussed later in this chapter, therapies 
attempting to reverse silencing of tumour suppressor genes in cancer are of current interest. 
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However there is also some evidence suggesting that agents promoting de-methylation may 
actually enhance tumour development, by increasing the expression of genes promoting 
tumour development (Shukeir et al., 2006). 

6.1 DNA methylation and chromatin remodelling 
Whilst there has been significant advances in our knowledge of a range those genes altered 
by epigenetic changes in prostate cancer, at present studies examining epigenetic alteration 
of integrin gene expression and its role in prostate cancer are limited (Chen et al., 2009; Park 
et al., 2004; Uhm et al., 2010; Yang et al., 2009). In experiments utilising bisulphite 
sequencing of cloned DNA derived from prostate cancer cell lines conducted in our 
laboratory, we have observed that altered methylation of the ITGA2 promoter is associated 
with altered gene expression (data not shown). At present, there is no evidence that the α6 
gene promoter is regulated by altered methylation. However, Yang et al. (2009) have 
reported the β4 integrin is regulated by both methylation changes and histone modifications. 
Further, the loss of β4 expression in mammary gland cells is associated with increased 
methylation of the β4 promoter and an increase in repressive histone modifications and EMT 
(Yang et al., 2009). In addition, enzyme specific assays and bisulphite sequencing reveal that 
the LNCaP cell lines displayed higher methylation levels than PC3s and this is correlated 
with gene expression. Our results strongly suggest that ITGA2 expression may in fact be 
regulated by epigenetic mechanisms (data not shown). 
While yet to be reported in prostate cancer, another mechanism by which integrin 
epigenetics can regulate gene expression is by chromatin remodelling. Chen et al. (2009) 
report that integrin α6β4 indirectly affects gene transcription by chromatin remodelling. 
Several genes including FST, S100A4, NKx2.2, PDLIM4 and CAPG in which expression was 
previously shown to be controlled by DNA methylation were significantly up-regulated by 
the expression of α6β4. In addition the inhibition of DNMTs in cells lacking the α6β4 cell line 
stimulated the expression of these genes. These results suggest that α6β4 can alter the 
expression of particular genes by stimulating de-methylation at their promoters. Further 
studies are required to characterise the role of epigenetic mechanisms in the regulation of 
gene expression of integrins in prostate cancer.  

6.2 Micro RNAs 
Perhaps the most recent and exciting area of epigenetic regulation in prostate cancer is the 
field of micro RNAs (miRNA). MiRNAs are small molecules typically 17-22bp in length 
which binds to the 3’-UTR and either degrade the mRNA directly or prevent it from being 
translated. This post transcriptional regulation is particularly dependent on the ‘seed region’ 
of the miRNA which constitutes the first 7bp-9bp of the miRNA. A number of software 
programs are available (DIANA, mictoT and PITA), which vary in their predictions 
depending on the parameters and algorithms used in their design. Polymorphisms within 
the seed region can alter whether a miRNA will bind or change the energy with which it 
will bind to the mRNA. These allele specific changes indicate that miRNAs can act as either 
oncomiRNAs or tumour suppressors, and array studies can contribute to increasing the 
precision with which tumours are characterised (Zhang et al., 2007). MiRNAs are normally 
associated with decreased levels of gene expression, as one of the established mechanisms of 
action is to suppress translation and promote degradation of their target mRNAs. However, 
up-regulation of genes following transfection of miRNAs predicted to bind to sequences in 
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The α2β1 receptor also plays a key role in developmental angiogenesis signalling via the 
VEGF pathway. In a Lewis lung carcinoma (LLC) xenografts model, α2β1 null mice exhibited 
no response to angiostatic agents targeting α2β1 in contrast to wild-type mice (Woodall et al., 
2008). Interestingly, it appears that this effect may be tumour cell dependent, a phenomenon 
also reported by Zhang et al. (2008), with current evidence suggesting that tumour cell 
characteristics, such as α2β1 integrin expression, and the interactions with the surrounding 
tissue environment, under the influence of host genetic factors, determine tumour 
development and/or metastasis. This is in keeping with the “soil determining the seed” 
hypothesis of tumour metastasis. 

6. Epigenetic regulation of integrins α2 and α6 
Events causing up-regulation or down-regulation of genes, whether they are DNA based 
sequence changes or epigenetic events can function to disrupt key genes in cancer 
development. It is now clear that epigenetic alterations feature prominently in abnormal 
growth states and there is strong evidence that these alterations can predict tumour 
behaviour. The apparent paucity of functional loci identified by GWAS and gene expression 
studies in prostate cancer has also led many research groups to focus on the epigenetic 
mechanisms influencing gene expression. Evidence that some epigenetic regulatory 
mechanisms are uniquely sensitive to environmental factors, such as diet and oxidative 
stress, may be an important mechanism by which environmental factors influence cancer 
risk (Dobosy et al., 2007). These mechanisms include DNA methylation, histone 
modification and micro RNAs (miRNA). 
Segments of DNA rich in CpG motifs, also known as CpG islands, are the targets for DNA 
methylation. CpG islands, when present in gene promoters, are an important mechanism by 
which genes can be regulated by the addition or removal of methyl groups at key CpG 
motifs. This permits differential expression of genes in different cell types. DNA 
methylation occurs at cytosine-guanine repeats where a methyl group is attached to a 
cytosine residue by a DNA methyltransferase or DNMT. DNA methylation can affect gene 
transcription in two ways: either by preventing the transcriptional machinery from binding 
or by becoming targets for chromatin remodelling proteins. Global de-methylation or hypo-
methylation has been reported in the promoter region of genes causing dysregulation and 
thus overexpression of genes including oncogenes (Ehrlich, 2009). Dysregulation of the 
genes that control for normal cellular function, such as integrins, can cause an over 
proliferation and thus tumour growth.  
In disease states such as cancer, disrupted methylation can permit aberrant silencing or re-
expression of key genes contributing to tumour development. Epigenetic alterations are a 
feature of both benign prostatic hyperplasia and prostate tumour development. There is a 
significant body of evidence highlighting the role of DNA methylation in prostate cancer. 
However, it is evident from these studies that these changes are complex, with both global loss 
of methylation across the genome occurring in addition to localised hyper-methylation of gene 
promoters. Global hypo-methylation is associated with chromosomal instability and activation 
of proto-oncogenes whilst gene-specific hyper-methylation frequently results in silencing of 
tumour suppressor genes. In particular, the research has focussed on the identification of a 
panel of genes that are hyper-methylated in prostate cancer with several key genes identified 
for example GSTP1 (Dobosy et al., 2007). As discussed later in this chapter, therapies 
attempting to reverse silencing of tumour suppressor genes in cancer are of current interest. 
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However there is also some evidence suggesting that agents promoting de-methylation may 
actually enhance tumour development, by increasing the expression of genes promoting 
tumour development (Shukeir et al., 2006). 

6.1 DNA methylation and chromatin remodelling 
Whilst there has been significant advances in our knowledge of a range those genes altered 
by epigenetic changes in prostate cancer, at present studies examining epigenetic alteration 
of integrin gene expression and its role in prostate cancer are limited (Chen et al., 2009; Park 
et al., 2004; Uhm et al., 2010; Yang et al., 2009). In experiments utilising bisulphite 
sequencing of cloned DNA derived from prostate cancer cell lines conducted in our 
laboratory, we have observed that altered methylation of the ITGA2 promoter is associated 
with altered gene expression (data not shown). At present, there is no evidence that the α6 
gene promoter is regulated by altered methylation. However, Yang et al. (2009) have 
reported the β4 integrin is regulated by both methylation changes and histone modifications. 
Further, the loss of β4 expression in mammary gland cells is associated with increased 
methylation of the β4 promoter and an increase in repressive histone modifications and EMT 
(Yang et al., 2009). In addition, enzyme specific assays and bisulphite sequencing reveal that 
the LNCaP cell lines displayed higher methylation levels than PC3s and this is correlated 
with gene expression. Our results strongly suggest that ITGA2 expression may in fact be 
regulated by epigenetic mechanisms (data not shown). 
While yet to be reported in prostate cancer, another mechanism by which integrin 
epigenetics can regulate gene expression is by chromatin remodelling. Chen et al. (2009) 
report that integrin α6β4 indirectly affects gene transcription by chromatin remodelling. 
Several genes including FST, S100A4, NKx2.2, PDLIM4 and CAPG in which expression was 
previously shown to be controlled by DNA methylation were significantly up-regulated by 
the expression of α6β4. In addition the inhibition of DNMTs in cells lacking the α6β4 cell line 
stimulated the expression of these genes. These results suggest that α6β4 can alter the 
expression of particular genes by stimulating de-methylation at their promoters. Further 
studies are required to characterise the role of epigenetic mechanisms in the regulation of 
gene expression of integrins in prostate cancer.  

6.2 Micro RNAs 
Perhaps the most recent and exciting area of epigenetic regulation in prostate cancer is the 
field of micro RNAs (miRNA). MiRNAs are small molecules typically 17-22bp in length 
which binds to the 3’-UTR and either degrade the mRNA directly or prevent it from being 
translated. This post transcriptional regulation is particularly dependent on the ‘seed region’ 
of the miRNA which constitutes the first 7bp-9bp of the miRNA. A number of software 
programs are available (DIANA, mictoT and PITA), which vary in their predictions 
depending on the parameters and algorithms used in their design. Polymorphisms within 
the seed region can alter whether a miRNA will bind or change the energy with which it 
will bind to the mRNA. These allele specific changes indicate that miRNAs can act as either 
oncomiRNAs or tumour suppressors, and array studies can contribute to increasing the 
precision with which tumours are characterised (Zhang et al., 2007). MiRNAs are normally 
associated with decreased levels of gene expression, as one of the established mechanisms of 
action is to suppress translation and promote degradation of their target mRNAs. However, 
up-regulation of genes following transfection of miRNAs predicted to bind to sequences in 
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their 3’-UTRs has been previously reported in a number of studies reviewed by Khan et al. 
(2009). The potential role of miRNAs in the regulation of integrins in breast cancer was 
examined by Brendle et al. (2008). In a novel approach, miRNA binding site predictive 
software was used to predict altered miRNA binding to the 3’-UTRs of several integrins at 
the location of known genetic variants within these regions. A miRNA binding site was 
predicted to be altered by the alternate allele at rs743354. Upon subsequent examination it 
was observed that this SNP within the 3’-UTR of ITGB4 was significantly associated with 
oestrogen receptor status and survival in breast cancer patients. In an approach similar to 
that taken by Brendle et al. (2008), we have determined that several of the SNPs associated 
with prostate cancer risk in the 3’-UTR of the ITGA2 gene are located in miRNA binding 
sites. The presence of the alternate allele alters the binding affinity of the miRNA. Our 
current work is investigating the role of the specific miRNAs in ITGA2 gene regulation.  

7. Integrin α6 and α2 in prostate cancer therapeutics 
Integrins represent ideal therapeutic targets as they are cell surface receptors that interact 
with extracellular ligands (Lu et al., 2008). The notion of integrins as therapeutic targets has 
been explored over a number of years, and there are two main mechanisms by which they 
have been targeted. Integrins are potentially important diagnostic biomarkers for cancer 
detection and progression, as it has been particularly relevant for prostate cancer which is 
historically difficult to diagnose with the inherent variability associated with the prostate-
specific antigen (PSA) test and associated risks that accompany the collection of biopsy 
tissue. Secondly, they continue to be targeted directly as a method of preventing 
oncogenesis. In particular, they have been targeted as therapeutic options for metastases, as 
they are key mediators of cell dissemination and tumour growth via the angiogenesis 
pathways. Several of these integrin based therapies have shown promise in late stage 
cancers, extending life expectancies by several months in some cases. Further, it is often in 
conjunction with other adjuvant therapies such as chemotherapy and radiotherapy that 
integrins show the most promise as therapeutic agents. As we move forward into an era of 
personalised medicines it seems likely that integrins will have a major role to play. 

7.1 Antibody based therapies 
Integrin-targeted therapies have been of interest for a number of years, however few have 
targeted α6 and α2 heterodimers, and even fewer have been examined in relation to prostate 
cancer. The majority of studies have focussed on preventing angiogenesis and thus tumour 
growth, with most examining the αv heterodimers. However, recently, studies have begun 
to shift towards the role of α2 and α6 in cancer models (Table 1). One of the more promising 
studies that has undergone human trial utilised α2 as a platelet biomarker for an anti-
integrin drug E7820, a derivative of an aromatic sulphonamide compound (Funahashi et al., 
2002). E7820 inhibits angiogenesis via the VEGF or basic fibroblast growth factor (bFGF) 
pathways, and has been shown to inhibit the α2 mRNA transcription in human umbilical 
vein endothelial cell (HUVEC) cultures and, importantly for prostate cancer, it has also been 
shown to inhibit vascular formation in a type I collagen matrix (Semba et al., 2004). E7820 
administered orally twice daily by mice with sub-cutaneous KP-1 tumours displayed a 
decreasing expression level of α2 on platelets which was positively correlated with anti-
tumour activity (Semba et al., 2004). Stage I trials of E7820 have been completed and stage II 
trials have commenced, examining the efficacy of E7820 in conjunction with Cetuximab (a 
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monoclonal antibody, targeting the epidermal growth factor receptor EGFR) in metastatic 
colorectal cancer (mCRC)(ClinicalTrials.gov, 2011b). To date, E7820 combined with 
Cetuximab, has been well tolerated in patients with advanced metastatic CRC. Integrin α2 
expression levels decreased by 82.1% without significant disruption of platelet function, 
with median progression-free survival increasing by 1.9 months and median overall 
survival increasing by 9.6 months (Sawyer, 2010). In addition, stage II trials of E7820 
administered in conjunction with FOLFIRI (FOL-folinic acid, F-5-flourouracil and IRI-
irinotecan), a traditional chemotherapeutic agent have also commenced in patients with 
mCRC. This study has begun with the premise of testing the tolerability and efficacy on 
mCRC for those who have failed first round treatment, before moving on to a larger cohort 
of patients (ClinicalTrials.gov, 2011a). 
Integrins α1β1 and α2β1 play a significant role in driving angiogenesis (Lu et al., 2008) and 
antibodies targeting the α2 receptor have shown promising results in vivo. Anti α2 antibody 
Ha1/29 inhibited endothelial cells in an immobilised collagen gradient assay by 
approximately 40% (Senger et al., 2002). In addition, Senger et al. (1997; 2002) also applied a 
combination of anti-α1β1 and α2β1 antibodies to mice harbouring the human A431 squamous 
cell xenografts which resulted in decreased tumour growth <60% and angiogenesis <40%. 
The inhibitory effect of anti-α2 antibodies on endothelial cells in a collagen matrix is likely to 
be particularly pertinent to prostate cancer where 80% of metastases are to bone; where 
collagen, the most abundant ligand of α2, is abundant. Alghisi and Ruegg (2006) suggest that 
a humanised form of Ha1/29 may be a useful anti-angiogenesis target, and this may be 
particularly relevant for prostate cancer. Furthermore, antibodies against α2 have been 
shown to reduce the invasive capability of mouse mammary carcinoma cells across the 
basement membrane (Lochter et al., 1999). This was found to be regulated by the expression 
of the matrix metalloproteinase stromelysin-1. The relationship between MMPs and 
integrins has been well documented and may represent another avenue for targeted cancer 
therapy. Murine based anti-α6 antibodies have also been utilised by Ruiz et al. (1993) who 
illustrated a lower ability for human melanoma cells to metastasise in nude mice. Metastases 
were inhibited when the antibody EA-1 was injected in to the mice either before or 
simultaneously with the melanoma cells (Ruiz et al., 1993). 

7.2 RGD peptide / disintegrin based therapies 
Integrin α2β1 has been implicated in mediating the effects of peptides designed to target the 
matrix bound tumour associated protein, angiocidin. Angiocidin is a protein that is found in 
the sera of patients with melanoma, colon, prostate and breast cancer, in levels that correlate 
with the progression of the disease, indicating that angiocidin may regulate tumour 
progression (Gaurnier-Hausser et al., 2008). Disintegrins or RGD based peptides are small, 
soluble molecules that originate from viper venom toxin and target the RGD (arginine-
glycine-aspartate) motif. A 20 amino acid N–terminal peptide disintegrin of angiocidin has 
been shown to bind to integrin α2β1 in K562 cells (a myelogenous leukaemia cell line) and 
ligate type I collagen on epithelial and tumour cells in a mouse model (Sabherwal et al., 
2006). Soluble peptides that bind to α2β1 integrins at the RGD motif are therefore able to 
prevent cell attachment and thus induce apoptosis (Buckley et al., 1999). In vitro angiocidin-
inhibitory peptide trials have been demonstrated to be well tolerated and to reduce cancer 
burden in murine colon cancer models, with reductions in primary tumour volume and 
tumour burden (Liebig et al., 2007). 



 
Prostate Cancer – From Bench to Bedside 252 

their 3’-UTRs has been previously reported in a number of studies reviewed by Khan et al. 
(2009). The potential role of miRNAs in the regulation of integrins in breast cancer was 
examined by Brendle et al. (2008). In a novel approach, miRNA binding site predictive 
software was used to predict altered miRNA binding to the 3’-UTRs of several integrins at 
the location of known genetic variants within these regions. A miRNA binding site was 
predicted to be altered by the alternate allele at rs743354. Upon subsequent examination it 
was observed that this SNP within the 3’-UTR of ITGB4 was significantly associated with 
oestrogen receptor status and survival in breast cancer patients. In an approach similar to 
that taken by Brendle et al. (2008), we have determined that several of the SNPs associated 
with prostate cancer risk in the 3’-UTR of the ITGA2 gene are located in miRNA binding 
sites. The presence of the alternate allele alters the binding affinity of the miRNA. Our 
current work is investigating the role of the specific miRNAs in ITGA2 gene regulation.  

7. Integrin α6 and α2 in prostate cancer therapeutics 
Integrins represent ideal therapeutic targets as they are cell surface receptors that interact 
with extracellular ligands (Lu et al., 2008). The notion of integrins as therapeutic targets has 
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have been targeted. Integrins are potentially important diagnostic biomarkers for cancer 
detection and progression, as it has been particularly relevant for prostate cancer which is 
historically difficult to diagnose with the inherent variability associated with the prostate-
specific antigen (PSA) test and associated risks that accompany the collection of biopsy 
tissue. Secondly, they continue to be targeted directly as a method of preventing 
oncogenesis. In particular, they have been targeted as therapeutic options for metastases, as 
they are key mediators of cell dissemination and tumour growth via the angiogenesis 
pathways. Several of these integrin based therapies have shown promise in late stage 
cancers, extending life expectancies by several months in some cases. Further, it is often in 
conjunction with other adjuvant therapies such as chemotherapy and radiotherapy that 
integrins show the most promise as therapeutic agents. As we move forward into an era of 
personalised medicines it seems likely that integrins will have a major role to play. 

7.1 Antibody based therapies 
Integrin-targeted therapies have been of interest for a number of years, however few have 
targeted α6 and α2 heterodimers, and even fewer have been examined in relation to prostate 
cancer. The majority of studies have focussed on preventing angiogenesis and thus tumour 
growth, with most examining the αv heterodimers. However, recently, studies have begun 
to shift towards the role of α2 and α6 in cancer models (Table 1). One of the more promising 
studies that has undergone human trial utilised α2 as a platelet biomarker for an anti-
integrin drug E7820, a derivative of an aromatic sulphonamide compound (Funahashi et al., 
2002). E7820 inhibits angiogenesis via the VEGF or basic fibroblast growth factor (bFGF) 
pathways, and has been shown to inhibit the α2 mRNA transcription in human umbilical 
vein endothelial cell (HUVEC) cultures and, importantly for prostate cancer, it has also been 
shown to inhibit vascular formation in a type I collagen matrix (Semba et al., 2004). E7820 
administered orally twice daily by mice with sub-cutaneous KP-1 tumours displayed a 
decreasing expression level of α2 on platelets which was positively correlated with anti-
tumour activity (Semba et al., 2004). Stage I trials of E7820 have been completed and stage II 
trials have commenced, examining the efficacy of E7820 in conjunction with Cetuximab (a 
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monoclonal antibody, targeting the epidermal growth factor receptor EGFR) in metastatic 
colorectal cancer (mCRC)(ClinicalTrials.gov, 2011b). To date, E7820 combined with 
Cetuximab, has been well tolerated in patients with advanced metastatic CRC. Integrin α2 
expression levels decreased by 82.1% without significant disruption of platelet function, 
with median progression-free survival increasing by 1.9 months and median overall 
survival increasing by 9.6 months (Sawyer, 2010). In addition, stage II trials of E7820 
administered in conjunction with FOLFIRI (FOL-folinic acid, F-5-flourouracil and IRI-
irinotecan), a traditional chemotherapeutic agent have also commenced in patients with 
mCRC. This study has begun with the premise of testing the tolerability and efficacy on 
mCRC for those who have failed first round treatment, before moving on to a larger cohort 
of patients (ClinicalTrials.gov, 2011a). 
Integrins α1β1 and α2β1 play a significant role in driving angiogenesis (Lu et al., 2008) and 
antibodies targeting the α2 receptor have shown promising results in vivo. Anti α2 antibody 
Ha1/29 inhibited endothelial cells in an immobilised collagen gradient assay by 
approximately 40% (Senger et al., 2002). In addition, Senger et al. (1997; 2002) also applied a 
combination of anti-α1β1 and α2β1 antibodies to mice harbouring the human A431 squamous 
cell xenografts which resulted in decreased tumour growth <60% and angiogenesis <40%. 
The inhibitory effect of anti-α2 antibodies on endothelial cells in a collagen matrix is likely to 
be particularly pertinent to prostate cancer where 80% of metastases are to bone; where 
collagen, the most abundant ligand of α2, is abundant. Alghisi and Ruegg (2006) suggest that 
a humanised form of Ha1/29 may be a useful anti-angiogenesis target, and this may be 
particularly relevant for prostate cancer. Furthermore, antibodies against α2 have been 
shown to reduce the invasive capability of mouse mammary carcinoma cells across the 
basement membrane (Lochter et al., 1999). This was found to be regulated by the expression 
of the matrix metalloproteinase stromelysin-1. The relationship between MMPs and 
integrins has been well documented and may represent another avenue for targeted cancer 
therapy. Murine based anti-α6 antibodies have also been utilised by Ruiz et al. (1993) who 
illustrated a lower ability for human melanoma cells to metastasise in nude mice. Metastases 
were inhibited when the antibody EA-1 was injected in to the mice either before or 
simultaneously with the melanoma cells (Ruiz et al., 1993). 

7.2 RGD peptide / disintegrin based therapies 
Integrin α2β1 has been implicated in mediating the effects of peptides designed to target the 
matrix bound tumour associated protein, angiocidin. Angiocidin is a protein that is found in 
the sera of patients with melanoma, colon, prostate and breast cancer, in levels that correlate 
with the progression of the disease, indicating that angiocidin may regulate tumour 
progression (Gaurnier-Hausser et al., 2008). Disintegrins or RGD based peptides are small, 
soluble molecules that originate from viper venom toxin and target the RGD (arginine-
glycine-aspartate) motif. A 20 amino acid N–terminal peptide disintegrin of angiocidin has 
been shown to bind to integrin α2β1 in K562 cells (a myelogenous leukaemia cell line) and 
ligate type I collagen on epithelial and tumour cells in a mouse model (Sabherwal et al., 
2006). Soluble peptides that bind to α2β1 integrins at the RGD motif are therefore able to 
prevent cell attachment and thus induce apoptosis (Buckley et al., 1999). In vitro angiocidin-
inhibitory peptide trials have been demonstrated to be well tolerated and to reduce cancer 
burden in murine colon cancer models, with reductions in primary tumour volume and 
tumour burden (Liebig et al., 2007). 
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Table 1. A summary of agonists targeting the α2, α6 and β4 integrins. Treatments that have 
reached phase II of human trial are denoted *. Efforts to reduce tumour progression by 
targeting angiogenesis with small peptide based molecules have proven promising. The 
protein fragment endorepellin which is derived from the C-terminus of perlecan a basement 
membrane and scaffold protein displays remarkable anti-angiogenic properties (Bix et al., 
2007). Bix et al. (2007) have reported a significant decrease in vasculature in an LLC mouse 
model (P=<.001) and interestingly observed that the administration of endorepellin 
immediately prior to the appearance of the tumours almost completely blocked their growth. 
Furthermore, Woodall et al. (2008) identified that the anti-angiogenic effects of endorepellin 
did not occur in the absence of α2β1. The experiment showed that α2β1 knockout mice displayed 
significantly less vasculature than wild-type mice (P=<.0001). Integrin α2β1 was necessary for 
the recruitment of endorepellin to the vasculature where it conjugated with the α2 domain in a 
cation-independent manner and supressed angiogenesis (Woodall et al., 2008).  

Drug Type Target Tumour/ cell type Reference 

E7820 Peptide α2 

Broad spectrum anti-
tumour activity in seven 
cell lines and murine 
models 

(Funahashi et al., 2002), 
(Semba et al., 2004) 

E7820 & 
cetuximab* 

Peptide and 
monoclonal 
antibody 

α2 
Metastatic colorectal 
cancer 

(Sawyer, 2010), 
(ClinicalTrials.gov, 2011b) 

E7820 & 
FOLFIRI* 

Peptide and 
chemotherapeutic 
agent 

α2 
Metastatic colorectal 
cancer (ClinicalTrials.gov, 2011a) 

Angiocidin Disintegrin/ RGD 
based peptide α2β1 

Myelogenous leukaemia 
cell line, murine colon 
cancer models 

(Sabherwal et al., 2006), 
(Liebig et al., 2007) 

HYD-1 D-amino acid 
peptide α6β1 

DU145 prostate carcinoma 
cell line 

(DeRoock et al., 2001), 
(Cheresh and Spiro, 1987) 

Endorepellin C-terminus of 
perlecan protein α2, α2β1

Lewis lung carcinoma 
model, HT1080 and A431 
cell lines 

(Bix et al., 2007), (Woodall 
et al., 2008) 

Perlecan Heparan sulfate 
proteoglycan α2β1 

C4-2B and HT1080 cell 
lines 

(Savore et al., 2005), 
(Mathiak et al., 1997) 

HA 1/29 Monoclonal 
antibody α2, α2β1

Human dermal 
endothelial cells (Senger et al., 1997, 2002) 

EA-1 Monoclonal 
antibody α6 

Murine model of 
melanoma cells (Ruiz et al., 1993) 

SiRNAs Synthetic 
oligonucleotides α6β4 

MDA-MB-231 breast 
carcinoma cell line (Lipscomb et al., 2003) 

Valproic acid 
(VPA) & 
RAD001 

Histone deacetylase 
(HDAC) inhibitor 
and mamallian 
target of rapamycin 
(mTOR) inhibitor 

α2, α6, 
β4 

PC3 and LNCaP prostate 
carcinoma cell lines (Wedel et al., 2011) 

Pabinostat & 
rapamycin 

HDAC and mTOR 
inhibitors α2, β1

PC3 and C2 prostate and 
renal carcinoma cell lines (Verheul et al., 2008) 
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Preceding, and contrary, to these findings is that perlecan the precursor molecule from 
which endorepellin is derived was also found to have anti-angiogenic and tumour 
suppressing qualities in prostate cancer (Savore et al., 2005). The suppression of perlecan 
expression with siRNA in the androgen independent bone targeted cell line C4-2B caused 
a reduction in colony size and the cohesiveness of transfected sub-clones in anchorage–
independent growth assays. Further, when injected into athymic mice they showed a 
reduced growth rate, tumour size, vasculature and a failure to elevate PSA levels (Savore 
et al. 2005). Similar results have also been reported by Mathiak et al., (1997) in the HT-
1080 fibrosarcoma cell line where perlecan cDNA transfected in antisense orientation 
caused an increased invasiveness through matri-gel coated filters, increased migratory 
ability through 8µm filters and elevated adhesiveness to type IV collagen substrate. These 
results are seemingly incongruent with the more recent findings of Bix et al. (2007) and 
Woodall et al. (2008) that a reduction of perlecan should in theory reduce the endogenous 
levels of the derivative endorepellin and thus increase tumour growth. Woodall et al., (2008) 
suggests that is quandary can be reconciled by “the unique dependence” of HT-1080 cell line 
on integrin α2β1. 
While RGD based peptides represent a good target for the collagen binding integrins such as 
α2, unfortunately the laminin binding integrins such as α6 and β4, which bind in a RGD 
independent manner, are not clinically useful agonists for RGD mimicking peptides 
(Cheresh and Spiro, 1987). Therefore, additional therapeutic development is required to 
target this group of integrins. A D-amino acid peptide KIKMVISWKG (HYD-1) has been 
shown to bind to integrin α6β1 in the human prostate carcinoma cell line DU-145 (DeRoock 
et al., 2001). The HYD-1 peptide was illustrated to prevent cellular attachment to ECM 
proteins and dermal cell fibroblasts (DeRoock et al., 2001). The finding that α2 and α6 can be 
bound by peptides is important and preliminary evidence suggests that they are well 
tolerated in murine models, intriguingly, DeRoock et al. (2001) also suggests that peptide 
administration can ‘sensitise’ cancer cells to radiotherapy, and aid the removal of cancer 
cells refractory to primary treatment. 

7.3 siRNA based therapies 
Antisense and siRNA oligonucleotides have enormous potential as therapeutic agents in 
prostate cancer and cancers in general (Juliano et al., 2011). Currently, siRNA 
oligonucleotides which target the α6β4 subunit have been shown to reduce migratory and 
decrease the invasive capability of the breast carcinoma cell line MDA-MB-231 (Lipscomb et 
al., 2003). It is now clear that targeting one integrin with siRNAs can also lead to increased 
expression in another integrin. For example Defilles et al. (2009), knocked out αvβ5 and αvβ6 
using several antibodies and disintegrins, which caused the expression of α2β1 to increase. 
This negative crosstalk between αvβ5 and αvβ6 integrin also unexpectedly interfered with 
P13Kinase regulated α2β1 mediated migration (Defilles et al., 2009). This dynamic crosstalk 
between integrins needs to be considered when administering integrin-targeted therapies. 
It may be that a suite of different disintegrins will need to be developed to target the 
numerous different integrins expressed on the cellular surface to effectively combat cell 
migration and oncogenesis. While the results using siRNAs in vitro are extremely 
promising, difficulties have arisen attempting to deliver these molecules to targeted 
regions in the animal model. Delivering oligonucleotides into cells in the absence of 
transfecting reagents is extremely difficult, given their potential as therapeutic agents a 
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Table 1. A summary of agonists targeting the α2, α6 and β4 integrins. Treatments that have 
reached phase II of human trial are denoted *. Efforts to reduce tumour progression by 
targeting angiogenesis with small peptide based molecules have proven promising. The 
protein fragment endorepellin which is derived from the C-terminus of perlecan a basement 
membrane and scaffold protein displays remarkable anti-angiogenic properties (Bix et al., 
2007). Bix et al. (2007) have reported a significant decrease in vasculature in an LLC mouse 
model (P=<.001) and interestingly observed that the administration of endorepellin 
immediately prior to the appearance of the tumours almost completely blocked their growth. 
Furthermore, Woodall et al. (2008) identified that the anti-angiogenic effects of endorepellin 
did not occur in the absence of α2β1. The experiment showed that α2β1 knockout mice displayed 
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the recruitment of endorepellin to the vasculature where it conjugated with the α2 domain in a 
cation-independent manner and supressed angiogenesis (Woodall et al., 2008).  
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Preceding, and contrary, to these findings is that perlecan the precursor molecule from 
which endorepellin is derived was also found to have anti-angiogenic and tumour 
suppressing qualities in prostate cancer (Savore et al., 2005). The suppression of perlecan 
expression with siRNA in the androgen independent bone targeted cell line C4-2B caused 
a reduction in colony size and the cohesiveness of transfected sub-clones in anchorage–
independent growth assays. Further, when injected into athymic mice they showed a 
reduced growth rate, tumour size, vasculature and a failure to elevate PSA levels (Savore 
et al. 2005). Similar results have also been reported by Mathiak et al., (1997) in the HT-
1080 fibrosarcoma cell line where perlecan cDNA transfected in antisense orientation 
caused an increased invasiveness through matri-gel coated filters, increased migratory 
ability through 8µm filters and elevated adhesiveness to type IV collagen substrate. These 
results are seemingly incongruent with the more recent findings of Bix et al. (2007) and 
Woodall et al. (2008) that a reduction of perlecan should in theory reduce the endogenous 
levels of the derivative endorepellin and thus increase tumour growth. Woodall et al., (2008) 
suggests that is quandary can be reconciled by “the unique dependence” of HT-1080 cell line 
on integrin α2β1. 
While RGD based peptides represent a good target for the collagen binding integrins such as 
α2, unfortunately the laminin binding integrins such as α6 and β4, which bind in a RGD 
independent manner, are not clinically useful agonists for RGD mimicking peptides 
(Cheresh and Spiro, 1987). Therefore, additional therapeutic development is required to 
target this group of integrins. A D-amino acid peptide KIKMVISWKG (HYD-1) has been 
shown to bind to integrin α6β1 in the human prostate carcinoma cell line DU-145 (DeRoock 
et al., 2001). The HYD-1 peptide was illustrated to prevent cellular attachment to ECM 
proteins and dermal cell fibroblasts (DeRoock et al., 2001). The finding that α2 and α6 can be 
bound by peptides is important and preliminary evidence suggests that they are well 
tolerated in murine models, intriguingly, DeRoock et al. (2001) also suggests that peptide 
administration can ‘sensitise’ cancer cells to radiotherapy, and aid the removal of cancer 
cells refractory to primary treatment. 

7.3 siRNA based therapies 
Antisense and siRNA oligonucleotides have enormous potential as therapeutic agents in 
prostate cancer and cancers in general (Juliano et al., 2011). Currently, siRNA 
oligonucleotides which target the α6β4 subunit have been shown to reduce migratory and 
decrease the invasive capability of the breast carcinoma cell line MDA-MB-231 (Lipscomb et 
al., 2003). It is now clear that targeting one integrin with siRNAs can also lead to increased 
expression in another integrin. For example Defilles et al. (2009), knocked out αvβ5 and αvβ6 
using several antibodies and disintegrins, which caused the expression of α2β1 to increase. 
This negative crosstalk between αvβ5 and αvβ6 integrin also unexpectedly interfered with 
P13Kinase regulated α2β1 mediated migration (Defilles et al., 2009). This dynamic crosstalk 
between integrins needs to be considered when administering integrin-targeted therapies. 
It may be that a suite of different disintegrins will need to be developed to target the 
numerous different integrins expressed on the cellular surface to effectively combat cell 
migration and oncogenesis. While the results using siRNAs in vitro are extremely 
promising, difficulties have arisen attempting to deliver these molecules to targeted 
regions in the animal model. Delivering oligonucleotides into cells in the absence of 
transfecting reagents is extremely difficult, given their potential as therapeutic agents a 



 
Prostate Cancer – From Bench to Bedside 256 

suite of mechanisms have been attempted including lipoplexes, polymers and dendrimers 
(reviewed by Juliano et al., 2011).  
Integrins are recycled by endocytotic mechanisms and thus represent a particularly 
attractive mechanism in which siRNAs and small oligonucleotide delivery and efficacy can 
be improved. To date, delivery improvement has been made by utilising RGD peptides 
conjugated to oligonucleotides in the presence of polyethylene glycol (PEG). PEG acts as a 
protective mechanism against phagocytosis and also allows the peptides to remain 
functional for a longer period by reducing the interaction with negatively charged cell 
surface proteoglycans (Juliano et al., 2011). Additional PEG-RGD mediated cellular entry 
mechanisms have incorporated oligonucleotides into cationic lipoplexes and utilised nano-
carrier technology, where upon cellular entry siRNAs are released and transported via 
cellular pathways (Juliano et al., 2011).  

7.4 Epigenetic therapies 
Genes altered by epigenetic modification in cancer are of current interest both as diagnostic 
markers and as targets for epigenetic modifiers as therapeutic agents. Histone modification 
or altered DNA methylation of α2 and α6 integrins as potential targets for such therapies in 
prostate cancer have not been widely investigated; however, there is preliminary evidence 
that their activity is targeted by such therapeutic targets. Recently, Wedel and colleagues 
(2011) have demonstrated in vitro that two drugs, Valproic acid (VPA) and RAD001 reduce 
tumour cell invasion, migration and adhesion of the prostate cancer cell lines PC3 and 
LNCaP. Valproic acid is a histone deacetlyase inhibitor and RAD001 is a mammalian target 
of rapamycin (mTOR) inhibitor. Previous studies have shown that mTOR and Akt 
phosphorylation is highly correlated with Gleason grade and mTOR has been shown to be a 
significant prostate cancer biomarker (Dai et al., 2009; Kremer et al., 2006) The separate 
application of RAD001 or VPA significantly reduced cell adhesion, migration and invasion 
in PC3 and LNCaP cells, and combination therapy proved to have an additive effect both on 
migration and invasion but curiously not adhesion. Furthermore, the addition of VPA and 
RAD001 also changed the cell surface expression of integrins in both cell lines, 
significantly altering the expression of α2, α6 and β4 integrins. More specifically, the 
addition of VPA caused a significant down-regulation of α6 and β4 integrins in PC3 cells 
and in LNCaP cells α2 and α6 were significantly up-regulated. Given the differential 
response to the application of VPA to the androgen independent PC3 and androgen 
dependent LNCaP cell lines, the authors speculate that early and late stage tumours may 
vary in their response to the application of VPA (Wedel et al., 2011). The simultaneous use 
of pabinostat (LBH589), also a HDAC inhibitor with rapamycin, also had an additive 
effect in another prostate cancer model, in particular on the α2 and β1 integrins, key 
drivers of the metastasis (Verheul et al., 2008). 

8. Conclusion 
Approximately one in seven men are now diagnosed with prostate cancer over their 
lifetimes; clinicians still lack the ability to identify those tumours that are likely to be 
aggressive with a propensity to metastasise. There have been significant advances in our 
understanding of the genetics of prostate cancer, with genetic analyses and gene expression 
studies highlighting the integrins as key molecules driving prostate cancer and 
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susceptibility and progression. While many early studies have examined the αv integrins, 
here we have highlighted the importance of α2, α6 and β4 in prostate cancer. The 
characterisation of prostate cancer stem cells has identified α2 and α6 integrins as important 
markers in stem cells and may suggest an emerging role for these integrins in EMT, a key 
event in tumour progression. Further, the integrins α2 and α6, which bind to collagen and 
laminin, have been identified as key drivers of prostate cancer metastasis, particularly to 
bone. Given that the vast majority of prostate cancer deaths are associated with metastatic 
disease, with over 80% of these metastases occurring in bone, this represents an exciting 
avenue for therapeutic development. Advances in technology, such as next generation 
sequencing, have provided new tools for mapping genetic and epigenetic changes 
associated with tumour development. Over 30 prostate cancer susceptibility loci have been 
identified to date, contributing approximately 25% relative risk; however, critical questions 
remain as to how these genetic changes identified influence gene function and thus prostate 
cancer. Therefore, there remains a need to address these current gaps in our understanding 
of genetic susceptibility and how these variants actually influence disease risk and 
progression, as we are still waiting for the translation of the vast majority of these findings 
into the clinical setting. Studies of cancer genes have generally focused on elucidation of 
mutations, deletions or amplification of critical growth promoting or suppressor genes. It is 
now clear that small molecules that control post transcriptional gene expression such as 
miRNAs, or aberrant DNA methylation, and chromatin remodelling are also known to 
contribute to prostate cancer development and progression and are proving attractive 
targets for future cancer therapies. Knowledge of how therapies targeting DNA methylation 
and histone modification influence the behaviour of key cancer genes is a key area for future 
research. Thus, there is the potential for selected integrins such as α2, α6 and β4 to be utilised 
as therapeutic targets, with several of these having already reached phase II in human 
clinical trials.  
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drivers of the metastasis (Verheul et al., 2008). 
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susceptibility and progression. While many early studies have examined the αv integrins, 
here we have highlighted the importance of α2, α6 and β4 in prostate cancer. The 
characterisation of prostate cancer stem cells has identified α2 and α6 integrins as important 
markers in stem cells and may suggest an emerging role for these integrins in EMT, a key 
event in tumour progression. Further, the integrins α2 and α6, which bind to collagen and 
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avenue for therapeutic development. Advances in technology, such as next generation 
sequencing, have provided new tools for mapping genetic and epigenetic changes 
associated with tumour development. Over 30 prostate cancer susceptibility loci have been 
identified to date, contributing approximately 25% relative risk; however, critical questions 
remain as to how these genetic changes identified influence gene function and thus prostate 
cancer. Therefore, there remains a need to address these current gaps in our understanding 
of genetic susceptibility and how these variants actually influence disease risk and 
progression, as we are still waiting for the translation of the vast majority of these findings 
into the clinical setting. Studies of cancer genes have generally focused on elucidation of 
mutations, deletions or amplification of critical growth promoting or suppressor genes. It is 
now clear that small molecules that control post transcriptional gene expression such as 
miRNAs, or aberrant DNA methylation, and chromatin remodelling are also known to 
contribute to prostate cancer development and progression and are proving attractive 
targets for future cancer therapies. Knowledge of how therapies targeting DNA methylation 
and histone modification influence the behaviour of key cancer genes is a key area for future 
research. Thus, there is the potential for selected integrins such as α2, α6 and β4 to be utilised 
as therapeutic targets, with several of these having already reached phase II in human 
clinical trials.  
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1. Introduction 
Prostate cancer is one of the most common malignancies in Western countries and the world 
(Baade et al., 2009). It is the third most common cause of death from cancer in men of all 
ages and the most common cause of death from cancer in men over age 75. The current 
standard therapies for prostate cancer include radiation, surgery, hormonal therapy and 
chemotherapy (Debruyne, 2002; Freytag et al., 2007; Nelius et al., 2009; Rozkova et al., 2009). 
Chemotherapy is almost always a salvage therapy for advanced prostate cancer, and 
chemoresistance is emerging problem in prostate cancer therapy. Strategies to overcome the 
chemoresistance of prostate cancer cells have not been developed partially because 
mechanisms of it are unknown and likely to be numerous. Chemoresistance has a tendency 
to occur both to clinically established therapeutic agents and novel targeted therapeutics 
implicating both intrinsic and acquired mechanisms of drug resistance (Djeu & Wei, 2009). 
Most likely, these are the mechanisms which are universal for cytoprotection from cell death 
induced by various factors. 
Cell death by apoptosis is one of the most universal mechanisms of cell response to injury. It 
plays the major role in carcinogenesis and prostate tumor progression. Suppression of 
apoptosis was proposed to cause inappropriate survival of genetically aberrant cells during 
carcinogenesis (Vineis, 2003). Cancer cells seem to be designed to propagate and survive in a 
new and hostile environment by suppressing their natural mechanisms of cell death. The 
neoplastic transformation of prostate epithelial cells is known to be associated with 
decreased apoptotic cell death (Inokuchi et al., 2009; Shilkaitis et al., 2000). The progression 
of prostate cancer, in particular, androgen-independent prostate cancer or prostate 
adenocarcinomas, was also shown to be associated with decreased apoptosis (Raffo et al., 
1995; Singh & Lokeshwar, 2009). The latter is the predominant form of tumor cell demise 
caused by chemotherapeutic agents and it plays an important role in cancer 
chemosensitivity and radiosensitivity (Arnold & Isaacs, 2002; Debes & Tindall, 2004). 
Targeting various mechanisms of apoptosis to cure prostate cancer has been suggested in 
many studies, naming potential molecular targets and key apoptotic regulators such as 
upstream and downstream caspases, p53, Phosphatase and tensin homolog (PTEN), prostate 
apoptosis response gene-4 (Par-4), Bcl-2 (B-cell lymphoma 2) protein, transcription factor 
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NF-kappa B, serine/threonine protein kinase and others (Uzzo et al., 2008; Wang et al., 
2004). Precisely, manipulating with sensitivity to cytotoxic agents to alter cancer progression 
has been suggested as a therapeutic approach for prostate cancer in some reports (McKenzie 
& Kyprianou, 2006; Watson & Fitzpatrick, 2005). However, for some reason, almost no 
attention was paid to apoptotic/cytotoxic endonucleases as potential targets. 

2. Cytotoxic endonucleases in normal prostate and prostate cancer cells 
Cytotoxic endonucleases, also called “apoptotic endonucleases,” are the initially recognized 
group of enzymes responsible for premortem and postmortem DNA fragmentation 
associated with cell death by apoptosis (Hengartner, 2001; Samejima & Earnshaw, 2005). 
Importantly, the same enzymes were later shown to provide DNA fragmentation that 
accompanies necrosis, autophagy, mitotic catastrophe and all other types of cell death. 
Therefore the term “apoptotic endonucleases” should be considered outdated. 
Major representatives of cytotoxic endonucleases include: deoxyribonuclease I (DNase I) 
(Polzar et al., 1993), deoxyribonuclease II (DNase II) (Krieser & Eastman, 1998), 
Endonuclease G (EndoG) (Li et al., 2001), caspase-activated DNase (CAD) (Enari et al., 1998), 
and DNase gamma (Shiokawa et al., 1997). Some of these enzymes, for example DNases I 
and II had been known before 1960s. However the actual role of the cytotoxic endonucleases 
was clarified much later. Cytotoxic endonucleases were found in all studied cells and 
tissues, including the prostate (Koizumi, 1995; Napirei et al., 2004). The enzymes belong to 
the family of hydrolyses that cleave phosphodiether bonds in DNA. They differ in certain 
catalytic characteristics and DNA sequence specificity, and yet produce very similar type of 
DNA damage consisting of single-stranded or double-strand DNA breaks. Most harmful 
and hard to repair DNA breaks and double-stranded. They can be produced by so called 
“single hit” or “double hit” mechanism. In a “single hit” mode, both DNA strands are cut 
simultaneously at the same site. This mechanism is mainly characteristic of DNase II. The 
much more common mechanism is “double hit,” in which strands are cleaved 
independently to result in a double-strand DNA break if the single-stranded breaks coincide 
with a 2-base or less shift between them. This mechanism is characteristic of DNase I and all 
other endonucleases, except DNase II.  
Independently from the mechanism, endonuclease-generated breaks have been shown to 
strongly interfere with DNA synthesis in both normal and cancer cells (Nagata, 2000). 
That is why, while sometimes considered downstream effectors of apoptotic cascades, the 
endonucleases can cause DNA fragmentation and imminent and irreversible cell death 
when acting alone after overexpression or introduction into the cell (Enari et al., 1998; 
Krieser & Eastman, 1998; Polzar et al., 1993). The endonucleases are commonly found 
active during cell death; however, the overall link between these enzymes and apoptosis 
is weak. Some of the endonucleases seem to be dispensable in normal apoptosis 
(Davidson & Harper, 2005; Irvine et al., 2005; Napirei et al., 2000). On the other hand, their 
participation in cell death in general after tissue injury seems crucial and evidence of this 
is overwhelming. Recent studies demonstrated that inactivation of the endonucleases 
causes protection of normal and cancer cells against a variety of injuries in vitro and in 
vivo (Basnakian et al., 2006; Basnakian et al., 2005; Napirei et al., 2006; Yin et al., 2007), 
suggesting that the endonucleases are essential for and mechanistically linked to injury-
related cell death. In addition to causing cell death itself, the endonuclease are certainly 
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essential for clean up after cell death, removal of DNA from blood plasma, and destroying 
“foreign” DNA from bacteria and viruses consumed by cells (Buzder et al., 2009). These 
roles of cytotoxic endonucleases are less relevant to prostate cancer and thus will not be 
considered in this review. 
Although all cells and tissues seem to express all endonucleases, the spectrum of them 
differs between the tissues. The reason for such redundancy of the cytotoxic endonucleases 
is not known, which allows speculation about the importance of DNA destruction from 
immediately prior to long after cell death. 
The most expressed and active endonuclease in normal prostate is DNase I, previously also 
known as Ca/Mg-dependent endonuclease (Kyprianou et al., 1988; Kyprianou & Isaacs, 
1988). Ca/Mg-dependent endonuclease-mediated DNA fragmentation is used as a marker 
of apoptosis in prostate cancer. The degradation of genomic DNA into nucleosome-sized 
fragments is an early event in castration-induced androgen withdrawal that involves death 
of the androgen-dependent epithelial cells following an increase of endonuclease activity 
(Banerjee et al., 2000; Brandstrom et al., 1994; Kyprianou et al., 1988). 
DNase I is found in all studied species and tissues (Lacks, 1981). It is expressed mainly in 
tissues of the digestive system, though the specific activity of the enzyme varies between the 
organs (Gonzalez et al., 2001; Jacob et al., 2002; Lacks, 1981). In digestive tissues (intestine, 
pancreas, salivary glands), it is a secreted enzyme intended to hydrolyze DNA in the 
alimentary tract. In non-digestive tissues (including prostate), the role of DNase I is not 
known. Bovine or mouse DNase I bind specifically to G-actin and blocks its 
polymerization (Lacks, 1981). The enzyme from all sources endonucleolytically cleaves 
double- or single-stranded DNA to 3'OH/5'P-end oligonucleotides, requires divalent 
cations, particularly Ca2+ and Mg2+, is inhibited by Zn2+, and has a neutral pH optimum. 
Inside the cell, the enzyme is located in the cytoplasm (Peitsch et al., 1993). It has also 
been shown inside nuclei, but the mechanism of its introduction into nuclei has not been 
studied. Inhibition of DNase I by internalized nuclear anti-DNA antibodies was shown to 
provide protection of cells against apoptotic stimuli (Madaio et al., 1996). No known 
nuclear localization signal was identified in DNase I, and “leakage” through nuclear pores 
was suggested (Polzar et al., 1993). Among various organs and tissues, prostate, pancreas, 
salivatory glands and kidney tubular epithelium have the highest levels of DNase I 
activity (Lacks, 1981; Polzar et al., 1993). Little is known about DNase I regulation in vivo. 
An alternative pre-mRNA splicing both in 5’UTR and in coding region was shown to be a 
mechanism of DNase I regulation (Basnakian et al., 1998; Basnakian et al., 2002). It is 
known that some DNase I isoforms can be generated by post-translational modification, 
namely mannose-type glycosylation of the protein (Lacks, 1981). 
Studies of endonucleases associated with prostate cancer are very limited. Usually 
neoplastic transformation is associated with the decrease of endonuclease expression and 
activity in various cancers, thus making them “immortal” (Banfalvi et al., 2007; Basnakian et 
al., 2006; Basnakian et al., 1991; Wang et al., 2008). The most profound decrease of 
endonuclease activity was observed in malignant invasive prostate and breast cancer cells 
(Basnakian et al., 2006; Wang et al., 2008). The decrease of endonuclease activity had been 
also observed in other cancers and models of carcinogenesis (Basnak'ian et al., 1989; 
Basnakian et al., 1991). Immortalization of rat fibroblasts with the S1A segment of SA7 
adenovirus also led to a significant decrease of endonuclease activity (Basnak'ian et al., 
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NF-kappa B, serine/threonine protein kinase and others (Uzzo et al., 2008; Wang et al., 
2004). Precisely, manipulating with sensitivity to cytotoxic agents to alter cancer progression 
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and II had been known before 1960s. However the actual role of the cytotoxic endonucleases 
was clarified much later. Cytotoxic endonucleases were found in all studied cells and 
tissues, including the prostate (Koizumi, 1995; Napirei et al., 2004). The enzymes belong to 
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is weak. Some of the endonucleases seem to be dispensable in normal apoptosis 
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suggesting that the endonucleases are essential for and mechanistically linked to injury-
related cell death. In addition to causing cell death itself, the endonuclease are certainly 
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1989). Another report indicated that an endonuclease activity is decreased in 
diethylnitrosamine (DEN)-induced hepatomas in rats compared to normal liver tissue 
(Basnakian et al., 1991). The decrease was proportional to the degree of dedifferentiation 
and the activity was the lowest in poorly differentiated tumors. 
With the decrease of main prostate endonuclease, DNase I, the endonuclease activity in 
human prostate cancer cells is provided by EndoG. This endonuclease has a unique site-
selectivity, initially attacking poly(dG).poly(dC) sequences in double-stranded DNA, as 
denoted by this enzyme’s name. The enzyme also has RNase activity. EndoG 
predominantly resides in the intermembrane space of mitochondrion (Ohsato et al., 2002). 
Mammalian EndoG is synthesized as a 32 kDa propeptide in the cytoplasm and imported 
into mitochondria through a process mediated by its amino-terminal mitochondrion-
targeting sequence (Cote & Ruiz-Carrillo, 1993; Ruiz-Carrillo & Renaud, 1987). The EndoG 
protein precursor is inactive (Ikeda & Kawasaki, 2001). The signal peptide is cleaved off 
after entering the mitochondria and the mature active 27 kDa EndoG is released from 
mitochondria during apoptosis, moves to the nuclei and cleaves nuclear DNA without 
sequence specificity (Li et al., 2001). EndoG expression varies in different tissues and in 
embryonic tissues the expression of EndoG is very low (Apostolov et al., 2007b). As 
opposed to DNase I, the enzyme has a greater activity on single-stranded nucleic acid 
substrates, single-stranded DNA and RNA. It preferentially cleaves non-canonical 
structures of DNA, damaged DNA, triplex DNA, and R-loops that appear non-specifically 
during transcription (Masse & Drolet, 1999). Cisplatin-treated DNA was shown to be 
preferentially cleaved by EndoG (Ikeda & Ozaki, 1997). EndoG requires either Mn2+ or 
Mg2+ ions, and is inhibited 15-fold at physiological ionic strengths (Widlak et al., 2001). 
Fe2+ and Zn2+ inhibit the enzyme activity. The EndoG gene in mice is a single copy gene, 
which consists of 3 exons (Prats et al., 1997). The loss of EndoG activity in C.elegans 
resulted in increased cell survival (Hengartner, 2001). However, EndoG knockout mouse 
is viable (Irvine et al., 2005). Reduction of EndoG in C.elegans using siRNA or genetic 
mutation affected normal DNA degradation, as revealed by staining with TUNEL assay, 
and resulted in the delayed appearance of cell corpses during development in C.elegans 
(Parrish et al., 2001). Thus in comparison to other endonucleases, EndoG is uniquely 
compartmentalized in mitochondria and it does not have known intracellular inhibitors 
(like DNase I or CAD). The EndoG location site may indicate that this enzyme is not an 
instrument of immediate response to cell injury. 
EndoG seems to be particularly important in cancer cells because it regulates their 
sensitivity to chemotherapeutic agents (Basnakian et al., 2006). This report suggests the 
presence of EndoG in non-invasive breast cancer cells determines their sensitivity to 
apoptosis, which may be taken into consideration for developing the chemotherapeutic 
strategy for cancer treatment. In other cells, EndoG has been recognized as a key 
endonuclease in the caspase-independent apoptosis (Abbott et al., 2001; Bahi et al., 2006), 
mitotic catastrophe (Diener et al., ; Wang et al., 2008), and necrosis (Apostolov et al., 2007a; 
Jiang et al., 2006).  
Because anticancer drugs induce apoptosis in cancer cells through endonuclease-mediated 
DNA fragmentation (Ploski & Aplan, 2001; Shrivastava et al., 2000), and the inhibition of 
endonucleases has a protective effect (Shrivastava et al., 2000), endonuclease should be 
considered as important mediators of cancer cell death and potential therapeutic targets for 
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the anticancer therapy. However, delivery of endonucleases or modulation of endonuclease 
activity are not currently used for cancer therapy, in particular, for prostate cancer therapy.  

3. Modulation of EndoG by DNA methylation and histone deacetylation 
Epigenetic changes are believed to be the most common alteration at the DNA level in 
prostate cancer (Schulz & Hatina, 2006; Walton et al., 2008). Two types of DNA epigenetic 
changes that are known to occur in prostate cancer include regional DNA 
hypermethylation and regional/global DNA hypomethylation. Hypermethylation of the 
promoter region that contains CpG island occurs in a large number of genes and is 
usually associated with gene silencing in the vast majority of prostate cancer cases (Li et 
al., 2005; Perry et al., 2006; Rennie & Nelson, 1998). Studies have shown that 
hypermethylation of this region may be eventually used as a tumor biomarker for early 
diagnosis and risk assessment of prostate cancer. Furthermore, the prevalence of 
epigenetic changes in prostate cancer and the potential reversibility of DNA methylation 
alterations by DNA methylation inhibitors suggest that these changes are a viable target 
for cancer chemotherapy and chemoprevention strategies (Egger et al., 2004; Kopelovich 
et al., 2003; Yoo & Jones, 2006). 
Mammalian genome contains patterns of methylated cytosines for normal function, but 
until recently the structural organization of the methylation landscape of the human 
genome was unclear (Rollins et al., 2006). It has been reported that the human genome 
consists of short (<4 kb) unmethylated domains enriched in promoters, CpG islands, and 
first exons, embedded in a matrix of long methylated domains (Rollins et al., 2006). Analysis 
of promoter sequences of all known human cytotoxic endonucleases – described below - 
showed that EndoG is the only cytotoxic endonuclease that contains a CpG island, a 
segment of DNA with high G+C content and a site for methylation, in the promoter region 
(Wang et al., 2008). 
A large number of studies have shown that methylation of promoter CpG islands plays an 
important role in gene silencing (Ruchusatsawat et al., 2006; Taghavi & van Lohuizen, 
2006). The broadly accepted definition of a CpG island as a 200-bp fragment of DNA with 
G + C content greater than 50% and observed CpG/expected CpG ratio higher than 0.6 
failed to exclude many sequences (such as Alu repeats and unknown sequences) that are 
not associated with regulatory regions of genes (Takai & Jones, 2002). Recent studies 
indicate that the usage of a modified algorithm to search for CpG islands using a more 
stringent definition (G + C content higher than 55% and a length greater than 500 bp with 
observed CpG/expected CpG ratio 0.65) resulted in the exclusion of the majority of Alu 
repetitive and unknown sequences associated with the 5’ region of genes (Takai & Jones, 
2002). In view of these considerations, we applied this algorithm to the analysis of 
endonuclease genes, which could be regulated by DNA methylation. All known human 
cell death endonucleases and their sequence variants were analyzed using the CpG Island 
Searcher program (available at http://www.cpgislands.com (Takai & Jones, 2003)): 
DNase 1, DNase 1L1 variants 1, 2, 3 and 4; DNase 1L2, DNase 1L3 (DNase gamma), 
DNase 2α, DNase 2β variants 1 and 2, L-DNase II (LEI), CAD and EndoG. Surprisingly, 
this analysis showed that EndoG is the only gene that satisfied the criteria of containing a 
long CpG island in the promoter and exon 1 of the gene. 



 
Prostate Cancer – From Bench to Bedside 

 

270 
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The methylation status of the EndoG promoter/exon 1 in prostate cancer cells was then 
determined by using the methylation-sensitive McrBC-PCR method. McrBC is a bacterial 
endonuclease, that does not act on unmethylated DNA, but cleaves DNA containing 5-
methylcytosine in one or both strands and thus nullifies PCR amplification (Nakayama et 
al., 2004). This experiment showed that in three studied prostate cancer cell lines, LNCaP, 
22Rv1 and PC3, EndoG promoter methylation was the lowest in 22Rv1 cells and highest in 
PC3 cells. Further comparison of the three prostate cancer cell lines showed that EndoG is 
highly expressed in 22Rv1 and LNCaP cells. In PC3 cells, EndoG was not expressed and the 
EndoG gene CpG island was hypermethylated (Wang et al., 2008). 
The expression of EndoG correlated positively with sensitivity to docetaxel, cisplatin and 
etoposide, and the silencing of EndoG by siRNA decreased the sensitivity of the cells to 
the chemotherapeutic agents in the two EndoG-expressing cell lines. To determine 
whether the level of EndoG expression affects the sensitivity of prostate cancer cells to 
chemotherapeutic drugs, we exposed the three cell lines to two anticancer agents, 
cisplatin (0-100 µM) and etoposide (0-300 µM), which are known to induce cell death in 
vitro (Fang et al., 2004; Lee et al., 2006). As expected, the two cell lines that expressed 
EndoG, 22Rv1 and LNCaP, were highly sensitive to both chemotherapeutic agents. 
EndoG-deficient PC3 cells, in contrast, were insensitive to these drugs in the range of 
concentrations used. 
Further study determined that cisplatin-induced death of prostate cancer cells can be 
prevented by EndoG silencing. Although EndoG is known to participate in cell death, it 
was necessary to determine whether the role of EndoG was the same in prostate cancer 
cells subjected to injury by cytotoxic agents as has been described in other cells. To test a 
causal relationship, EndoG was silenced in 22Rv1 cells by applying siRNA. To show that 
siRNA was delivered to the cells, fluorescent DY547-labeled siRNA was used. After 
DY547-siRNA transfection, 22Rv1 cells were exposed to 80 μM cisplatin, a concentration 
that had induced significant cell death in the above experiments. Next, TUNEL assay was 
conducted to measure DNA fragmentation. The assay showed the DNA fragmentation 
was decreased, indicating that silencing of EndoG leads to significant decrease of EndoG 
expression and protects cells from DNA fragmentation. As expected, EndoG silencing 
resulted in the increased viability of cisplatin-treated 22Rv1 cells as measured using 
clonogenic assay. The results suggest EndoG is responsible for cisplatin-induced death in 
prostate cancer cells. 
It is interesting that inhibition of DNA methylation induced EndoG and increased 
sensitivity of PC3 cells to cisplatin and etoposide. 5-aza-2’-deoxycytidine (decitabine), which 
is a DNA methylation inhibitor, caused hypomethylation of the EndoG promoter in PC3 
cells, induced EndoG mRNA and protein expression, and made the cells sensitive to the 
chemotherapy agents. Using McrBC-PCR method, we determined that the treatment of PC3 
cells with decitabine inhibited methylation of the CpG island in the EndoG gene. The same 
concentration of decitabine also increased EndoG expression as determined by real-time RT-
PCR and Western blotting. These data clearly suggested EndoG expression is regulated by 
DNA methylation. Importantly, the induction of EndoG by demethylation caused a 
significant increase in sensitivity to cisplatin and etoposide. 
Finally, the acetylation of histones by trichostatin A (TSA), a histone deacetylase inhibitor, 
induced EndoG expression in 22Rv1 cells, while it had no such effect in PC3 cells. These 
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data indicated EndoG may be regulated by methylation of its gene promoter, and partially 
by histone acetylation, and that EndoG is essential for prostate cancer cell death in the used 
models. Histone modification, in particular, histone acetylation, is another epigenetic 
mechanism that is important in regulation of genes in prostate cancer (Das et al., 2006; Egger 
et al., 2004; Wang et al., 2008; Yoo & Jones, 2006). To determine whether and how histone 
acetylation regulates EndoG expression, two prostate cancer cell lines were treated with 
TSA, and EndoG protein expression was studied using Western blotting. The exposure of 
the cells to TSA induced high levels of EndoG expression in EndoG-positive 22Rv1 cells, 
whereas in EndoG-deficient PC3 cells, EndoG was not induced. Again, EndoG induction 
by TSA caused increased sensitivity to cisplatin. These data demonstrated that chromatin 
acetylation is important for EndoG expression. Taken together with the above 
methylation experiments, these data indicate that DNA methylation plays a primary role 
in EndoG regulation as compared to histone acetylation. In other words, the CpG island 
of the EndoG gene has to be hypomethylated in order to allow regulation of EndoG 
expression by histone acetylation. 

4. Endonuclease delivery to prostate cancer cells and tumors 
Although these are attractive and potentially therapeutically useful approaches, 
modulations of endonuclease expression by DNA methylation or histone acetylation may 
not be a realistic approach because the specificity of epigenetic regulation is notoriously 
low. An alternative to these methods may be a gene delivery and overexpression in the 
target cancer cells. To determine whether overexpression of EndoG would make PC3 cells 
sensitive to the chemotherapy agents, the cells were transfected with human mature 
EndoG gene. To model chemotherapy in vitro, we used docetaxel, which is an FDA-
approved the first line chemotherapeutic agent in castration-refractory prostate cancer 
(Oudard et al., 2007; Ryan et al., 2001). Despite survival benefits with docetaxel based 
chemotherapy, prognosis for castration-refractory prostate cancer patients usually is poor 
and patients typically show rapid progression (Oudard et al., 2005; Wang et al., 2008). 
Progressive prostate cancer is associated with the development, and subsequent 
expansion of tumor cells that are resistant to apoptotic triggers and dysregulation of 
apoptosis is often characterized by insufficient apoptosis (Kruslin, 2009; Mori et al., 1996). 
Therefore a delivery of EndoG gene was expected to increase sensitivity of prostate cancer 
cells to docetaxel. 
As described below, this genetic manipulation resulted in significant increase of PC3 cells 
sensitivity to docetaxel and cisplatin in vitro. Similar results were obtained when PC3 cells 
were transfected with EndoG precursor gene suggesting that the drugs induce speedy 
processing of the protein to mature endonuclease. 
PC3 cells were chosen because they have very low expression of EndoG (Wang et al., 2008). 
Human EndoG gene (NM 004435.2) was cloned in the mammalian expression vector 
pECFP.N1 to result in an expression of EndoG protein fused with the enhanced cyan 
fluorescence protein (CFP). The expression of the chimeric protein was confirmed by 
fluorescent microscopy. Cells were then treated with docetaxel and cell death was measured 
using lactate dehydrogenase (LDH) release assay. This experiment showed the sensitivity of 
the PC3 cells expressing EndoG-CFP to docetaxel was much higher than the cells expressing 
CFP alone (Figure 1). The same result was also observed in cisplatin-induced cells death: 
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The methylation status of the EndoG promoter/exon 1 in prostate cancer cells was then 
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data indicated EndoG may be regulated by methylation of its gene promoter, and partially 
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approved the first line chemotherapeutic agent in castration-refractory prostate cancer 
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Therefore a delivery of EndoG gene was expected to increase sensitivity of prostate cancer 
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PC3 cells were chosen because they have very low expression of EndoG (Wang et al., 2008). 
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pECFP.N1 to result in an expression of EndoG protein fused with the enhanced cyan 
fluorescence protein (CFP). The expression of the chimeric protein was confirmed by 
fluorescent microscopy. Cells were then treated with docetaxel and cell death was measured 
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the PC3 cells expressing EndoG-CFP to docetaxel was much higher than the cells expressing 
CFP alone (Figure 1). The same result was also observed in cisplatin-induced cells death: 
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EndoG overexpression resulted in an over 4-folds elevation of cisplatin-induced cell death 
(data not shown). We also have compared mature EndoG gene and precursor EndoG gene 
overexpression cytotoxicity and their effects on cisplatin-induced cell death, and found that 
both types of EndoG had familiar effect (data not shown). 
 
 

 
Fig. 1. EndoG expression enhances prostate cancer cells’ sensitivity to docetaxel in vitro. Left 
panel: Cell death measured by LDH release assay in EndoG-expressing 22Rv1 and EndoG-
negative PC3 cells, which were exposed to varying concentrations of docetaxel for 24h (n=4, 
*p<0.05). Right panel: Cell death measured by LDH release assay in PC3 cells with or 
without EndoG precursor overexpression 24 hrs after exposure to varying concentrations of 
docetaxel (n=4, *p<0.05). 

Finally, parental PC3 cells and PC3 cells overexpressing human EndoG precursor were 
implanted in prostates of SCID mice to produce orthotopic tumors. The animals with 
xenografts were subjected to the docetaxel chemotherapy and the tumor size progression 
was monitored by high frequency ultrasound visualization. This experiment showed that 
EndoG-expressing tumors shrink in response to chemotherapy, while control tumors made 
of EndoG-negative parental PC3 cells were chemoresistant. To produce orthotopic 
xenografts, 8-weeks old male SCID mice were injected with human prostate cancer PC3 cells 
or EndoG gene-transfected PC3 cells by surgical orthotopic implantation. 2x105 cells were 
mixed with matrigel at 1:1 ratio (v/v) in a total volume of 20μl were injected in the left 
ventral prostate lobes after surgical opening of the lower abdomen skin and peritoneal 
membrane. Ultrasound image could identify prostate tumor as early for 6 days after 
implantation. Monitoring of the tumor growth showed that the prostate lobe eventually was 
occupied by the tumor and lost its original shape. At the 12th day, the mice received 
docetaxel (10mg/kg) via peritoneal cavity injection while the control mice received saline 
injection. Ultrasound images were taken at the 6, 12, and 18 days after orthotopic 
implantation. By day 18, PC3 xenograft tumors significantly grew up regardless of the 
docetaxel treatment; EndoG-PC3 xenografts without docetaxel treatment grew up less, 
while the docetaxel-treated EndoG-PC3 xenografts did not grow in size and instead shrunk 
(Figure 2). Histology analysis confirmed the EndoG overexpression in tumors, which 
coincided with positive TUNEL staining, thus confirming EndoG overexpression made 
xenografts sensitive to the docetaxel treatment. 
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Fig. 2. EndoG expression facilitates docetaxel sensitivity of orthotopic PC3 xenograft tumors. 
Human prostate cancer PC3 cells were transfected with EndoG precursor gene. Parental 
EndoG-deficient cells or EndoG-expressing PC3 cells were implanted in ventral prostate. 
Docetaxel (10 mg/kg) was administrated at the 12th day after implantation. Tumor sizes 
were monitored by intravital ultrasound sonography using VisualSonics Vevo 770 
instrument. Arrows indicate tumor edges.  
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5. Conclusive remarks 
Overall, our studies demonstrated that the expression and activity of the cytotoxic 
endonucleases are decreased in prostate cancer cells that are resistant to chemotherapy 
(Wang et al., 2008). This is consistent with previous studies of breast cancer, which also 
showed disappearance of DNase I in immortalized breast epithelial cells, and decrease of 
EndoG that coincided with dedifferentiation and invasiveness of breast cancer (Basnakian et 
al., 2006). EndoG is shown essential for prostate cancer cell death induced by chemotherapy. 
Expression of EndoG positively correlated with the sensitivity to chemotherapeutic agents 
cisplatin and etoposide, while the silencing of EndoG by siRNA in two cancer lines, 22Rv1 
and LNCaP, decreased the sensitivity of the cells to the chemotherapeutic agents. In PC3 cell 
line, which does not express EndoG, the chemotherapeutic agent 5-aza-2’-deoxycytidine 
caused hypomethylation of the EndoG promoter, induced EndoG expression, and made the 
cells sensitive to both cisplatin and etoposide. In our latest studies described above, the 
overexpression of EndoG in PC3 cells made them also sensitive to docetaxel in vitro and in 
vivo. Therefore these studies demonstrate the first application of endonucleases as a helper 
drug for the chemotherapy of prostate cancer. 
Because the mechanisms of chemo- and radiosensitivity of cells are very similar, these 
observations may be easily extrapolated to the radiotherapy of prostate cancer. Future 
studies may be necessary to determine the role of other epigenetic mechanisms in regulation 
of EndoG and their role in chemoresistance to prostate cancer and cancers of other organs. 
Chemotherapy is currently one of the frequently used therapeutic strategies for prostate 
cancer (Dyrstad et al., 2006; Kaku et al., 2006; Nakabayashi & Oh, 2006), and measurement 
of EndoG may be a potentially useful approach to evaluate chemosensitivity of cancer cells 
to determine optimal conditions for chemotherapy prior to the therapy. 
If further in vivo studies confirm our observation that EndoG is a potential key mediator of 
prostate cancer cell death regulated by the methylation of EndoG gene promoter, future 
epigenetic therapeutics will need to be targeted to EndoG. A development of this approach 
may lead to similar therapeutic strategies for cancer of other organs. 
Recent study determined that DNase I and EndoG, which represent most of DNase activity 
in prostate epithelial and many other cells and are linked in a single pathway, in which 
DNase I expression positively modulates EndoG expression (Yin et al., 2007). DNase I has 
the highest specific activity (per mg protein) among all known endonucleases, and it is the 
only endonuclease that can be directly incorporated into cells. The mechanisms of DNA 
destruction and the role in cell death are same between the two endonucleases. Therefore, it 
may not be necessary to deliver EndoG gene to prostate tumors and instead deliver DNase I 
protein packed in liposomes, which are attractive as vehicles because they have low toxicity. 
The only example of an endonuclease being applied for a therapy is human recombinant 
DNase I is used in complex therapy of cystic fibrosis. Future studies may lead to the first 
application of endonucleases as a helper drug for chemotherapy of prostate cancer. 
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1. Introduction 
One of the most relevant aspects in cell death regulation is the signaling of apoptosis by 
serine/threonine kinases, a broad category of kinases that includes, among others, the 
mitogen-activated protein kinases (MAPKs) (Cross et al., 2000; Khlodenko & Birtwistle, 2009). 
The three main members that integrate the MAPK family in mammalian cells are: the stress-
activated protein kinase c-Jun NH2-terminal kinases (JNK), the stress-activated protein kinase 
2 (SAPK2, p38), and the extracellular signal-regulated protein kinases (ERK1/2, p44/p42) (Fig. 
1). In addition, other less well-characterized MAPK pathways exist, such as the extracellular 
regulated kinase 5 (ERK5) pathway (Hayashi &Lee, 2004; Junttila & Li, 2008) (Fig. 1). Albeit 
with multiple exceptions, JNK and ERK5 are generally associated with apoptosis induction; 
while ERK1/2 are generally associated to mitogenesis, and therefore inversely related to 
apoptosis (Hayashi &Lee, 2004; Junttila & Li, 2008); and contradictory effects on cell death 
have been described to p38 (Chang et al., 2008; Joo & Yoo, 2009; Khwaja et al., 2008; Ricote et 
al., 2006a; Shimada et al., 2006; Vayalil et al., 2004; Zhang &Kong, 2008). 
ERK is a threonine-glutamic acid-tyrosine (Thr-Glu-Tyr) motif (Hunter, 2000; Liu et al., 
2010) that play a central role in stimulation of cell proliferation (Marais & Marshall, 1990; 
Peng et al., 2010). Two isoforms of ERK, referred as ERK1 (or p44) and ERK2 (or p42), are 
ubiquitously expressed and represent a convergence point for mitogenic signaling from a 
diverse array of pathways (Cullen &Lockyer, 2002; Eisinger &Ammer, 2008; Gao et al., 
2010). Both are ubiquitously expressed, although their relative abundance in tissues is 
variable. For example, in many immune cells ERK2 is the predominant species, while in 
several cells of neuroendocrine origin they may be equally expressed (Zebisch et al., 2007). 
ERK 1/2 is activated by MEK1/2 specifically by phosphorylating a tyrosine and a threonine 
residue, separated by a glutamate residue (TEY) (Zebisch et al., 2007). Activated ERK1 and 
ERK2 can translocate to the nucleus, where it activates several transcription factors such as 
ATF-2, Elk-1, c-Fos, c-myc or Ets-1 (Junttila & Li, 2008). At the same time, it can also 
phosphorylate cytoplasmic and nuclear kinases, such as MNK1, MNK2, MPKAP-2, RSK or 
MSK1 (Zebisch et al., 2007). The ERK1/2 cascade is triggered by growth factors and 
cytokines acting through receptor tyrosine kinases, G-protein-coupled receptors, and non-
nuclear activated steroid hormone receptors. The biological consequences of ERK1/2 
substrate phosphorylation include pro-proliferative (Pearson et al., 2001), pro-differentiation 
(Pearson et al., 2001), pro-survival (Pearson et al., 2001), pro-angiogenic (Pàges et al., 2000), 
pro-motility (Joslin et al., 2007) and pro-invasive effects (Price et al., 2002). 
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P38 plays roles in cell differentiation, growth inhibition and apoptosis, proliferation and cell 
survival (Hui et al., 2007; Raingeaud et al., 1995; Thornton & Rincon, 2009). p38 is activated 
in cells in response to stress signals, growth factors, inflammatory cytokines, UV, heat and 
osmotic shock (Raingeaud et al., 1995; Whyte et al., 2009). Four isoforms of p38 exist (p38α, 
β, γ and δ), although p38α is the most widely expressed. MKK3/6 (MAPKKK) and SEK 
(MAPKK) activate p38. A great number MAPKKs and MAPKKKs (e.g. Mlk1-3, MEKK1-4, 
TAK, ASK1/2) upstream of p38 have been identified. Both MAPKKs and MAPKKKs are 
generally activated by G small proteins as Rac1, Cdc42, RhoA and RhoB (Fenf et al., 2009). 
Activated p38 phosphorylates and regulates many transcription factors (including activating 
transcription factor-2, NF-kB, Elk-1, Max, myocyte enhancer factor-2, Mac, p53 or Stat1) 
(Royuela et al., 2008; Whyte et al., 2009; Zhao et al., 1999), and other cell cycle and apoptosis 
mediators (e.g. Cdc25A, Bcl-2) (Thornton & Rincon, 2009). p38 has been defined as tumor 
suppressor and generally exert a  pro-apoptotic role. However, it has been also shown to 
enhance cell survival in response to stress stimuli, for instance, in response to DNA damage 
(Thornton& Rincon., 2009; Whyte et al., 2009; Jiang et al., 1997; Wang XS et al., 1997; Feng et 
al., 2009; Zhao et al., 1999; Royuela et al., 2008; Wood et al., 2009). Triggering of pro- or anti-
apoptotic p38-mediated response seems to depend on the stimuli, the cell system and the 
involved p38 isoform (Feng et al., 2009). 
 

 
Fig. 1. Mitogen activated protein kinase (MAPK) signaling. MAP kinases are activated by 
upstream kinases such as MAP kinase kinase (MAPKK), that include MEKs 1, 2, 3, 4, 5, 6 
and 7. In turn, MAPKKs are activated by several different MAP kinase kinase kinases 
(MAPKKKs). Numerous stimulatory factors such as cytokines, mitogens or death receptors, 
can activate MAPKKKs. Each MAPK, depending on the stimulus and cell type, can 
phosphorylate different transcription factors. 

 
MAP Kinases and Prostate Cancer 

 

285 

JNK proteins, also called stress activated protein kinases (SAPKs), are activated in response 
to a variety of extracellular stimuli, including UV irradiation, mitogens and cytokines (De 
Graeve et al., 1999). Notably, the earliest discoveries included the identification of the three 
mammalian JNK genes called JNK1, JNK2, and JNK3 (also termed stress-activated protein 
kinase (SAPK)-γ, SAPK-α and SAPK-β, respectively) which can be subdivided into 10 
isoforms by alternative splicing (Bogoyevitch et al., 2010; Dérijard et al., 1994). Alternative 
splicing further increases the diversity of JNK proteins, however apart from early 
biochemical studies on these splice forms (Gupta et al., 1996) their functional significance in 
vivo has remained largely unexplored (Bogoyevitch et al., 2010). The products of JNK1 and 
JNK2 are ubiquitously expressed in every cells and tissues, whereas JNK3 is localized 
primarily in brain, heart and testis. Due to the specificity of tissue, JNK3 presents different 
functions than JNK1 and JNK2. In addition, several authors believe that JNK1 and JNK2 
present redundant functions. Several studies suggest that JNK are involved in regulation of 
the cell cycle (Bode & Dong, 2007.). JNK signaling contributes to the ability of p53 to mediate 
apoptosis through stabilization and activation of p53 (Bode & Dong, 2007; Fuchs et al., 1998). 
The fourth MAPK of interest in this review is ERK5. ERK5 is a large molecular size kinase 
(Lee et al., 1995) identified independently by two groups. One used a two hybrid screen 
with an upstream activator MEK5 as the bait; the other used a degenerate PCR strategy to 
clone novel MAPK (Lee et al., 1995; Zhou et al., 2005). ERK5 is activated by growth factors 
(Kato et al., 1998), integrin engagement (Sawhney et al., 2009) and cell stress (Pi et al., 2004), 
and its important molecular targets would seem to include the induction of transcription of 
components of the transcription factor Ap1 (cJun (Kayahama et al., 2005) and Fos 
(Kamakura et al., 1999) and activation of transcription factors of the myocyte enhancer 
family group (for example, MEF2C, a well characterized target (Kato et al., 1997)), and cMyc 
(English et al., 1998). 
In an in vitro study directed using androgen-dependent PC3 cells, McCracken et al. (2008) 
described ERK5-overexpresion related with proliferative, migrative and invasive 
capabilities, establishing the potential importance of ERK5 in aggressive prostate cancer. In 
similar studies Sawhney et al. (Sawhney et al., 2009) hypothesized that ERK5 activation 
could promote cancer metastasis. 
In mammalian cells, ERK, p38 and JNK activities are respectively regulated by three 
different MAPK cascades, which provide a link between transmembrane signaling and 
changes in transcription and are activated in response to different environmental or 
developmental signals (Junttila & Li, 2008) (Fig. 1). Depending on the cell type, a particular 
MAPK cascade may be involved in different cellular responses. The JNK and p38 signaling 
pathways are activated by pro-inflammatory (TNFα, IL-6 or IL-1) or anti-inflammatory 
(EGF, TGF-β) cytokines, but also in response to cellular stresses such as genotoxic, osmotic, 
hypoxic, or oxidative stress. The JNK pathway consists of JNK, a MAPKK such as SEK1 
(also known as MEK4) or MEK7, and a MAPKKK such as ASK1, MEKK1, mixed-lineage 
kinase (MLK), or transforming growth factor-β-activated kinase 1 (TAK1) (Davis, 2000; Kim 
& Choi, 2010). In the p38 signaling pathway, distinct MAPKKs such as MEK3 and MEK6 
activate p38 and these are activated by the same MAPKKKs (such as ASK1 and TAK1) that 
function in the JNK pathway. In the ERK signaling pathway, ERK1 or ERK2 (ERK1/2) is 
activated by MEK1/2, which in turn is activated by a Raf isoform such as A-Raf, B-Raf, or 
Raf-1 (also known as C-Raf) but also by TRAF-2 and TRAF-6. The kinase Raf-1 is activated 
by the small Ras-like GTPase, whose activation is mediated by the receptor tyrosine kinase 



 
Prostate Cancer – From Bench to Bedside 

 

284 

P38 plays roles in cell differentiation, growth inhibition and apoptosis, proliferation and cell 
survival (Hui et al., 2007; Raingeaud et al., 1995; Thornton & Rincon, 2009). p38 is activated 
in cells in response to stress signals, growth factors, inflammatory cytokines, UV, heat and 
osmotic shock (Raingeaud et al., 1995; Whyte et al., 2009). Four isoforms of p38 exist (p38α, 
β, γ and δ), although p38α is the most widely expressed. MKK3/6 (MAPKKK) and SEK 
(MAPKK) activate p38. A great number MAPKKs and MAPKKKs (e.g. Mlk1-3, MEKK1-4, 
TAK, ASK1/2) upstream of p38 have been identified. Both MAPKKs and MAPKKKs are 
generally activated by G small proteins as Rac1, Cdc42, RhoA and RhoB (Fenf et al., 2009). 
Activated p38 phosphorylates and regulates many transcription factors (including activating 
transcription factor-2, NF-kB, Elk-1, Max, myocyte enhancer factor-2, Mac, p53 or Stat1) 
(Royuela et al., 2008; Whyte et al., 2009; Zhao et al., 1999), and other cell cycle and apoptosis 
mediators (e.g. Cdc25A, Bcl-2) (Thornton & Rincon, 2009). p38 has been defined as tumor 
suppressor and generally exert a  pro-apoptotic role. However, it has been also shown to 
enhance cell survival in response to stress stimuli, for instance, in response to DNA damage 
(Thornton& Rincon., 2009; Whyte et al., 2009; Jiang et al., 1997; Wang XS et al., 1997; Feng et 
al., 2009; Zhao et al., 1999; Royuela et al., 2008; Wood et al., 2009). Triggering of pro- or anti-
apoptotic p38-mediated response seems to depend on the stimuli, the cell system and the 
involved p38 isoform (Feng et al., 2009). 
 

 
Fig. 1. Mitogen activated protein kinase (MAPK) signaling. MAP kinases are activated by 
upstream kinases such as MAP kinase kinase (MAPKK), that include MEKs 1, 2, 3, 4, 5, 6 
and 7. In turn, MAPKKs are activated by several different MAP kinase kinase kinases 
(MAPKKKs). Numerous stimulatory factors such as cytokines, mitogens or death receptors, 
can activate MAPKKKs. Each MAPK, depending on the stimulus and cell type, can 
phosphorylate different transcription factors. 

 
MAP Kinases and Prostate Cancer 

 

285 

JNK proteins, also called stress activated protein kinases (SAPKs), are activated in response 
to a variety of extracellular stimuli, including UV irradiation, mitogens and cytokines (De 
Graeve et al., 1999). Notably, the earliest discoveries included the identification of the three 
mammalian JNK genes called JNK1, JNK2, and JNK3 (also termed stress-activated protein 
kinase (SAPK)-γ, SAPK-α and SAPK-β, respectively) which can be subdivided into 10 
isoforms by alternative splicing (Bogoyevitch et al., 2010; Dérijard et al., 1994). Alternative 
splicing further increases the diversity of JNK proteins, however apart from early 
biochemical studies on these splice forms (Gupta et al., 1996) their functional significance in 
vivo has remained largely unexplored (Bogoyevitch et al., 2010). The products of JNK1 and 
JNK2 are ubiquitously expressed in every cells and tissues, whereas JNK3 is localized 
primarily in brain, heart and testis. Due to the specificity of tissue, JNK3 presents different 
functions than JNK1 and JNK2. In addition, several authors believe that JNK1 and JNK2 
present redundant functions. Several studies suggest that JNK are involved in regulation of 
the cell cycle (Bode & Dong, 2007.). JNK signaling contributes to the ability of p53 to mediate 
apoptosis through stabilization and activation of p53 (Bode & Dong, 2007; Fuchs et al., 1998). 
The fourth MAPK of interest in this review is ERK5. ERK5 is a large molecular size kinase 
(Lee et al., 1995) identified independently by two groups. One used a two hybrid screen 
with an upstream activator MEK5 as the bait; the other used a degenerate PCR strategy to 
clone novel MAPK (Lee et al., 1995; Zhou et al., 2005). ERK5 is activated by growth factors 
(Kato et al., 1998), integrin engagement (Sawhney et al., 2009) and cell stress (Pi et al., 2004), 
and its important molecular targets would seem to include the induction of transcription of 
components of the transcription factor Ap1 (cJun (Kayahama et al., 2005) and Fos 
(Kamakura et al., 1999) and activation of transcription factors of the myocyte enhancer 
family group (for example, MEF2C, a well characterized target (Kato et al., 1997)), and cMyc 
(English et al., 1998). 
In an in vitro study directed using androgen-dependent PC3 cells, McCracken et al. (2008) 
described ERK5-overexpresion related with proliferative, migrative and invasive 
capabilities, establishing the potential importance of ERK5 in aggressive prostate cancer. In 
similar studies Sawhney et al. (Sawhney et al., 2009) hypothesized that ERK5 activation 
could promote cancer metastasis. 
In mammalian cells, ERK, p38 and JNK activities are respectively regulated by three 
different MAPK cascades, which provide a link between transmembrane signaling and 
changes in transcription and are activated in response to different environmental or 
developmental signals (Junttila & Li, 2008) (Fig. 1). Depending on the cell type, a particular 
MAPK cascade may be involved in different cellular responses. The JNK and p38 signaling 
pathways are activated by pro-inflammatory (TNFα, IL-6 or IL-1) or anti-inflammatory 
(EGF, TGF-β) cytokines, but also in response to cellular stresses such as genotoxic, osmotic, 
hypoxic, or oxidative stress. The JNK pathway consists of JNK, a MAPKK such as SEK1 
(also known as MEK4) or MEK7, and a MAPKKK such as ASK1, MEKK1, mixed-lineage 
kinase (MLK), or transforming growth factor-β-activated kinase 1 (TAK1) (Davis, 2000; Kim 
& Choi, 2010). In the p38 signaling pathway, distinct MAPKKs such as MEK3 and MEK6 
activate p38 and these are activated by the same MAPKKKs (such as ASK1 and TAK1) that 
function in the JNK pathway. In the ERK signaling pathway, ERK1 or ERK2 (ERK1/2) is 
activated by MEK1/2, which in turn is activated by a Raf isoform such as A-Raf, B-Raf, or 
Raf-1 (also known as C-Raf) but also by TRAF-2 and TRAF-6. The kinase Raf-1 is activated 
by the small Ras-like GTPase, whose activation is mediated by the receptor tyrosine kinase 



 
Prostate Cancer – From Bench to Bedside 

 

286 

(RTK)-Grb2-SOS signaling axis (Dhillon et al., 2007). Members of the Ras family of proteins, 
including K-Ras, H-Ras, and N-Ras, play a key role in transmission of extracellular signals 
into cells (Ancrile et al., 2008) (Fig. 1). 
The aim of this review was to focus on the possible involvement of MAPKs in several 
transduction pathways related with prostate cancer development as well as the possible 
functional role of MAPKs in cell death/ survival/ proliferation decisions depending on the 
cell type, stage and cell stimulus. We also discuss the possible use of some members of this 
pathway as a potential therapeutic target. 

2. IL-6/TNF/JNK pathway 
Depending on the stimulus and cell type, JNKs can phosphorylate different substrates such 
as Ap1, ATF-2, Elk-1, c-Myc, p53, MLK2 and several members of the Bcl-2 family. JNKs are 
implicated in development, morphogenesis and cell differentiation (Heasley & Han, 2006). 
Several studies suggest that in apoptosis JNKs have opposite functions depending on the 
cellular stimulus. In this way, JNKs can induce apoptosis, but also can enhance cell survival 
and proliferation. JNKs are also involved in regulation of the cell cycle (Bode & Dong, 2007). 
JNK signaling contributes to the ability of p53 to mediate apoptosis through stabilization 
and activation of p53 (Bode & Dong, 2007; Fuchs et al., 1998). Several authors suggest that 
JNK activity is chronically altered in various cancer types such as prostate (Meshki et al., 
2010; Royuela et al., 2002), breast (Wang HY et al., 2003; Wang J et al., 2010), pancreatic or 
lung (Lee et al., 2010; Su et al., 1998) carcinomas. 
Investigations of JNKs have focused on their activation in response to diverse stresses 
including ultraviolet and gamma radiation, inflammatory cytokines and cytotoxic drugs. In 
this way, pro inflammatory cytokines such as IL-6 or TNF activate different transduction 
pathway (Khalaf et al., 2010). 
IL-6 exerts its effects through a membrane receptor complex composed by IL-6 receptor a 
(IL-6Ra) and glycoprotein 130 (gp130). Silver and Hunter (Silver & Hunter, 2010) described 
the role of gp130 in promoting or preventing the development of autoimmunity and cancer, 
two processes that are associated with aberrant inflammatory responses. In addition to an 
immunological role, IL-6 is involved in cell proliferation in other tissues such as bone 
(Kurihara et al., 1990), testis (spermatogenesis) (Huleihel & Lunenfeld, 2004), skin (Krueguer 
et al., 1990) or nervous system (Hama et al., 1989). It has been shown that IL-6 also 
stimulates the development of many tumors, including melanoma, renal cell carcinoma, 
Kaposi’s sarcoma, ovarian carcinoma, lymphoma and leukemia, multiple myeloma, prostate 
carcinoma and breast carcinoma (García-Tuñon et al., 2005; Hong et al., 2007; Rabinovich et 
al., 2007; Royuela et al., 2004). 
First, IL-6 binds to IL-6Ra, which is unable to initiate signal transduction, and this complex 
attracts gp130 molecules, which dimerize leading to the intracellular signal by the activation 
of constituvely-associated gp130 Jak proteins (Heinrich et al., 1998; Hong et al., 2007; Silver 
& Hunter, 2010). In PC (prostate cancer) immunoreaction to IL-6 and gp-130 were increased. 
IL-6 signalling could be enhanced not only due to increased autocrine production but also 
increasing levels of this receptor (Rodriguez-Berriguete et al., 2010a; Royuela et al., 2004). 
Jak proteins can simultaneously trigger functionally distinct and even contradictory 
signaling pathways. One of them leads to the recruitment at the complex receptor of SHP2, 
Sos and Grb2, which in turn activates Ras by stimulating the exchange of GDP bound to Ras 
for GTP. Then, Ras initiates a MAPK cascade by phosphorylation of Raf-1 (Ancrile & 
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O'Hayer, 2008). Raf-1 activation might stimulate two different pathways. One pathway is 
initiated by MEK1/2 and the other with the activation of JNK. In prostate cancer expression 
of to Raf-1, MEK-1 and p-MEK were increased with Gleason grade (Rodruguez et al., 2010a). 
TNF-α is a 17 kDa polypeptide that has been implicated in skin carcinogenesis and in 
metastatic tumor spread of a variety of carcinomas and sarcomas. The action of TNF- α is 
mediated by two distinct receptors named TNF-receptor I (55 kDa, TNFRI) and receptor II 
(75 kDa, TNFRII) with similar affinity for TNF- α in human tissues (Loetscher et al., 1990; 
Smith et al., 1990). The domains of these receptors are different (Tartaglia et al., 1991). 
TNFRI is the major mediator of most TNF-α activity (Wiegmann et al., 1992). The expression 
and action of TNF- α and its receptors has been reported in several tumors such as 
esophageal (Hubel et al., 2000), prostate (De Miguel et al., 2000; Meshki et al., 2010), 
follicular thyroid (Zubelewicz et al., 2002), skin (Arnott et al., 2004), ovarian (Qiu et al., 2010; 
Rzymski et al., 2005) and breast (García-Tuñon et al., 2006) cancers. 
In human prostate cancer, TNF cascade seems to be over-stimulated since TNF receptors 
(TNFRI and TNFRII) present high immunoexpression (Ricote et al., 2003). Binding of TNF-
α/TNFRI complex to TNF receptor associated death domain proteins (TRADD) activates 
TRAF-2 (1 of the 6 members of the TNF receptor associated factor), which represents an 
integration point for pro-apoptotic and antiapoptotic signals (Wajant & Scheurich, 2001). 
TRAF-2 activation might stimulate two different pathways. One pathway is initiated by the 
interaction of TRAF-2 with the activation of NF-kB inducing kinase termed NIK, which is a 
MAP3K-related kinase that activates the IKK complex composed of IKK- and IKK- (Wu & 
Kral, 2005). In prostate cancer, NIK seems to be triggered by TNF/TRAF-2 or IL-
1/IRAK/TRAF-6, since the presence of TNF, TNFRI and TRAF-2 has been described (De 
Miguel et al., 2000; Ricote et al., 2003), but also the presence of IL-1 family members (Nuñez 
et al., 2008; Ricote et al., 2004). NIK stimulate IKK-, which induces IKK- degradation. IKK 
complex phosphorylates IkB, following its ubiquitination and rapid degradation causing the 
nuclear translocation of NF-kB, which in turn, activates target genes involved in 
carcinogenesis: tumor initiation, malignant transformation and metastasis (Wu & Kral., 
2005; Chengedza & Benbrook, 2010). In PC, TRAF-2 might be involved in the NIK activation 
pathway, although immunoexpression to TRAF-2 was detected in a low number of cases 
(decrease with Gleason grade), at the same time that the most of these patients were 
positives to NF-kB/p50 and NF-kB/p65 (Nuñez et al., 2008). These data, in addition with 
the elevated immunoexpressions to IL-1, IRAK, TRAF-6 and NIK observed in the same 
samples, suggest that NIK is stimulated by IL-1. Using the prostate carcinoma cell lines 
LNCaP, DU45 and PC3, Gasparian et al. (2009) found that increased IKK activation leads to 
the activation of NF-kB. A potential role of NF-kB in the development of different tumors as 
breast (Miller et al., 2000; Wu & Kral, 2005), colon (Dejardin et al., 1999; Wang S et al., 2009), 
pancreas (Wang W et al 1999; Eldor et al., 2009), thyroid (Visconti et al., 1997) or prostate 
(Nuñez et al., 2008; Domingo-Domenech et al., 2005) have been reported. 
The other pathway activates the cascade ASK-1 (signal regulating kinase), MEK-4 (mitogen 
activated protein kinase-kinase 4) and Jun N-terminal kinase (JNK) (Royuela et al., 2008). 
When JNK is translocated to the nucleus is phosphorylated and activates transcription 
factors such as AP-1 or ATF-2. In all normal human prostates, positive immunoreactions to 
TRAF-2 and ASK1 (cytoplasm localization) MEK-4 (cytoplasm and nucleus localization) and 
JNK were found. Although in prostate cancer the transduction pathway from TRAF-2 to AP-
1 seems to be inanctive, since immunoreaction to TRAF-2, ASK-1 And MEK-4 decreased and 
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(RTK)-Grb2-SOS signaling axis (Dhillon et al., 2007). Members of the Ras family of proteins, 
including K-Ras, H-Ras, and N-Ras, play a key role in transmission of extracellular signals 
into cells (Ancrile et al., 2008) (Fig. 1). 
The aim of this review was to focus on the possible involvement of MAPKs in several 
transduction pathways related with prostate cancer development as well as the possible 
functional role of MAPKs in cell death/ survival/ proliferation decisions depending on the 
cell type, stage and cell stimulus. We also discuss the possible use of some members of this 
pathway as a potential therapeutic target. 
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Depending on the stimulus and cell type, JNKs can phosphorylate different substrates such 
as Ap1, ATF-2, Elk-1, c-Myc, p53, MLK2 and several members of the Bcl-2 family. JNKs are 
implicated in development, morphogenesis and cell differentiation (Heasley & Han, 2006). 
Several studies suggest that in apoptosis JNKs have opposite functions depending on the 
cellular stimulus. In this way, JNKs can induce apoptosis, but also can enhance cell survival 
and proliferation. JNKs are also involved in regulation of the cell cycle (Bode & Dong, 2007). 
JNK signaling contributes to the ability of p53 to mediate apoptosis through stabilization 
and activation of p53 (Bode & Dong, 2007; Fuchs et al., 1998). Several authors suggest that 
JNK activity is chronically altered in various cancer types such as prostate (Meshki et al., 
2010; Royuela et al., 2002), breast (Wang HY et al., 2003; Wang J et al., 2010), pancreatic or 
lung (Lee et al., 2010; Su et al., 1998) carcinomas. 
Investigations of JNKs have focused on their activation in response to diverse stresses 
including ultraviolet and gamma radiation, inflammatory cytokines and cytotoxic drugs. In 
this way, pro inflammatory cytokines such as IL-6 or TNF activate different transduction 
pathway (Khalaf et al., 2010). 
IL-6 exerts its effects through a membrane receptor complex composed by IL-6 receptor a 
(IL-6Ra) and glycoprotein 130 (gp130). Silver and Hunter (Silver & Hunter, 2010) described 
the role of gp130 in promoting or preventing the development of autoimmunity and cancer, 
two processes that are associated with aberrant inflammatory responses. In addition to an 
immunological role, IL-6 is involved in cell proliferation in other tissues such as bone 
(Kurihara et al., 1990), testis (spermatogenesis) (Huleihel & Lunenfeld, 2004), skin (Krueguer 
et al., 1990) or nervous system (Hama et al., 1989). It has been shown that IL-6 also 
stimulates the development of many tumors, including melanoma, renal cell carcinoma, 
Kaposi’s sarcoma, ovarian carcinoma, lymphoma and leukemia, multiple myeloma, prostate 
carcinoma and breast carcinoma (García-Tuñon et al., 2005; Hong et al., 2007; Rabinovich et 
al., 2007; Royuela et al., 2004). 
First, IL-6 binds to IL-6Ra, which is unable to initiate signal transduction, and this complex 
attracts gp130 molecules, which dimerize leading to the intracellular signal by the activation 
of constituvely-associated gp130 Jak proteins (Heinrich et al., 1998; Hong et al., 2007; Silver 
& Hunter, 2010). In PC (prostate cancer) immunoreaction to IL-6 and gp-130 were increased. 
IL-6 signalling could be enhanced not only due to increased autocrine production but also 
increasing levels of this receptor (Rodriguez-Berriguete et al., 2010a; Royuela et al., 2004). 
Jak proteins can simultaneously trigger functionally distinct and even contradictory 
signaling pathways. One of them leads to the recruitment at the complex receptor of SHP2, 
Sos and Grb2, which in turn activates Ras by stimulating the exchange of GDP bound to Ras 
for GTP. Then, Ras initiates a MAPK cascade by phosphorylation of Raf-1 (Ancrile & 
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O'Hayer, 2008). Raf-1 activation might stimulate two different pathways. One pathway is 
initiated by MEK1/2 and the other with the activation of JNK. In prostate cancer expression 
of to Raf-1, MEK-1 and p-MEK were increased with Gleason grade (Rodruguez et al., 2010a). 
TNF-α is a 17 kDa polypeptide that has been implicated in skin carcinogenesis and in 
metastatic tumor spread of a variety of carcinomas and sarcomas. The action of TNF- α is 
mediated by two distinct receptors named TNF-receptor I (55 kDa, TNFRI) and receptor II 
(75 kDa, TNFRII) with similar affinity for TNF- α in human tissues (Loetscher et al., 1990; 
Smith et al., 1990). The domains of these receptors are different (Tartaglia et al., 1991). 
TNFRI is the major mediator of most TNF-α activity (Wiegmann et al., 1992). The expression 
and action of TNF- α and its receptors has been reported in several tumors such as 
esophageal (Hubel et al., 2000), prostate (De Miguel et al., 2000; Meshki et al., 2010), 
follicular thyroid (Zubelewicz et al., 2002), skin (Arnott et al., 2004), ovarian (Qiu et al., 2010; 
Rzymski et al., 2005) and breast (García-Tuñon et al., 2006) cancers. 
In human prostate cancer, TNF cascade seems to be over-stimulated since TNF receptors 
(TNFRI and TNFRII) present high immunoexpression (Ricote et al., 2003). Binding of TNF-
α/TNFRI complex to TNF receptor associated death domain proteins (TRADD) activates 
TRAF-2 (1 of the 6 members of the TNF receptor associated factor), which represents an 
integration point for pro-apoptotic and antiapoptotic signals (Wajant & Scheurich, 2001). 
TRAF-2 activation might stimulate two different pathways. One pathway is initiated by the 
interaction of TRAF-2 with the activation of NF-kB inducing kinase termed NIK, which is a 
MAP3K-related kinase that activates the IKK complex composed of IKK- and IKK- (Wu & 
Kral, 2005). In prostate cancer, NIK seems to be triggered by TNF/TRAF-2 or IL-
1/IRAK/TRAF-6, since the presence of TNF, TNFRI and TRAF-2 has been described (De 
Miguel et al., 2000; Ricote et al., 2003), but also the presence of IL-1 family members (Nuñez 
et al., 2008; Ricote et al., 2004). NIK stimulate IKK-, which induces IKK- degradation. IKK 
complex phosphorylates IkB, following its ubiquitination and rapid degradation causing the 
nuclear translocation of NF-kB, which in turn, activates target genes involved in 
carcinogenesis: tumor initiation, malignant transformation and metastasis (Wu & Kral., 
2005; Chengedza & Benbrook, 2010). In PC, TRAF-2 might be involved in the NIK activation 
pathway, although immunoexpression to TRAF-2 was detected in a low number of cases 
(decrease with Gleason grade), at the same time that the most of these patients were 
positives to NF-kB/p50 and NF-kB/p65 (Nuñez et al., 2008). These data, in addition with 
the elevated immunoexpressions to IL-1, IRAK, TRAF-6 and NIK observed in the same 
samples, suggest that NIK is stimulated by IL-1. Using the prostate carcinoma cell lines 
LNCaP, DU45 and PC3, Gasparian et al. (2009) found that increased IKK activation leads to 
the activation of NF-kB. A potential role of NF-kB in the development of different tumors as 
breast (Miller et al., 2000; Wu & Kral, 2005), colon (Dejardin et al., 1999; Wang S et al., 2009), 
pancreas (Wang W et al 1999; Eldor et al., 2009), thyroid (Visconti et al., 1997) or prostate 
(Nuñez et al., 2008; Domingo-Domenech et al., 2005) have been reported. 
The other pathway activates the cascade ASK-1 (signal regulating kinase), MEK-4 (mitogen 
activated protein kinase-kinase 4) and Jun N-terminal kinase (JNK) (Royuela et al., 2008). 
When JNK is translocated to the nucleus is phosphorylated and activates transcription 
factors such as AP-1 or ATF-2. In all normal human prostates, positive immunoreactions to 
TRAF-2 and ASK1 (cytoplasm localization) MEK-4 (cytoplasm and nucleus localization) and 
JNK were found. Although in prostate cancer the transduction pathway from TRAF-2 to AP-
1 seems to be inanctive, since immunoreaction to TRAF-2, ASK-1 And MEK-4 decreased and 
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no immunoreaction to AP-1 was even found (Ricote et al., 2003; Royuela et al., 2008). The 
mechanism that accounts for the nuclear location MEK-4 is unclear, since this protein is 
activated by a cytoplasmic protein and phosphorylates JNK in the cytoplasm. However, 
MEK-4 function may not be restricted to the JNK signal transduction pathway because 
MEK-4 also phosphorylate and activates p38, and this latter is prelocalized in the nucleus 
and is rapidly exported to the cytoplasm upon activation (Taylor et al., 2008). 

 

 
Fig. 2. JNK immunostaining appeared in normal (A), BPH (B) and PC (B) samples. Scale 
bars: 20 m (A-B) and 30 m (C). 

JNK immunoreactiveness is increased in the glandular epithelium of PC specimens (Royuela 
et al., 2002; Shimada et al., 2006). With these data, Ricote et al. (2003) suggest that MEK-4 is 
not involved in JNK/AP-1 pathway, although it might be involved in p38 activation 
pathway. This hypothesis agrees with the high p38 levels found in normal prostate in our 
laboratory (Royuela et al., 2002). In this pathology there must be several extracellular or 
intracellular factors that are blocking the activation of this transduction pathway in different 
steps. ASK1 might be a critical blockage point of this transduction pathway. P21 has been 
reported as an ASK1 inhibitor and has been found significantly associated with a high 
Gleason score (Aaltomaa et al., 1999; Royuela et al., 2001). Bcl-2 has been postulated as a 
potential modulator of JNK activation in fibroblasts. Since an increase of bcl-2 has been 
reported in prostate cancer specimens, bcl-2 might be another potential inhibitor of JNK in 
prostate cancer (Haeusgen et al., 2010; Royuela et al., 2000). Ricote et al. (2006) reported in 
an in vitro study that JNK phosphorylation was found to be increased by TNF- dose-
dependent manner in LNCaP cells (but not in PC3 cells), and the rate of apoptosis was 
reduced by the administration of a specific JNK inhibitor, suggesting that JNK positively 
regulates apoptosis induction by TNF- in this cell model. 
Two opposite roles in the cell cycle control have been reported for JNK: cell proliferation 
and apoptosis. In contrast, JNK activation by some cytokines, such as TNF- and IL-6, 
stimulates apoptosis. Since these two cytokines have been found increased in the prostatic 
epithelium of PC patients (Rodriguez-Berriguete et al., 2010a; Royuela et al., 2008), it might 
be that the increased apoptotic indexes in PC are related to the elevated levels of TNF-, IL-
6 and JNK. Nevertheless, the apoptotic mechanism stimulated by JNK is via p53 (Fuchs et 
al., 1998), but the p53 present in PC patients (Lee y cols., 2008), as occurs in most cancers is a 
mutant form with deletions or mutations which obstruct its association to JNK (Fuchs et al., 
1998). Therefore, the elevated apoptotic rates in PC does not seem to be related to the high 
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levels of cytokines and JNK in these patients but to other factors including the increased p38 
levels mentioned above. Therefore, the most probable action of JNK in PC would be cell 
proliferation stimulation rather than apoptosis. 

3. IL-1/ TNF/ p38 
Several studies suggested that p38 play an important role in leukemia (Feng et al., 2009); 
lymphomas (Zheng et al., 2003) or tumor such as breast (Ancrile et al., 2008), prostate (Ricote 
et al., 2006a), gastrical (Guo et al., 2008) or lung (Zhang et al., 2010). 
 

 
Fig. 3. p38 immunostaining appeared in normal (A), BPH (B) and PC (B) samples. Scale bars: 
25 m (B) 30 m (A, C). 

In addition to TNF/AP1 pathway (by ASK-1 or MEK-4), Interleukin-1 (IL-1) is another 
physiological regulator of p38. IL-1 activates PAK-1 through its binding to two GTPases, 
called Cdc42 and Rac. These ones activate PAK-1, which induces MEK-6 activation that in 
turns activates p38 (Raingeaud et al., 1995). 
Several reports about IL-1 family in cancer have been reported. IL-1, IL-1 and IL-1Ra have 
been detected in human breast cancer, and have been related to protumorigenic activity 
(Miller et al., 2010). The number of men showing IL-1 immunoexpression is lower in 
prostate cancer group than in normal prostate group but most cancer patients studied 
presented immunoreaction to IL-1, IL-1RI, IL-1RII and IL-1Ra [60]. The interaction between 
IL-1 and IL-RI would be involved in the high proliferation degree of these tumors. No 
association between IL-1 and IL-1Ra has also been reported in premalignant gastric 
conditions (Kupcinskas et al., 2010). 
In human prostate cancer, intense immnoreaction to PAK-1, MEK-6 and p38 were found but 
also to p-Elk-1 and p-ATF-2 whose location change from the nucleus to the cytoplasm 
(Ricote et al., 2006a; Rodriguez-Berriguete et al., 2010b). This fact may be related with its 
biological function. In mammalian cells, endogenous p38 is present in the nucleus but it can 
be exported to the cytoplasm upon activation (Ricote et al., 2006). Recently, Wood et al. 
(2009) described nuclear localization of p38 in response to DNA damage. In the nucleus, p38 
phosphorylates Elk-1, ATF-2 and also NF-kB (Junttila et al., 2008; Raingeaud et al., 1995; 
Royuela et al., 2008). ATF-2 (Li & Wicks, 2001) and Elk-1 (Amorino & Parsons, 2004) are not 
only a target of p38 but also a target for JNK. Since immunoreaction to JNK was found in 
normal human prostate, but not in prostate cancer, is reasonable to suggest that the 
activation of ATF-2 and Elk-1 are the consequence of p38 pathway activation (Ricote et al., 
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no immunoreaction to AP-1 was even found (Ricote et al., 2003; Royuela et al., 2008). The 
mechanism that accounts for the nuclear location MEK-4 is unclear, since this protein is 
activated by a cytoplasmic protein and phosphorylates JNK in the cytoplasm. However, 
MEK-4 function may not be restricted to the JNK signal transduction pathway because 
MEK-4 also phosphorylate and activates p38, and this latter is prelocalized in the nucleus 
and is rapidly exported to the cytoplasm upon activation (Taylor et al., 2008). 

 

 
Fig. 2. JNK immunostaining appeared in normal (A), BPH (B) and PC (B) samples. Scale 
bars: 20 m (A-B) and 30 m (C). 

JNK immunoreactiveness is increased in the glandular epithelium of PC specimens (Royuela 
et al., 2002; Shimada et al., 2006). With these data, Ricote et al. (2003) suggest that MEK-4 is 
not involved in JNK/AP-1 pathway, although it might be involved in p38 activation 
pathway. This hypothesis agrees with the high p38 levels found in normal prostate in our 
laboratory (Royuela et al., 2002). In this pathology there must be several extracellular or 
intracellular factors that are blocking the activation of this transduction pathway in different 
steps. ASK1 might be a critical blockage point of this transduction pathway. P21 has been 
reported as an ASK1 inhibitor and has been found significantly associated with a high 
Gleason score (Aaltomaa et al., 1999; Royuela et al., 2001). Bcl-2 has been postulated as a 
potential modulator of JNK activation in fibroblasts. Since an increase of bcl-2 has been 
reported in prostate cancer specimens, bcl-2 might be another potential inhibitor of JNK in 
prostate cancer (Haeusgen et al., 2010; Royuela et al., 2000). Ricote et al. (2006) reported in 
an in vitro study that JNK phosphorylation was found to be increased by TNF- dose-
dependent manner in LNCaP cells (but not in PC3 cells), and the rate of apoptosis was 
reduced by the administration of a specific JNK inhibitor, suggesting that JNK positively 
regulates apoptosis induction by TNF- in this cell model. 
Two opposite roles in the cell cycle control have been reported for JNK: cell proliferation 
and apoptosis. In contrast, JNK activation by some cytokines, such as TNF- and IL-6, 
stimulates apoptosis. Since these two cytokines have been found increased in the prostatic 
epithelium of PC patients (Rodriguez-Berriguete et al., 2010a; Royuela et al., 2008), it might 
be that the increased apoptotic indexes in PC are related to the elevated levels of TNF-, IL-
6 and JNK. Nevertheless, the apoptotic mechanism stimulated by JNK is via p53 (Fuchs et 
al., 1998), but the p53 present in PC patients (Lee y cols., 2008), as occurs in most cancers is a 
mutant form with deletions or mutations which obstruct its association to JNK (Fuchs et al., 
1998). Therefore, the elevated apoptotic rates in PC does not seem to be related to the high 
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levels of cytokines and JNK in these patients but to other factors including the increased p38 
levels mentioned above. Therefore, the most probable action of JNK in PC would be cell 
proliferation stimulation rather than apoptosis. 

3. IL-1/ TNF/ p38 
Several studies suggested that p38 play an important role in leukemia (Feng et al., 2009); 
lymphomas (Zheng et al., 2003) or tumor such as breast (Ancrile et al., 2008), prostate (Ricote 
et al., 2006a), gastrical (Guo et al., 2008) or lung (Zhang et al., 2010). 
 

 
Fig. 3. p38 immunostaining appeared in normal (A), BPH (B) and PC (B) samples. Scale bars: 
25 m (B) 30 m (A, C). 

In addition to TNF/AP1 pathway (by ASK-1 or MEK-4), Interleukin-1 (IL-1) is another 
physiological regulator of p38. IL-1 activates PAK-1 through its binding to two GTPases, 
called Cdc42 and Rac. These ones activate PAK-1, which induces MEK-6 activation that in 
turns activates p38 (Raingeaud et al., 1995). 
Several reports about IL-1 family in cancer have been reported. IL-1, IL-1 and IL-1Ra have 
been detected in human breast cancer, and have been related to protumorigenic activity 
(Miller et al., 2010). The number of men showing IL-1 immunoexpression is lower in 
prostate cancer group than in normal prostate group but most cancer patients studied 
presented immunoreaction to IL-1, IL-1RI, IL-1RII and IL-1Ra [60]. The interaction between 
IL-1 and IL-RI would be involved in the high proliferation degree of these tumors. No 
association between IL-1 and IL-1Ra has also been reported in premalignant gastric 
conditions (Kupcinskas et al., 2010). 
In human prostate cancer, intense immnoreaction to PAK-1, MEK-6 and p38 were found but 
also to p-Elk-1 and p-ATF-2 whose location change from the nucleus to the cytoplasm 
(Ricote et al., 2006a; Rodriguez-Berriguete et al., 2010b). This fact may be related with its 
biological function. In mammalian cells, endogenous p38 is present in the nucleus but it can 
be exported to the cytoplasm upon activation (Ricote et al., 2006). Recently, Wood et al. 
(2009) described nuclear localization of p38 in response to DNA damage. In the nucleus, p38 
phosphorylates Elk-1, ATF-2 and also NF-kB (Junttila et al., 2008; Raingeaud et al., 1995; 
Royuela et al., 2008). ATF-2 (Li & Wicks, 2001) and Elk-1 (Amorino & Parsons, 2004) are not 
only a target of p38 but also a target for JNK. Since immunoreaction to JNK was found in 
normal human prostate, but not in prostate cancer, is reasonable to suggest that the 
activation of ATF-2 and Elk-1 are the consequence of p38 pathway activation (Ricote et al., 
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Fig. 4. Nuclear immunoreaction to p-Elk-1 appeared in the epithelial basal cells of normal 
prostate (A) or all epithelial cells in BPH (B). In PC samples p-Elk-1 (C) was observed in the 
cytoplasm. p-ATF-2 immunostaining was localised in the nuclei of epithelial cells in normal 
prostate (D) but more intense in BPH (E) and PC (F). Scale bar: 20 m (B, E) and 25 m (A, 
C-D, F). 

2006a). However, the TNF-α signal may be diverted from the Ap-1 pathway towards the p38 
pathway, because MEK-4 may also phosphorylate and activate p38 and ASK-1 may activate 
MEK-6, which, in turn, phosphorylates p38 (Stein et al., 1996). Proapoptotic effects of 
TNF/AP-1 pathway decrease, because this pathway is inhibited by p21 at ASK1 step 
(Ricote et al., 2003). Cell proliferation stimulation triggered by TNF via p38 occurs, since 
intense immunoreaction to PAK-1 and MEK-6 was found (Ricote et al., 2006a), but previous 
studies have shown elevated levels of IL-1 (Ricote et al., 2004) and p38 (Royuela et al., 2002). 
Ricote et al. (2006)b using LNCaP cells suggest that p38 plays an important role in prostatic 
tumor promotion by TNFα stimulation, and hence may represent a target for the treatment 
of prostatic cancer. Treatment with the p38 inhibitor SB203580 caused a notable increase in 
the frequency of apoptosis in LNCaP cell cultures, indicating that p38 exerts an anti-
apoptotic action in this cell line (Ricote et al., 2006). Noted that LNCaP cells represent a good 
model of well-differentiated tumor and as such its behavior is more comparable to the in 
vivo tumor condition. In this way, Thornton and Rincon (2009) considered the potential use 
of pharmacological inhibitors of p38 in therapeutic treatment for several diseases. 

4. TNF/IL-1/IL-6/ERK 
When IL-6 and IL-6Rα induces dimerization of gp130, and subsequently the activation of 
constituvely-associated gp130 Jak proteins, simultaneously trigger functionally distinct and 
even contradictory signaling pathways. One of them leads to the recruitment at the complex 
receptor of SHP2, Sos and Grb2, which in turn activates Ras by stimulating the exchange of 

 
MAP Kinases and Prostate Cancer 

 

291 

GDP bound to Ras for GTP (Silver & Hunter, 2010). Then, Ras phosphorylate of Raf-1. In 
this way is iniciate a MAPK cascade when Raf-1 (via IL-6 pathway), TRAF-2 (via TNF 
pathway) or TRAF-6 (via Il-6 pathway) phosphorylate sequentially MEK1/2 and ERK1/2, in 
a process that culminates in modulation of gene transcription through the activation of 
several transcription factors such as c-Myc, Elk-1 (Werlen et al., 2003) or NF-kB (Turjanski et 
al., 2007). 
 

 
Fig. 5. P50 was scantly in the cytoplasm epithelial cells of normal (A) but in PC 
immunostaining also was nuclear, increasing the expression in medium (B) and after, in 
high (C) Gleason. No immunoreaction was found to p65 in normal prostate but was 
localized in the cytoplasm of epithelial cells in BPH (D) and PC (E-F) samples; but in PC was 
also localized in the nuclei of epithelial increasing nuclear localization with Gleason grade. 
Scale bars: 20 m (A), 25 m (B-C, E-F) and 30 m (D). 

Some components of the Raf-MEK-ERK pathway are activated in solid tumors and 
hematological malignaces (Grant, 2008; McCubrey et al., 2007). 
In approximately 30% of human breast cancers, mutations are found in the ERK1/2 MAPK 
pathway (Whyte et al., 2009). ERK1/2 and downstream ERK1/2 targets are hyper-
phosphorylated in a large subset of mammary tumors (Mueller et al., 2000). Increased 
expressions of Raf pathway has been associated with advance prostate cancer, hormonal 
independence, metastasis and a poor prognosis (Keller et al., 2004). Moreover, prostate 
cancer cell lines isolated from advanced cancer patients (LNCaP, PC3, DU145) expressed 
low levels of active Raf kinase inhibitors (McCubrey et al., 2007). TNFα acts as an ERK 
activator in some cases related to inflammation and cell proliferation. In this way, Ricote et 
al. (2006b) showed that ERK phosphorylation was notably increased by TNFα dose 
dependent manner in LNCaP cells. In prostate cancer, presence of Raf-1 and MEK-1 in 
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Fig. 4. Nuclear immunoreaction to p-Elk-1 appeared in the epithelial basal cells of normal 
prostate (A) or all epithelial cells in BPH (B). In PC samples p-Elk-1 (C) was observed in the 
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prostate (D) but more intense in BPH (E) and PC (F). Scale bar: 20 m (B, E) and 25 m (A, 
C-D, F). 
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dependent manner in LNCaP cells. In prostate cancer, presence of Raf-1 and MEK-1 in 



 
Prostate Cancer – From Bench to Bedside 

 

292 

conjunction with elevated ERK-1 and ERK-2 suggest that stimulation of cell proliferation 
could be triggered by IL-6 via the ERK pathway (Rodriguez-Berriguete et al., 2010a). In this 
way, Ricote et al. (2006b) in in vitro studies with LNCaP cells, showed that the use of specific 
ERK inhibitor minimally affected apoptosis, suggesting that ERK activation does not play a 
significant role in apoptosis regulation. 
Moreover, ERK may also induce the phosphorilation of apoptotic regulatory molecules 
including bcl-2 family members (e.g. Bad, Bim and controversially Bcl-2) and caspase 9 
(McCubrey et al., 2007). There are evidences suggesting a protective effect in cells by NF-kB 
activation via ERK (Chu et al., 2008; Zhu et al., 2004). This transcription factor in a basal state 
is retained in the cytoplasm by binding to specific inhibitors, the inhibitors of NF-kB (IkBs). 
Upon cell stimulation IkBs are degradated and consequently NF-kB is translocated into the 
nucleus (Karin, 2006), where it promotes the expression of several anti-apoptotic genes such 
as inhibitors of apoptosis proteins (IAPs) (Rodriguez-Berriguete et al., 2010) and bcl-2 family 
members (Aggarwal, 2000). 

5. New perspectives 
In summary, it is reasonable to speculate that MAPK could be involved in prostate cancer 
development, maintenance and/or progression, since are involucrate in several 
transduction pathway related with prostate cancer development. These transduction 
pathways were interrelated and activated by pro-inflammatory (IL-6, IL-1 and TNF). At the 
end are activated several transcription factor such as NF-kB, Elk-1, ATF-2, p53, or mcl-1. 
Translocation of NF-kB to the nucleus in PC might be due to the overactivation of several 
transduction pathways triggered by pro-inflammatory cytokines (IL-1, IL-6 and TNF-). NF-
kB has been considered a marker of predicting PC since nuclear localization was only 
observed in PC, but another transcription factor activate by these pro-inflammatory 
cytokines relate with cell proliferation such as Elk-1, ATF-2 or c-myc were also increased in 
PC. For this, might be that overexpression of MAPKs might be secondary to overexpression 
of these cytokines and, subsequently, MAPKs also might be involved in the development of 
prostatic hyperplasia and neoplasia. Therefore, since PC is a heterogeneous disease in which 
multiple transduction pathways may contribute to uncontrolled apoptosis/cell proliferation 
balance, we concluded that significant attention would be focused to the rational 
combination of novel agents directed toward the inactivation of pro-inflammatory 
cytokines, because could be disrupt complementary tumor cell proliferation pathways. 
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1. Introduction 
1.1 Cancer 
Cancer is a name given to a group of diseases that arise from a single cell when it starts to 
grow abnormally in an uncontrollable manner to form a group of undifferentiated cells, 
known as tumour. Tumour can be classified into two categories; benign and malignant. Not 
all benign tumours are cancerous but all malignant tumours are (Hanahan & Weinberg, 
2000). The main difference between these tumours is benign tumour lack the metastatic 
ability, grows locally and is less harmful. However, some benign tumours can transform 
into malignant tumours that possess the metastatic ability to invade and spread to other 
parts of the body via the blood or lymphatic circulation and form secondary tumour and 
eventually lead to death (Vincent & Gatenby, 2008). 

1.2 Development of cancer (carcinogenesis) 
Cancer develops through a multistep process known as carcinogenesis (Fig 1), which 
includes initiation, promotion and progression (Pitot, 2006). An initiation stage is a 
permanent and irreversible event, which involves one or more cellular changes arising 
upon exposure to carcinogens, which leads to alteration in DNA and may result in a 
mutated cell to divide rapidly (hyperplasia). These transformed (initiated) cells can 
remain harmless, unless exposed to a stimulator, which enhances the tumour to grow into 
a larger mass. This is a reversible process and is known as the promotion stage. The 
progression stage is an irreversible conversion of a benign tumour to become a malignant 
tumour. This carcinogenesis process usually takes 10 years or more to develop and 
usually depends on the internal (life style) and external (environmental) factors of the 
patient (Pitot, 2002). 

1.3 Hallmarks of cancer 
A transformed cell has to acquire six hallmarks in order to be developed into cancer (Fig 2) 
(Hanahan & Weinberg, 2000). Each of these hallmarks is derived upon changes in the 
normal cell’s physiology and interacts with each other to promote malignant growth. The 
conversion from a normal cell to become a transformed cell usually starts from mutations in 
DNA which cause the cells no longer depend on growth signals, thus gaining uncontrolled 
growth and proliferation. The irresponsiveness or insensitivity to anti-growth signals in 
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cancer cells, enables them to evade apoptosis. The mutations in cancer cells can also change 
the normal function of the telomerase, thus give rise to cancer cell a limitless replicative 
potential (Bree et al. 2002; Kim et al. 1994). Tumour invasion, metastasis and angiogenesis 
play important roles in allowing the progression of a malignant tumour, by escaping the 
primary site, invading into blood or lymph circulation, migration to a distant site and finally 
establishing a secondary tumour. 
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Fig. 2. The Hallmarks of Cancer (Hanahan & Weinberg, 2000) 

2. Prostate cancer 
Prostate is a gland in the male reproductive system that is responsible for the production 
and storage of seminal fluid. The normal adult human prostate is about the walnut size and 
is located at the neck of the urinary bladder and surrounds part of the urethra. Prostate 
cancer develops when its semen-secreting prostate gland cells are transformed into cancer 
cells, and has been classified as adenocarcinoma. Prostate cancer is one of the most 
commonly diagnosed cancers in men and it is the second leading cause of cancer death after 
lung cancer worldwide. The incidence and mortality rates of prostate cancer are increasing 
in Asia as well as in the United States over the past few decades (National Cancer Institute 
[NCI], 2011). 

2.1 Symptoms & diagnosis 
Prostate cancer will cause male patients to experience difficulties during urination such as 
nocturia, hematuria, dysuria, and will also interfere with sexual functions and 
performance. The high mortality rate in prostate cancer patients is due to late detection as 
prostate cancer is usually asymptomatic or the symptoms appear only during the 
advanced stage of disease. About 50% of prostate cancer patients are usually diagnosed 
with bone metastasis. Table 1 shows several tests for prostate cancer diagnosis in male 
patients by doctor (NCI, 2011). 
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Test Description 

Biopsy 

Removal of small pieces of prostate tissue through rectum 
(transrectal) or skin between scrotum and rectal 
(transperineal) for microscopic examination by urologist, 
oncologist and/or pathologist 

Digital rectal 
examination Detect prostate gland abnormalities such as lumps  

Transrectal 
ultrasonography 

High energy ultrasound from probe in the rectum is enable 
to create a picture (sonogram) of the prostate gland to 
examine its abnormalities 

Prostate tumour 
markers 

Detection the abnormal levels of prostate specific antigen 
(PSA) in blood 

Table 1. List of test for the diagnosis of prostate cancer (Source: NCI, USA) 

2.2 Stages 
It is important to determine the stage of prostate tumour in order to plan an effective 
treatment in patient (Table 2). This is because there is a differential response to treatment in 
the different stages of this cancer. To determine accurately the stage of prostate tumour in 
patients, different tests are conducted and all information will be gathered from CT 
(computerised tomography) scan, MRI (magnetic resonance imaging), PSA (prostate-specific 
antigen) test and tumour biopsy (NCI, 2011). 
 

Stage Description 

I Cancer cells are found in prostate gland only and PSA < 10 

II 
 

IIA 
IIA 

Divided to 2 categories; 
 
Found in one half or less than one lobe and PSA < 20 
Found in both lobes of prostate gland and PSA < 20 

III Spread beyond the outer layer of prostate gland and may 
spread to seminal vesicle, PSA value is ranging from 2-10. 

IV Spread to nearby or other organs such as rectum, bladder and 
bone, any level in PSA  

Table 2. Stages of prostate tumour (Source: NCI, USA) 

2.3 Treatments 
Currently, there are four standard treatments for prostate cancer; watchful waiting, surgery, 
radiation therapy and hormone therapy. In watchful waiting, a patient will be closely 
monitored by doctors and no treatment will be given until symptoms start to appear. While 
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in surgery, prostate gland from patients will be removed before the cancer cells are able to 
spread to other organs. In radiation therapy, high energy X-rays will be used to kill cancer 
cells. Antiandrogens, estrogens and luteinizing hormone-releasing hormone agonists, are 
the few examples used in hormone therapy to stop the cancer cells by disrupt their growth 
and/or kill them. While other treatment includes chemotherapy and proton-beam radiation 
therapy which are used in conjunction with other standard treatments (NCI, 2011). 

2.4 Problems 
Prostate cancer is extremely hard to treat due to several distinct classes of tumour that exhibit 
different responses to treatment. Most of the synthetic anticancer agents such as doxorubicin 
mainly affect the fast-dividing cells of the body and cause side effects such as pain, nausea, 
vomiting, alopecia, and anaemia (CancerBackup, 2003). Nevertheless, prostate cancer cells are 
derived from normal cells and thus, cancer cells have the ability to maintain the usual 
physiological functions to protect themselves from anything that can cause cell destruction. 
Estramustine and mitoxantrone are the only two drugs approved by the US FDA for prostate 
cancer treatment; however, neither showed to increase lifespan of patients (NCI, 2011).  
Therefore, the development of resistance to anticancer drugs by cancer cells is a major 
problem in cancer therapies and has resulted in a high mortality rate in prostate cancer 
patients. About 50% of male prostate cancers patients are diagnosed at advanced stage with 
metastasis into their bone (Uehara et al. 2003; Koeneman et al. 1999). Thus, tumour 
metastasis is a major cause of morbidity and has become a major challenge for a successful 
treatment (Hung et al. 2009). Currently, there is no effective treatment for prostate cancer, so 
intense research is required to obtain new anticancer agents for this cancer. 

3. Natural products 
Herbs and plants-derived medicines have a long history of use in the various treatments 
and now, they still remain as important sources for the development of anticancer drugs. 
More than 3000 plants species have been reported to be involved in the development of 
anticancer drugs (Shoeb, 2006). The exploration of anticancer agents from plant sources has 
started since the 1950s. Since then, extensive research and investigations have been 
conducted and lead to the discovery and development of several anticancer agents derived 
from plant such as taxol, vinblastine and vincristine (Cragg & Newman, 2005). From 1940-
2006, more that 40% of drugs in the market are anticancer agents and 65% of these 
anticancer drugs mimic natural compounds.  
The development of chemoresistant of cancer cells to anticancer drugs have resulted high 
mortality in prostate cancer patients. Thus, scientists have begun to focus on natural-
product as alternative to produce new therapeutic agents in prostate cancer treatments. 
Although, no new plant derived clinical anticancer agents have been launched in market 
recently, but a number of agents are being tested in the preclinical stage such as 
thapsigargin (Cragg & Newman, 2005). 

3.1 Thapsigargin (TG) 
Thapsigargin is a plant-derived anti-tumour agent, isolated from Thapsia garganica L 
(Familly Apiaceae), collected in Mediterranean island of Ibiza. TG can evoke apoptosis in 
prostate cancer cells through the disruption of Ca2+ intracellular levels. In addition, TG can 
completely inhibit tumour growth in prostate tumour bearing nude mouse without causing 
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thapsigargin (Cragg & Newman, 2005). 

3.1 Thapsigargin (TG) 
Thapsigargin is a plant-derived anti-tumour agent, isolated from Thapsia garganica L 
(Familly Apiaceae), collected in Mediterranean island of Ibiza. TG can evoke apoptosis in 
prostate cancer cells through the disruption of Ca2+ intracellular levels. In addition, TG can 
completely inhibit tumour growth in prostate tumour bearing nude mouse without causing 
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significant toxicity signs. Currently, TG is tested in preclinical stage against prostate cancer 
(Cragg & Newman, 2005). 

3.2 Turmeric (curcumin) 
Turmeric or known as curcumin is derived from the dried root of a plant (Curcuma longa L.) 
of the ginger family. It possesses a variety of pharmacological effects including anti-oxidant 
and anti-inflammatory activities. It has also been reported to possess anti-cancer effects 
through its inhibition on proliferation and apoptosis induction in wide variety of cancer cell 
lines including breast, lung and prostate cancer cells. The apoptosis induction is due to 
activation of pro-apoptotic proteins (Bax and Bak) and caspases involved in prostate cancer 
cells by turmeric. Currently in human clinical trials, turmeric is administered at dose up at 
10g/day without causing any toxicity signs (Cragg & Newman, 2005; Kuttan et al. 1987). 

4. Phyllanthus 
The plant of the genus Phyllanthus is a small annual plant and is widely distributed 
throughout the tropical and subtropical regions of world (Lee et al. 1996). This plant has a 
long history in medical herbalism system to treat kidney and urinary bladder disturbances. 
Thus, substantial studies on Phyllanthus regarding their chemistry, pharmacological activity 
and clinical effectiveness have been carried out. The extracts of these plants have been 
reported to have pharmacological effects such as antiviral activity against hepatitis B and 
related hepatitis viruses, anti-bacterial activity, anti-hepatotoxic or liver-protecting activity, 
and hypoglycaemia properties (Etta, 2008; Mazumder et al. 2006; Kloucek et al. 2005; Ott et 
al. 1997; Lee et al. 1996; Blumberg et al. 1990; Venkatswaran et al. 1987). 
The anticancer effects of the genus Phyllanthus has been reported in a few papers, for 
instance P. amarus protects the liver from hepatocarcinogenesis and the root extract of P. 
acuminatus exerts growth inhibition in murine P-388 lymphocytic leukemia and B-16 
melanoma cell lines (Pettit et al. 1990; Powis & Moore, 1985). Thus, it is believed that the 
plant genus Phyllanthus might possess anticancer properties against prostate cancer as well.  
 

   
Fig. 3. P.urinaria (Fito Pharma 2011), P.amarus (Siddha Global, 2010) and P.niruri (Nova 
Laboratories Sdn Bhd, 2011). 

4.1 Bioactive compounds 
"Bioactive compound" is a general term to describe the nutritional constituents that are 
contained in plants. These compounds are intensively studied and various reports from 
numerous types of epidemiological and case controlled studies have linked their effects on 
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health such as cardiovascular disease and cancer. Many bioactive compounds have been 
discovered and classified in different groups based on their chemical structure and function 
(Kris-Etherton et al. 2002). For example, phenolic and flavonoid compounds are found in all 
plants such as vegetables and fruits.  
For the detection of bioactive compounds contained in Phyllanthus, HPLC (High 
Performance Liquid Chromatography) and MS-MS (Tandem mass spectrometry) are often 
used. These methods allow the separation and identification of compound from in 
Phyllanthus extracts. Various bioactive compounds have been identified from different 
species of Phyllanthus and are listed in Table 3. Most of these bioactive compounds such as 
gallic acid, gereniin and rutin, possess antioxidant and anticancer effects. 

4.2 Anti-proliferative effects 
One of the hallmarks of cancer is uncontrolled proliferation. Thus, the anti-proliferative 
effect of a substance is referring to the ability of the substance to halt cancer growth by 
inhibiting/killing cancer cells. The anti-proliferative effects of Phyllanthus have been 
detected in different cancer cell lines including breast, lung, melanoma, liver, lung, leukemia 
and prostate (Lee et al. 2011; Tang et al. 2010; Huang et al. 2006, 2004, 2003; Sureban et al. 
2006). The water extract of P.urinaria have been found to possess a selective anti-
proliferative effect on leukemia cells without showing cytotoxicity on normal cells (Huang 
et al. 2004). Similar findings have also been reported by Lee et al (2011) and Tang et al 
(2010), where four plant species of Phyllanthus (P.amarus, P.niruri, P.urinaria and P.watsonii) 
does possesses selective anti-proliferative effects on four different cancer cells; MeWo, A549, 
MCF-7 and PC-3 cell lines, without cytotoxic effects on their respective normal cells. In 
addition, the methanolic extracts of these plants were proven to have better anti-
proliferative effects on cancer cells than aqueous extracts as their effects were exhibited at a 
relatively low dose. Several studies reported that the effectiveness of organic-soluble 
compounds in inhibiting or being lethal to cancerous cells is because most bioactive 
compounds are more likely to dissolve in organic solvents such as ethanol and methanol 
and only partially dissolve in polar solvents such as water (Wu et al. 2009; Saetung et al. 
2005; Ojala et al. 2000). The anti-proliferative effects of Phyllanthus could be due to the presence 
of different bioactive compounds such as galic acid, rutin, geraniin and quercetin. Majority of 
polyphenol compounds found in Phyllanthus plant possesses anti-proliferative effects. One 
such example is gallic acid being found to have anti-proliferative effects on several cancer cells 
(Huang et al. 2009; Zhong et al.2009). Their anti-proliferative effects are always associated with 
their naturally antioxidant activity. The role of these polyphenol compounds on cancer have 
well documented as their can reduces the chance of cancer development by prevent mutation 
to occur in normal cells, which cause from free radicals. Due to their protective role on normal 
cells, the anti-proliferative effects on these cells are diminished.  

4.3 Cell cycle inhibitor 
Cell is the building block of all living things in this world. The cell cycle is a critical regulator 
that controls proliferation and growth of a cell. Cell cycle is the series of events that leads the 
cells to divide and replicate. This biological process involves a sequence of molecular events 
to ensure correct transmission of the genetic material to subsequent generations. Error in 
this transmission will lead the cells to either undergo checkpoints to correct the error or 
cause cell death. Defects in regulation of cell cycle will lead modification (mutation) in 
genetics of the cell and cells which leads to tumorigenesis. An uncontrolled proliferation 
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significant toxicity signs. Currently, TG is tested in preclinical stage against prostate cancer 
(Cragg & Newman, 2005). 

3.2 Turmeric (curcumin) 
Turmeric or known as curcumin is derived from the dried root of a plant (Curcuma longa L.) 
of the ginger family. It possesses a variety of pharmacological effects including anti-oxidant 
and anti-inflammatory activities. It has also been reported to possess anti-cancer effects 
through its inhibition on proliferation and apoptosis induction in wide variety of cancer cell 
lines including breast, lung and prostate cancer cells. The apoptosis induction is due to 
activation of pro-apoptotic proteins (Bax and Bak) and caspases involved in prostate cancer 
cells by turmeric. Currently in human clinical trials, turmeric is administered at dose up at 
10g/day without causing any toxicity signs (Cragg & Newman, 2005; Kuttan et al. 1987). 

4. Phyllanthus 
The plant of the genus Phyllanthus is a small annual plant and is widely distributed 
throughout the tropical and subtropical regions of world (Lee et al. 1996). This plant has a 
long history in medical herbalism system to treat kidney and urinary bladder disturbances. 
Thus, substantial studies on Phyllanthus regarding their chemistry, pharmacological activity 
and clinical effectiveness have been carried out. The extracts of these plants have been 
reported to have pharmacological effects such as antiviral activity against hepatitis B and 
related hepatitis viruses, anti-bacterial activity, anti-hepatotoxic or liver-protecting activity, 
and hypoglycaemia properties (Etta, 2008; Mazumder et al. 2006; Kloucek et al. 2005; Ott et 
al. 1997; Lee et al. 1996; Blumberg et al. 1990; Venkatswaran et al. 1987). 
The anticancer effects of the genus Phyllanthus has been reported in a few papers, for 
instance P. amarus protects the liver from hepatocarcinogenesis and the root extract of P. 
acuminatus exerts growth inhibition in murine P-388 lymphocytic leukemia and B-16 
melanoma cell lines (Pettit et al. 1990; Powis & Moore, 1985). Thus, it is believed that the 
plant genus Phyllanthus might possess anticancer properties against prostate cancer as well.  
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health such as cardiovascular disease and cancer. Many bioactive compounds have been 
discovered and classified in different groups based on their chemical structure and function 
(Kris-Etherton et al. 2002). For example, phenolic and flavonoid compounds are found in all 
plants such as vegetables and fruits.  
For the detection of bioactive compounds contained in Phyllanthus, HPLC (High 
Performance Liquid Chromatography) and MS-MS (Tandem mass spectrometry) are often 
used. These methods allow the separation and identification of compound from in 
Phyllanthus extracts. Various bioactive compounds have been identified from different 
species of Phyllanthus and are listed in Table 3. Most of these bioactive compounds such as 
gallic acid, gereniin and rutin, possess antioxidant and anticancer effects. 

4.2 Anti-proliferative effects 
One of the hallmarks of cancer is uncontrolled proliferation. Thus, the anti-proliferative 
effect of a substance is referring to the ability of the substance to halt cancer growth by 
inhibiting/killing cancer cells. The anti-proliferative effects of Phyllanthus have been 
detected in different cancer cell lines including breast, lung, melanoma, liver, lung, leukemia 
and prostate (Lee et al. 2011; Tang et al. 2010; Huang et al. 2006, 2004, 2003; Sureban et al. 
2006). The water extract of P.urinaria have been found to possess a selective anti-
proliferative effect on leukemia cells without showing cytotoxicity on normal cells (Huang 
et al. 2004). Similar findings have also been reported by Lee et al (2011) and Tang et al 
(2010), where four plant species of Phyllanthus (P.amarus, P.niruri, P.urinaria and P.watsonii) 
does possesses selective anti-proliferative effects on four different cancer cells; MeWo, A549, 
MCF-7 and PC-3 cell lines, without cytotoxic effects on their respective normal cells. In 
addition, the methanolic extracts of these plants were proven to have better anti-
proliferative effects on cancer cells than aqueous extracts as their effects were exhibited at a 
relatively low dose. Several studies reported that the effectiveness of organic-soluble 
compounds in inhibiting or being lethal to cancerous cells is because most bioactive 
compounds are more likely to dissolve in organic solvents such as ethanol and methanol 
and only partially dissolve in polar solvents such as water (Wu et al. 2009; Saetung et al. 
2005; Ojala et al. 2000). The anti-proliferative effects of Phyllanthus could be due to the presence 
of different bioactive compounds such as galic acid, rutin, geraniin and quercetin. Majority of 
polyphenol compounds found in Phyllanthus plant possesses anti-proliferative effects. One 
such example is gallic acid being found to have anti-proliferative effects on several cancer cells 
(Huang et al. 2009; Zhong et al.2009). Their anti-proliferative effects are always associated with 
their naturally antioxidant activity. The role of these polyphenol compounds on cancer have 
well documented as their can reduces the chance of cancer development by prevent mutation 
to occur in normal cells, which cause from free radicals. Due to their protective role on normal 
cells, the anti-proliferative effects on these cells are diminished.  

4.3 Cell cycle inhibitor 
Cell is the building block of all living things in this world. The cell cycle is a critical regulator 
that controls proliferation and growth of a cell. Cell cycle is the series of events that leads the 
cells to divide and replicate. This biological process involves a sequence of molecular events 
to ensure correct transmission of the genetic material to subsequent generations. Error in 
this transmission will lead the cells to either undergo checkpoints to correct the error or 
cause cell death. Defects in regulation of cell cycle will lead modification (mutation) in 
genetics of the cell and cells which leads to tumorigenesis. An uncontrolled proliferation 
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and the ability to evade of apoptosis by mutated (cancer) cells are the hallmarks for the 
development of cancer. 
 

Compound Phyllanthus species References 

Gallic acid P.amarus, P.niruri, P.urinaria, 
P.watsonii, P.emblica 

Lee et al. 2011; 
Tang et al. 2010; 
Zhong et al.2009; 
Huang et al. 2009 

Corilagen P.amarus, P.niruri, P.urinaria, 
P.watsonii 

Lee et al. 2011; 
Tang et al. 2010; 
Zhang et al. 2004 

Geraniin P.amarus, P.niruri, P.urinaria, 
P.watsonii  

Lee et al. 2011; 
Tang et al. 2010; 
Zhang et al. 2004 

Caffeolquinic acid P.amarus, P.niruri, P.urinaria, 
P.watsonii 

Lee et al. 2011; 
Tang et al. 2010; 

Rutin P.amarus, P.niruri, P.urinaria, 
P.watsonii 

Lee et al. 2011; 
Tang et al. 2010 

Quercetin P.amarus, P.niruri, P.urinaria, 
P.watsonii, P.orbiculatus 

Tang et al. 2010; 
Huang et al. 2009; 
Nara et al., 1977 

Galloylglucopyronoside P.amarus, P.niruri, P.urinaria, 
P.watsonii 

Lee et a. 2011;  
Tang et al. 2010 

Phyllaemblic acid P.emblica Zhang et al. 2004 

Chebulagic acid  P.emblica Zhang et al. 2004 

7V-hydroxy-
3V,4V,5,9,9V-
pentamethoxy-3,4-
methylene dioxy lignan 

P.urinaria Giridharan et al. 
2002 

Astragalin P.niruri, P.urinaria, P.orbiculatus Nara et al., 1977 

Phyllanthine and 
hypophyllanthine P.amarus Islam et al. 2008; 

Figueira et al.2006  

Ellagic acid P.urinaria Huang et al. 2011, 
2009  

Table 3. Bioactive compounds in Phyllanthus species 

Targeting the cell cycle could be an approach for anticancer agents to halt the uncontrolled 
proliferation of cancer cells and initiate them to undergo apoptosis (Sharpio & Harper, 1999). 
The cytotoxic effects of Phyllanthus extracts on growth inhibition against skin melanoma and 
prostate cancer cells in their cell cycle could partially explain their mode of activity. 
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Phyllanthus have been found to inhibit cancer growth by arresting the cancer cells at 
different cell cycle phases which later initiates them to undergo apoptosis. Phyllanthus had 
been found to arrest of different type of cancer cells in different phases. Both the aqueous 
and methanolic extracts of four different species of Phyllanthus (P.amarus, P.niruri, P.urinaria 
and P.watsonii) have been reported to induce G1-phase arrest in PC-3 cells (Tang et al. 2010). 
Arrested in G1 phase indicated that Phyllanthus extracts might disrupt the protein synthesis 
that required for PC-3 cells to enter next phase of cell cycle. In addition, these Phyllanthus 
species also disrupt the DNA synthesis on malignant melanoma MeWo cells by arrested 
them in S-phase during their cell cycle (Tang et al. 2010). Besides that, these findings reveal 
that the growth arrest of Phyllanthus treated PC-3 and MeWo cancer cells is accompanied by 
an accumulation of apoptotic cells. When the cells are arrested at a particular phase, they 
lose their uncontrolled proliferation properties and the cells will be initiated to undergo 
apoptosis. Although there are different polyphenol compounds contained in Phyllanthus, 
but they are believed to exhibits similar effects on cell cycle and led to apoptosis induction 
in treated cancer cells. For example, gallic acid and quercetin induces G1 phase cell cycle 
arrest and apoptosis in cancer cells by inactivate the phosphorylation of cdc25A/cdc25C-
cdc2 via ATM-Chk2 activation, reduces cyclin D production and activate caspase-3 activity 
(Suh et al. 2010; Agarwal et al. 2006).  

4.4 Apoptosis inducer 
There are two main cell deaths; necrotic and apoptotic processes. Apoptosis is one of the 
main types of programmed cell death (PCD) that occurs only in multicellular organisms to 
eliminate damaged or unneeded cells without local inflammation from leakage of cell 
contents. It does provide a balance between cell proliferation and elimination, as a part of 
homeostasis. Apoptosis involves a series of biochemical events, which leads to distinct 
characteristics of cell morphology and death such as cell shrinkage and membrane blebbing. 
Necrotic cell death is characterized by cellular swelling, plasma membrane rupture, cell lysis 
and induction of inflammation around the necrotic cells due to leakage of the intracellular 
contents (Chen and Wang, 2002). 
Dysregulation of the apoptotic process in human body can disrupt the equilibrium between 
cell’s growth and death and this dysregulation implicated in a variety of diseases states. 
Acquired immunodeficiency syndrome (AIDS) and neurodegenerative diseases such as 
Alzheimer’s disease are examples of diseases due to acceleration of cell death rates. 
Conversely, an inappropriate low rate of apoptotic process can give rise to autoimmune 
disorders or cancer (Fadeel & Orrenius, 2005). The genetic abnormalities of cancer cells are 
able bypass the apoptosis and escape from cell death. Thus, evasiveness of apoptosis is a 
hallmark of cancer and is critical for cancer development and the survival of a tumour cell 
(Vincent & Gatenby, 2008). 
The regulations of apoptosis on cancer cells are always associated with caspases activation. 
Caspases (cysteine-aspartic proteases or cysteine-dependent aspartate-directed proteases) are a 
family of cysteine proteases that play essential roles in apoptosis. There are two types of 
apoptotic caspases: initiator and effector caspases. Initiator caspases (caspase-2, -8, -9 and -10) 
are responsible to activate the effector caspases which initially are in an inactive pro-form. The 
active effector caspases (caspase-3, -6 and -7) will in turn cleave other proteins to initiate the 
apoptotic process to occur. In addition, these caspases will also activate other degradative 
enzymes such as DNases, which cleave the DNA into fragments in an apoptotic cell. 
The apoptotic inducer ability of Phyllanthus plant on various types of cancer cells has been 
identified (Lee et al. 2011; Tang et al. 2010; Huang et al. 2009; Zhong et al. 2009). Different 
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and the ability to evade of apoptosis by mutated (cancer) cells are the hallmarks for the 
development of cancer. 
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Targeting the cell cycle could be an approach for anticancer agents to halt the uncontrolled 
proliferation of cancer cells and initiate them to undergo apoptosis (Sharpio & Harper, 1999). 
The cytotoxic effects of Phyllanthus extracts on growth inhibition against skin melanoma and 
prostate cancer cells in their cell cycle could partially explain their mode of activity. 
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Phyllanthus have been found to inhibit cancer growth by arresting the cancer cells at 
different cell cycle phases which later initiates them to undergo apoptosis. Phyllanthus had 
been found to arrest of different type of cancer cells in different phases. Both the aqueous 
and methanolic extracts of four different species of Phyllanthus (P.amarus, P.niruri, P.urinaria 
and P.watsonii) have been reported to induce G1-phase arrest in PC-3 cells (Tang et al. 2010). 
Arrested in G1 phase indicated that Phyllanthus extracts might disrupt the protein synthesis 
that required for PC-3 cells to enter next phase of cell cycle. In addition, these Phyllanthus 
species also disrupt the DNA synthesis on malignant melanoma MeWo cells by arrested 
them in S-phase during their cell cycle (Tang et al. 2010). Besides that, these findings reveal 
that the growth arrest of Phyllanthus treated PC-3 and MeWo cancer cells is accompanied by 
an accumulation of apoptotic cells. When the cells are arrested at a particular phase, they 
lose their uncontrolled proliferation properties and the cells will be initiated to undergo 
apoptosis. Although there are different polyphenol compounds contained in Phyllanthus, 
but they are believed to exhibits similar effects on cell cycle and led to apoptosis induction 
in treated cancer cells. For example, gallic acid and quercetin induces G1 phase cell cycle 
arrest and apoptosis in cancer cells by inactivate the phosphorylation of cdc25A/cdc25C-
cdc2 via ATM-Chk2 activation, reduces cyclin D production and activate caspase-3 activity 
(Suh et al. 2010; Agarwal et al. 2006).  

4.4 Apoptosis inducer 
There are two main cell deaths; necrotic and apoptotic processes. Apoptosis is one of the 
main types of programmed cell death (PCD) that occurs only in multicellular organisms to 
eliminate damaged or unneeded cells without local inflammation from leakage of cell 
contents. It does provide a balance between cell proliferation and elimination, as a part of 
homeostasis. Apoptosis involves a series of biochemical events, which leads to distinct 
characteristics of cell morphology and death such as cell shrinkage and membrane blebbing. 
Necrotic cell death is characterized by cellular swelling, plasma membrane rupture, cell lysis 
and induction of inflammation around the necrotic cells due to leakage of the intracellular 
contents (Chen and Wang, 2002). 
Dysregulation of the apoptotic process in human body can disrupt the equilibrium between 
cell’s growth and death and this dysregulation implicated in a variety of diseases states. 
Acquired immunodeficiency syndrome (AIDS) and neurodegenerative diseases such as 
Alzheimer’s disease are examples of diseases due to acceleration of cell death rates. 
Conversely, an inappropriate low rate of apoptotic process can give rise to autoimmune 
disorders or cancer (Fadeel & Orrenius, 2005). The genetic abnormalities of cancer cells are 
able bypass the apoptosis and escape from cell death. Thus, evasiveness of apoptosis is a 
hallmark of cancer and is critical for cancer development and the survival of a tumour cell 
(Vincent & Gatenby, 2008). 
The regulations of apoptosis on cancer cells are always associated with caspases activation. 
Caspases (cysteine-aspartic proteases or cysteine-dependent aspartate-directed proteases) are a 
family of cysteine proteases that play essential roles in apoptosis. There are two types of 
apoptotic caspases: initiator and effector caspases. Initiator caspases (caspase-2, -8, -9 and -10) 
are responsible to activate the effector caspases which initially are in an inactive pro-form. The 
active effector caspases (caspase-3, -6 and -7) will in turn cleave other proteins to initiate the 
apoptotic process to occur. In addition, these caspases will also activate other degradative 
enzymes such as DNases, which cleave the DNA into fragments in an apoptotic cell. 
The apoptotic inducer ability of Phyllanthus plant on various types of cancer cells has been 
identified (Lee et al. 2011; Tang et al. 2010; Huang et al. 2009; Zhong et al. 2009). Different 
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species of Phyllanthus plant has been shown to trigger activation of caspase-3 and -7, which 
later lead to apoptosis induction in treated cancer cells. These reveals that Phyllanthus can 
restore the apoptosis function of different cancer cells besides halting the uncontrolled 
proliferation of cell (Lee et al. 2011; Abhyankar et al. 2010; Ngamkitidechakul et al. 2010; 
Tang et al., 2010; Huang et al. 2009, 2004, 3003).  
Different species of Phyllanthus induce apoptosis in human cancer cells in different ways are 
noticed. This could be due to various bioactive compounds contained in Phyllanthus and 
might use different pathways to induce apoptosis in cancer cells. For example, P.amarus 
induces apoptosis in human breast cancer cell line, MCF-7, by increasing their levels of 
intracellular reactive oxygen species (ROS) and decreased mitochondrial membrane 
potential (MMP). Besides that, P.amarus induces expression of caspase-3 and down-regulates 
expression of Bcl-2 to allow apoptosis in treated cancer cells. The down-regulation of the 
antiapoptotic family, Bcl-2 was also noticed in Lewis lung carcinoma cells after being treated 
with a different species of Phyllanthus, P.urinaria. In addition, Phyllanthus was also shown to 
induce TNF-α production and inhibit expression of other antiapoptotic genes including IL-8 
and COX-2 in human hepatocarcinoma cells. Various bioactive compounds contained in 
Phyllanthus extract are believed to increase efficiency of Phyllanthus to induce apoptosis in 
cancer cells.  

4.5 Anti-metastatic effect 
Once cancer cells have transformed into malignant, they would have acquire metastatic in 
which the cells can detach from primary tumour and spread to other parts of the human 
body. Metastasis of cancer cells involves multistep processes and various cytophysiological 
changes, including disruption to adhesion interaction between cancer cells and the 
extracellular matrix (ECM) components. It also involves an over expression of proteolytic 
enzymes, such as matrix metalloproteinases (MMPs), which have the capability to degrade 
ECM components in the basal membrane of blood vessels. This allows the cancer cells to 
migrate and invade via the blood or lymphatic system into target organs and lead to the 
development of secondary tumours (Auerbach, 2000).  
Therapeutic intervention strategies to prevent metastasis have an impact on cancer 
mortality. However, development of these therapies are requires a better understanding 
and knowledge in the biology and molecular events of the metastasis process. To achieve 
this, various of assays been conducted based on molecular events of tumour metastasis in 
human body.  
The anti-metastatic properties of a compound can be defined by its inhibition on cancer 
cells’ invasion and migration. Phyllanthus have shown reduced migration ability of treated 
cancer cells by reducing the number of treated cancer cells migrating through a 8-µm pore 
size transwell filter culture plate towards a growth factor (Lee et al. 2011; Ho et al. 2010; 
Ngamkitidechakul et al. 2010). The anti-migration effect of Phyllanthus was identified 
when gallic acid showed disruption on cancer cell-cell interaction in a mechanical scratch-
wound cellular monolayer healing assay (Lee et al. 2011; Ho et al. 2010). In addition, 
Phyllanthus inhibited the invasion ability of cancer cells in a dose-dependent manner 
through the ECM as matrix barrier, which mimics the in vivo basement membrane of 
blood vessel (Lee et al. 2011; Ngamkitidechakul et al. 2010). All these indicate that 
Phyllanthus possess anti-metastatic effects by decrease cancer cells’ migration and 
invasion abilities in dose-dependent manner. 
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The anti-metastatic effect of Phyllanthus was further noticed when Phyllanthus showed 
inhibition effects on different MMPs in different type of cancer cells. Table 4 below shows 
the inhibition effects of Phyllanthus on different MMPs.  
 

MMP Phyllanthus References 

MMP-1 P.emblica Fujii et al. 2008; 
Chaudhuri et al. 2004 

MMP-2 P.urinaria Huang et al. 2010 

MMP-3 P.emblica Chaudhuri et al. 2004 

Table 4. Inhibition on MMP members by different Phyllanthus species 

4.6 Anti-angiogenesis effects 
Angiogenesis is a process by where a new blood vessel is formed from pre-existing blood 
vessels. It is a normal and vital process in humans’ growth and development, such as 
wound healing. In cancer, angiogenesis plays an essential role to its growth and 
development. In normal circumstances, solid tumour’s size is around 1 to 2 mm2 and not 
vascularized. However, when this tumour reaches beyond the 2 mm2, oxygen and nutrients 
are hardly diffuse to the tumour and cause cellular hypoxia. This condition will lead to the 
onset of tumour angiogenesis (Folkman, 1971). 
The balance between proangiogenic and antiangiogenic molecules is essential to maintain 
normal homeostasis in human body. Disruption of this balance would implicate to a variety of 
diseases states such as excessive (e.g. cancer and psoriasis) or inadequate (e.g. chronic wounds 
and stroke) angiogenesis. To date, angiogensis inhibitors have been reported to have less 
toxicity to normal cells and no development of drug resistance of cancer cells was notice such 
as bevacizumab, which been proven to improve the overall response including cancer time to 
progression, and survival rate. This makes the anti-angiogenic drugs highly advantageous 
over the conventional cytotoxic drugs. In addition, limited effectiveness of chemotherapy on 
advanced cancer has turn attention to these anti-angiogenic drugs and it is believed that these 
drugs will substitute the standard therapy (e.g. surgery, radiotherapy and chemotherapy).  
Endothelial cells are involved in tumour angiogenesis by forming the linings of blood vessels, 
however, these tumour vessels have abnormal morphologies and are in immature forms. 
Thus, targeting these tumour vessels can be a promising target for antiangiogenic therapy 
(Auerbach, 2003). Tumour angiogenesis is critically important for tumour growth and 
metastasis with formation of new blood vessels to supply oxygen and nutrients to cancer cells 
and also to eliminate metabolic waste products (Auerbach, 2003). Thus, both tumour 
metastasis and angiogenesis are major cause of morbidity and they remain a challenge in 
cancer treatments.  
Since the relationship between angiogenesis and cancer is clearly related where inhibition of 
angiogenesis could suppress/restrict tumour growth, this had attracted a strong interest 
from researchers worldwide to search for potential compounds that could inhibit 
angiogenesis. Although there are some successful anti-angiogenic drugs that have been 
commercialized and used in clinical and some in pre-clinical testing stage, but more 
effective and safer approaches are still required. The identification of new anticancer 
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species of Phyllanthus plant has been shown to trigger activation of caspase-3 and -7, which 
later lead to apoptosis induction in treated cancer cells. These reveals that Phyllanthus can 
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Tang et al., 2010; Huang et al. 2009, 2004, 3003).  
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Endothelial cells are involved in tumour angiogenesis by forming the linings of blood vessels, 
however, these tumour vessels have abnormal morphologies and are in immature forms. 
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angiogenesis. Although there are some successful anti-angiogenic drugs that have been 
commercialized and used in clinical and some in pre-clinical testing stage, but more 
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compounds from nature has a long and successful history. Interestingly, there are some 
plants that possess proangiogenic (e.g. β-sitosterol and resveratrol) and antiangiogenic (e.g. 
camptothecin and combretastatin) properties and have been used in Traditional Chinese 
Medicine (TCM) from thousands of years. A wide range of plants contains compounds with 
angiogenesis modulating properties including pacific yew tree (e.g. Taxol) and Chinese tree 
camptotheca acuminate (e.g. camptothecin). 
The anti-angiogenesis properties of Phyllanthus were supported by various scientific assays. 
Phyllanthus showed no cytotoxic effect on HUVECs (human umbilicial vein endothelial 
cells) as the cells’ viability did not change. Phyllanthus also decrease the migration and 
invasion ability of HUVECs (Huang et al. 2006). The anti-angiogenic effect of Phyllanthus 
was noticeable where it inhibited capillary tube formation of endothelial cells on 
extracellular matrix, which mimics the in vivo lining of blood vessel. The anti-angiogenic 
effect of Phyllanthus was further proven by other in vivo studies where it could decrease the 
vessel density in a lung cancer animal model. Besides that, ex vivo studies using chick 
chorioallantoic membrane (CAM) assay also indicated the present of anti-angiogenesis in 
Phyllanthus (Huang et al. 2011).  

4.7 Antitumour effects 
The antitumour effects of Phyllanthus were reported in different cancer animal model 
including skin, liver and lung (Huang et al. 2006, 2003; Sancheti et al. 2005; Jeena et al. 1999). 
Currently, there are no toxicity of Phyllanthus on different experimental animal mice model 
were reported. Instead, Phyllanthus been found that possesses radioprotective activity by 
inhibit the myelosuppression and elevated the levels of antioxidant enzymes in the blood, 
liver and intestine and decrease the lipid peroxidation levels (Harikumar & Kuttan, 2007) in 
treated mice.  
All studies indicate that Phyllanthus do possess antitumour effects on different tumour by 
reducing the tumour size and increase the lifespan of cancer animal models. The antitumour 
properties of Phyllanthus should be conducted in other cancer animal models such as 
prostate cancer to prove its antitumour properties to various cancers.  

5. Conclusion 
These findings revealed that Phyllanthus plants do possess anticancer activity in a selective 
manner towards cancer cells and initiate them to undergo apoptosis. The anticancer activity 
of Phyllanthus plant on prostate cancer cells was through its regulation on cancer cell cycle 
and apoptosis induction mediated via caspases activation. The anti-metastatic and anti-
angiogenesis effects observed in Phyllanthus plant, indicate their potential in inhibiting the 
development of secondary tumour. Further investigations into the mechanism of anti-
carcinogenic, anti-metastatic, anti-angiogenesis and apoptotic regulation properties of the 
herbal plant, Phyllanthus against prostate cancer cells is required. This may create an 
opportunity for the plants to not only be designed and developed as anticancer agents, but 
also as a dietary supplement for the prevention of cancer development. However, the 
preliminary in vitro data is insufficient and less convincing due to its limitation as all 
experiments are done in an artificial environment outside a human body. Thus, an in vivo 
study using experimental prostate cancer animal model is needed to determine the 
pharmacological and toxicological data as well as anti-tumour effect of Phyllanthus, to 
provide more information on the safe use and effectiveness of this plant. 
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1. Introduction 
The development and progression of prostate cancer (CaP) is largely dependent on the 
dysregulation of the androgen/androgen receptor (AR) signaling pathway; though, the 
mechanism of CaP progression remains elusive. Initial treatments for CaP included 
prostatectomy or radiation to destroy cancerous cells (Feldman & Feldman, 2001). However, 
these treatments were not curative and more often than not there were recurrences and 
metastases of the cancer. Mainstay treatments that target the androgen/AR pathway 
through anti-androgen and androgen ablation therapies have been promising; yet again, 
these therapies seem to fail as the tumor progresses. This suggests that the androgen/AR 
dependence of CaP cells vary over time such that alterations in androgen availability, AR 
sensitivity and receptor promiscuity fuel a more aggressive CaP.  
Approximately 80-90% of CaPs are originally androgen dependent (AD) at diagnosis (Niu et 
al, 2010). Androgens stimulate the proliferation and inhibit the apoptosis of cells, thus 
implicating that CaP cells require a certain level of androgens to maintain their proliferation 
and survival (Feldman & Feldman, 2001). This is primarily the reason why androgen 
ablation therapy is initially successful—it removes the stimulation these cells require for 
proliferation, ultimately causing the regression of the tumor. However, over time patients 
often fail androgen ablation therapy as the tumor becomes a more lethal androgen 
independent (AI) or castration resistant form. There is no effective therapy for AI-CaP.  
The prostate requires androgenic steroids for its development and function. Testosterone 
is the main circulating androgen and is secreted from the testes as well as the adrenal 
glands (adrenal steroid conversion). Once in the blood stream, the majority of the 
testosterone binds to albumin and sex-hormone-binding globulin (SHBG) while a small 
fraction is freely dissolved within serum. Within the prostate, testosterone is converted to 
a derivative, dihydrotestosterone (DHT), by 5-alpha-reductase. DHT is a more potent and 
active form of testosterone and has a greater affinity for the AR relative to testosterone. 
Testosterone and DHT bind to the AR and causes its nuclear localization, transcriptional 
activation and its interaction with co-regulators/co-activators to mediate AR-directed 
gene transcription (Nui et al, 2010). 
The AR is required for the development of prostate carcinogenesis from early prostate 
intraepithelial neoplasia (PIN) to organ-confined or locally invasive primary tumors 
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1. Introduction 
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dysregulation of the androgen/androgen receptor (AR) signaling pathway; though, the 
mechanism of CaP progression remains elusive. Initial treatments for CaP included 
prostatectomy or radiation to destroy cancerous cells (Feldman & Feldman, 2001). However, 
these treatments were not curative and more often than not there were recurrences and 
metastases of the cancer. Mainstay treatments that target the androgen/AR pathway 
through anti-androgen and androgen ablation therapies have been promising; yet again, 
these therapies seem to fail as the tumor progresses. This suggests that the androgen/AR 
dependence of CaP cells vary over time such that alterations in androgen availability, AR 
sensitivity and receptor promiscuity fuel a more aggressive CaP.  
Approximately 80-90% of CaPs are originally androgen dependent (AD) at diagnosis (Niu et 
al, 2010). Androgens stimulate the proliferation and inhibit the apoptosis of cells, thus 
implicating that CaP cells require a certain level of androgens to maintain their proliferation 
and survival (Feldman & Feldman, 2001). This is primarily the reason why androgen 
ablation therapy is initially successful—it removes the stimulation these cells require for 
proliferation, ultimately causing the regression of the tumor. However, over time patients 
often fail androgen ablation therapy as the tumor becomes a more lethal androgen 
independent (AI) or castration resistant form. There is no effective therapy for AI-CaP.  
The prostate requires androgenic steroids for its development and function. Testosterone 
is the main circulating androgen and is secreted from the testes as well as the adrenal 
glands (adrenal steroid conversion). Once in the blood stream, the majority of the 
testosterone binds to albumin and sex-hormone-binding globulin (SHBG) while a small 
fraction is freely dissolved within serum. Within the prostate, testosterone is converted to 
a derivative, dihydrotestosterone (DHT), by 5-alpha-reductase. DHT is a more potent and 
active form of testosterone and has a greater affinity for the AR relative to testosterone. 
Testosterone and DHT bind to the AR and causes its nuclear localization, transcriptional 
activation and its interaction with co-regulators/co-activators to mediate AR-directed 
gene transcription (Nui et al, 2010). 
The AR is required for the development of prostate carcinogenesis from early prostate 
intraepithelial neoplasia (PIN) to organ-confined or locally invasive primary tumors 
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(Koochekpour, 2010). As a member of the steroid-thyroid-retinoid nuclear receptor 
superfamily of proteins, the AR is in its inactive form within the cytoplasm, bound to heat 
shock proteins (HSP) (He et al., 1999; He et al, 2000; Loy et al, 2003; Bennett et al., 2010) and 
components of the cytoskeleton (Veldscholte et al., 1992; Bennett et al., 2010), preventing AR 
nuclear localization and transcriptional activation. The binding of DHT or testosterone 
causes a conformational change leading to the dissociation of the AR from the HSPs and its 
subsequent phosphorylation (Nazarteh & Weigel, 1996; Feldman & Feldman, 2001). Once 
ligand bound, the AR is stabilized within the cytoplasm and translocates to the nucleus. The 
androgen-AR complex is in a conformational state to now homodimerize within the nucleus 
and bind to androgen response elements (AREs) in the promoter region of target genes 
(Feldman & Feldman, 2001) such as prostate specific antigen (PSA), a routine biomarker for 
prostate cancer diagnosis and progression (Bennett et al, 2010, Whitaker et al, 2008), and, 
probasin, a prostate-specific gene that has been exploited as a marker of prostate 
differentiation (Johnson et al., 2000). The AR has both a cytoplasmic and nuclear 
distribution, and shows a certain degree of trafficking either to or from the nucleus 
(Mulholland et al., 2002). There are varying reports on the subcellular distribution of the AR 
in different cell types; however, this two-step model for steroid hormone receptor activation 
is a clear representation of ligand activated translocation and the observed focal 
accumulations of the AR within the nucleus (Mulholland et al., 2002). 

1.1 AR structure and function 
The AR gene is located on the X chromosome (q11-12), and contains eight exons that 
produces a protein of approximately 920 amino acids (Bennett et al., 2010). Exon 1 codes for 
the N-terminal domain (NTD), exons 2 and 3 translate into the central DNA binding domain 
(DBD) which contains two zinc fingers for specific binding of DNA sequences (Feldman & 
Feldman, 2001), and exon 4 to 8 code for a hinge region and a conserved C-terminal ligand 
binding domain (LBD) .  
The NTD (1-558) is a poorly conserved region that houses important sequence motifs for AR 
conformation and activity (Bennett et al, 2010). There are three regions of tri-nucleotide 
repeats, which include poly-glutamine (Q) and poly-glycine tracts (Choong & Wilson 1998; 
Bennet et al., 2010). The poly-Q tract is encoded by a polymorphic CAG repeat (Southwell, 
et al., 2008). The length of the repeats inversely affects the stability of the AR-NTD and C-
terminal LBD interaction, and, AR expression and activity (Chamberlain et al., 1994; Ding et 
al., 2004; Bennett et al, 2010). CAG tri-nucleotide repeats can vary between 11 and 31 
repeats; less than 18 repeats are thought be an indicator of CaP risk.  
The NTD also contains the transcriptional activation function-1 (AF1) comprising two 
transcriptional activation units (TAU): TAU-1 and TAU-5. The AF1 subdomain of the AR is 
the predominant site for transactivation, where TAU-1 is required for ligand-dependent 
transcription of the AR; TAU-5 is responsible for the majority of the constitutive activity 
associated with the NTD, and the recruitment of the Steroid Receptor Co-activator 
(SRC)/p160 family of co-activators. For example, TIF2 (Transcriptional Intermediary 
Factor 2), SRC-1, and GRIP-1 are members of the SRC/p160 family which increase AR 
transcription through their interactions with the NTD and DBD (He et al., 1999; He et al., 
2000; Hong et al., 1999; Xu & Li, 2003; Bennett et al, 2010). These co-activators also recruit 
other co-regulators such as histone acetyl transferase (HAT) activity containing enzymes 
such as cAMP response element binding protein (CREB)-binding protein (CBP)/p300 and 
p300/CBP-associated factor (p/CAF) to initiate chromatin remodeling (Lemon & Tijian, 
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2000; Bennett et al., 2010) in preparation for DNA transcription (Shen et al., 2005; Bennett 
et al., 2010).  
The LBD folds into 12 helices. Interaction of ligands to the LBD promotes AR stability by the 
formation of the C-terminal transcriptional activation function -2 (AF2) domain and the 
subsequent interactions between the NTD/LBD (Bennett et al., 2010). The NTD interacts 
with the LBD through its sequence motifs 23FQNLF27 and 433WHTLF437 (He et al., 2000; 
Simental et al., 1991; Bennett et al., 2010), while co-activators/co-regulators (E.g. SRC/p160 
family of co-activators) bind to the LBD by a highly conserved consensus sequence, the 
LXXLL (L is Leucine and X is any amino acid) motif (also known as the NR box) (Bennett et 
al., 2010). The LBD LXXLL binding region primarily serves to recruit LXXLL motif 
containing co-activators/co-regulators and structurally enables the NTD FXXLF containing 
region to interact with the LBD (Bennett et al., 2010). The LXXLL motifs of such co-
regulators form a two-turn amphipathic α-helix which binds to the hydrophobic cleft of the 
LBD (specifically AF2) (Yang et al, 2002).  
The LBD AF2 domain is comprised of helices 3, 4, 5 and 12 (Gelmann, 2002). The ligand 
binding pocket is formed by helices 3, 5, and 10. Helix 12 is thought to lie across the ligand 
binding pocket and stabilize the ligand-AR interaction and increase ligand-activated 
transcription. The AR NTD and C-terminal domain (CTD) interaction in conjunction with 
Helix 12 serve to stabilize agonist ligand binding and receptor transcriptional activity 
(Masiello et al., 2004). Furthermore, the interaction of AR-interacting proteins or co-
regulators such as androgen receptor co-activator, ARA70, (which binds to both the AR-
DBD and AR-LBD) can increase the receptivity of the AR-LBD to other activating ligands 
such as hydroxyflutamide (non-steroidal anti-androgen) and estrogens (Miyamoto et al., 
1998; Miyamoto & Chang, 2000; Rahman et al., 2004; Bennett et al., 2010). However, it was 
shown that the AR NTD and CTD interaction was not required for transcriptional activity. 
For example, ligands used at high concentrations and peptides that blocked the NTD and 
CTD interaction did not absolutely inhibit transcriptional activity of the AR (Kemppainnen, 
et al., 1999; Chang & McDonnell, 2002; Masiello et al., 2004).  
The AR is opposed by co-repressors which inhibit its transcriptional activation. Nuclear 
receptor co-repressor (NCor) and silencing mediator for retinoid and thyroid hormone 
receptors (SMRT) disrupts the NTD-LBD interaction and the binding of SRC/p160 co-
activators (Bennett et al., 2010). NCor and SMRT are able to recruit histone deacetylases 
(HDAC) to promote the repackaging of DNA and prevent the binding of transcriptional 
machinery, activators, and receptors (Liao et al., 2003; Bennett et al., 2010). However, NCor 
requires the presence of a ligand (agonist or antagonist) whereas SMRT is able to mediate its 
effects in the presence or absence of ligands (Cheng et al., 2002; Heinlein & Chang, 2002; Liao 
et al., 2003; Bennett et al., 2010). The LBD also houses the nuclear export signal (NES) (amino 
acids 742-817) and the nuclear localization sequence (NLS), found at the junction between the 
hinge region and DBD (50 amino acids, 625-676) (Bennett et al, 2010). Upon ligand binding the 
NES becomes inactive and the NLS is bound by co-activators such as Filamin-A and importin-
α. These interactions direct the nuclear localization of the AR (Cutress et al., 1998; He et al., 
2002; Loy et al., 2003; Ozanne et al., 2000; Rahman et al., 2004; Schaufele et al., 2005; Heinlein & 
Chang, 2002; Bennett et al., 2010). Upon the loss of ligand interactions, the NES co-ordinates 
the shuttling of the AR to the cytoplasm where AR can tether to cytoskeletal proteins to again, 
prepare for ligand binding (He et al., 2000; Bennett et al., 2010).  
The DBD (559-624) is comprised of two zinc fingers domains created by three α-helices and 
a 12 amino acid C-terminal extension (Feldman & Fledman, 2001). The first zinc finger 
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(Koochekpour, 2010). As a member of the steroid-thyroid-retinoid nuclear receptor 
superfamily of proteins, the AR is in its inactive form within the cytoplasm, bound to heat 
shock proteins (HSP) (He et al., 1999; He et al, 2000; Loy et al, 2003; Bennett et al., 2010) and 
components of the cytoskeleton (Veldscholte et al., 1992; Bennett et al., 2010), preventing AR 
nuclear localization and transcriptional activation. The binding of DHT or testosterone 
causes a conformational change leading to the dissociation of the AR from the HSPs and its 
subsequent phosphorylation (Nazarteh & Weigel, 1996; Feldman & Feldman, 2001). Once 
ligand bound, the AR is stabilized within the cytoplasm and translocates to the nucleus. The 
androgen-AR complex is in a conformational state to now homodimerize within the nucleus 
and bind to androgen response elements (AREs) in the promoter region of target genes 
(Feldman & Feldman, 2001) such as prostate specific antigen (PSA), a routine biomarker for 
prostate cancer diagnosis and progression (Bennett et al, 2010, Whitaker et al, 2008), and, 
probasin, a prostate-specific gene that has been exploited as a marker of prostate 
differentiation (Johnson et al., 2000). The AR has both a cytoplasmic and nuclear 
distribution, and shows a certain degree of trafficking either to or from the nucleus 
(Mulholland et al., 2002). There are varying reports on the subcellular distribution of the AR 
in different cell types; however, this two-step model for steroid hormone receptor activation 
is a clear representation of ligand activated translocation and the observed focal 
accumulations of the AR within the nucleus (Mulholland et al., 2002). 

1.1 AR structure and function 
The AR gene is located on the X chromosome (q11-12), and contains eight exons that 
produces a protein of approximately 920 amino acids (Bennett et al., 2010). Exon 1 codes for 
the N-terminal domain (NTD), exons 2 and 3 translate into the central DNA binding domain 
(DBD) which contains two zinc fingers for specific binding of DNA sequences (Feldman & 
Feldman, 2001), and exon 4 to 8 code for a hinge region and a conserved C-terminal ligand 
binding domain (LBD) .  
The NTD (1-558) is a poorly conserved region that houses important sequence motifs for AR 
conformation and activity (Bennett et al, 2010). There are three regions of tri-nucleotide 
repeats, which include poly-glutamine (Q) and poly-glycine tracts (Choong & Wilson 1998; 
Bennet et al., 2010). The poly-Q tract is encoded by a polymorphic CAG repeat (Southwell, 
et al., 2008). The length of the repeats inversely affects the stability of the AR-NTD and C-
terminal LBD interaction, and, AR expression and activity (Chamberlain et al., 1994; Ding et 
al., 2004; Bennett et al, 2010). CAG tri-nucleotide repeats can vary between 11 and 31 
repeats; less than 18 repeats are thought be an indicator of CaP risk.  
The NTD also contains the transcriptional activation function-1 (AF1) comprising two 
transcriptional activation units (TAU): TAU-1 and TAU-5. The AF1 subdomain of the AR is 
the predominant site for transactivation, where TAU-1 is required for ligand-dependent 
transcription of the AR; TAU-5 is responsible for the majority of the constitutive activity 
associated with the NTD, and the recruitment of the Steroid Receptor Co-activator 
(SRC)/p160 family of co-activators. For example, TIF2 (Transcriptional Intermediary 
Factor 2), SRC-1, and GRIP-1 are members of the SRC/p160 family which increase AR 
transcription through their interactions with the NTD and DBD (He et al., 1999; He et al., 
2000; Hong et al., 1999; Xu & Li, 2003; Bennett et al, 2010). These co-activators also recruit 
other co-regulators such as histone acetyl transferase (HAT) activity containing enzymes 
such as cAMP response element binding protein (CREB)-binding protein (CBP)/p300 and 
p300/CBP-associated factor (p/CAF) to initiate chromatin remodeling (Lemon & Tijian, 

Prostate Cancer Progression to Androgen  
Independent Disease: The Role of the Wnt/β-Catenin Pathway 

 

323 

2000; Bennett et al., 2010) in preparation for DNA transcription (Shen et al., 2005; Bennett 
et al., 2010).  
The LBD folds into 12 helices. Interaction of ligands to the LBD promotes AR stability by the 
formation of the C-terminal transcriptional activation function -2 (AF2) domain and the 
subsequent interactions between the NTD/LBD (Bennett et al., 2010). The NTD interacts 
with the LBD through its sequence motifs 23FQNLF27 and 433WHTLF437 (He et al., 2000; 
Simental et al., 1991; Bennett et al., 2010), while co-activators/co-regulators (E.g. SRC/p160 
family of co-activators) bind to the LBD by a highly conserved consensus sequence, the 
LXXLL (L is Leucine and X is any amino acid) motif (also known as the NR box) (Bennett et 
al., 2010). The LBD LXXLL binding region primarily serves to recruit LXXLL motif 
containing co-activators/co-regulators and structurally enables the NTD FXXLF containing 
region to interact with the LBD (Bennett et al., 2010). The LXXLL motifs of such co-
regulators form a two-turn amphipathic α-helix which binds to the hydrophobic cleft of the 
LBD (specifically AF2) (Yang et al, 2002).  
The LBD AF2 domain is comprised of helices 3, 4, 5 and 12 (Gelmann, 2002). The ligand 
binding pocket is formed by helices 3, 5, and 10. Helix 12 is thought to lie across the ligand 
binding pocket and stabilize the ligand-AR interaction and increase ligand-activated 
transcription. The AR NTD and C-terminal domain (CTD) interaction in conjunction with 
Helix 12 serve to stabilize agonist ligand binding and receptor transcriptional activity 
(Masiello et al., 2004). Furthermore, the interaction of AR-interacting proteins or co-
regulators such as androgen receptor co-activator, ARA70, (which binds to both the AR-
DBD and AR-LBD) can increase the receptivity of the AR-LBD to other activating ligands 
such as hydroxyflutamide (non-steroidal anti-androgen) and estrogens (Miyamoto et al., 
1998; Miyamoto & Chang, 2000; Rahman et al., 2004; Bennett et al., 2010). However, it was 
shown that the AR NTD and CTD interaction was not required for transcriptional activity. 
For example, ligands used at high concentrations and peptides that blocked the NTD and 
CTD interaction did not absolutely inhibit transcriptional activity of the AR (Kemppainnen, 
et al., 1999; Chang & McDonnell, 2002; Masiello et al., 2004).  
The AR is opposed by co-repressors which inhibit its transcriptional activation. Nuclear 
receptor co-repressor (NCor) and silencing mediator for retinoid and thyroid hormone 
receptors (SMRT) disrupts the NTD-LBD interaction and the binding of SRC/p160 co-
activators (Bennett et al., 2010). NCor and SMRT are able to recruit histone deacetylases 
(HDAC) to promote the repackaging of DNA and prevent the binding of transcriptional 
machinery, activators, and receptors (Liao et al., 2003; Bennett et al., 2010). However, NCor 
requires the presence of a ligand (agonist or antagonist) whereas SMRT is able to mediate its 
effects in the presence or absence of ligands (Cheng et al., 2002; Heinlein & Chang, 2002; Liao 
et al., 2003; Bennett et al., 2010). The LBD also houses the nuclear export signal (NES) (amino 
acids 742-817) and the nuclear localization sequence (NLS), found at the junction between the 
hinge region and DBD (50 amino acids, 625-676) (Bennett et al, 2010). Upon ligand binding the 
NES becomes inactive and the NLS is bound by co-activators such as Filamin-A and importin-
α. These interactions direct the nuclear localization of the AR (Cutress et al., 1998; He et al., 
2002; Loy et al., 2003; Ozanne et al., 2000; Rahman et al., 2004; Schaufele et al., 2005; Heinlein & 
Chang, 2002; Bennett et al., 2010). Upon the loss of ligand interactions, the NES co-ordinates 
the shuttling of the AR to the cytoplasm where AR can tether to cytoskeletal proteins to again, 
prepare for ligand binding (He et al., 2000; Bennett et al., 2010).  
The DBD (559-624) is comprised of two zinc fingers domains created by three α-helices and 
a 12 amino acid C-terminal extension (Feldman & Fledman, 2001). The first zinc finger 
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contains a P-Box motif for specific nucleotide interactions and the second, a D-Box motif 
which functions as a DBD/DBD site for receptor homodimerization (Bennett et al, 2010). It is 
thought that Lysine (Lys;K) 580 and Arginine (Arg;R) 585 in the first zinc finger bind to the 
second and fifth nucleotide pairs in the first ARE repeat: GGTACA, respectively to the 
second and fifth nucleotide pairs in the first ARE repeat: GGTACA (Gewirth & Sigler, 1995; 
Luisi et al., 1991; Schwabe et al., 1993; Rastinejad et al., 1995; Gelmann, 2002). The second 
zinc finger stabilizes the binding complex by making hydrophobic interactions with the first 
zinc finger and contributes to the specificity of receptor DNA binding (Rastinejad et al., 
1995; Gelmann et al, 2002). Due to the similarity of the hormone response elements (HREs) 
of the nuclear receptor family, there is an overlap of nucleic acid sequences in which these 
receptors can bind. Steroid receptors recognize a palindromic sequence spaced by three 
nucleotides (Haelens et al., 2003). The AR, glucocorticoid, mineralcorticoid and progesterone 
receptors recognize the 5’-TGTTCT-3’ core sequence (Haelens et al., 2003). However, it has 
been found that ARs can also recognize specific AREs that consist of two hexameric half-
sites separated by 3 base pairs (Claessens et al., 1996; Rennie et al., 1993; Verrijdt et al., 1999; 
Verrijdt et al., 2000; Shaffer et al., 2004). Although ligand specificity brings about hormone 
specific responses, the specificity of hormone receptors has been questioned, as each 
receptor can bind to similar or the same sequence (Shaffer et al, 2004). It is thought that 
protein-protein interactions play a role in discriminating AR and other steroid mediated 
effects (Adler et al., 1993; Pawlowski et al., 2002) to enable ARE dependent gene 
transcription rather than the activation of other HREs.  

1.2 AR and post translational modifications  
Despite the AR’s role in genomic upregulation of androgen dependent gene transcription, 
its activation can signal through alternative means at the plasma membrane and cytoplasm 
(referred to as non-genomic signaling) (Feldman & Feldman, 2001). For example, the AR can 
trigger intracellular calcium release and the activation of protein kinases such as the 
Mitogen Activated Protein Kinases (MAPK), Protein Kinase A (PKA), AKT and PKC 
(Bennett et al., 2010). Phosphorylation of the AR by MAPK, JNK, AKT, ERK, and p38, 
increases AR response to low level of androgens, estrogens, and anti-androgens as well as 
enhances the recruitment of co-activators (Bennett et al., 2010). Furthermore, the AR itself is 
a downstream substrate for phosphorylation by receptor-tyrosine kinases and G-protein 
coupled receptor signaling. The phosphorylation of AR is mediated by the recruitment of 
kinases in the presence or absence of androgens. Phosphorylation at Serine (Ser) residues, 
Ser80, Ser93, and Ser641 is thought to protect the AR from proteolytic degradation (Blok et 
al., 1998; Bennett et al., 2010). Alternatively, AR degradation is regulated by the 
phosphorylation of specific residues recognized by E3 ubiquitin ligase. For example, MDM2 
E3 ubiquitin ligase promotes polyubiquitylation of the AR by recognizing AKT dependent 
phosphorylated serine (Lin et al., 2002; Koochekpour, 2010). Moreover, transactivation of the 
AR largely relies upon the phosphorylation of Ser213, Ser506, and Ser650 (Bennett et al., 
2010). Phosphorylation of the AR is required for its effects within the nucleus and the AR 
should remain hyperphosphorylated to mediate its transcriptional role (Koochekpour, 
2010). Studies have also shown constitutive phosphorylation of the AR at Ser94 as well as on 
other serine residues such as Ser16, 81, 256, 309, and 424. The loss of phosphorylation results 
in the loss of transcriptional activity and nuclear localization (Grossmann et al., 2001; Gioeli 
et al., 2002; O-Mallet et al., 1991; Koochekpour, 2010). Specifically, Yang et al., (2005) 
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demonstrated that dephosphorylation of AR at the NTD by protein phosphatase 2A (PP2A), 
resulted in the loss of AR activity.  
The AR receptors can also be acetylated, and sumoylated. These types of post translational 
modifications have also been shown to affect receptor stability and activity. The KXKK motif 
of the hinge region is a site for acetylation. Mutations of lysine to alanine reduced the 
transcriptional activity of AR by favoring NCoR interactions (Fu et al., 2004; Koochekpour, 
2010). Sumoylation of the AR is hormone dependent and competes with ubiquitination of 
lysine residues. Sumoylation is thought to repress AR activity. Disruption of sumoylation on 
Lys386 and Lys520 resulted in an increase in AR transactivation (Poukka et al., 2000; 
Koochekpour, 2010).  

1.3 AR in CaP progression 
The efficacy of many CaP treatments is often temporary, as CaP cells often become 
refractory to hormone ablation therapies. The current therapeutics are largely targeted 
towards the inhibition of AR activation, such as anti-androgens, chemical castration 
(treatment with gonadotropin releasing hormone (GnRH) super agonists to inhibit 
testosterone secretion from the testes), or surgery (orchidectomy) (Bennett et al, 2010). AI-
CaP or castration resistant CaP is thought to occur due to the androgen deprivation 
therapies as they may induce altered protein activity and expression in the cancer cells. 
Despite androgen blockade in AI-CaP patients, expressions of AR target genes such as PSA 
remain high. Furthermore, hormone refractory CaP continues to rely on AR expression, 
suggesting that the AR is necessary to maintain proliferative and anti-apoptotic effects. 
Therefore, CaP acquires the phenotype of oncogenic addiction to the AR for its continued 
growth and resistance to therapy (Koochekpour, 2010). The progression of CaP from an 
hormone sensitive AD to a hormone resistant AI state is likely due to mechanisms involving 
alterations in AR expression, amplification, mutations, and/or AR activity.  
AR mutations in primary CaP are relatively low when compared to metastatic CaP where 
frequencies are as high as 50% (Marcellie et al., 2000; Koivisto et al., 1997; Taplin et al., 1995; 
Tilley et al., 1996; Taplin et al., 1999; Feldman & Feldman, 2001). Germline or somatic 
mutations of the AR leads to AR overexpression and hypersensitivity due to point 
mutations and promiscuous mutant AR proteins. Germline mutations of the AR are rarely 
found. Familial inheritance of CaP with at least two first degree relatives account for 20% of 
cases and transmission compatible with Mendellian inheritance is described to be 50% of the 
cases observed (Koochekpour, 2010). Genetic susceptibility seems to be more significant in 
patients <55 years old (Koochekpour, 2010). Recently, a R726L mutation was reported in 
only Finnish patients with sporadic or familial CaP (Gruber et al., 2003; Mononen, et al., 
2000; Koochekpour, 2010). Genomic alterations to the AR have been found in both non-
coding and coding sequences such as polymorphisms of CAG and GGC repeats, single 
nucleotide polymorphisms, as well as silent and missense mutations (Ingles et al., 1997; 
Gruber et al., 2003; Crocitto et al., 1997; Koochekpour, 2010). Koochekpour, (2010) screened 
60 CaP patients of African-American and Caucasian families with a history of familial CaP. 
Using exon-specific PCR, bi-directional sequencing and restriction enzyme genotyping, they 
found that one African-American family had a novel germline AR misssense mutation (exon 
2 of DBD A1675T; T559S) in three siblings with early onset CaP. This mutation was 
transmitted in an X-linked pattern and located at the N-terminal region of the DBD. 
Koochekpour et al., (2010) reason that the location of this particular mutation likely affected 
AR ligand binding.  
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contains a P-Box motif for specific nucleotide interactions and the second, a D-Box motif 
which functions as a DBD/DBD site for receptor homodimerization (Bennett et al, 2010). It is 
thought that Lysine (Lys;K) 580 and Arginine (Arg;R) 585 in the first zinc finger bind to the 
second and fifth nucleotide pairs in the first ARE repeat: GGTACA, respectively to the 
second and fifth nucleotide pairs in the first ARE repeat: GGTACA (Gewirth & Sigler, 1995; 
Luisi et al., 1991; Schwabe et al., 1993; Rastinejad et al., 1995; Gelmann, 2002). The second 
zinc finger stabilizes the binding complex by making hydrophobic interactions with the first 
zinc finger and contributes to the specificity of receptor DNA binding (Rastinejad et al., 
1995; Gelmann et al, 2002). Due to the similarity of the hormone response elements (HREs) 
of the nuclear receptor family, there is an overlap of nucleic acid sequences in which these 
receptors can bind. Steroid receptors recognize a palindromic sequence spaced by three 
nucleotides (Haelens et al., 2003). The AR, glucocorticoid, mineralcorticoid and progesterone 
receptors recognize the 5’-TGTTCT-3’ core sequence (Haelens et al., 2003). However, it has 
been found that ARs can also recognize specific AREs that consist of two hexameric half-
sites separated by 3 base pairs (Claessens et al., 1996; Rennie et al., 1993; Verrijdt et al., 1999; 
Verrijdt et al., 2000; Shaffer et al., 2004). Although ligand specificity brings about hormone 
specific responses, the specificity of hormone receptors has been questioned, as each 
receptor can bind to similar or the same sequence (Shaffer et al, 2004). It is thought that 
protein-protein interactions play a role in discriminating AR and other steroid mediated 
effects (Adler et al., 1993; Pawlowski et al., 2002) to enable ARE dependent gene 
transcription rather than the activation of other HREs.  

1.2 AR and post translational modifications  
Despite the AR’s role in genomic upregulation of androgen dependent gene transcription, 
its activation can signal through alternative means at the plasma membrane and cytoplasm 
(referred to as non-genomic signaling) (Feldman & Feldman, 2001). For example, the AR can 
trigger intracellular calcium release and the activation of protein kinases such as the 
Mitogen Activated Protein Kinases (MAPK), Protein Kinase A (PKA), AKT and PKC 
(Bennett et al., 2010). Phosphorylation of the AR by MAPK, JNK, AKT, ERK, and p38, 
increases AR response to low level of androgens, estrogens, and anti-androgens as well as 
enhances the recruitment of co-activators (Bennett et al., 2010). Furthermore, the AR itself is 
a downstream substrate for phosphorylation by receptor-tyrosine kinases and G-protein 
coupled receptor signaling. The phosphorylation of AR is mediated by the recruitment of 
kinases in the presence or absence of androgens. Phosphorylation at Serine (Ser) residues, 
Ser80, Ser93, and Ser641 is thought to protect the AR from proteolytic degradation (Blok et 
al., 1998; Bennett et al., 2010). Alternatively, AR degradation is regulated by the 
phosphorylation of specific residues recognized by E3 ubiquitin ligase. For example, MDM2 
E3 ubiquitin ligase promotes polyubiquitylation of the AR by recognizing AKT dependent 
phosphorylated serine (Lin et al., 2002; Koochekpour, 2010). Moreover, transactivation of the 
AR largely relies upon the phosphorylation of Ser213, Ser506, and Ser650 (Bennett et al., 
2010). Phosphorylation of the AR is required for its effects within the nucleus and the AR 
should remain hyperphosphorylated to mediate its transcriptional role (Koochekpour, 
2010). Studies have also shown constitutive phosphorylation of the AR at Ser94 as well as on 
other serine residues such as Ser16, 81, 256, 309, and 424. The loss of phosphorylation results 
in the loss of transcriptional activity and nuclear localization (Grossmann et al., 2001; Gioeli 
et al., 2002; O-Mallet et al., 1991; Koochekpour, 2010). Specifically, Yang et al., (2005) 
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demonstrated that dephosphorylation of AR at the NTD by protein phosphatase 2A (PP2A), 
resulted in the loss of AR activity.  
The AR receptors can also be acetylated, and sumoylated. These types of post translational 
modifications have also been shown to affect receptor stability and activity. The KXKK motif 
of the hinge region is a site for acetylation. Mutations of lysine to alanine reduced the 
transcriptional activity of AR by favoring NCoR interactions (Fu et al., 2004; Koochekpour, 
2010). Sumoylation of the AR is hormone dependent and competes with ubiquitination of 
lysine residues. Sumoylation is thought to repress AR activity. Disruption of sumoylation on 
Lys386 and Lys520 resulted in an increase in AR transactivation (Poukka et al., 2000; 
Koochekpour, 2010).  

1.3 AR in CaP progression 
The efficacy of many CaP treatments is often temporary, as CaP cells often become 
refractory to hormone ablation therapies. The current therapeutics are largely targeted 
towards the inhibition of AR activation, such as anti-androgens, chemical castration 
(treatment with gonadotropin releasing hormone (GnRH) super agonists to inhibit 
testosterone secretion from the testes), or surgery (orchidectomy) (Bennett et al, 2010). AI-
CaP or castration resistant CaP is thought to occur due to the androgen deprivation 
therapies as they may induce altered protein activity and expression in the cancer cells. 
Despite androgen blockade in AI-CaP patients, expressions of AR target genes such as PSA 
remain high. Furthermore, hormone refractory CaP continues to rely on AR expression, 
suggesting that the AR is necessary to maintain proliferative and anti-apoptotic effects. 
Therefore, CaP acquires the phenotype of oncogenic addiction to the AR for its continued 
growth and resistance to therapy (Koochekpour, 2010). The progression of CaP from an 
hormone sensitive AD to a hormone resistant AI state is likely due to mechanisms involving 
alterations in AR expression, amplification, mutations, and/or AR activity.  
AR mutations in primary CaP are relatively low when compared to metastatic CaP where 
frequencies are as high as 50% (Marcellie et al., 2000; Koivisto et al., 1997; Taplin et al., 1995; 
Tilley et al., 1996; Taplin et al., 1999; Feldman & Feldman, 2001). Germline or somatic 
mutations of the AR leads to AR overexpression and hypersensitivity due to point 
mutations and promiscuous mutant AR proteins. Germline mutations of the AR are rarely 
found. Familial inheritance of CaP with at least two first degree relatives account for 20% of 
cases and transmission compatible with Mendellian inheritance is described to be 50% of the 
cases observed (Koochekpour, 2010). Genetic susceptibility seems to be more significant in 
patients <55 years old (Koochekpour, 2010). Recently, a R726L mutation was reported in 
only Finnish patients with sporadic or familial CaP (Gruber et al., 2003; Mononen, et al., 
2000; Koochekpour, 2010). Genomic alterations to the AR have been found in both non-
coding and coding sequences such as polymorphisms of CAG and GGC repeats, single 
nucleotide polymorphisms, as well as silent and missense mutations (Ingles et al., 1997; 
Gruber et al., 2003; Crocitto et al., 1997; Koochekpour, 2010). Koochekpour, (2010) screened 
60 CaP patients of African-American and Caucasian families with a history of familial CaP. 
Using exon-specific PCR, bi-directional sequencing and restriction enzyme genotyping, they 
found that one African-American family had a novel germline AR misssense mutation (exon 
2 of DBD A1675T; T559S) in three siblings with early onset CaP. This mutation was 
transmitted in an X-linked pattern and located at the N-terminal region of the DBD. 
Koochekpour et al., (2010) reason that the location of this particular mutation likely affected 
AR ligand binding.  
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Somatic mutations are largely single base substitutions: 49% at the LBD, 37% at the NTD, 
and 7% at the DBD (Koochepour, 2010). For those CaP that harbor gain of function 
mutations the result is primarily an increase in ligand promiscuity. The AR is activated by 
testosterone and DHT; however, mutations in the LBD make the AR less stringent of its 
partners. For example, in LNCaP cells, a Threonine (Thr; T) to Alanine (Ala;A) mutation 
(T877A) caused the expansion of ligand binding activity (Veldscholte et al., 1992; Feldman & 
Feldman, 2001). This mutation permitted AR activation by androgens, estrogens, 
progesterones as well as the non-steroidal antagonist, flutamide. A study by Gaddipati et 
al., (1994) found that 25% of patient metastatic tumors had a T877A mutation. Patients that 
were treated with flutamide often experienced a worsening of symptoms over time. Once 
flutamide was withdrawn, patients tended to do better. Interestingly, some patients also 
experienced a rise in serum PSA levels upon flutamide treatment. Taplin et al., (1999) 
studied patients that were on flutamide treatment relative to those that were not given this 
particular treatment. Tumor cells that had the T877A mutation increased in proliferation 
while patients who were not treated with flutamide harboured different mutations of the 
AR that were not activated by flutamide. Therefore, there seems to be a strong selective 
pressure for AR mutants arising from flutamide treatment such that discontinuation of 
flutamide resulted in tumor regression before growth resumed again (Feldman & Feldman, 
2001). Other mutations such as the H874Y (Histidine to Tyrosine) mutation in the CWR22 
cell line have been found to affect co-activator interactions by altering the conformation of 
Helix 12 of the LBD. Helix 12 regulates co-activator binding and creates a specific groove 
with helices 3, 4, and 5 (Darimont et al., 1998; McInerney et al., 1998; Nolte et al., 1998; Shiau 
et al., 1998; Westin et al., 1998; Song et al., 2003). Helix 12 rotates over the ligand binding 
pocket and assumes favorable or unfavorable positions depending on agonist or antagonist 
binding, respectively. Helix 12 mutations have also been detected in CaP patients, such as 
Q902R (Glutamine to Arginine), and M894D (Methionine to Aspartic Acid) (an androgen 
insensitive mutation) (Taplin et al., 1995; Thrompson et al., 2001; Song et al., 2003). The 
importance of Helix 12 and the NTD-LBD interaction for AR activity is underscored by the 
fact that spontaneous mutations in Helix 12, NTD, and LBD caused either complete or 
partial androgen insensitivity (Thomspon et al., 2001; Song et al., 2003). Additionally, a 
L701H mutation was also identified in conjunction with the T877A mutation in MDA PCa 2a 
cell lines (Zhao et al., 1999; Feldman & Feldman, 2001). L701H mutation alone decreased the 
ability of AR to bind DHT, but increased binding of other non specific adrenal 
corticosteroids. The presence of the T877A mutation together with L701H potentiated this 
interaction by more than 300% as both mutations were located within the LBD (Zhao et al., 
2000; Feldman & Feldman, 2001). Hence, the susceptibility of the AR to minimize its ligand 
specificity in AI-CaP makes AR dependent disease progression difficult to treat. On the 
other hand, other anti-androgens such as Casodex (bicalutamide) do not seem to have the 
same response to T877A AR (Feldman & Feldman, 2001). Novel truncated AR mutants, 
mRNA splice variants and mutant AR lacking exon 3 tandem duplication (coding for C-
terminal portion of the DBD) have also been found in the CWR22R derived cell line 22RV1 
(AI-CaP) (Marcias et al., 2009; Koochekpour, 2010). Furthermore, an important study by Han 
et al., (2001) demonstrated that prostate tumors from a genetically engineered mouse model 
upon androgen ablation resulted in AR gene mutations within AR NTD. Specifically, amino 
acid substitution A229T and E231G (Glutamic Acid to Glycine) within the AR NTD 
signature motif: ARNSM (Ala-Arg-Asn-Ser-Met), increased ligand independent basal 
activity, whereas, E231G increased responsiveness to androgen receptor co-activator 
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ARA160 and ARA70. The ARNSM motif is unique to the AR and the most highly conserved 
region of the AR NTD.  
Another possible mechanism for the progression of AI disease is mediated by AR 
amplification. Overexpression of the AR causes hypersensitivity of the AR under low levels 
of androgens. Visakorpi et al., (1995) were the first to show that the AR was amplified in 305 
hormone refractory tumors subsequent to androgen ablation therapy. Although these 
tumors were clinically presenting as AI-CaP, there was increased levels of the AR, and, 
continued proliferation of the tumor still required androgen. This suggested that some AR 
amplified tumors may require the presence of residual androgens that remain in the serum 
after monotherapy (Palmberg et al., 2000; Feldman & Feldman, 2001). Similarily, mouse 
models of CaP progression characterized by high expression of AR, increased AR stability, 
and AR nuclear localization, had hypersensitive tumor growth promoting effects upon DHT 
administration. DHT concentrations of 4 orders of magnitude lower were able to stimulate 
growth relative to DHT levels required for AD LnCaP cell proliferation (Gregory et al., 2001; 
Feldman & Feldman, 2001).  
Although AR gene amplification and hypersensitivity serves to be a sound model for AI-
CaP progression, the AR may be activated by alternative means including activation by co-
regulators, increased androgen production, and/or intermediary downstream signaling 
pathways. Greater levels of co-activator expression such as SRC-1, ARA70, and TIF2 were 
demonstrated to be elevated in CaP and correlated with increased CaP grade, stage, and 
decreased disease free survival. For example, Cdk-activating phophatase B, an identified co-
activator of the AR was overexpressed and also highly amplified in tumors with high 
Gleason scores (Koochekpour, 2010). Local production of androgens within the prostate can 
also increase AR transactivation by compensating for decreased serum testosterone 
resulting from androgen ablation therapy. Studies have shown that serum testosterone 
levels can decrease 95%, contrasting the DHT levels within prostate tissue which only 
reduce by 60% (Labrie et al., 1986; Feldman & Feldman, 2001). Locke et al., (2008) 
demonstrated that there was de novo and organ synthesis of androgens in LNCaP xenograft 
mouse models, suggesting that CaP cells had steroidogenic properties that enable them to 
survive in androgen depleted environments. Moreover, this was also indicative of greater 
levels of intratumoral 5-alpha-reductase activity. It is likely then, that during AI-CaP disease 
progression, there is a switch in androgen source whereby testicular androgens are replaced 
by prostatic androgen. Bennett et al., (2010) have deemed this as ‘androgen self-sufficient’. 
There is also a hypothesis that conversion of adrenal steroids can sustain the androgen 
signal by supplying adrenal androgens such as DHEA and androstenedione (Trucia et al, 
2000). After castration, adrenal androgens could account for as much as 40% of the total 
DHT in the prostate (Labrie et al., 1993; Trucia et al., 2000).  
Hormone receptors that are activated by ligand independent mechanisms are known as 
‘outlaw’ receptors (Feldman & Feldman, 2001). Certain growth factors such as Insulin 
Growth Factor (IGF)-1, Keratinocyte Growth Factor (KGF), and Epidermal Growth Factor 
(EGF) have been demonstrated to activate the AR and induce the expression of AR target 
genes. Culig et al., (1994) showed that there was a 5-fold increase in PSA levels in LNCaP 
cells upon IGF-1 stimulation. Moreover, the addition of Casodex abolished the activation of 
the AR by IGF-1, KGF and EGF, indicating that the LBD was necessary for this activation. 
Overexpression of these growth factors has been observed in CaP; however, it is unclear 
whether it is the AR pathway or indirect downstream effects that are mediating 
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Somatic mutations are largely single base substitutions: 49% at the LBD, 37% at the NTD, 
and 7% at the DBD (Koochepour, 2010). For those CaP that harbor gain of function 
mutations the result is primarily an increase in ligand promiscuity. The AR is activated by 
testosterone and DHT; however, mutations in the LBD make the AR less stringent of its 
partners. For example, in LNCaP cells, a Threonine (Thr; T) to Alanine (Ala;A) mutation 
(T877A) caused the expansion of ligand binding activity (Veldscholte et al., 1992; Feldman & 
Feldman, 2001). This mutation permitted AR activation by androgens, estrogens, 
progesterones as well as the non-steroidal antagonist, flutamide. A study by Gaddipati et 
al., (1994) found that 25% of patient metastatic tumors had a T877A mutation. Patients that 
were treated with flutamide often experienced a worsening of symptoms over time. Once 
flutamide was withdrawn, patients tended to do better. Interestingly, some patients also 
experienced a rise in serum PSA levels upon flutamide treatment. Taplin et al., (1999) 
studied patients that were on flutamide treatment relative to those that were not given this 
particular treatment. Tumor cells that had the T877A mutation increased in proliferation 
while patients who were not treated with flutamide harboured different mutations of the 
AR that were not activated by flutamide. Therefore, there seems to be a strong selective 
pressure for AR mutants arising from flutamide treatment such that discontinuation of 
flutamide resulted in tumor regression before growth resumed again (Feldman & Feldman, 
2001). Other mutations such as the H874Y (Histidine to Tyrosine) mutation in the CWR22 
cell line have been found to affect co-activator interactions by altering the conformation of 
Helix 12 of the LBD. Helix 12 regulates co-activator binding and creates a specific groove 
with helices 3, 4, and 5 (Darimont et al., 1998; McInerney et al., 1998; Nolte et al., 1998; Shiau 
et al., 1998; Westin et al., 1998; Song et al., 2003). Helix 12 rotates over the ligand binding 
pocket and assumes favorable or unfavorable positions depending on agonist or antagonist 
binding, respectively. Helix 12 mutations have also been detected in CaP patients, such as 
Q902R (Glutamine to Arginine), and M894D (Methionine to Aspartic Acid) (an androgen 
insensitive mutation) (Taplin et al., 1995; Thrompson et al., 2001; Song et al., 2003). The 
importance of Helix 12 and the NTD-LBD interaction for AR activity is underscored by the 
fact that spontaneous mutations in Helix 12, NTD, and LBD caused either complete or 
partial androgen insensitivity (Thomspon et al., 2001; Song et al., 2003). Additionally, a 
L701H mutation was also identified in conjunction with the T877A mutation in MDA PCa 2a 
cell lines (Zhao et al., 1999; Feldman & Feldman, 2001). L701H mutation alone decreased the 
ability of AR to bind DHT, but increased binding of other non specific adrenal 
corticosteroids. The presence of the T877A mutation together with L701H potentiated this 
interaction by more than 300% as both mutations were located within the LBD (Zhao et al., 
2000; Feldman & Feldman, 2001). Hence, the susceptibility of the AR to minimize its ligand 
specificity in AI-CaP makes AR dependent disease progression difficult to treat. On the 
other hand, other anti-androgens such as Casodex (bicalutamide) do not seem to have the 
same response to T877A AR (Feldman & Feldman, 2001). Novel truncated AR mutants, 
mRNA splice variants and mutant AR lacking exon 3 tandem duplication (coding for C-
terminal portion of the DBD) have also been found in the CWR22R derived cell line 22RV1 
(AI-CaP) (Marcias et al., 2009; Koochekpour, 2010). Furthermore, an important study by Han 
et al., (2001) demonstrated that prostate tumors from a genetically engineered mouse model 
upon androgen ablation resulted in AR gene mutations within AR NTD. Specifically, amino 
acid substitution A229T and E231G (Glutamic Acid to Glycine) within the AR NTD 
signature motif: ARNSM (Ala-Arg-Asn-Ser-Met), increased ligand independent basal 
activity, whereas, E231G increased responsiveness to androgen receptor co-activator 
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ARA160 and ARA70. The ARNSM motif is unique to the AR and the most highly conserved 
region of the AR NTD.  
Another possible mechanism for the progression of AI disease is mediated by AR 
amplification. Overexpression of the AR causes hypersensitivity of the AR under low levels 
of androgens. Visakorpi et al., (1995) were the first to show that the AR was amplified in 305 
hormone refractory tumors subsequent to androgen ablation therapy. Although these 
tumors were clinically presenting as AI-CaP, there was increased levels of the AR, and, 
continued proliferation of the tumor still required androgen. This suggested that some AR 
amplified tumors may require the presence of residual androgens that remain in the serum 
after monotherapy (Palmberg et al., 2000; Feldman & Feldman, 2001). Similarily, mouse 
models of CaP progression characterized by high expression of AR, increased AR stability, 
and AR nuclear localization, had hypersensitive tumor growth promoting effects upon DHT 
administration. DHT concentrations of 4 orders of magnitude lower were able to stimulate 
growth relative to DHT levels required for AD LnCaP cell proliferation (Gregory et al., 2001; 
Feldman & Feldman, 2001).  
Although AR gene amplification and hypersensitivity serves to be a sound model for AI-
CaP progression, the AR may be activated by alternative means including activation by co-
regulators, increased androgen production, and/or intermediary downstream signaling 
pathways. Greater levels of co-activator expression such as SRC-1, ARA70, and TIF2 were 
demonstrated to be elevated in CaP and correlated with increased CaP grade, stage, and 
decreased disease free survival. For example, Cdk-activating phophatase B, an identified co-
activator of the AR was overexpressed and also highly amplified in tumors with high 
Gleason scores (Koochekpour, 2010). Local production of androgens within the prostate can 
also increase AR transactivation by compensating for decreased serum testosterone 
resulting from androgen ablation therapy. Studies have shown that serum testosterone 
levels can decrease 95%, contrasting the DHT levels within prostate tissue which only 
reduce by 60% (Labrie et al., 1986; Feldman & Feldman, 2001). Locke et al., (2008) 
demonstrated that there was de novo and organ synthesis of androgens in LNCaP xenograft 
mouse models, suggesting that CaP cells had steroidogenic properties that enable them to 
survive in androgen depleted environments. Moreover, this was also indicative of greater 
levels of intratumoral 5-alpha-reductase activity. It is likely then, that during AI-CaP disease 
progression, there is a switch in androgen source whereby testicular androgens are replaced 
by prostatic androgen. Bennett et al., (2010) have deemed this as ‘androgen self-sufficient’. 
There is also a hypothesis that conversion of adrenal steroids can sustain the androgen 
signal by supplying adrenal androgens such as DHEA and androstenedione (Trucia et al, 
2000). After castration, adrenal androgens could account for as much as 40% of the total 
DHT in the prostate (Labrie et al., 1993; Trucia et al., 2000).  
Hormone receptors that are activated by ligand independent mechanisms are known as 
‘outlaw’ receptors (Feldman & Feldman, 2001). Certain growth factors such as Insulin 
Growth Factor (IGF)-1, Keratinocyte Growth Factor (KGF), and Epidermal Growth Factor 
(EGF) have been demonstrated to activate the AR and induce the expression of AR target 
genes. Culig et al., (1994) showed that there was a 5-fold increase in PSA levels in LNCaP 
cells upon IGF-1 stimulation. Moreover, the addition of Casodex abolished the activation of 
the AR by IGF-1, KGF and EGF, indicating that the LBD was necessary for this activation. 
Overexpression of these growth factors has been observed in CaP; however, it is unclear 
whether it is the AR pathway or indirect downstream effects that are mediating 
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tumorigenesis. In fact, patients with AI-CaP can fail Casodex therapy suggesting that other 
mechanisms are in play for ligand independent activation of the AR. Furthermore, patients 
who received androgen ablation therapy have tumor cells that overexpress growth factor 
receptors, the receptor tyrosine kinases. Craft et al., (1999) demonstrated that an AI-CaP cell 
line, generated from xenografts implanted in castrated mice, consistently overexpressed Her-
2/neu (from the EGF receptor family of receptor tyrosine kinases) (Feldman & Feldman, 2001). 
Interestingly, AD-CaP cell lines could also be converted to AI-CaP cells by overexpressing 
Her-2/neu. This pathway was not blocked by Casodex, which indicated that the LBD of the 
AR was not necessary to transduce the effects of Her-2/neu. Although Trastuzumab 
(Herceptin) is used primarily to treat breast cancer, Herceptin had anti-proliferative effects on 
AD- and AI-CaP xenografts when combined with the chemotherapeutic drug paclitaxel. Yeh et 
al., (1999) believe that Her-2/neu activated AR via the MAPK pathway, as inhibitors of MAPK 
decreased HER-2/neu mediated activation of the AR. In effect, a positive feedback loop is 
created where the AR can activate kinases and in turn, where kinases can activate the AR 
through its phosphorylation (in the presence or absence of ligand), regardless of the varying 
levels of androgens (Feldman & Feldman, 2001). 
The AR pathway is thought to be in interplay with other signaling pathways. AR activation 
due to cross regulation by receptor tyrosine kinases and their downstream effectors 
provides alternative and sustained routes for AR activation despite androgen depletion. 
Currently, there has been accumulating evidence that the Wnt signaling pathway plays a 
significant role in CaP tumor progression. Although it is rare to find genetic mutations in 
components of the Wnt pathway such as APC or β-catenin in CaP, the deregulation of this 
pathway is thought to be an early event in tumorigenesis. Moreover, β-catenin, the key 
regulator of the Wnt pathway, is a direct co-activator of the AR.  

2. Wnt signaling pathway: An overview 
The Wnt signaling pathway, responsible for a vast array of biological functions, is activated 
by 19 Wnt isoforms (For a complete list of Wnt isoforms, refer to Chien et al., 2009). The 
Wnts are a family of secreted glycolipoproteins, which are conserved in all metazoan 
animals. Wnt ligands activate the Wnt pathway by binding to a seven-pass transmembrane 
frizzled (Fzd) receptor in conjunction with its co-receptors, LDL receptor related proteins 5 
and 6 (LRP5/6). Other factors such as R-spondin, Norrin and Wise may also facilitate Fzd 
stimulation (Kharaishvili et al., 2011). Signaling by these powerful morphogens functions to 
direct cell proliferation, cell adhesion, tissue development, oncogenesis, tumor suppression, 
and cell-fate determination (MacDonald et al., 2009). As a result, defective Wnt signal 
transduction plays a critical role in a range of hereditary diseases and cancers such as 
polycystic kidney disease (Wuebken & Schmidt-Ott, 2011), Alzheimer’s disease (De Ferrari 
et al., 2007), hepatocellular carcinoma (Ji et al., 2011), colorectal cancer (Fearon, 1995) and 
other malignancies. Here, we will focus on the role of Wnt signaling in the development of 
prostate carcinogenesis.  
Wnt signaling can be divided into two categories: the canonical Wnt pathway and the non-
canonical Wnt pathway. The former is activated by a certain subset of Wnt proteins that 
affects a potent oncoprotein, β-catenin, while the latter operates independently of β-catenin 
signaling. The canonical Wnt pathway is the most well understood and has been implicated 
in regulating cell-cell adhesion as well as cell cycle control. The planar cell polarity (PCP) 
pathway and the calcium (Ca2+)-dependent pathway have been identified as non-canonical, 
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however evidence has yet to show whether these two pathways are truly distinct or simply 
part of a larger signaling network.  

2.1 The non-canonical (β-catenin independent) Wnt pathway 
In β-catenin independent signaling, Wnt pathways are activated via Fzd receptors and do 
not involve LRP5/LRP6. Binding of non-canonical Wnts, namely Wnt4, Wnt5a, and Wnt11, 
to Fzd can influence cell polarization, and embryonic processes such as convergent 
extension and cochlea development (Veeman et al., 2003; Shih et al., 2007). The asymmetrical 
distribution of transmembrane receptors and intracellular proteins such as Fzd and the 
scaffold phosphoprotein Dishevelled (Dvl) respectively, regulate the activation of Rho-
family GTPases. The end-stop of the planar cell polarity (PCP) pathway is signaling via Rho-
associate kinase (ROCK) and c-Jun NH-terminal kinase (JNK) (Macheda & Stacker, 2008). 
The second β-catenin independent signaling pathway is characterized by the release of 
intracellular calcium ions by the stimulation of G-proteins. Increased calcium levels are 
sufficient to elicit a response from two calcium-sensitive enzymes: 1) calcium/calmodulin-
dependent kinase II, (CaMKII), 2) protein kinase C (PKC) (Kuhl, 2004; Kohn & Moon, 2005). 
The Wnt/Ca2+ pathway has been postulated to play a role in tumor progression as the 
upregulation of Wnt5a in melanoma cells furthered invasiveness by restructuring the actin 
cytoskeleton (Weerartna et al., 2002).  
There is emerging evidence that the non-canonical pathway competes with canonical Wnt 
signaling. Certain non-canonical Wnts such as Wnt11 and Wnt5a have been shown to 
antagonize Wnt/β-catenin signaling, although the mode of action is still unclear (Railo et al., 
2008). Proposed mechanisms include competitions for Dvl molecules and alternative 
degradation pathways involving Siah-APC instead of GSK3β-β-TrCP (Veeman et al., 2003; 
Topol et al., 2003; Kharaishvili et al., 2011). 

2.2 The canonical Wnt (β-catenin dependent) pathway 
In the absence of Wnt, β-catenin is targeted for degradation by the ‘destruction complex’ 
comprising adenomatous polyposis coli (APC), glycogen synthase kinase 3β (GSK3β) and 
casein kinase (CK1), all of which are anchored to a scaffold protein, Axin. Phosphorylation 
of β-catenin by CK1 at Ser45 primes the sequential phosphorylation at Thr41, Ser37, and 
Ser33 by GSK3β. Phosphorylation at Ser33 and Ser37 allows recognition of β-catenin by an 
E3 ubiquitin ligase subunit, β-TrCP (β-transducin repeat-containing protein), resulting in 
ubiquitination and subsequent proteasomal degradation (MacDonald et al., 2009). Strict 
regulation of cytosolic β-catenin levels via the destruction complex ensures to some extent 
the nuclear availability of β-catenin. However, in the presence of a Wnt signal, β-catenin is 
stablized to increase in cellular levels and subsequently translocate to the nucleus where it 
becomes transcriptionally active—the hallmark of the canonical Wnt pathway.  
The canonical Wnts, primarily Wnt3, Wnt3a, and Wnt6, bind to Wnt-Fzd-LRP 5/6 
complexes to activate Dvl, which then disables GSK3β activity and stimulates LRP5/6 
phosphorylation. Phosphorylation of LRP5/6 on its cytoplasmic tail leads to Axin docking 
at the plasma membrane, thus preventing the constitutive destruction of β-catenin 
(Davidson et al., 2005; Shih et al., 2007). Consequently, β-catenin accumulates in the 
cytoplasm and ultimately translocates to the nucleus, where it acts as a co-activator of T-Cell 
Factor/Lymphoid Enhancer Cell (TCF/LEF) family of DNA-binding proteins to mediate 
Wnt target gene transcription. Interestingly, the mechanism underlying the nuclear 
localization of β-catenin remains unclear as β-catenin does not contain a Nuclear 
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tumorigenesis. In fact, patients with AI-CaP can fail Casodex therapy suggesting that other 
mechanisms are in play for ligand independent activation of the AR. Furthermore, patients 
who received androgen ablation therapy have tumor cells that overexpress growth factor 
receptors, the receptor tyrosine kinases. Craft et al., (1999) demonstrated that an AI-CaP cell 
line, generated from xenografts implanted in castrated mice, consistently overexpressed Her-
2/neu (from the EGF receptor family of receptor tyrosine kinases) (Feldman & Feldman, 2001). 
Interestingly, AD-CaP cell lines could also be converted to AI-CaP cells by overexpressing 
Her-2/neu. This pathway was not blocked by Casodex, which indicated that the LBD of the 
AR was not necessary to transduce the effects of Her-2/neu. Although Trastuzumab 
(Herceptin) is used primarily to treat breast cancer, Herceptin had anti-proliferative effects on 
AD- and AI-CaP xenografts when combined with the chemotherapeutic drug paclitaxel. Yeh et 
al., (1999) believe that Her-2/neu activated AR via the MAPK pathway, as inhibitors of MAPK 
decreased HER-2/neu mediated activation of the AR. In effect, a positive feedback loop is 
created where the AR can activate kinases and in turn, where kinases can activate the AR 
through its phosphorylation (in the presence or absence of ligand), regardless of the varying 
levels of androgens (Feldman & Feldman, 2001). 
The AR pathway is thought to be in interplay with other signaling pathways. AR activation 
due to cross regulation by receptor tyrosine kinases and their downstream effectors 
provides alternative and sustained routes for AR activation despite androgen depletion. 
Currently, there has been accumulating evidence that the Wnt signaling pathway plays a 
significant role in CaP tumor progression. Although it is rare to find genetic mutations in 
components of the Wnt pathway such as APC or β-catenin in CaP, the deregulation of this 
pathway is thought to be an early event in tumorigenesis. Moreover, β-catenin, the key 
regulator of the Wnt pathway, is a direct co-activator of the AR.  

2. Wnt signaling pathway: An overview 
The Wnt signaling pathway, responsible for a vast array of biological functions, is activated 
by 19 Wnt isoforms (For a complete list of Wnt isoforms, refer to Chien et al., 2009). The 
Wnts are a family of secreted glycolipoproteins, which are conserved in all metazoan 
animals. Wnt ligands activate the Wnt pathway by binding to a seven-pass transmembrane 
frizzled (Fzd) receptor in conjunction with its co-receptors, LDL receptor related proteins 5 
and 6 (LRP5/6). Other factors such as R-spondin, Norrin and Wise may also facilitate Fzd 
stimulation (Kharaishvili et al., 2011). Signaling by these powerful morphogens functions to 
direct cell proliferation, cell adhesion, tissue development, oncogenesis, tumor suppression, 
and cell-fate determination (MacDonald et al., 2009). As a result, defective Wnt signal 
transduction plays a critical role in a range of hereditary diseases and cancers such as 
polycystic kidney disease (Wuebken & Schmidt-Ott, 2011), Alzheimer’s disease (De Ferrari 
et al., 2007), hepatocellular carcinoma (Ji et al., 2011), colorectal cancer (Fearon, 1995) and 
other malignancies. Here, we will focus on the role of Wnt signaling in the development of 
prostate carcinogenesis.  
Wnt signaling can be divided into two categories: the canonical Wnt pathway and the non-
canonical Wnt pathway. The former is activated by a certain subset of Wnt proteins that 
affects a potent oncoprotein, β-catenin, while the latter operates independently of β-catenin 
signaling. The canonical Wnt pathway is the most well understood and has been implicated 
in regulating cell-cell adhesion as well as cell cycle control. The planar cell polarity (PCP) 
pathway and the calcium (Ca2+)-dependent pathway have been identified as non-canonical, 
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however evidence has yet to show whether these two pathways are truly distinct or simply 
part of a larger signaling network.  

2.1 The non-canonical (β-catenin independent) Wnt pathway 
In β-catenin independent signaling, Wnt pathways are activated via Fzd receptors and do 
not involve LRP5/LRP6. Binding of non-canonical Wnts, namely Wnt4, Wnt5a, and Wnt11, 
to Fzd can influence cell polarization, and embryonic processes such as convergent 
extension and cochlea development (Veeman et al., 2003; Shih et al., 2007). The asymmetrical 
distribution of transmembrane receptors and intracellular proteins such as Fzd and the 
scaffold phosphoprotein Dishevelled (Dvl) respectively, regulate the activation of Rho-
family GTPases. The end-stop of the planar cell polarity (PCP) pathway is signaling via Rho-
associate kinase (ROCK) and c-Jun NH-terminal kinase (JNK) (Macheda & Stacker, 2008). 
The second β-catenin independent signaling pathway is characterized by the release of 
intracellular calcium ions by the stimulation of G-proteins. Increased calcium levels are 
sufficient to elicit a response from two calcium-sensitive enzymes: 1) calcium/calmodulin-
dependent kinase II, (CaMKII), 2) protein kinase C (PKC) (Kuhl, 2004; Kohn & Moon, 2005). 
The Wnt/Ca2+ pathway has been postulated to play a role in tumor progression as the 
upregulation of Wnt5a in melanoma cells furthered invasiveness by restructuring the actin 
cytoskeleton (Weerartna et al., 2002).  
There is emerging evidence that the non-canonical pathway competes with canonical Wnt 
signaling. Certain non-canonical Wnts such as Wnt11 and Wnt5a have been shown to 
antagonize Wnt/β-catenin signaling, although the mode of action is still unclear (Railo et al., 
2008). Proposed mechanisms include competitions for Dvl molecules and alternative 
degradation pathways involving Siah-APC instead of GSK3β-β-TrCP (Veeman et al., 2003; 
Topol et al., 2003; Kharaishvili et al., 2011). 

2.2 The canonical Wnt (β-catenin dependent) pathway 
In the absence of Wnt, β-catenin is targeted for degradation by the ‘destruction complex’ 
comprising adenomatous polyposis coli (APC), glycogen synthase kinase 3β (GSK3β) and 
casein kinase (CK1), all of which are anchored to a scaffold protein, Axin. Phosphorylation 
of β-catenin by CK1 at Ser45 primes the sequential phosphorylation at Thr41, Ser37, and 
Ser33 by GSK3β. Phosphorylation at Ser33 and Ser37 allows recognition of β-catenin by an 
E3 ubiquitin ligase subunit, β-TrCP (β-transducin repeat-containing protein), resulting in 
ubiquitination and subsequent proteasomal degradation (MacDonald et al., 2009). Strict 
regulation of cytosolic β-catenin levels via the destruction complex ensures to some extent 
the nuclear availability of β-catenin. However, in the presence of a Wnt signal, β-catenin is 
stablized to increase in cellular levels and subsequently translocate to the nucleus where it 
becomes transcriptionally active—the hallmark of the canonical Wnt pathway.  
The canonical Wnts, primarily Wnt3, Wnt3a, and Wnt6, bind to Wnt-Fzd-LRP 5/6 
complexes to activate Dvl, which then disables GSK3β activity and stimulates LRP5/6 
phosphorylation. Phosphorylation of LRP5/6 on its cytoplasmic tail leads to Axin docking 
at the plasma membrane, thus preventing the constitutive destruction of β-catenin 
(Davidson et al., 2005; Shih et al., 2007). Consequently, β-catenin accumulates in the 
cytoplasm and ultimately translocates to the nucleus, where it acts as a co-activator of T-Cell 
Factor/Lymphoid Enhancer Cell (TCF/LEF) family of DNA-binding proteins to mediate 
Wnt target gene transcription. Interestingly, the mechanism underlying the nuclear 
localization of β-catenin remains unclear as β-catenin does not contain a Nuclear 
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Localization Sequence (NLS) nor does it utilize the conventional importin nuclear transport 
system (Clevers, 2006). It is likely that NLS containing chaperones such as APC, Axin and 
RanBP3 (Ran binding protein 3) shuttle β-catenin into the nucleus (Clevers et al., 2006). To 
date there has been no mandatory chaperone identified as an essential carrier for the nuclear 
transport of β-catenin. Furthermore, TCF-pygopus complexes have also been implicated in 
β-catenin’s nuclear retention (Stadeli, et al., 2006). 
In the absence of β-catenin, the TCF/Groucho complex represses gene expression. The 
interaction between β-catenin and TCF results in the physical displacement of repressor 
Groucho, leading to the transactivation of downstream target genes often overexpressed in 
cancer. (Clevers, 2006; Macdonald et al., 2009) For a comprehensive, updated overview of 
Wnt target genes, refer to http://www.stanford.edu/~rnusse/wntwindow.html. 

2.3 Canonical Wnt pathway and CaP progression 
CaP development has been linked to Wnt signaling abnormalities and the stabilization of β-
catenin (Chesire et al., 2002; Yardy & Brewster, 2005). The canonical Wnts are secreted 
during early prostate development but are thought to rapidly diminish in the adult prostate 
(Yu et al., 2009). Expression of Wnts in mature prostate is therefore unfavorable. Studies 
have shown constitutive activation of the canonical Wnt pathway due to the deletion of 
exon 3 on β-catenin which caused hyperplasia, squamous cell transdifferentiation (Bierie et 
al., 2003), and high-grade prostatic intraepithelial neoplasia (HGPIN) in the adult prostate 
and sustained growth even after androgen ablation (Yu et al., 2009).  
Although exon 3 mutations of β-catenin only occur in 5% of primary CaP, 20% of advanced 
CaP showed an overall increase in β-catenin levels (Chesire et al., 2000; Gerstein et al., 2002). 
This suggests that aberrant expression of β-catenin is likely responsible for late CaP 
tumorigenesis. For instance, in mouse prostate expressing SV40-large T-antigen (LPB-Tag), a 
powerful deactivator of p53 and retinoblastoma (Rb) family of tumor suppressors, the 
integration of a non-degradable β-catenin gene provided additional morphological changes 
by transforming areas of benign HGPIN into invasive adenocarcinoma, along with an 
elevated expression of matrix metalloproteinase (MMP)-7 (Yu et al., 2011). MMPs are 
proteases known to facilitate membrane invasion by catalyzing the breakdown of the 
extracellular matrix (Bonfil et al., 2007). In this sense, gain of cell transformation and cell 
aggression via β-catenin/Wnt signaling may be attributed to the upregulation of MMPs, 
which are known Wnt target genes. Further, cell motility is endowed by epithelial-
mesenchymal transition (EMT), a process by which epithelial cells acquire mesenchymal cell 
phenotypes such as enhanced invasiveness and greater migratory capacity (Kalluri & 
Weinberg, 2009). Accumulation of free β-catenin due to a loss of its cytoplasmic binding 
partner, E-cadherin, contributed to EMT in colon epithelial cells (Novak et al., 1998) while 
nuclear localization of β-catenin promoted and maintained EMT induced by c-FosER fusion 
protein in mammary epithelial cells (Eger et al., 2000; Eger et al., 2004). Likewise, GSK3β, a 
negative regulator of β-catenin, was downregulated in LNCaP/HIF-1α and IA8 EMT 
positive CaP cell lines, suggesting that β-catenin stabilization correlated with EMT 
characteristics in prostate tumorigenesis (Jiang et al., 2007). Additionally, Zhao et al., (2011) 
showed that shRNA knockdown of β-catenin expression in LNCaP/HIF-1α cells caused a 
reversal of mesenchymal properties and metastatic potential. This repression of β-catenin 
also attenuated invasive potency, increased E-cadherin expression, retained cytoplasmic β-
catenin, and downregulated mesenchymal markers such as vimentin, N-cadherin and 
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MMP-7 (Zhao et al., 2011). Last but not least, the activation of Wnt signals in LNCaP cells 
resulted in expression of neuroendocrine (NE) markers, NSE and Chr.A, signifying Wnt/β-
catenin in the development of neuroendocrine differentiation (NED) (Yang et al., 2005). This 
is confirmed by in vivo studies, which have revealed areas of NED in mouse prostates 
expressing dominant active β-catenin and T-antigen (Yu et al., 2011). 
While β-catenin is the point of interest in terms of Wnt signaling and cancer progression, 
dysfunction of other components within the Wnt pathway can be equally detrimental. A 
classic example is the APC truncation that occurs in over 80% of colorectal cancer (Quyn et 
al., 2008). APC is an integral part of the ‘destruction complex’ that prevents β-catenin from 
exhibiting its oncogenic properties. Accordingly, APC loss-of-function fosters cell 
proliferation and differentiation, specifically the growth of adenomatous polyps in the 
colon. Although there are relatively rare incidences of APC mutations in human CaP, the 
APC gene has been shown to be modified in primary and metastatic CaP, through processes 
such as promoter hypermethylation and somatic alterations (Jeronimo et al., 2004; Brewster 
et al., 1994; Bruxvoort et al., 2007). Moreover, deletion of the APC gene in mouse CaP models 
stimulated the rapid development of AI-CaP (Bruxvoort et al., 2007). Despite these data, the 
role of APC in CaP remains controversial as a recent study found APC variants in several 
clinical specimens of CaP to be non-functional (Yardy et al., 2009). In the same study, the 
scaffold protein, Axin, was modified in 6% of advanced CaP cell lines with four Axin 
polymorphisms identified (Yardy et al., 2009). Furthermore, a strong correlation was shown 
between Axin2 and CaP progression (Pinnarbasi et al., 2010). Finally, the knockdown of Wnt 
receptors, Fz2 and Ror2, and the removal of the co-receptor, LRP5, significantly reduced 
DU145 cells’ invasive capacity and new bone formation in MDA CaP 2b – a bone-derived 
CaP cell line, respectively (Li et al., 2008, Yamamoto et al., 2010). Evidently, Fz2 and Ror2 
function to facilitate CaP aggression while LRP5 mediates CaP induced bone metastases.  
Wnt antagonists are a family of secreted proteins capable of obstructing Wnt signaling. 
Common antagonists include certain members of the Dickkopf (DKK) family, the secreted 
Frizzled-related protein (sFRP) family and the Wnt inhibitory factor (WIF) family, all of 
which are frequently downregulated in human cancers (Kharaishvili et al., 2011). These 
inhibitors are categorized based on their binding preference. Members of the sFRP and WIF-
1 class bind directly to Wnt ligands, which may either block Wnt-Fzd interaction or form 
nonfunctional Fzd complexes. The DKK protein family binds to co-receptors of the Wnt 
receptor complex, LRP5/6, to inhibit canonical Wnt signaling (Kawano & Kypta, 2003). In 
PC-3 cell lines, approximately 88% exhibited hypermethylation of the WIF-1 promoter 
region, which corresponded to a decrease in WIF-1 expression (Yee et al., 2010). This was 
observed in 64% of primary CaP tumors (Wissmann et al., 2003). On the other hand, the 
restoration of WIF-1 expression in PC-3 reverted EMT and enhanced paclitaxel-induced 
apoptosis, and, in xenograft mouse models decreased tumor size by approximately 63%; this 
was accompanied by an increase in epithelial markers, E-cadherin and Keratin-18, and a 
decrease in the mesenchymal marker, vimentin (Yee et al., 2010, Ohigashi et al., 2005). 
Similar results in PC-3 were obtained by the reintroduction of Frzb/sFRP-3, a potential 
tumor suppressor that prevented EMT, and decreased MMP-2, MMP-9 and AKT activation 
(Xi et al., 2005). Additional studies of PC-3 cell lines demonstrated that sFRP-1 negatively 
regulated AR function, however, by neither Wnt/β-catenin signaling nor the non-canonical 
pathways (Kawano et al., 2009). Instead, the sFRP-1/Fzd complex may have been 
responsible for another pathway, closely resembling that of Wnt5a signaling. The 
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Localization Sequence (NLS) nor does it utilize the conventional importin nuclear transport 
system (Clevers, 2006). It is likely that NLS containing chaperones such as APC, Axin and 
RanBP3 (Ran binding protein 3) shuttle β-catenin into the nucleus (Clevers et al., 2006). To 
date there has been no mandatory chaperone identified as an essential carrier for the nuclear 
transport of β-catenin. Furthermore, TCF-pygopus complexes have also been implicated in 
β-catenin’s nuclear retention (Stadeli, et al., 2006). 
In the absence of β-catenin, the TCF/Groucho complex represses gene expression. The 
interaction between β-catenin and TCF results in the physical displacement of repressor 
Groucho, leading to the transactivation of downstream target genes often overexpressed in 
cancer. (Clevers, 2006; Macdonald et al., 2009) For a comprehensive, updated overview of 
Wnt target genes, refer to http://www.stanford.edu/~rnusse/wntwindow.html. 
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during early prostate development but are thought to rapidly diminish in the adult prostate 
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have shown constitutive activation of the canonical Wnt pathway due to the deletion of 
exon 3 on β-catenin which caused hyperplasia, squamous cell transdifferentiation (Bierie et 
al., 2003), and high-grade prostatic intraepithelial neoplasia (HGPIN) in the adult prostate 
and sustained growth even after androgen ablation (Yu et al., 2009).  
Although exon 3 mutations of β-catenin only occur in 5% of primary CaP, 20% of advanced 
CaP showed an overall increase in β-catenin levels (Chesire et al., 2000; Gerstein et al., 2002). 
This suggests that aberrant expression of β-catenin is likely responsible for late CaP 
tumorigenesis. For instance, in mouse prostate expressing SV40-large T-antigen (LPB-Tag), a 
powerful deactivator of p53 and retinoblastoma (Rb) family of tumor suppressors, the 
integration of a non-degradable β-catenin gene provided additional morphological changes 
by transforming areas of benign HGPIN into invasive adenocarcinoma, along with an 
elevated expression of matrix metalloproteinase (MMP)-7 (Yu et al., 2011). MMPs are 
proteases known to facilitate membrane invasion by catalyzing the breakdown of the 
extracellular matrix (Bonfil et al., 2007). In this sense, gain of cell transformation and cell 
aggression via β-catenin/Wnt signaling may be attributed to the upregulation of MMPs, 
which are known Wnt target genes. Further, cell motility is endowed by epithelial-
mesenchymal transition (EMT), a process by which epithelial cells acquire mesenchymal cell 
phenotypes such as enhanced invasiveness and greater migratory capacity (Kalluri & 
Weinberg, 2009). Accumulation of free β-catenin due to a loss of its cytoplasmic binding 
partner, E-cadherin, contributed to EMT in colon epithelial cells (Novak et al., 1998) while 
nuclear localization of β-catenin promoted and maintained EMT induced by c-FosER fusion 
protein in mammary epithelial cells (Eger et al., 2000; Eger et al., 2004). Likewise, GSK3β, a 
negative regulator of β-catenin, was downregulated in LNCaP/HIF-1α and IA8 EMT 
positive CaP cell lines, suggesting that β-catenin stabilization correlated with EMT 
characteristics in prostate tumorigenesis (Jiang et al., 2007). Additionally, Zhao et al., (2011) 
showed that shRNA knockdown of β-catenin expression in LNCaP/HIF-1α cells caused a 
reversal of mesenchymal properties and metastatic potential. This repression of β-catenin 
also attenuated invasive potency, increased E-cadherin expression, retained cytoplasmic β-
catenin, and downregulated mesenchymal markers such as vimentin, N-cadherin and 
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MMP-7 (Zhao et al., 2011). Last but not least, the activation of Wnt signals in LNCaP cells 
resulted in expression of neuroendocrine (NE) markers, NSE and Chr.A, signifying Wnt/β-
catenin in the development of neuroendocrine differentiation (NED) (Yang et al., 2005). This 
is confirmed by in vivo studies, which have revealed areas of NED in mouse prostates 
expressing dominant active β-catenin and T-antigen (Yu et al., 2011). 
While β-catenin is the point of interest in terms of Wnt signaling and cancer progression, 
dysfunction of other components within the Wnt pathway can be equally detrimental. A 
classic example is the APC truncation that occurs in over 80% of colorectal cancer (Quyn et 
al., 2008). APC is an integral part of the ‘destruction complex’ that prevents β-catenin from 
exhibiting its oncogenic properties. Accordingly, APC loss-of-function fosters cell 
proliferation and differentiation, specifically the growth of adenomatous polyps in the 
colon. Although there are relatively rare incidences of APC mutations in human CaP, the 
APC gene has been shown to be modified in primary and metastatic CaP, through processes 
such as promoter hypermethylation and somatic alterations (Jeronimo et al., 2004; Brewster 
et al., 1994; Bruxvoort et al., 2007). Moreover, deletion of the APC gene in mouse CaP models 
stimulated the rapid development of AI-CaP (Bruxvoort et al., 2007). Despite these data, the 
role of APC in CaP remains controversial as a recent study found APC variants in several 
clinical specimens of CaP to be non-functional (Yardy et al., 2009). In the same study, the 
scaffold protein, Axin, was modified in 6% of advanced CaP cell lines with four Axin 
polymorphisms identified (Yardy et al., 2009). Furthermore, a strong correlation was shown 
between Axin2 and CaP progression (Pinnarbasi et al., 2010). Finally, the knockdown of Wnt 
receptors, Fz2 and Ror2, and the removal of the co-receptor, LRP5, significantly reduced 
DU145 cells’ invasive capacity and new bone formation in MDA CaP 2b – a bone-derived 
CaP cell line, respectively (Li et al., 2008, Yamamoto et al., 2010). Evidently, Fz2 and Ror2 
function to facilitate CaP aggression while LRP5 mediates CaP induced bone metastases.  
Wnt antagonists are a family of secreted proteins capable of obstructing Wnt signaling. 
Common antagonists include certain members of the Dickkopf (DKK) family, the secreted 
Frizzled-related protein (sFRP) family and the Wnt inhibitory factor (WIF) family, all of 
which are frequently downregulated in human cancers (Kharaishvili et al., 2011). These 
inhibitors are categorized based on their binding preference. Members of the sFRP and WIF-
1 class bind directly to Wnt ligands, which may either block Wnt-Fzd interaction or form 
nonfunctional Fzd complexes. The DKK protein family binds to co-receptors of the Wnt 
receptor complex, LRP5/6, to inhibit canonical Wnt signaling (Kawano & Kypta, 2003). In 
PC-3 cell lines, approximately 88% exhibited hypermethylation of the WIF-1 promoter 
region, which corresponded to a decrease in WIF-1 expression (Yee et al., 2010). This was 
observed in 64% of primary CaP tumors (Wissmann et al., 2003). On the other hand, the 
restoration of WIF-1 expression in PC-3 reverted EMT and enhanced paclitaxel-induced 
apoptosis, and, in xenograft mouse models decreased tumor size by approximately 63%; this 
was accompanied by an increase in epithelial markers, E-cadherin and Keratin-18, and a 
decrease in the mesenchymal marker, vimentin (Yee et al., 2010, Ohigashi et al., 2005). 
Similar results in PC-3 were obtained by the reintroduction of Frzb/sFRP-3, a potential 
tumor suppressor that prevented EMT, and decreased MMP-2, MMP-9 and AKT activation 
(Xi et al., 2005). Additional studies of PC-3 cell lines demonstrated that sFRP-1 negatively 
regulated AR function, however, by neither Wnt/β-catenin signaling nor the non-canonical 
pathways (Kawano et al., 2009). Instead, the sFRP-1/Fzd complex may have been 
responsible for another pathway, closely resembling that of Wnt5a signaling. The 
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therapeutic relevance of sFRP-1 remains elusive, as its attributes are largely dependent on 
certain cellular contexts. Examination of sFRP-1 treated prostate epithelial cells showed the 
downregulation of Wnt/β-catenin signaling, but unexpectedly, a reduction in apoptosis and 
stimulation of cell proliferation (Joesting et al., 2005). Unlike sFRP-1, sFRP-4 appeared to 
suppress anchorage independent growth, proliferation rate and mesenchymal expression in 
PC-3 cells, irrespective of AR functionality (Horvath et al., 2007).  
The roles of DKK family of antagonists are becoming increasingly clear. Hall et al., (2008) 
reported that DKK-1 expression was elevated in early CaP development but became 
suppressed as CaP cells metastasized to the axial skeleton. Enforced DKK-1 expression in 
osteoblastic CaP cells was also shown to reduce bone formation and induce osteolytic 
activity (Hall et al., 2008). In this regard, DKK-1 was required at a high level initially to 
inhibit osteoprotegerin, a suppressor of osteoclastogenesis, downstream of the Wnt 
pathway, which led to osteolytic lesions that facilitated tumor growth (Glass et al., 2005, 
Hall et al., 2008). Once CaP cells had invaded the bone, DKK-1 levels subsequently 
minimized as new bone formation required Wnt activation to propagate osteoblastic 
activity. This was in line with more recent experimental data showing that intercardiac 
injection of stably expressing DKK-1 Ace-1 cells (a CaP cell line that produces mixed 
osteoblastic and osteolytic lesions) into mice, increased the appearance of a subcutaneous 
tumor mass and decreased Ace-1-induced osteoblast activity (Thudi et al., 2011). Taken 
together, these results support the association between DKK-1 overexpression in CaP 
metastases and a decreased overall patient lifespan (Hall et al., 2008). 

3. β-catenin in CaP progression 
3.1 β-catenin  
Despite the clear regulatory role of upstream Wnt factors such as the Wnt ligands, 
inhibitors, and receptors in CaP progression, the major mediator of Wnt signal activation is 
β-catenin. β-catenin is a 781 amino acid protein composed of three distinct regions: the 
central armadillo domain containing 12 imperfect repeats of 42 amino acids, the amino (N) – 
terminal containing phosphorylation sites vital for ubiquitin mediated proteosomal 
degradation and the carboxyl (C) – terminal housing the transactivation domain required 
for gene activation (Huber et al., 1997). β-catenin serves two major functions. At the 
adherens junctions, β-catenin links E-cadherin to the actin cytoskeleton via α-catenin. The β-
catenin-E-cadherin interactions maintain efficient cell-cell adhesion and structural integrity 
of tissue architecture. This adhesive property of β-catenin juxtaposes against its oncogenic 
functions exerted within the nucleus, where TCF/LEF transcriptional factors complex with 
β-catenin to activate gene transcription. β-catenin’s remarkable capability to partake in both 
cell signaling and adhesion can be explained by the existence of differing molecular forms of 
the same protein. Gottardi & Gumbiner, (2004) discovered that a TCF-specific form of β-
catenin was generated after Wnt activation. This selective type was incompatible with 
cadherin’s binding domain. The majority of E-cadherin-β-catenin dimers were found only 
when β-catenin was bound to α-catenin. Other organisms such as C. elegans utilize several β-
catenins to differentially control cell adhesion and signaling, vertebrates transform β-catenin 
into distinct structural configurations to maintain the same degree of coordination and 
regulation. The failure to do so, as frequently occurs in cancer, is a common mechanism by 
which carcinogenesis is facilitated. Therefore, it is key to fully unravel the complex 
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machineries associated with this potent oncogene. This section of the review will discuss the 
structural basis of β-catenin’s functionality, in terms of subcellular interactions, Wnt-
mediated localization, and Wnt-independent signaling.  

3.1.1 Armadillo repeat domain 
The armadillo repeats (residues 141-664), each repeat consisting of 3 α-helices, helices 1 (H1), 
2 (H2), and 3(H3), are densely packed, forming an overall cylindrical conformation. The 
armadillo tandem repeats form a superhelical molecule featuring a long, positively charged 
groove, which constitutes binding sites for the majority of β-catenin’s interactors (Xing et al., 
2008). The floor of this groove is made up of H3 helices. Although the groove shows high 
binding affinity for various molecular partners, the full-length protein interactions are rather 
weak, pointing to the significance of the terminal regions (Piedra et al., 2001; Castano et al., 
2002). The proteolysis-resistant armadillo domain is also highly conserved and structurally 
rigid relative to the unstable terminal domains, which are sensitive to trypsin digestion 
(Xing et al., 2008; Huber, 1997). The inflexibility of the domain is caused by the extensive 
contacts between the 12 repeats, ensuring the stability of the continuous hydrophobic core 
(Huber et al., 1997). Deviations from the regular repetitions of residues create imperfect 
repeats, particularly on repeat 10, where an insertion of 20 amino acids between H1 and H2 
surrounds the groove and affects ligand binding (Huber et al., 1997). The extra sequence 
hosts a binding surface for 14-3-3ζ, an important modulator of β-catenin transactivation by 
AKT (Fang et al., 2007; Xu et al., 2007). Other irregularities include a missing H1 in the 
seventh armadillo repeat and the kinked helices of the first repeat, but their functional roles 
are not clearly determined (Xu et al., 2007). Huber et al., (1997) hypothesized the seventh 
armadillo repeat as a site of potential hinge action since the lost helix would grant some 
local flexibility. Additional crystallographic analysis and mutational studies defined the 
importance of repeat 7 for TCF interaction and armadillo protein function (Graham et al., 
2000; Tolwinski & Wieschaus, 2004). 

3.1.2 Features of the armadillo groove 
The long, positively charged groove is comprised of 12 armadillo repeats and forms β-
catenin’s ligand-recognition domain, which hosts mutually exclusive interactions with its 
numerous molecular partners. The positive charge of the groove and its negatively charged 
ligands assist β-catenin interaction. Superimposition of 3D crystal structures of a variety of 
β-catenin complexes, including TCF, the cadherins and APC, exposed a binding region 
(repeats 5-9) shared by the common ligands (Choi et al., 2006). Specifically, repeats 6-8 forms 
a special part of the groove containing a series of asparagine (Asn) residues that engage the 
polypeptide backbone of a diverse cohort of ligands (Gottardi & Gumbiner, 2001). Ligands 
recognizing β-catenin all contain a conserved consensus sequence, containing Aspartic Acid 
(Asp) and Glutamine (Glu) amino acids that form two disulfide bridges between Lys435 and 
Lys312 of β-catenin, respectively (Choi et al., 2006). Graham et al., (2000) dubbed these 
covalent bonds as “charged buttons” as they were required to affix the partners to β-
catenin’s armadillo domain. Despite the commonalities, each ligand interacts with the 
groove in a distinct manner: E-cadherin’s cytoplasmic domain interacts with the entire span 
of the armadillo domain; TCF interacts with repeats 3-5 by its amphipathic helix C-terminal; 
ICAT, an inhibitor of TCF-β-catenin complex formation, is limited to only repeats 11 to 12 
(Choi et al., 2006). In each case, the ligand appears to undergo conformational adjustments 
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therapeutic relevance of sFRP-1 remains elusive, as its attributes are largely dependent on 
certain cellular contexts. Examination of sFRP-1 treated prostate epithelial cells showed the 
downregulation of Wnt/β-catenin signaling, but unexpectedly, a reduction in apoptosis and 
stimulation of cell proliferation (Joesting et al., 2005). Unlike sFRP-1, sFRP-4 appeared to 
suppress anchorage independent growth, proliferation rate and mesenchymal expression in 
PC-3 cells, irrespective of AR functionality (Horvath et al., 2007).  
The roles of DKK family of antagonists are becoming increasingly clear. Hall et al., (2008) 
reported that DKK-1 expression was elevated in early CaP development but became 
suppressed as CaP cells metastasized to the axial skeleton. Enforced DKK-1 expression in 
osteoblastic CaP cells was also shown to reduce bone formation and induce osteolytic 
activity (Hall et al., 2008). In this regard, DKK-1 was required at a high level initially to 
inhibit osteoprotegerin, a suppressor of osteoclastogenesis, downstream of the Wnt 
pathway, which led to osteolytic lesions that facilitated tumor growth (Glass et al., 2005, 
Hall et al., 2008). Once CaP cells had invaded the bone, DKK-1 levels subsequently 
minimized as new bone formation required Wnt activation to propagate osteoblastic 
activity. This was in line with more recent experimental data showing that intercardiac 
injection of stably expressing DKK-1 Ace-1 cells (a CaP cell line that produces mixed 
osteoblastic and osteolytic lesions) into mice, increased the appearance of a subcutaneous 
tumor mass and decreased Ace-1-induced osteoblast activity (Thudi et al., 2011). Taken 
together, these results support the association between DKK-1 overexpression in CaP 
metastases and a decreased overall patient lifespan (Hall et al., 2008). 

3. β-catenin in CaP progression 
3.1 β-catenin  
Despite the clear regulatory role of upstream Wnt factors such as the Wnt ligands, 
inhibitors, and receptors in CaP progression, the major mediator of Wnt signal activation is 
β-catenin. β-catenin is a 781 amino acid protein composed of three distinct regions: the 
central armadillo domain containing 12 imperfect repeats of 42 amino acids, the amino (N) – 
terminal containing phosphorylation sites vital for ubiquitin mediated proteosomal 
degradation and the carboxyl (C) – terminal housing the transactivation domain required 
for gene activation (Huber et al., 1997). β-catenin serves two major functions. At the 
adherens junctions, β-catenin links E-cadherin to the actin cytoskeleton via α-catenin. The β-
catenin-E-cadherin interactions maintain efficient cell-cell adhesion and structural integrity 
of tissue architecture. This adhesive property of β-catenin juxtaposes against its oncogenic 
functions exerted within the nucleus, where TCF/LEF transcriptional factors complex with 
β-catenin to activate gene transcription. β-catenin’s remarkable capability to partake in both 
cell signaling and adhesion can be explained by the existence of differing molecular forms of 
the same protein. Gottardi & Gumbiner, (2004) discovered that a TCF-specific form of β-
catenin was generated after Wnt activation. This selective type was incompatible with 
cadherin’s binding domain. The majority of E-cadherin-β-catenin dimers were found only 
when β-catenin was bound to α-catenin. Other organisms such as C. elegans utilize several β-
catenins to differentially control cell adhesion and signaling, vertebrates transform β-catenin 
into distinct structural configurations to maintain the same degree of coordination and 
regulation. The failure to do so, as frequently occurs in cancer, is a common mechanism by 
which carcinogenesis is facilitated. Therefore, it is key to fully unravel the complex 
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machineries associated with this potent oncogene. This section of the review will discuss the 
structural basis of β-catenin’s functionality, in terms of subcellular interactions, Wnt-
mediated localization, and Wnt-independent signaling.  

3.1.1 Armadillo repeat domain 
The armadillo repeats (residues 141-664), each repeat consisting of 3 α-helices, helices 1 (H1), 
2 (H2), and 3(H3), are densely packed, forming an overall cylindrical conformation. The 
armadillo tandem repeats form a superhelical molecule featuring a long, positively charged 
groove, which constitutes binding sites for the majority of β-catenin’s interactors (Xing et al., 
2008). The floor of this groove is made up of H3 helices. Although the groove shows high 
binding affinity for various molecular partners, the full-length protein interactions are rather 
weak, pointing to the significance of the terminal regions (Piedra et al., 2001; Castano et al., 
2002). The proteolysis-resistant armadillo domain is also highly conserved and structurally 
rigid relative to the unstable terminal domains, which are sensitive to trypsin digestion 
(Xing et al., 2008; Huber, 1997). The inflexibility of the domain is caused by the extensive 
contacts between the 12 repeats, ensuring the stability of the continuous hydrophobic core 
(Huber et al., 1997). Deviations from the regular repetitions of residues create imperfect 
repeats, particularly on repeat 10, where an insertion of 20 amino acids between H1 and H2 
surrounds the groove and affects ligand binding (Huber et al., 1997). The extra sequence 
hosts a binding surface for 14-3-3ζ, an important modulator of β-catenin transactivation by 
AKT (Fang et al., 2007; Xu et al., 2007). Other irregularities include a missing H1 in the 
seventh armadillo repeat and the kinked helices of the first repeat, but their functional roles 
are not clearly determined (Xu et al., 2007). Huber et al., (1997) hypothesized the seventh 
armadillo repeat as a site of potential hinge action since the lost helix would grant some 
local flexibility. Additional crystallographic analysis and mutational studies defined the 
importance of repeat 7 for TCF interaction and armadillo protein function (Graham et al., 
2000; Tolwinski & Wieschaus, 2004). 

3.1.2 Features of the armadillo groove 
The long, positively charged groove is comprised of 12 armadillo repeats and forms β-
catenin’s ligand-recognition domain, which hosts mutually exclusive interactions with its 
numerous molecular partners. The positive charge of the groove and its negatively charged 
ligands assist β-catenin interaction. Superimposition of 3D crystal structures of a variety of 
β-catenin complexes, including TCF, the cadherins and APC, exposed a binding region 
(repeats 5-9) shared by the common ligands (Choi et al., 2006). Specifically, repeats 6-8 forms 
a special part of the groove containing a series of asparagine (Asn) residues that engage the 
polypeptide backbone of a diverse cohort of ligands (Gottardi & Gumbiner, 2001). Ligands 
recognizing β-catenin all contain a conserved consensus sequence, containing Aspartic Acid 
(Asp) and Glutamine (Glu) amino acids that form two disulfide bridges between Lys435 and 
Lys312 of β-catenin, respectively (Choi et al., 2006). Graham et al., (2000) dubbed these 
covalent bonds as “charged buttons” as they were required to affix the partners to β-
catenin’s armadillo domain. Despite the commonalities, each ligand interacts with the 
groove in a distinct manner: E-cadherin’s cytoplasmic domain interacts with the entire span 
of the armadillo domain; TCF interacts with repeats 3-5 by its amphipathic helix C-terminal; 
ICAT, an inhibitor of TCF-β-catenin complex formation, is limited to only repeats 11 to 12 
(Choi et al., 2006). In each case, the ligand appears to undergo conformational adjustments 
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to properly accommodate the rigid groove (Gottardi & Gumbiner, 2001). This is supported 
by the fact that most of β-catenin’s partners are poorly structured in the absence of β-catenin 
or other ligands. Measurements of cadherin, TCF, APC and Axin by techniques such as 
NMR, circular dichroism and fluorescence anisotropy have confirmed the native instability 
of these proteins. For example, as independent entities, the entire β-catenin binding domain 
of E-cadherin was found to be completely unstructured and TCF failed to adopt its 
secondary structure (Huber & Weiss, 2001; Knapp et al., 2001; Choi et al., 2006). 

3.1.3 N- and C- terminal domains 
The unstructured terminal tails flanking the armadillo repeat domain are highly flexible, 
and are proposed to regulate ligand binding. For instance, the interaction between the C-
terminal (residues 696- 781) and the armadillo repeats limit the binding of E-cadherin and 
other co-factors such as the TATA-binding protein (Piedra et al., 2001). The N-terminal 
(residues 1 – 134) can also interact with the central domain, however, with low affinity when 
the C-terminus is absent, while the deletion of the N-terminus resulted in a tighter binding 
of the C-terminal to the armadillo domain (Castano et al., 2002). These results indicate that 
the two termini are interdependent and interact with the armadillo domain in a fold-back 
fashion. The possibility of this mechanism, nonetheless, is challenged by recent quantitative 
analyses of ligand interaction from isothermal titration calorimetry (ITC). Choi et al., (2006) 
reasoned that competitive inhibition by the terminal tails does not occur, instead, the tails 
may directly influence the binding of ligands or other allosteric sites on the arm domain to 
facilitate β-catenin interaction. The possibility of weak transient interactions was negated by 
data obtained from Nuclear Magnetic Resonance (NMR) spectroscopy – The NMR spectrum 
of 15N-tagged C-terminus of β-catenin was negligibly affected by the armadillo repeats (Xing 
et al., 2008; Gottardi & Peifer, 2008). The proximal regions of the C-terminal have also been 
shown to form an α-helix, designated as Helix C, which modulates Wnt-mediated 
transcription (Xing et al., 2008). The significance of this particular helix is well documented: 
truncated Drosophila armadillo lacking the Helix C failed to initiate transactivation, whereas 
truncation of the C-terminus up to the Helix C preserved signaling capacity (Gottardi & 
Peifer, 2008). Equally, Helix C was found on transcriptionally active forms of β-catenin in C. 
elegans but not on an adhesive form which preferred the cadherins (Schneider et al., 2003; 
Gottardi & Peifer, 2008). Moreover, experiments delivering truncated armadillo void of the 
N-terminus into the nucleus revealed an absence of β-catenin- TCF complexes, suggesting 
that the N-terminus influences, if not to a greater extent than the C-terminus, the gene 
transcription and chromatin remodeling functions possessed by β-catenin (Chan & Struhl 
2002; Tolwinski & Wieschaus, 2004). Further crystallographic and NMR investigations 
suggested the dynamism of the unstructured tails distal to the Helix C: the negatively 
charged N- and C-tails respond to the positively charged groove in a highly variable manner 
and do not interact in a static conformation (Xing et al., 2008). Hence, the tails may “shield” 
the armadillo repeat domain from any non-specific interaction, or act as “intramolecular 
chaperones” of the armadillo repeat domain to facilitate ligand binding and to prevent self-
aggregation of the repeats (Xing et al., 2008). 

3.1.4 β-catenin and the destruction complex 
The ‘destruction complex’ responsible for β-catenin turnover was described to encompass 
four major entities – the scaffold protein, Axin, the nuclear chaperone, APC and the 
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phosphorylation kinases, GSK3β and CK1. In the absence of Wnt stimulation, cytoplasmic β-
catenin is phosphorylated at site Ser45 by CK1, priming the sequential phosphorylation at 
sites Ser33, Ser37, and Thr41 by GSK3β. In addition to the subsequent recognition by β-TrCP 
followed by proteosomal degradation, GSK3β and CK1 mediated phosphorylation has a 
major impact on the functionality of β-catenin. Unmodified β-catenin at GSKβ residues 
Ser33, Ser37 and Thr41 has been characterized as intrinsically more active than the pool of β-
catenin that are phosphorylated (Staal et al., 2002; Maher et al., 2010). In other words, 
transactivation by β-catenin can be altered by phosphorylation. Using monoclonal 
antibodies detecting for β-catenin specifically unmodified at Ser37 and Thr41 (active β-
catenin), Maher et al., (2010) indicated that active β-catenin exists in a monomeric form and 
was found in far fewer proportions relative to the total pool of β-catenin. That being said 
however, the low levels of active β-catenin were almost exclusively located in the nucleus. 
Furthermore, Maher et al., (2010) observed that β-catenin phosphorylated at Thr41/Ser45 
was spatially uncoupled from β-catenin phosphorylated at Ser33/Ser37/Thr41. This 
suggested that phosphorylation at Ser45 by CK1 extended beyond a simple priming gesture 
(Maher et al., 2010). Since the majority of the Thr41/Ser45 phosphorylated β-catenin 
translocated to the nucleus, it is entirely possible that phosphorylation at Ser45 configures 
an active form of β-catenin (Maher et al., 2010). In contrast, β-catenin phosphorylated at 
Ser33/Ser37/Thr41 was generally cytoplasmic and was ultimately subjected to protein 
degradation. The F-box protein, β-TrCP, recognizes β-catenin at its doubly phosphorylated 
destruction motif, thereby causing ubiquitination at specific lysine residues by the larger 
SCFβ-TrCP complex (Wu et al., 2003) The helical region just prior to the destruction motif 
(residues 20-31) is also required for successful β-TrCP interaction (Megy et al., 2004).  
The scaffold protein Axin facilitates the phosphorylation-dependent degradation of β-
catenin by anchoring β-catenin, APC, CK1 and GSK3β to specific binding sites. The β-
catenin binding domain of Axin includes a highly conserved helical region that interacts 
with armadillo repeats 3 and 4 of β-catenin’s positively charged groove (Xing et al., 2003). 
The helical region on Axin is C-terminal to the GSK3β binding site and runs roughly parallel 
to the superhelix formed by β-catenin’s armadillo repeats. This places GSK3β at the N-
terminus of β-catenin to augment the phosphorylation efficiency of GSK3β by **20,000 fold 
(Dajani et al., 2003). Alternatively, the anchored CK1 and GSK3β can phosphorylate Axin to 
increase its affinity for β-catenin (Mo et al., 2009). External factors, such as WTX, a tumor 
suppressor encoded by a gene mutated in Wilms tumors, may aid the degradation of β-
catenin by binding directly to β-TrCP (Major et al., 2007). WTX antagonized Wnt signaling 
in mammalian cells, and this effect was abrogated by the siRNA knockdown of WTX 
expression (Major et al., 2007). Co-immunoprecipitation assays indicated that WTX can also 
interact with Axin, APC and β-catenin. In effect, WTX is likely to be another component of 
the destruction complex, exerting its influence on β-catenin perhaps just prior to 
ubiquitination (Kennell & Cadigan, 2009). 
APC is of particular interest, as it has been proposed to participate in a range of roles in the 
destruction complex. Firstly, as a nuclear exporter of β-catenin, it is able to restrict TCF 
interaction and thus gene transcription (Henderson, 2000; Rosin-arbesfeld et al., 2000; van de 
Wetering et al., 1997; Xing et al., 2004) This model can be partly supported by the nuclear 
accumulation of β-catenin in colorectal cancer cells (SW480) expressing mutated APC, as 
well as elevated β-catenin levels due a complete loss of the APC gene observed in Drosophila 
(Kennell & Cadigan, 2009). More directly, transient transfection of wild type APC into 



 
Prostate Cancer – From Bench to Bedside 

 

334 

to properly accommodate the rigid groove (Gottardi & Gumbiner, 2001). This is supported 
by the fact that most of β-catenin’s partners are poorly structured in the absence of β-catenin 
or other ligands. Measurements of cadherin, TCF, APC and Axin by techniques such as 
NMR, circular dichroism and fluorescence anisotropy have confirmed the native instability 
of these proteins. For example, as independent entities, the entire β-catenin binding domain 
of E-cadherin was found to be completely unstructured and TCF failed to adopt its 
secondary structure (Huber & Weiss, 2001; Knapp et al., 2001; Choi et al., 2006). 

3.1.3 N- and C- terminal domains 
The unstructured terminal tails flanking the armadillo repeat domain are highly flexible, 
and are proposed to regulate ligand binding. For instance, the interaction between the C-
terminal (residues 696- 781) and the armadillo repeats limit the binding of E-cadherin and 
other co-factors such as the TATA-binding protein (Piedra et al., 2001). The N-terminal 
(residues 1 – 134) can also interact with the central domain, however, with low affinity when 
the C-terminus is absent, while the deletion of the N-terminus resulted in a tighter binding 
of the C-terminal to the armadillo domain (Castano et al., 2002). These results indicate that 
the two termini are interdependent and interact with the armadillo domain in a fold-back 
fashion. The possibility of this mechanism, nonetheless, is challenged by recent quantitative 
analyses of ligand interaction from isothermal titration calorimetry (ITC). Choi et al., (2006) 
reasoned that competitive inhibition by the terminal tails does not occur, instead, the tails 
may directly influence the binding of ligands or other allosteric sites on the arm domain to 
facilitate β-catenin interaction. The possibility of weak transient interactions was negated by 
data obtained from Nuclear Magnetic Resonance (NMR) spectroscopy – The NMR spectrum 
of 15N-tagged C-terminus of β-catenin was negligibly affected by the armadillo repeats (Xing 
et al., 2008; Gottardi & Peifer, 2008). The proximal regions of the C-terminal have also been 
shown to form an α-helix, designated as Helix C, which modulates Wnt-mediated 
transcription (Xing et al., 2008). The significance of this particular helix is well documented: 
truncated Drosophila armadillo lacking the Helix C failed to initiate transactivation, whereas 
truncation of the C-terminus up to the Helix C preserved signaling capacity (Gottardi & 
Peifer, 2008). Equally, Helix C was found on transcriptionally active forms of β-catenin in C. 
elegans but not on an adhesive form which preferred the cadherins (Schneider et al., 2003; 
Gottardi & Peifer, 2008). Moreover, experiments delivering truncated armadillo void of the 
N-terminus into the nucleus revealed an absence of β-catenin- TCF complexes, suggesting 
that the N-terminus influences, if not to a greater extent than the C-terminus, the gene 
transcription and chromatin remodeling functions possessed by β-catenin (Chan & Struhl 
2002; Tolwinski & Wieschaus, 2004). Further crystallographic and NMR investigations 
suggested the dynamism of the unstructured tails distal to the Helix C: the negatively 
charged N- and C-tails respond to the positively charged groove in a highly variable manner 
and do not interact in a static conformation (Xing et al., 2008). Hence, the tails may “shield” 
the armadillo repeat domain from any non-specific interaction, or act as “intramolecular 
chaperones” of the armadillo repeat domain to facilitate ligand binding and to prevent self-
aggregation of the repeats (Xing et al., 2008). 

3.1.4 β-catenin and the destruction complex 
The ‘destruction complex’ responsible for β-catenin turnover was described to encompass 
four major entities – the scaffold protein, Axin, the nuclear chaperone, APC and the 
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phosphorylation kinases, GSK3β and CK1. In the absence of Wnt stimulation, cytoplasmic β-
catenin is phosphorylated at site Ser45 by CK1, priming the sequential phosphorylation at 
sites Ser33, Ser37, and Thr41 by GSK3β. In addition to the subsequent recognition by β-TrCP 
followed by proteosomal degradation, GSK3β and CK1 mediated phosphorylation has a 
major impact on the functionality of β-catenin. Unmodified β-catenin at GSKβ residues 
Ser33, Ser37 and Thr41 has been characterized as intrinsically more active than the pool of β-
catenin that are phosphorylated (Staal et al., 2002; Maher et al., 2010). In other words, 
transactivation by β-catenin can be altered by phosphorylation. Using monoclonal 
antibodies detecting for β-catenin specifically unmodified at Ser37 and Thr41 (active β-
catenin), Maher et al., (2010) indicated that active β-catenin exists in a monomeric form and 
was found in far fewer proportions relative to the total pool of β-catenin. That being said 
however, the low levels of active β-catenin were almost exclusively located in the nucleus. 
Furthermore, Maher et al., (2010) observed that β-catenin phosphorylated at Thr41/Ser45 
was spatially uncoupled from β-catenin phosphorylated at Ser33/Ser37/Thr41. This 
suggested that phosphorylation at Ser45 by CK1 extended beyond a simple priming gesture 
(Maher et al., 2010). Since the majority of the Thr41/Ser45 phosphorylated β-catenin 
translocated to the nucleus, it is entirely possible that phosphorylation at Ser45 configures 
an active form of β-catenin (Maher et al., 2010). In contrast, β-catenin phosphorylated at 
Ser33/Ser37/Thr41 was generally cytoplasmic and was ultimately subjected to protein 
degradation. The F-box protein, β-TrCP, recognizes β-catenin at its doubly phosphorylated 
destruction motif, thereby causing ubiquitination at specific lysine residues by the larger 
SCFβ-TrCP complex (Wu et al., 2003) The helical region just prior to the destruction motif 
(residues 20-31) is also required for successful β-TrCP interaction (Megy et al., 2004).  
The scaffold protein Axin facilitates the phosphorylation-dependent degradation of β-
catenin by anchoring β-catenin, APC, CK1 and GSK3β to specific binding sites. The β-
catenin binding domain of Axin includes a highly conserved helical region that interacts 
with armadillo repeats 3 and 4 of β-catenin’s positively charged groove (Xing et al., 2003). 
The helical region on Axin is C-terminal to the GSK3β binding site and runs roughly parallel 
to the superhelix formed by β-catenin’s armadillo repeats. This places GSK3β at the N-
terminus of β-catenin to augment the phosphorylation efficiency of GSK3β by **20,000 fold 
(Dajani et al., 2003). Alternatively, the anchored CK1 and GSK3β can phosphorylate Axin to 
increase its affinity for β-catenin (Mo et al., 2009). External factors, such as WTX, a tumor 
suppressor encoded by a gene mutated in Wilms tumors, may aid the degradation of β-
catenin by binding directly to β-TrCP (Major et al., 2007). WTX antagonized Wnt signaling 
in mammalian cells, and this effect was abrogated by the siRNA knockdown of WTX 
expression (Major et al., 2007). Co-immunoprecipitation assays indicated that WTX can also 
interact with Axin, APC and β-catenin. In effect, WTX is likely to be another component of 
the destruction complex, exerting its influence on β-catenin perhaps just prior to 
ubiquitination (Kennell & Cadigan, 2009). 
APC is of particular interest, as it has been proposed to participate in a range of roles in the 
destruction complex. Firstly, as a nuclear exporter of β-catenin, it is able to restrict TCF 
interaction and thus gene transcription (Henderson, 2000; Rosin-arbesfeld et al., 2000; van de 
Wetering et al., 1997; Xing et al., 2004) This model can be partly supported by the nuclear 
accumulation of β-catenin in colorectal cancer cells (SW480) expressing mutated APC, as 
well as elevated β-catenin levels due a complete loss of the APC gene observed in Drosophila 
(Kennell & Cadigan, 2009). More directly, transient transfection of wild type APC into 
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SW480 diminished nuclear levels of β-catenin and increased the degradation of β-catenin 
(Henderson, 2000). Treatment with leptomycin B (LMB), a nuclear export inhibitor of APC, 
or the mutagenesis of the NES on APC, abolished the reduction in transcriptional activity 
and total β-catenin levels (Neufeld et al., 2000). As well, the loss of functional NES resulted 
in increased levels of β-catenin within the nucleus. Taken together, these data support the 
role of APC as a nuclear chaperone of β-catenin.  
Structurally, APC binds to β-catenin by either its three 15-amino acid repeats (15 aa) or 
seven 20-amino acid repeats (20 aa) at its central domain (Rubinfeld et al., 1993; Su et al., 
1993). The 15 aa repeats are not modified by phosphorylation and bind to armadillo repeat 
5-8 of β-catenin, overlapping the regions of TCF binding site (Spink et al., 2001). In spite of 
this physical arrangement, the 15 aa repeats cannot hinder TCF-β-catenin interaction (Spink 
et al., 2001). Likewise, truncated APC maintaining the intact 15 aa repeats retains the ability 
to bind to β-catenin but fails to down-regulate β-catenin expression (Munemitsu et al., 1995). 
The 20 aa repeats are thought to be more functionally important; though, peptide competition 
studies showed unphosphorylated 20 aa repeats adopt the same binding surface on β-catenin 
as the 15 aa repeats (Spink et al., 2001; Xing et al., 2004). Despite their sequence similarities, the 
different β-catenin-binding repeats have crucial differences. The 20 aa repeats are highly 
conserved and can be phosphorylated on the SXXSSLSXLS consensus motif (Xu et al., 2007). 
Phosphorylation at this motif by GSK3β and CK1 drastically increases APC interactions with 
β-catenin by 300- to 500- fold (Xing et al., 2004). In fact, phosphorylation of the third 20 aa 
repeat has by far, the tightest binding affinity for β-catenin (Liu et al., 2006). Interestingly, the 
deletion of this site accounts for the majority of APC mutations in colorectal cancer (Bienz & 
Clevers, 2000; Nathke, 2004; Polakis et al., 1995, Xu et al., 2007). Crystal structures of the 
complex between the 20 aa repeats and the armadillo groove of β-catenin has led to greater 
insight. Xing et al., (2004), determined that the phosphorylated 20 aa repeats of APC binds to 
the armadillo repeats 1-5, and a single 20 aa repeat with its flanking residues covers the entire 
span of β-catenin’s structural groove. Consequently, the large binding area, along with the 
high affinity between the phosphorylated 20 aa repeats and the armadillo groove, may play 
critical roles in regulating β-catenin function. Indeed, binding competition assays have 
confirmed phosphorylated APC disrupts β-catenin-TCF interaction, in part, due to APC 
residues N-terminal to the 20 aa repeat which adopt a conformation identical to that of TCF 
and E-cadherin (Xing et al., 2004) 
Consistent with results showing reduced β-catenin levels upon expression of APC, Axin 
interacts with APC through its regulator of G-protein signaling (RGS) domain to promote 
the destruction of β-catenin (Hinoi et al., 2000). On the other hand, APC requires the Ser-
Ala-Met-Pro (SAMP) repeats, in conjunction with the 15 aa and 20 aa repeats, in the central 
domain to effectively interact with Axin (Behren et al., 1998, Hart et al., 1998, Kennell & 
Cadigan, 2009). Although APC cannot independently induce GSK3β-dependent 
phosphorylation of β-catenin, the synergy between APC and Axin considerably increased 
levels of GSK3β modified β-catenin (Hinoi et al., 2000; Kennell & Cadigan, 2009). This 
suggests APC, along with the kinases, are essential in forming complexes with Axin to 
mediate the degradation of β-catenin. The current models hold that APC sustains the 
efficiency of the ‘destruction complex’ by controlling the release and the recruitment of β-
catenin. The basis of these models is that the phosphorylated 20 aa repeats on APC, not the 15 
aa repeats nor the unmodified 20 aa repeats, competitively inhibits β-catenin-Axin interaction 
(Xing et al., 2003). In one system, Axin recruits β-catenin bound to the 15 aa repeats, which 
then allows the efficient phosphorylation of the N-terminal serine and threonine residues by 
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GSK3β and CK1 (Xing et al., 2003). The latter kinases then phosphorylate the third 20 aa repeat 
on APC, dramatically increasing its affinity for β-catenin so that the Axin-β-catenin complex is 
derailed. Axin’s β-catenin binding domain becomes free for the next available substrate while 
APC is dephosphorylated as it moves way from GSK3β’s active site. Subsequently, β-catenin 
dissociates from APC and β-TrCP targets the released β-catenin for ubiquitination and 
degradation. An alternative model suggests phosphorylated APC first transports β-catenin to 
the ‘destruction complex’, where dephosphorylation of APC reduces its binding affinity, 
causing β-catenin to bind preferentially to Axin (Kennell & Cadigan, 2009). While β-catenin is 
recognized by β-TrCP, GSK3β and CK1 phosphorylate APC to renew the cycle once again. In 
both scenarios, a candidate dephosphorylation agent is protein phosphatase 2A (PP2A). This 
multimeric phosphatase promotes β-catenin turnover and causes β-catenin stabilization when 
inhibited (Xing et al., 2003). In in vitro studies, PP2A was shown to directly dephosphorylate 
APC (Xing et al., 2003).  

3.2 β-catenin and cell adhesion 
The progression of many cancers, including prostate metastasis, involves the loss of cell 
adhesion and contact inhibition. This can be attributed to the aberrant regulation of cell 
adhesion molecules (CAMs), which comprise the cadherins, integrins, selectins and 
immunoglobulin. E-cadherin is a calcium-dependent transmembrane glycoprotein 
responsible for mediating intercellular adhesion as well as structural integrity. The 
cytoplasmic domain of E-cadherin interacts with the entire span of β-catenin’s armadillo 
repeat domain, and features multiple, quasi-independent binding regions (Huber & Weis, 
2001). However, only the last 100 residues of the E-cadherin cytoplasmic domain make 
contact with the large binding interface on β-catenin – and this extensiveness may render 
the interaction resistant, in most cases, to single point mutations on β-catenin’s E-cadherin 
binding sites (Huber & Weis, 2001; Gottardi & Gumbiner, 2001). The cytoplasmic domain 
can be subdivided into five regions, I-V, based on their distinct interaction with β-catenin’s 
armadillo repeats. The most functionally relevant are region II and IV, where certain 
phosphorylation events occur to affect binding affinity. An α-helix in region II is packed 
against β-catenin Tyr654 on armadillo repeats 11-12. pp60c-src -induced phosphorylation of 
Tyr654 reduced the affinity of E-cadherin for β-catenin by 6-fold as the in vitro transfection 
of pp60c-src led to junctional instability and gain of invasive phenotype associated with 
metastasis (Roura et al., 1999; Behrens et al., 1993; Huber & Weis, 2001). In general, 
overexpression and constitutive activation of tyrosine kinases contributes to abnormal 
growth, in situ carcinogenesis and metastasis (Lilien & Balsamo, 2005). Region IV hosts 
consensus sequences for casein kinase II (CK-2) and GSK3β-mediated serine 
phosphorylation. The residues, Ser 684, 686 and 692, enhance E-cadherin binding to β-
catenin by either salt bridges or hydrogen bonds, but only when they are phosphorylated. 
These sites are part of the extended PEST (Pro-Glu-Ser-Thr) sequence responsible for 
cadherin degradation; masking of the PEST domain when β-catenin binds consequently 
prevents degradation. Furthermore, site-directed mutagenesis of these key residues resulted 
in the loss of cell-cell adhesion and the attenuated β-catenin/E-cadherin interaction (Huber 
& Weiss, 2001). 
Another key component of the adhesion complex is α-catenin, a protein linking the actin 
filaments to the E-cadherin bound β-catenin. The amphiphathic helix (residues 118-141) N-
terminal to the first armadillo repeat of β-catenin forms the major binding surface for α-
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SW480 diminished nuclear levels of β-catenin and increased the degradation of β-catenin 
(Henderson, 2000). Treatment with leptomycin B (LMB), a nuclear export inhibitor of APC, 
or the mutagenesis of the NES on APC, abolished the reduction in transcriptional activity 
and total β-catenin levels (Neufeld et al., 2000). As well, the loss of functional NES resulted 
in increased levels of β-catenin within the nucleus. Taken together, these data support the 
role of APC as a nuclear chaperone of β-catenin.  
Structurally, APC binds to β-catenin by either its three 15-amino acid repeats (15 aa) or 
seven 20-amino acid repeats (20 aa) at its central domain (Rubinfeld et al., 1993; Su et al., 
1993). The 15 aa repeats are not modified by phosphorylation and bind to armadillo repeat 
5-8 of β-catenin, overlapping the regions of TCF binding site (Spink et al., 2001). In spite of 
this physical arrangement, the 15 aa repeats cannot hinder TCF-β-catenin interaction (Spink 
et al., 2001). Likewise, truncated APC maintaining the intact 15 aa repeats retains the ability 
to bind to β-catenin but fails to down-regulate β-catenin expression (Munemitsu et al., 1995). 
The 20 aa repeats are thought to be more functionally important; though, peptide competition 
studies showed unphosphorylated 20 aa repeats adopt the same binding surface on β-catenin 
as the 15 aa repeats (Spink et al., 2001; Xing et al., 2004). Despite their sequence similarities, the 
different β-catenin-binding repeats have crucial differences. The 20 aa repeats are highly 
conserved and can be phosphorylated on the SXXSSLSXLS consensus motif (Xu et al., 2007). 
Phosphorylation at this motif by GSK3β and CK1 drastically increases APC interactions with 
β-catenin by 300- to 500- fold (Xing et al., 2004). In fact, phosphorylation of the third 20 aa 
repeat has by far, the tightest binding affinity for β-catenin (Liu et al., 2006). Interestingly, the 
deletion of this site accounts for the majority of APC mutations in colorectal cancer (Bienz & 
Clevers, 2000; Nathke, 2004; Polakis et al., 1995, Xu et al., 2007). Crystal structures of the 
complex between the 20 aa repeats and the armadillo groove of β-catenin has led to greater 
insight. Xing et al., (2004), determined that the phosphorylated 20 aa repeats of APC binds to 
the armadillo repeats 1-5, and a single 20 aa repeat with its flanking residues covers the entire 
span of β-catenin’s structural groove. Consequently, the large binding area, along with the 
high affinity between the phosphorylated 20 aa repeats and the armadillo groove, may play 
critical roles in regulating β-catenin function. Indeed, binding competition assays have 
confirmed phosphorylated APC disrupts β-catenin-TCF interaction, in part, due to APC 
residues N-terminal to the 20 aa repeat which adopt a conformation identical to that of TCF 
and E-cadherin (Xing et al., 2004) 
Consistent with results showing reduced β-catenin levels upon expression of APC, Axin 
interacts with APC through its regulator of G-protein signaling (RGS) domain to promote 
the destruction of β-catenin (Hinoi et al., 2000). On the other hand, APC requires the Ser-
Ala-Met-Pro (SAMP) repeats, in conjunction with the 15 aa and 20 aa repeats, in the central 
domain to effectively interact with Axin (Behren et al., 1998, Hart et al., 1998, Kennell & 
Cadigan, 2009). Although APC cannot independently induce GSK3β-dependent 
phosphorylation of β-catenin, the synergy between APC and Axin considerably increased 
levels of GSK3β modified β-catenin (Hinoi et al., 2000; Kennell & Cadigan, 2009). This 
suggests APC, along with the kinases, are essential in forming complexes with Axin to 
mediate the degradation of β-catenin. The current models hold that APC sustains the 
efficiency of the ‘destruction complex’ by controlling the release and the recruitment of β-
catenin. The basis of these models is that the phosphorylated 20 aa repeats on APC, not the 15 
aa repeats nor the unmodified 20 aa repeats, competitively inhibits β-catenin-Axin interaction 
(Xing et al., 2003). In one system, Axin recruits β-catenin bound to the 15 aa repeats, which 
then allows the efficient phosphorylation of the N-terminal serine and threonine residues by 
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GSK3β and CK1 (Xing et al., 2003). The latter kinases then phosphorylate the third 20 aa repeat 
on APC, dramatically increasing its affinity for β-catenin so that the Axin-β-catenin complex is 
derailed. Axin’s β-catenin binding domain becomes free for the next available substrate while 
APC is dephosphorylated as it moves way from GSK3β’s active site. Subsequently, β-catenin 
dissociates from APC and β-TrCP targets the released β-catenin for ubiquitination and 
degradation. An alternative model suggests phosphorylated APC first transports β-catenin to 
the ‘destruction complex’, where dephosphorylation of APC reduces its binding affinity, 
causing β-catenin to bind preferentially to Axin (Kennell & Cadigan, 2009). While β-catenin is 
recognized by β-TrCP, GSK3β and CK1 phosphorylate APC to renew the cycle once again. In 
both scenarios, a candidate dephosphorylation agent is protein phosphatase 2A (PP2A). This 
multimeric phosphatase promotes β-catenin turnover and causes β-catenin stabilization when 
inhibited (Xing et al., 2003). In in vitro studies, PP2A was shown to directly dephosphorylate 
APC (Xing et al., 2003).  

3.2 β-catenin and cell adhesion 
The progression of many cancers, including prostate metastasis, involves the loss of cell 
adhesion and contact inhibition. This can be attributed to the aberrant regulation of cell 
adhesion molecules (CAMs), which comprise the cadherins, integrins, selectins and 
immunoglobulin. E-cadherin is a calcium-dependent transmembrane glycoprotein 
responsible for mediating intercellular adhesion as well as structural integrity. The 
cytoplasmic domain of E-cadherin interacts with the entire span of β-catenin’s armadillo 
repeat domain, and features multiple, quasi-independent binding regions (Huber & Weis, 
2001). However, only the last 100 residues of the E-cadherin cytoplasmic domain make 
contact with the large binding interface on β-catenin – and this extensiveness may render 
the interaction resistant, in most cases, to single point mutations on β-catenin’s E-cadherin 
binding sites (Huber & Weis, 2001; Gottardi & Gumbiner, 2001). The cytoplasmic domain 
can be subdivided into five regions, I-V, based on their distinct interaction with β-catenin’s 
armadillo repeats. The most functionally relevant are region II and IV, where certain 
phosphorylation events occur to affect binding affinity. An α-helix in region II is packed 
against β-catenin Tyr654 on armadillo repeats 11-12. pp60c-src -induced phosphorylation of 
Tyr654 reduced the affinity of E-cadherin for β-catenin by 6-fold as the in vitro transfection 
of pp60c-src led to junctional instability and gain of invasive phenotype associated with 
metastasis (Roura et al., 1999; Behrens et al., 1993; Huber & Weis, 2001). In general, 
overexpression and constitutive activation of tyrosine kinases contributes to abnormal 
growth, in situ carcinogenesis and metastasis (Lilien & Balsamo, 2005). Region IV hosts 
consensus sequences for casein kinase II (CK-2) and GSK3β-mediated serine 
phosphorylation. The residues, Ser 684, 686 and 692, enhance E-cadherin binding to β-
catenin by either salt bridges or hydrogen bonds, but only when they are phosphorylated. 
These sites are part of the extended PEST (Pro-Glu-Ser-Thr) sequence responsible for 
cadherin degradation; masking of the PEST domain when β-catenin binds consequently 
prevents degradation. Furthermore, site-directed mutagenesis of these key residues resulted 
in the loss of cell-cell adhesion and the attenuated β-catenin/E-cadherin interaction (Huber 
& Weiss, 2001). 
Another key component of the adhesion complex is α-catenin, a protein linking the actin 
filaments to the E-cadherin bound β-catenin. The amphiphathic helix (residues 118-141) N-
terminal to the first armadillo repeat of β-catenin forms the major binding surface for α-
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catenin (Huber &Weis, 2001). Residues 146-149 adopt a helix in a direction different from 
that of residues 118-141. The conserved residue Tyr142 is a critical regulator this region as it 
affects α-catenin-β-catenin interaction: phosphorylation of Tyr142 dissociated β-catenin 
from α-catenin with the simultaneous loss of cell adhesion (Piedra et al., 2003; Ozawa et al., 
1998; Lilien & Balsamo, 2005). Crystal structure of chimeric protein, α-β-cat, a fusion 
complex between the binding domains of β-catenin and α-catenin, revealed that the 
amphiphathic helix structure collapses past residue 142, as the firm helix would introduce 
steric clash (Huber & Weis, 2001). Thus, the non-helical region between residues 142-144 
creates a hinged region, which can accommodate both β-catenin and α-catenin 
simultaneously (Wu et al., 2007). While this supports the notion that α-catenin can directly 
interacts with the actin cytoskeleton while bound to the E-cadherin/β-catenin complex to 
facilitate structural integrity, recent evidence have led to an alternate mechanism that more 
accurately describe the mode of interaction. A prerequisite for actin interaction is for α-
catenin to be in its homodimeric form; however, the homodimerization interface impedes β-
catenin binding sites located on α-catenin (Drees et al., 2005). The monomeric form of α-
catenin primarily binds to β-catenin but exhibits low affinity for actin. Thus, α-catenin 
cannot interact with both β-catenin and actin concomitantly. It seems, overall, α-catenin 
modulates actin dynamics in the presence of E-cadherin (Drees et al., 2005; Wu et al., 2007). 
In CaP, both the deregulation of the E-cadherin/α-catenin complex and the down-regulation 
of E-cadherin/β-catenin complex were correlated with a high Gleason score and in some 
cases, low patient survival (Richmond et al., 1997). Furthermore, activated AR was found to 
repress E-cadherin gene expression and contribute to mesenchymal-like appearance and 
tumor metastasis (Liu et al., 2008). DHT was essential both in vitro and in vivo to induce the 
down-regulation of E-cadherin (Liu et al., 2008). Androgen-mediated EMT, characterized by 
a loss of E-cadherin, was inversely correlated with levels of AR expression in prostate tumor 
epithelial cells (Zhu et al., 2010). Thus, minimal AR activation was needed for maintenance 
of EMT (Zhu et al., 2010). The loss of α-catenin expression has also been observed in PC-3 
cell line which was pivotal to the maintenance of cell-cell adhesion (Ewing et al, 1995; Verras 
& Sun, 2006). In addition, Sasaki et al., (2000) and Yang et al., (2002) demonstrated that the 
reintroduction of E-cadherin to E-cadherin negative cell line, TSU-Pr1, shifted the 
localization of β-catenin from the cytoplasm to the cell membrane. Furthermore, there was a 
reduction of nuclear levels of β-catenin and a corresponding decrease in AR mediated 
transcription by β-catenin (Yang et al, 2002). Conversely, the loss or reduction of E-cadherin 
expression from TSU-Pr1 cell lines enhanced AR mediated transcription due to the 
increased cytoplasmic and nuclear levels of β-catenin (Verras & Sun 2006). Hence, in CaP 
progression the integrity and presence of E-cadherin affects the redistribution of β-catenin 
and functionally affects AR induced cell growth and survival.  

3.3 β-catenin and post translational modifications 
A plethora of post-translational modifications occur on β-catenin to tightly regulate its 
cellular activity. This includes Ser/Thr phosphorylation, tyrosine phosphorylation, 
ubiquitylation, acetylation and O-glycosylation. The aforementioned modifications can 
occur on the N-terminus, the C- terminus, or the surface of the armadillo repeat domain, 
suggesting they do not alter β-catenin’s 3-dimensional conformations on a large scale. 
Notably, tyrosine phosphorylation, in addition to its role of disassembling adherence 
junctions as discussed earlier (Section 3.2), has long been implicated to affect the 
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transcriptional activity of β-catenin. For example, phosphorylation of Tyr654 can increase β-
catenin’s interaction with the basal transcriptional machinery TATA-binding protein by 
disassociating the C-terminal from the armadillo repeat domain. Mutation of Tyr654 to 
glutamate released β-catenin from cadherins and enhanced its activity as a co-activator of 
transcription, although there is no data suggesting that nuclear β-catenin is phosphorylated 
at this site (Piedra et al., 2001; Lilien & Balsamo, 2005) Interestingly, phosphorylation of 
Tyr142 by c-Met acts as a molecular switch that transforms the adhesive form of β-catenin 
into one that preferentially binds to BCL9-2, effectively increasing the transcription of Wnt 
target genes. β-catenin containing a mutated Tyr142 did not efficiently bind to BCL9-2, 
resulting in a dramatic decrease in Wnt target gene transcription (Brembeck et al., 2004). 
Similar outcomes were mimicked by the CK2-mediated phosphorylation of Thr393, which 
potentiated Wnt signaling by instilling β-catenin with resistance to proteosomal degradation 
and an elevated co-transcriptional function (Song et al., 2003). 
β-catenin was recently reported to be post-translationally modified by O-linked N-
acetylglucosamine (O-GlcNAc). While there was minimal O-GlcNAcylation of β-catenin in 
CaP, normal primary prostate cells exhibited significantly higher levels of O-GlcNAcylated 
β-catenin (Sayat et al., 2008). O-GlyNAcylation refers to a covalent modification of serine 
and threonine residues of mammalian glycoproteins (Brockhausen et al., 2009). This 
involves the attachment of a single monosaccharide of O-GlcNAc to the hydroxyl of serine 
or threonine amino acid residues by an O-glycosidic bond (Brockhausen et al., 2009). The 
addition and removal of O-GlcNAc groups is a reversible process that utilizes two 
nucleocytoplasmic enzymes, O-linked β-N-acetylglucosamine transferase (OGT) and β-D-N-
acetylglucosaminidase (O-GlcNAcase), respectively (Guinez et al., 2004). The functional 
aspect of the O-GlcNAc modification of β-catenin was first reported by Sayat et al., (2008) 
and demonstrated that increasing cellular levels of O-GlcNAc-β-catenin resulted in 
diminished levels of nuclear β-catenin and a corresponding increase in cytoplasmic β-
catenin. Moreover, TOPFlash-luciferase activity showed that the transcriptional function of 
β-catenin was inversely correlated to its O-GlcNAcylated levels (Sayat et al., 2008). Taken 
together, these data suggests that O-GlcNAcylation of endogenous β-catenin negatively 
regulated its nuclear localization and transcriptional activity in CaP and primary prostate 
cell lines. Such results have clear implications on the nuclear availability of β-catenin and to 
its transcriptional function including AR transactivation. However, the question of how O-
GlcNAc modification may affect AR-β-catenin transcriptional activation, interaction and 
TCF-AR competition remains to be answered.  
Levy et al., (2004) showed that lysine acetylation positively modulates β-catenin’s 
transcriptional activity. Specifically, acetylation at residue Lys345 located in armadillo 
repeat 6, increased binding affinity of β-catenin for Tcf-4, and required the acetyltransferase 
activity of coactivator p300. Mutation on Lys345 severed the coopertivity between p300 and 
β-catenin, which served to reduce β-catenin’s co-activation function. Interestingly, 
competition assays revealed that the acetylated form of β-catenin had lower affinity for the 
AR while the non-acetylated form better competed for the AR. This suggests a reciprocal 
relationship between the β-catenin-TCF interaction and the β-catenin-AR axis.  

3.4 β-catenin and transactivation 
The nuclear localization of β-catenin is the hallmark of the canonical Wnt pathway. Nuclear 
β-catenin activates gene transcription by forming a complex with TCF/LEF family of DNA-
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catenin (Huber &Weis, 2001). Residues 146-149 adopt a helix in a direction different from 
that of residues 118-141. The conserved residue Tyr142 is a critical regulator this region as it 
affects α-catenin-β-catenin interaction: phosphorylation of Tyr142 dissociated β-catenin 
from α-catenin with the simultaneous loss of cell adhesion (Piedra et al., 2003; Ozawa et al., 
1998; Lilien & Balsamo, 2005). Crystal structure of chimeric protein, α-β-cat, a fusion 
complex between the binding domains of β-catenin and α-catenin, revealed that the 
amphiphathic helix structure collapses past residue 142, as the firm helix would introduce 
steric clash (Huber & Weis, 2001). Thus, the non-helical region between residues 142-144 
creates a hinged region, which can accommodate both β-catenin and α-catenin 
simultaneously (Wu et al., 2007). While this supports the notion that α-catenin can directly 
interacts with the actin cytoskeleton while bound to the E-cadherin/β-catenin complex to 
facilitate structural integrity, recent evidence have led to an alternate mechanism that more 
accurately describe the mode of interaction. A prerequisite for actin interaction is for α-
catenin to be in its homodimeric form; however, the homodimerization interface impedes β-
catenin binding sites located on α-catenin (Drees et al., 2005). The monomeric form of α-
catenin primarily binds to β-catenin but exhibits low affinity for actin. Thus, α-catenin 
cannot interact with both β-catenin and actin concomitantly. It seems, overall, α-catenin 
modulates actin dynamics in the presence of E-cadherin (Drees et al., 2005; Wu et al., 2007). 
In CaP, both the deregulation of the E-cadherin/α-catenin complex and the down-regulation 
of E-cadherin/β-catenin complex were correlated with a high Gleason score and in some 
cases, low patient survival (Richmond et al., 1997). Furthermore, activated AR was found to 
repress E-cadherin gene expression and contribute to mesenchymal-like appearance and 
tumor metastasis (Liu et al., 2008). DHT was essential both in vitro and in vivo to induce the 
down-regulation of E-cadherin (Liu et al., 2008). Androgen-mediated EMT, characterized by 
a loss of E-cadherin, was inversely correlated with levels of AR expression in prostate tumor 
epithelial cells (Zhu et al., 2010). Thus, minimal AR activation was needed for maintenance 
of EMT (Zhu et al., 2010). The loss of α-catenin expression has also been observed in PC-3 
cell line which was pivotal to the maintenance of cell-cell adhesion (Ewing et al, 1995; Verras 
& Sun, 2006). In addition, Sasaki et al., (2000) and Yang et al., (2002) demonstrated that the 
reintroduction of E-cadherin to E-cadherin negative cell line, TSU-Pr1, shifted the 
localization of β-catenin from the cytoplasm to the cell membrane. Furthermore, there was a 
reduction of nuclear levels of β-catenin and a corresponding decrease in AR mediated 
transcription by β-catenin (Yang et al, 2002). Conversely, the loss or reduction of E-cadherin 
expression from TSU-Pr1 cell lines enhanced AR mediated transcription due to the 
increased cytoplasmic and nuclear levels of β-catenin (Verras & Sun 2006). Hence, in CaP 
progression the integrity and presence of E-cadherin affects the redistribution of β-catenin 
and functionally affects AR induced cell growth and survival.  

3.3 β-catenin and post translational modifications 
A plethora of post-translational modifications occur on β-catenin to tightly regulate its 
cellular activity. This includes Ser/Thr phosphorylation, tyrosine phosphorylation, 
ubiquitylation, acetylation and O-glycosylation. The aforementioned modifications can 
occur on the N-terminus, the C- terminus, or the surface of the armadillo repeat domain, 
suggesting they do not alter β-catenin’s 3-dimensional conformations on a large scale. 
Notably, tyrosine phosphorylation, in addition to its role of disassembling adherence 
junctions as discussed earlier (Section 3.2), has long been implicated to affect the 
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transcriptional activity of β-catenin. For example, phosphorylation of Tyr654 can increase β-
catenin’s interaction with the basal transcriptional machinery TATA-binding protein by 
disassociating the C-terminal from the armadillo repeat domain. Mutation of Tyr654 to 
glutamate released β-catenin from cadherins and enhanced its activity as a co-activator of 
transcription, although there is no data suggesting that nuclear β-catenin is phosphorylated 
at this site (Piedra et al., 2001; Lilien & Balsamo, 2005) Interestingly, phosphorylation of 
Tyr142 by c-Met acts as a molecular switch that transforms the adhesive form of β-catenin 
into one that preferentially binds to BCL9-2, effectively increasing the transcription of Wnt 
target genes. β-catenin containing a mutated Tyr142 did not efficiently bind to BCL9-2, 
resulting in a dramatic decrease in Wnt target gene transcription (Brembeck et al., 2004). 
Similar outcomes were mimicked by the CK2-mediated phosphorylation of Thr393, which 
potentiated Wnt signaling by instilling β-catenin with resistance to proteosomal degradation 
and an elevated co-transcriptional function (Song et al., 2003). 
β-catenin was recently reported to be post-translationally modified by O-linked N-
acetylglucosamine (O-GlcNAc). While there was minimal O-GlcNAcylation of β-catenin in 
CaP, normal primary prostate cells exhibited significantly higher levels of O-GlcNAcylated 
β-catenin (Sayat et al., 2008). O-GlyNAcylation refers to a covalent modification of serine 
and threonine residues of mammalian glycoproteins (Brockhausen et al., 2009). This 
involves the attachment of a single monosaccharide of O-GlcNAc to the hydroxyl of serine 
or threonine amino acid residues by an O-glycosidic bond (Brockhausen et al., 2009). The 
addition and removal of O-GlcNAc groups is a reversible process that utilizes two 
nucleocytoplasmic enzymes, O-linked β-N-acetylglucosamine transferase (OGT) and β-D-N-
acetylglucosaminidase (O-GlcNAcase), respectively (Guinez et al., 2004). The functional 
aspect of the O-GlcNAc modification of β-catenin was first reported by Sayat et al., (2008) 
and demonstrated that increasing cellular levels of O-GlcNAc-β-catenin resulted in 
diminished levels of nuclear β-catenin and a corresponding increase in cytoplasmic β-
catenin. Moreover, TOPFlash-luciferase activity showed that the transcriptional function of 
β-catenin was inversely correlated to its O-GlcNAcylated levels (Sayat et al., 2008). Taken 
together, these data suggests that O-GlcNAcylation of endogenous β-catenin negatively 
regulated its nuclear localization and transcriptional activity in CaP and primary prostate 
cell lines. Such results have clear implications on the nuclear availability of β-catenin and to 
its transcriptional function including AR transactivation. However, the question of how O-
GlcNAc modification may affect AR-β-catenin transcriptional activation, interaction and 
TCF-AR competition remains to be answered.  
Levy et al., (2004) showed that lysine acetylation positively modulates β-catenin’s 
transcriptional activity. Specifically, acetylation at residue Lys345 located in armadillo 
repeat 6, increased binding affinity of β-catenin for Tcf-4, and required the acetyltransferase 
activity of coactivator p300. Mutation on Lys345 severed the coopertivity between p300 and 
β-catenin, which served to reduce β-catenin’s co-activation function. Interestingly, 
competition assays revealed that the acetylated form of β-catenin had lower affinity for the 
AR while the non-acetylated form better competed for the AR. This suggests a reciprocal 
relationship between the β-catenin-TCF interaction and the β-catenin-AR axis.  

3.4 β-catenin and transactivation 
The nuclear localization of β-catenin is the hallmark of the canonical Wnt pathway. Nuclear 
β-catenin activates gene transcription by forming a complex with TCF/LEF family of DNA-
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binding proteins to mediate the transcription of Wnt target genes such as cyclin D1 and c-
myc. Although the exact sequence of events that occur once β-catenin has translocated into 
the nucleus remains elusive, there are several models explaining the role of β-catenin in 
gene activation. The simplest explains β-catenin as a co-activator by providing a 
transcriptional activation domain to TCF/LEF (Sokol, 2011). Another model proposes that β-
catenin heterodimerizes with TCF/LEF to supplant repressor proteins, Groucho/TLE, CtBP 
or HDACs, and thereby switching TCF/LEF from a quiescent state into one that is 
transcriptionally active (Stadeli et al., 2006; Sokol, 2011). Since TCF is DNA bound, changes 
in chromatin structure are also necessary to lift the transcriptional blockade imparted by the 
repressor proteins (Narlikar et al., 2002; Daniels &Weis 2005). β-catenin was found to 
interact with numerous other chromatin modifying proteins such as histone 
acetyltransferases (HATs), cyclic AMP response element-binding protein (CBP) or its close 
relative p300, TATA binding protein (TBP) and Brg-1 to assemble a multimeric complex in 
conjunction with TCF/LEF (Daniel & Weis, 2005).  
The TCF/LEF family consists of Tcf-1, Tcf-3, Tcf-4 and Lef-1, and may function to either 
activate or repress the transcription of a plethora of genes depending on the availability of 
β-catenin in the nucleus (Ravindranath & Connell 2008). While Tcf-1 and Tcf-4 may play 
dual roles as both an activator and repressor, Lef-1 exists predominately as an activator 
whereas Tcf-3 is often a repressor (MacDonald et al., 2009). Upon Wnt activation, 
approximately 50 residues of Tcf-4 within the N-terminal interact with β-catenin in two 
distinct binding surfaces (Wu et al., 2007): an extended region (residues 13-25) that interacts 
with armadillo repeats 4-9 and an α-helix formed by residues 40-50 that binds to armadillo 
repeats 3-5. In the former interaction, Asp16 and Glu17 form salt bridges with armadillo 
residues Lys435 and Lys508, respectively, which fastens Tcf-4 to the positively charged 
groove (Poy et al., 2001). Asp16 is particularly important as it accounts for high affinity 
binding to β-catenin. In addition, hydrophobic interactions between the Tcf-4 side chains are 
critical for effective binding. Compared to wild type Tcf-4, the truncated proteins lacking 
these side chains showed almost a 60% reduction in transcriptional activity (Poy et al., 2001). 
The second binding interface involves the N-terminal to the DNA-binding high motility 
group (HMG) domain and overlaps the binding interface for transcriptional repressors 
Groucho/TLE (Wu et al., 2007). Thus, these proteins are displaced when β-catenin binds 
with a higher affinity.  
Along with β-catenin, many other co-activators of TCF have been identified. BCL9 is an 
adaptor protein proposed to aid transactivation by providing docking sites for other 
transcriptional machinery such as pygopus (Sampietro et al., 2006). BCL9 has not only been 
found to interact with β-catenin/TCF complex to activate transcription, but also been found 
to sequester β-catenin in the nucleus (Kireghoff et al., 2006). The crystal structure of a β-
catenin/BCL9/Tcf-4 complex revealed that BCL9 interacted with β-catenin at a region N-
terminal to the structural groove of the armadillo repeat domain. The β-catenin binding 
domain on BCL9 forms an α-helix, but unlike other co-activators, the helix does not overlap 
the binding sites of other β-catenin partners and can be mutated to prevent proper β-
catenin-BCL9 binding without compromising the integrity of other indispensible 
interactions (Sampietro et al., 2006). Sampietro et al., (2006) demonstrated that simultaneous 
mutations within hydrophobic pockets of the first armadillo repeat, especially on residues 
L156A and L159A, effectively abolished BCL9 binding but not that of E-cadherin and α-
catenin, the only two known proteins that bind to the same region on β-catenin. This 
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suggests that BCL9 interacts with β-catenin through unique, hydrophobic contacts and 
underscores the therapeutic potential of small molecule inhibitors to prevent the 
transcription of Wnt target genes via precise interferences of the BCL9-β-catenin complex.  
A variety of antagonists and agonists functions to further regulate β-catenin/TCF-mediated 
transcription. A devoted nuclear antagonist, ICAT (inhibitor of β-catenin and TCF), inhibits 
binding of β-catenin to Tcf-4 in vitro and has been shown to decrease Tcf-4-induced reporter 
activity (Tago et al., 2000; Tutter et al., 2001; Daniel & Weis 2002). This inhibitory attribute is 
due to its high affinity for the armadillo repeats 5-10, which are shared between TCFs, APC, 
and cadherins. Moreover, the helical domain of ICAT can inhibit co-activators, namely p300; 
in fact, ICAT exhibits bipartite inhibition: its helical domain disrupts CBP/p300 binding, 
while its extended region prevents β-catenin-TCF interaction (Daniel & Weis, 2002). Positive 
modulators of β-catenin/TCF-mediated transcription include Galectin-3 (gal-3) and Daxx. 
Interestingly, the overexpression of gal-3 in the nucleus is associated with tumorigenesis 
and metastasis in colon, prostate, and tongue squamous carcinoma cells (Danguy et al., 
2000; Honjo et al., 2000; Van de Brule et al., 2000). Shimura et al., (2004) demonstrated that 
gal-3 promotes transcription of Wnt target genes, cyclin D1 and c-myc, and colocalizes with 
β-catenin to induce transcriptional activity of Tcf-4 up to 13 fold. The binding region of gal-3 
(residues 1-131) overlaps with that of α-catenin and may cause displacement of β-catenin 
from the plasma membrane (Shimura et al., 2004). Another positive co-regulator is Daxx, 
which potentiates β-catenin/Tcf-4-mediated transcription possibly by removing binding of 
repressors Groucho/TLE (Huang et al., 2009). Surprisingly, Daxx can also down-regulate 
DNA binding capacity of nuclear hormone receptors including the AR (Shih et al., 2007). 

4. Wnt/β-catenin-AR mediated cross-talk 
Alterations in β-catenin distribution and expression have been reported in patient CaP 
samples with a general trend of increased β-catenin levels in AI-CaP and a greater nuclear 
presence of β-catenin with increased Gleason grade (Whitaker et al., 2008). As mentioned 
previously, recent evidence has demonstrated that the Wnt signaling pathway partakes in 
mediating CaP progression. Activating mutations of β-catenin, the major regulator of this 
pathway, are found in 5% of prostate cancers ( Song et al., 2003). Such mutations directly 
contribute to altered growth of the CaP, but also increase AR activity (Cronauer et al., 2004). 
However, since mutations of β-catenin occur focally, it is still a subject of debate whether 
such alterations to β-catenin represent a late event in prostate cancer progression (Verras & 
Sun, 2006). It is unlikely that mutational activation of β-catenin is the primary cause. 
Evidence is clear that increased AR expression results in sensitivity to androgen and that 
increased AR expression alone is sufficient to transform primary CaP into a more aggressive 
AI phenotype. The recent identification of a physical interaction between AR and β-catenin 
and AR and TCF was an exciting new development for understanding the mechanism 
underlying CaP progression. In effect, the observed accumulation of β-catenin and increase 
in AR activation are likely in interplay to arbitrate selective gene expression programs that 
potentiate prostate carcinogenesis.  

4.1 The AR-β-catenin Interaction: Structure 
β-catenin contains five LXXLL motifs situated within the armadillo region. The LXXLL 
motifs are found on the second alpha-helix of armadillo repeats 1, 3 7, 10, and 12 (Pai et al., 
1996; Huber et al., 1997; Mulholland et al., 2005; Song et al., 2003). However, deletion 
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binding proteins to mediate the transcription of Wnt target genes such as cyclin D1 and c-
myc. Although the exact sequence of events that occur once β-catenin has translocated into 
the nucleus remains elusive, there are several models explaining the role of β-catenin in 
gene activation. The simplest explains β-catenin as a co-activator by providing a 
transcriptional activation domain to TCF/LEF (Sokol, 2011). Another model proposes that β-
catenin heterodimerizes with TCF/LEF to supplant repressor proteins, Groucho/TLE, CtBP 
or HDACs, and thereby switching TCF/LEF from a quiescent state into one that is 
transcriptionally active (Stadeli et al., 2006; Sokol, 2011). Since TCF is DNA bound, changes 
in chromatin structure are also necessary to lift the transcriptional blockade imparted by the 
repressor proteins (Narlikar et al., 2002; Daniels &Weis 2005). β-catenin was found to 
interact with numerous other chromatin modifying proteins such as histone 
acetyltransferases (HATs), cyclic AMP response element-binding protein (CBP) or its close 
relative p300, TATA binding protein (TBP) and Brg-1 to assemble a multimeric complex in 
conjunction with TCF/LEF (Daniel & Weis, 2005).  
The TCF/LEF family consists of Tcf-1, Tcf-3, Tcf-4 and Lef-1, and may function to either 
activate or repress the transcription of a plethora of genes depending on the availability of 
β-catenin in the nucleus (Ravindranath & Connell 2008). While Tcf-1 and Tcf-4 may play 
dual roles as both an activator and repressor, Lef-1 exists predominately as an activator 
whereas Tcf-3 is often a repressor (MacDonald et al., 2009). Upon Wnt activation, 
approximately 50 residues of Tcf-4 within the N-terminal interact with β-catenin in two 
distinct binding surfaces (Wu et al., 2007): an extended region (residues 13-25) that interacts 
with armadillo repeats 4-9 and an α-helix formed by residues 40-50 that binds to armadillo 
repeats 3-5. In the former interaction, Asp16 and Glu17 form salt bridges with armadillo 
residues Lys435 and Lys508, respectively, which fastens Tcf-4 to the positively charged 
groove (Poy et al., 2001). Asp16 is particularly important as it accounts for high affinity 
binding to β-catenin. In addition, hydrophobic interactions between the Tcf-4 side chains are 
critical for effective binding. Compared to wild type Tcf-4, the truncated proteins lacking 
these side chains showed almost a 60% reduction in transcriptional activity (Poy et al., 2001). 
The second binding interface involves the N-terminal to the DNA-binding high motility 
group (HMG) domain and overlaps the binding interface for transcriptional repressors 
Groucho/TLE (Wu et al., 2007). Thus, these proteins are displaced when β-catenin binds 
with a higher affinity.  
Along with β-catenin, many other co-activators of TCF have been identified. BCL9 is an 
adaptor protein proposed to aid transactivation by providing docking sites for other 
transcriptional machinery such as pygopus (Sampietro et al., 2006). BCL9 has not only been 
found to interact with β-catenin/TCF complex to activate transcription, but also been found 
to sequester β-catenin in the nucleus (Kireghoff et al., 2006). The crystal structure of a β-
catenin/BCL9/Tcf-4 complex revealed that BCL9 interacted with β-catenin at a region N-
terminal to the structural groove of the armadillo repeat domain. The β-catenin binding 
domain on BCL9 forms an α-helix, but unlike other co-activators, the helix does not overlap 
the binding sites of other β-catenin partners and can be mutated to prevent proper β-
catenin-BCL9 binding without compromising the integrity of other indispensible 
interactions (Sampietro et al., 2006). Sampietro et al., (2006) demonstrated that simultaneous 
mutations within hydrophobic pockets of the first armadillo repeat, especially on residues 
L156A and L159A, effectively abolished BCL9 binding but not that of E-cadherin and α-
catenin, the only two known proteins that bind to the same region on β-catenin. This 
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suggests that BCL9 interacts with β-catenin through unique, hydrophobic contacts and 
underscores the therapeutic potential of small molecule inhibitors to prevent the 
transcription of Wnt target genes via precise interferences of the BCL9-β-catenin complex.  
A variety of antagonists and agonists functions to further regulate β-catenin/TCF-mediated 
transcription. A devoted nuclear antagonist, ICAT (inhibitor of β-catenin and TCF), inhibits 
binding of β-catenin to Tcf-4 in vitro and has been shown to decrease Tcf-4-induced reporter 
activity (Tago et al., 2000; Tutter et al., 2001; Daniel & Weis 2002). This inhibitory attribute is 
due to its high affinity for the armadillo repeats 5-10, which are shared between TCFs, APC, 
and cadherins. Moreover, the helical domain of ICAT can inhibit co-activators, namely p300; 
in fact, ICAT exhibits bipartite inhibition: its helical domain disrupts CBP/p300 binding, 
while its extended region prevents β-catenin-TCF interaction (Daniel & Weis, 2002). Positive 
modulators of β-catenin/TCF-mediated transcription include Galectin-3 (gal-3) and Daxx. 
Interestingly, the overexpression of gal-3 in the nucleus is associated with tumorigenesis 
and metastasis in colon, prostate, and tongue squamous carcinoma cells (Danguy et al., 
2000; Honjo et al., 2000; Van de Brule et al., 2000). Shimura et al., (2004) demonstrated that 
gal-3 promotes transcription of Wnt target genes, cyclin D1 and c-myc, and colocalizes with 
β-catenin to induce transcriptional activity of Tcf-4 up to 13 fold. The binding region of gal-3 
(residues 1-131) overlaps with that of α-catenin and may cause displacement of β-catenin 
from the plasma membrane (Shimura et al., 2004). Another positive co-regulator is Daxx, 
which potentiates β-catenin/Tcf-4-mediated transcription possibly by removing binding of 
repressors Groucho/TLE (Huang et al., 2009). Surprisingly, Daxx can also down-regulate 
DNA binding capacity of nuclear hormone receptors including the AR (Shih et al., 2007). 

4. Wnt/β-catenin-AR mediated cross-talk 
Alterations in β-catenin distribution and expression have been reported in patient CaP 
samples with a general trend of increased β-catenin levels in AI-CaP and a greater nuclear 
presence of β-catenin with increased Gleason grade (Whitaker et al., 2008). As mentioned 
previously, recent evidence has demonstrated that the Wnt signaling pathway partakes in 
mediating CaP progression. Activating mutations of β-catenin, the major regulator of this 
pathway, are found in 5% of prostate cancers ( Song et al., 2003). Such mutations directly 
contribute to altered growth of the CaP, but also increase AR activity (Cronauer et al., 2004). 
However, since mutations of β-catenin occur focally, it is still a subject of debate whether 
such alterations to β-catenin represent a late event in prostate cancer progression (Verras & 
Sun, 2006). It is unlikely that mutational activation of β-catenin is the primary cause. 
Evidence is clear that increased AR expression results in sensitivity to androgen and that 
increased AR expression alone is sufficient to transform primary CaP into a more aggressive 
AI phenotype. The recent identification of a physical interaction between AR and β-catenin 
and AR and TCF was an exciting new development for understanding the mechanism 
underlying CaP progression. In effect, the observed accumulation of β-catenin and increase 
in AR activation are likely in interplay to arbitrate selective gene expression programs that 
potentiate prostate carcinogenesis.  

4.1 The AR-β-catenin Interaction: Structure 
β-catenin contains five LXXLL motifs situated within the armadillo region. The LXXLL 
motifs are found on the second alpha-helix of armadillo repeats 1, 3 7, 10, and 12 (Pai et al., 
1996; Huber et al., 1997; Mulholland et al., 2005; Song et al., 2003). However, deletion 
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mutants of repeats 7, 10 and 12 indicated that these regions were not necessary for AR/β-
catenin binding (Yang et al., 2002; Song et al., 2003; Mulholland et al., 2005). A possible 
explanation for this observation was that the leucine residues of the armadillo repeats may 
be buried within hydrophobic cores, thus inaccessible to binding the AR LBD (Mulholland 
et al., 2005). On the other hand, Yang et al., 2002 showed that the central armadillo repeats 1-
6 of β-catenin were responsible for the LBD interaction. Using a yeast two hybrid system, 
Yang et al., 2002 showed that deletion of the AR N-terminal activation domain alone (134-
671) or deletions that combined the central armadillo domain (671-781; repeat 1-7) of β-
catenin and the N-terminal of the AR resulted in no interaction. This indicated that the 
primary binding region of the AR encompassed the N-terminus and the first seven 
armadillo repeats of β-catenin (Yang et al., 2002). However, when deleting repeat 6, the 
interaction was essentially abolished. These results were confirmed using site directed 
mutagenesis protocols to generate internal deletions mutants of β-catenin that either lacked 
repeats 7, 10, 12, 6, or 5. Again, deletions of repeat 7, 10 or 12 had no effect in LBD-β-catenin 
interaction; deletion of repeat 6 or 5 abolished this interaction. In addition, analysis of AR 
transcriptional activity (measured by luciferase reporter construct, MMTVpA3-Luc), using 
β-catenin mutants lacking repeat 6 together with an AR expression vector, showed no 
enhancement of AR transcriptional activity in CV-1 (AR null) cells. The study by Yang et al., 
(2002) clearly described that armadillo repeats 1-6 were required for β-catenin AR 
interaction and AR directed transcriptional activity. However, the LXXLL motifs within β-
catenin may not directly contribute to AR binding (Yang et al., 2002).  
The LBD is thought to be sufficient for AR-β-catenin interactions. As mentioned previously, 
β-catenin alone can increase androgen dependent transcription. Using an androgen 
responsive MMTV LTR luciferase promoter assay, Song et al., (2003) demonstrated that 
when cells were co-transfected with a GAL4-AR LBD fusion protein and herpes simplex 
virus VP16-β-catenin fusion protein, there was a rescue of agonist dependent AF2 activity in 
the AR LBD. Moreover, co-transfection of the NTD and VP16-β-catenin had a synergistic 
effect on reporter expression (Song et al., 2003). This indicated that the LBD can change its 
conformation to form a binding area that accommodates co-activator binding. Accordingly, 
Song et al., (2003) reported that binding of β-catenin to the AR modulated the NTD through 
its interaction with the AF2 region and this interaction was adjacent but not identical to the 
AF2 binding site for TIF2. Residues K720 and Valine (V) 716 located on Helix 3 were 
necessary for AR- β-catenin and AR-TIF2 interaction, respectively (He et al., 1999; Song et 
al., 2003). Mutation to the AR LBD specifically at K720A reduced AR NTD interactions by 
50% and completely abolished β-catenin binding. AR LBDs with either V716R or K720A 
were both able to maintain DHT ligand binding. Thus, the synergistic effects of β-catenin 
and NTD were mediated by the independent binding of each to the AR LBD (Song et al., 
2003). In addition, two-hybrid interactions with GAL4-AR LBD and AR mutants that lost 
either the NTD 23FQNLF27 or the 433WHTLF437 motifs were able to reduce binding to the 
GAL4-AR LBD (Song et al., 2003). However, in the presence of VP16-β-catenin, there was 
still a mild interaction of the AR mutants with β-catenin. This suggested that the NTD/CTD 
interaction of the AR was required for the efficient interaction of the AR and β-catenin. 
Although, Song et al., (2003) reported that the effects of β-catenin on AR dependent 
transcription in the presence of TIF2 and/or NTD were small, β-catenin could modulate 
TIF2 activation of AR mediated MMTV-Luc reporter activity and enhanced the effects of AR 
NTD. In this case, β-catenin may be facilitating the stabilization and recruitment of 

Prostate Cancer Progression to Androgen  
Independent Disease: The Role of the Wnt/β-Catenin Pathway 

 

343 

additional transcriptional machinery to enhance transcriptional activation as it too, can 
directly form complexes with TIF2-AR complexes.  
Bicalutamide, flutamide and cyproterone acetate (CPA) are the AR antagonists routinely 
used for CaP treatment. Hydroxyflutamide, the active metabolite of flutamide, are potent 
antagonists in vivo. Although these compounds can antagonize wildtype AR activation, 
these anti-androgens were also found to activate mutant ARs that were identified in 
patients. Moreover, β-catenin seemed to play a role in enhancing AR mutant transcriptional 
activity. The T877A mutation within the LBD is prevalent in hormone refractory CaP and in 
vivo studies have shown that T877A AR mutants could be stimulated by hydroxyflutamide 
but not by bicalutamide. Interestingly, Masiello et al., (2004) demonstrated that 
hydroxyflutamide liganded T877A AR was strongly activated by β-catenin and also 
stimulated interaction between the AR NTD and T877A LBD. In contrast, CPA liganded 
T877A mutant AR was not activated by β-catenin and neither was the CPA bound wildtype 
AR. While β-catenin mediated co-activation of the T877A AR was enhanced in the presence 
of hydroxyflutamide, T877A had no effect on β-catenin recruitment by CPA. Recently, a 
novel AR W741C (Tryptophan to Cysteine) mutation was isolated from bicalutamide treated 
LNCaP cells (Masiello et al, 2004). The significance of this mutant was that it was also 
identified in a patient receiving bicalutamide therapy. Interestingly, this mutation enable 
bicalutamide liganded W741C mutant AR to be activated by β-catenin. Such evidence shows 
that β-catenin is a key modulator AR structure, function and ligand sensitivity, all of which 
are contributing factors in prostate tumorigenesis to AI disease. 

4.2 WNT/β-catenin signaling and AR 
The activation of the Wnt signaling pathway results in the stabilization of β-catenin and 
its cytoplasmic accumulation. This requires deactivation of the destruction complex as 
well as β-catenin’s phosphorylation at Tyrosine 142 (Tyr142). Phosphorylation at this site 
decreases β-catenin’s interaction with α-catenin. Wang et al., (2008) used castration 
resistant mouse models to demonstrate consistently greater levels of Tyr142 
phosphorylation of β-catenin together with increased AR expression in mouse samples. 
Gene expression studies also indicated that there was a decrease in Wnt transcription 
factors, Tcf-3 and LEF, as well as the target genes, MYC and CCND1, (Wang et al, 2008). 
Furthermore, β-catenin inhibitors including CSNK2B, CSK1E, GSK3B, TP53, WNT5A and 
PLCB4 were also decreased. Therefore, in AI disease progression, the cytoplasmic pool of 
β-catenin is increased while the downstream effects of β-catenin-TCF transcriptional 
activity are suppressed (Wang et al., 2008).  
The notion that there was a direct interaction between the AR and β-catenin was first 
established by Truica et al., (2000), who demonstrated that β-catenin was able to enhance AR 
transactivation, alter the sensitivity of AR to ligands and relieve the repression of anti-
androgens on AR mediated transcription. Using coimmunoprecipitation studies, Trucia et 
al., (2000) determined that β-catenin interacted with the AR in the absence of hormone in 
LNCaP cell lines which expressed the T877A mutant AR; however, upon administration of 
DHT, this interaction was increased. In addition, constitutive expression of a stabilized β-
catenin (S33F), a mutant that increases β-catenin’s half-life, potentiated luciferase reporter 
activity by 2.5 fold in the presence of androgen (similar results were also observed using the 
probasin promoter); β-catenin had no effect on reporter activity in the absence of androgen, 
signifying an androgen dependent mechanism. Similarly, expression of wild type AR in AR-
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mutants of repeats 7, 10 and 12 indicated that these regions were not necessary for AR/β-
catenin binding (Yang et al., 2002; Song et al., 2003; Mulholland et al., 2005). A possible 
explanation for this observation was that the leucine residues of the armadillo repeats may 
be buried within hydrophobic cores, thus inaccessible to binding the AR LBD (Mulholland 
et al., 2005). On the other hand, Yang et al., 2002 showed that the central armadillo repeats 1-
6 of β-catenin were responsible for the LBD interaction. Using a yeast two hybrid system, 
Yang et al., 2002 showed that deletion of the AR N-terminal activation domain alone (134-
671) or deletions that combined the central armadillo domain (671-781; repeat 1-7) of β-
catenin and the N-terminal of the AR resulted in no interaction. This indicated that the 
primary binding region of the AR encompassed the N-terminus and the first seven 
armadillo repeats of β-catenin (Yang et al., 2002). However, when deleting repeat 6, the 
interaction was essentially abolished. These results were confirmed using site directed 
mutagenesis protocols to generate internal deletions mutants of β-catenin that either lacked 
repeats 7, 10, 12, 6, or 5. Again, deletions of repeat 7, 10 or 12 had no effect in LBD-β-catenin 
interaction; deletion of repeat 6 or 5 abolished this interaction. In addition, analysis of AR 
transcriptional activity (measured by luciferase reporter construct, MMTVpA3-Luc), using 
β-catenin mutants lacking repeat 6 together with an AR expression vector, showed no 
enhancement of AR transcriptional activity in CV-1 (AR null) cells. The study by Yang et al., 
(2002) clearly described that armadillo repeats 1-6 were required for β-catenin AR 
interaction and AR directed transcriptional activity. However, the LXXLL motifs within β-
catenin may not directly contribute to AR binding (Yang et al., 2002).  
The LBD is thought to be sufficient for AR-β-catenin interactions. As mentioned previously, 
β-catenin alone can increase androgen dependent transcription. Using an androgen 
responsive MMTV LTR luciferase promoter assay, Song et al., (2003) demonstrated that 
when cells were co-transfected with a GAL4-AR LBD fusion protein and herpes simplex 
virus VP16-β-catenin fusion protein, there was a rescue of agonist dependent AF2 activity in 
the AR LBD. Moreover, co-transfection of the NTD and VP16-β-catenin had a synergistic 
effect on reporter expression (Song et al., 2003). This indicated that the LBD can change its 
conformation to form a binding area that accommodates co-activator binding. Accordingly, 
Song et al., (2003) reported that binding of β-catenin to the AR modulated the NTD through 
its interaction with the AF2 region and this interaction was adjacent but not identical to the 
AF2 binding site for TIF2. Residues K720 and Valine (V) 716 located on Helix 3 were 
necessary for AR- β-catenin and AR-TIF2 interaction, respectively (He et al., 1999; Song et 
al., 2003). Mutation to the AR LBD specifically at K720A reduced AR NTD interactions by 
50% and completely abolished β-catenin binding. AR LBDs with either V716R or K720A 
were both able to maintain DHT ligand binding. Thus, the synergistic effects of β-catenin 
and NTD were mediated by the independent binding of each to the AR LBD (Song et al., 
2003). In addition, two-hybrid interactions with GAL4-AR LBD and AR mutants that lost 
either the NTD 23FQNLF27 or the 433WHTLF437 motifs were able to reduce binding to the 
GAL4-AR LBD (Song et al., 2003). However, in the presence of VP16-β-catenin, there was 
still a mild interaction of the AR mutants with β-catenin. This suggested that the NTD/CTD 
interaction of the AR was required for the efficient interaction of the AR and β-catenin. 
Although, Song et al., (2003) reported that the effects of β-catenin on AR dependent 
transcription in the presence of TIF2 and/or NTD were small, β-catenin could modulate 
TIF2 activation of AR mediated MMTV-Luc reporter activity and enhanced the effects of AR 
NTD. In this case, β-catenin may be facilitating the stabilization and recruitment of 
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additional transcriptional machinery to enhance transcriptional activation as it too, can 
directly form complexes with TIF2-AR complexes.  
Bicalutamide, flutamide and cyproterone acetate (CPA) are the AR antagonists routinely 
used for CaP treatment. Hydroxyflutamide, the active metabolite of flutamide, are potent 
antagonists in vivo. Although these compounds can antagonize wildtype AR activation, 
these anti-androgens were also found to activate mutant ARs that were identified in 
patients. Moreover, β-catenin seemed to play a role in enhancing AR mutant transcriptional 
activity. The T877A mutation within the LBD is prevalent in hormone refractory CaP and in 
vivo studies have shown that T877A AR mutants could be stimulated by hydroxyflutamide 
but not by bicalutamide. Interestingly, Masiello et al., (2004) demonstrated that 
hydroxyflutamide liganded T877A AR was strongly activated by β-catenin and also 
stimulated interaction between the AR NTD and T877A LBD. In contrast, CPA liganded 
T877A mutant AR was not activated by β-catenin and neither was the CPA bound wildtype 
AR. While β-catenin mediated co-activation of the T877A AR was enhanced in the presence 
of hydroxyflutamide, T877A had no effect on β-catenin recruitment by CPA. Recently, a 
novel AR W741C (Tryptophan to Cysteine) mutation was isolated from bicalutamide treated 
LNCaP cells (Masiello et al, 2004). The significance of this mutant was that it was also 
identified in a patient receiving bicalutamide therapy. Interestingly, this mutation enable 
bicalutamide liganded W741C mutant AR to be activated by β-catenin. Such evidence shows 
that β-catenin is a key modulator AR structure, function and ligand sensitivity, all of which 
are contributing factors in prostate tumorigenesis to AI disease. 

4.2 WNT/β-catenin signaling and AR 
The activation of the Wnt signaling pathway results in the stabilization of β-catenin and 
its cytoplasmic accumulation. This requires deactivation of the destruction complex as 
well as β-catenin’s phosphorylation at Tyrosine 142 (Tyr142). Phosphorylation at this site 
decreases β-catenin’s interaction with α-catenin. Wang et al., (2008) used castration 
resistant mouse models to demonstrate consistently greater levels of Tyr142 
phosphorylation of β-catenin together with increased AR expression in mouse samples. 
Gene expression studies also indicated that there was a decrease in Wnt transcription 
factors, Tcf-3 and LEF, as well as the target genes, MYC and CCND1, (Wang et al, 2008). 
Furthermore, β-catenin inhibitors including CSNK2B, CSK1E, GSK3B, TP53, WNT5A and 
PLCB4 were also decreased. Therefore, in AI disease progression, the cytoplasmic pool of 
β-catenin is increased while the downstream effects of β-catenin-TCF transcriptional 
activity are suppressed (Wang et al., 2008).  
The notion that there was a direct interaction between the AR and β-catenin was first 
established by Truica et al., (2000), who demonstrated that β-catenin was able to enhance AR 
transactivation, alter the sensitivity of AR to ligands and relieve the repression of anti-
androgens on AR mediated transcription. Using coimmunoprecipitation studies, Trucia et 
al., (2000) determined that β-catenin interacted with the AR in the absence of hormone in 
LNCaP cell lines which expressed the T877A mutant AR; however, upon administration of 
DHT, this interaction was increased. In addition, constitutive expression of a stabilized β-
catenin (S33F), a mutant that increases β-catenin’s half-life, potentiated luciferase reporter 
activity by 2.5 fold in the presence of androgen (similar results were also observed using the 
probasin promoter); β-catenin had no effect on reporter activity in the absence of androgen, 
signifying an androgen dependent mechanism. Similarly, expression of wild type AR in AR-
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negative cells, TSU-Pr1 and PC-3, increased AR transcriptional activity of a luciferase 
reporter 2-4 fold in the presence of androgen and β-catenin relative to baseline. 
The modulatory role of β-catenin on AR ligand binding specificity was further confirmed by 
luciferase reporter assays that measured AR mediated transcription by β-catenin in the 
presence or absence of adrenal steroids, androstenedione and DHEA. Androstenedione and 
DHEA are weak androgens that mimic actions of testosterone. Transfection of S33F β-
catenin and wild type AR in TSU-Pr1 cell lines showed increased AR-directed transcription 
with 1nM androstenedione which was comparable to the AR activation caused by 1nM 
testosterone. Alongside β-catenin’s ability to increase AR sensitivity to ligands, β-catenin 
was also able to alter AR’s specificity to ligand activation. Administration of R1881, an 
agonist of the AR, together with increasing concentrations of bicalutamide, diminished the 
antagonistic effects of bicalutamide in a dose dependent manner in the presence of β-
catenin. Similar results were observed using estradiol. The above study by Trucia et al., 
(2000) was a novel development into prostate tumorigenesis as its etiology was no longer 
limited to AR directed transcription but now encompassed β-catenin, another oncogenic 
activator. β-catenin had the ability to structurally alter the AR LBD so that it may 
accommodate other steroids and ligands to enhance AR directed transcriptional activation. 
Hence, it seems as though β-catenin’s role has moved beyond its functions as a co-regulator 
of TCF/LEF transcriptional activation to now include a greater purpose in modulating AR 
and/or Wnt directed prostate tumorigenesis.  
The fact that β-catenin does not have a NLS make its function as a co-activator of 
transcriptional activity dependent on chaperones for nuclear import. β-catenin’s ability to 
bind the AR provides β-catenin a means to enter the nucleus. Mulholland et al., (2002) 
provided novel evidence for ligand mediated AR-β-catenin nuclear translocation which was 
also accompanied by an increase in the expression of AR genes. Confocal microscopy data of 
LNCaP cells demonstrated that in the absence of ligand, AR was diffusely spread 
throughout the cells, while β-catenin was localized at the cell membrane, cytoplasm and 
nucleus. Upon administration of ligand, the AR and β-catenin both became strongly nuclear 
as observed by greater nuclear staining. There was a moderate decrease in cytoplasmic 
levels of β-catenin with no significant change at the cell borders (similar results were 
obtained from transient transfection of the AR using the AR-null PC-3 cell line). More 
importantly, co-localization of β-catenin and AR was present. Such evidence demonstrates 
that the AR mediated translocation of β-catenin was distinct from that of APC-β-catenin 
nuclear-cytoplasmic shuttling (Mulholland et al., 2002).  
Mulholland et al., (2002) were also able to show an AR dependent binding of β-catenin to 
the probasin promoter and confirmed this specificity by antisense or shRNA knock down of 
β-catenin, which resulted in decreased PSA gene expression. This was also shown by Li et 
al., (2004), who demonstrated that β-catenin could be recruited to the PSA promoter. Such 
studies brought mechanistic insight into the co-regulatory functions of β-catenin and its role 
in differentially regulating AR responsive genes and downstream Wnt/AR transcription 
factors such as c-myc and the cyclins (Mulholland et al., 2002). Cyclin D1 is a regulator of 
cell cycle progression and was found to promote mitogenesis and antimitogeneic effects 
through activation of the cyclin dependent kinases dictated by the AF-1 domain of AR (Petre 
et al., 2002; Petre-Draviam et al., 2003; Mulholland et al., 2005). Interestingly, stabilization of 
β-catenin induced little change in cyclin D1 expression, although greatly increased the levels 
of c-myc (Gounari et al., 2002; Petre-Draviam et al., 2003; Mulholland et al., 2005). Currently, 
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the relationship between cyclin D1 and β-catenin signaling activity is poorly correlated and 
literature agrees that increased cyclin D1 levels in prostate adenocarcinomas is a rare event 
and is not a clinical predictor of prognosis (Mulholland et al., 2005). On the other hand, 
cyclin D1 has been shown to bind the AR NTD in both ligand dependent and independent 
conditions, to mediate the repression of AR transcriptional activity. This interaction was also 
arbitrated without the requirement of an LXXLL motif (Reutens et al., 2001; Petre et al., 2002; 
Petre-Draviam et al., 2003; Mulholland et al., 2005). To date, cyclin D1 is well recognized as a 
co-repressor of the AR, however, the significance of this negative regulation conferred by 
cyclin D1 remains to be elucidated. 
The crosstalk observed between the AR and Wnt targets, such as cyclin D1, questions 
whether other components of the Wnt/β-catenin pathway influence the oncogenicity of the 
AR. For example, Verras et al., (2004) demonstrated that cultured CaP cell lines activated by 
Wnt3a ligand increased AR transcriptional effects even without androgenic ligands; 
however, this was only observed in AR positive CaP cells. Using a PSA driven promoter 
luciferase assay, LNCaP cells treated with Wnt3a culture medium increased endogenous AR 
mediated transcription from the PSA promoter. Yang et al., (2006) further demonstrated that 
Wnt signaling could also increase AR mRNA expression. The AR gene is a target for Wnt 
signaling as TCF promoter binding elements are present within the AR promoter region. 
Surprisingly, even with greater levels of AR mRNA, the expression of AR protein was much 
reduced. Yang et al., (2006) suggested that the decrease in AR protein was likely associated 
with ubiquitin proteosomal degradation mediated by increased phosphorylation of MDM2 by 
phosphorylated AKT. Alternatively, Schweizer et al., (2008) showed that overexpression of AR 
in the presence of Wnt1 activation in PC-3, CWR22Rv1 and LNCaP led to an increase in 
luciferase reporter activity driven by a LEF-dependent promoter relative to Wnt1 stimulation 
alone. Based on these results, the AR seemed to have the ability to augment Wnt 
transcriptional activity in CaP cells. Treatment with agonists and antagonists of the AR, 
however, inhibited LEF reporter activity even in the presence of Wnt stimulation. Schweizer et 
al., (2008) reasoned that ligand bound AR may lead to interactions with other cofactors within 
the AR pathway thus, reducing the ability of the AR to signal through the Wnt/β-catenin 
pathway. Such cross regulation of the AR and TCF/LEF indicates that the Wnt and AR 
pathway can differentially regulate gene expression programs that can feedback onto each 
other. Moreover, AR signals can be potentiated under androgen ablation by Wnt or AR signal 
activation alone. This raises questions then, to how β-catenin, the common regulator between 
both pathways, contributes and divides its functions between AR and Wnt signaling. 

4.3 β-catenin-TCF-AR axis 
The evidence so far clearly indicates that β-catenin can interact with the AR to shuttle to the 
nucleus and modulate AR ligand specificity and transcriptional function (Truica et al, 2000, 
Chesire et al, 2002, Yang et al, 2002; Mulholland et al, 2002, Pawlowksi et al, 2002). Chesire & 
Isaacs, (2002) went on further to show that AR activity also had consequences for β-
catenin/TCF target gene expression. Co-transfection of a luciferase reporter containing a 
PSA enhancer and probasin promoter (pBK-PSE-PB), and a β-catenin/TCF dependent 
reporter (pOT), demonstrated that AR positive cell lines (CWR22-Rv1 and LAPC-4) 
suppressed β-catenin/TCF signaling (CRT) in the presence of ligand. This was determined 
using a stabilized mutant β-catenin (identified in a hormone refractory patient) that had an 
interstitial deletion (∆24-27) encompassing the entire GSK3β phosphorylation domain. 
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negative cells, TSU-Pr1 and PC-3, increased AR transcriptional activity of a luciferase 
reporter 2-4 fold in the presence of androgen and β-catenin relative to baseline. 
The modulatory role of β-catenin on AR ligand binding specificity was further confirmed by 
luciferase reporter assays that measured AR mediated transcription by β-catenin in the 
presence or absence of adrenal steroids, androstenedione and DHEA. Androstenedione and 
DHEA are weak androgens that mimic actions of testosterone. Transfection of S33F β-
catenin and wild type AR in TSU-Pr1 cell lines showed increased AR-directed transcription 
with 1nM androstenedione which was comparable to the AR activation caused by 1nM 
testosterone. Alongside β-catenin’s ability to increase AR sensitivity to ligands, β-catenin 
was also able to alter AR’s specificity to ligand activation. Administration of R1881, an 
agonist of the AR, together with increasing concentrations of bicalutamide, diminished the 
antagonistic effects of bicalutamide in a dose dependent manner in the presence of β-
catenin. Similar results were observed using estradiol. The above study by Trucia et al., 
(2000) was a novel development into prostate tumorigenesis as its etiology was no longer 
limited to AR directed transcription but now encompassed β-catenin, another oncogenic 
activator. β-catenin had the ability to structurally alter the AR LBD so that it may 
accommodate other steroids and ligands to enhance AR directed transcriptional activation. 
Hence, it seems as though β-catenin’s role has moved beyond its functions as a co-regulator 
of TCF/LEF transcriptional activation to now include a greater purpose in modulating AR 
and/or Wnt directed prostate tumorigenesis.  
The fact that β-catenin does not have a NLS make its function as a co-activator of 
transcriptional activity dependent on chaperones for nuclear import. β-catenin’s ability to 
bind the AR provides β-catenin a means to enter the nucleus. Mulholland et al., (2002) 
provided novel evidence for ligand mediated AR-β-catenin nuclear translocation which was 
also accompanied by an increase in the expression of AR genes. Confocal microscopy data of 
LNCaP cells demonstrated that in the absence of ligand, AR was diffusely spread 
throughout the cells, while β-catenin was localized at the cell membrane, cytoplasm and 
nucleus. Upon administration of ligand, the AR and β-catenin both became strongly nuclear 
as observed by greater nuclear staining. There was a moderate decrease in cytoplasmic 
levels of β-catenin with no significant change at the cell borders (similar results were 
obtained from transient transfection of the AR using the AR-null PC-3 cell line). More 
importantly, co-localization of β-catenin and AR was present. Such evidence demonstrates 
that the AR mediated translocation of β-catenin was distinct from that of APC-β-catenin 
nuclear-cytoplasmic shuttling (Mulholland et al., 2002).  
Mulholland et al., (2002) were also able to show an AR dependent binding of β-catenin to 
the probasin promoter and confirmed this specificity by antisense or shRNA knock down of 
β-catenin, which resulted in decreased PSA gene expression. This was also shown by Li et 
al., (2004), who demonstrated that β-catenin could be recruited to the PSA promoter. Such 
studies brought mechanistic insight into the co-regulatory functions of β-catenin and its role 
in differentially regulating AR responsive genes and downstream Wnt/AR transcription 
factors such as c-myc and the cyclins (Mulholland et al., 2002). Cyclin D1 is a regulator of 
cell cycle progression and was found to promote mitogenesis and antimitogeneic effects 
through activation of the cyclin dependent kinases dictated by the AF-1 domain of AR (Petre 
et al., 2002; Petre-Draviam et al., 2003; Mulholland et al., 2005). Interestingly, stabilization of 
β-catenin induced little change in cyclin D1 expression, although greatly increased the levels 
of c-myc (Gounari et al., 2002; Petre-Draviam et al., 2003; Mulholland et al., 2005). Currently, 
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the relationship between cyclin D1 and β-catenin signaling activity is poorly correlated and 
literature agrees that increased cyclin D1 levels in prostate adenocarcinomas is a rare event 
and is not a clinical predictor of prognosis (Mulholland et al., 2005). On the other hand, 
cyclin D1 has been shown to bind the AR NTD in both ligand dependent and independent 
conditions, to mediate the repression of AR transcriptional activity. This interaction was also 
arbitrated without the requirement of an LXXLL motif (Reutens et al., 2001; Petre et al., 2002; 
Petre-Draviam et al., 2003; Mulholland et al., 2005). To date, cyclin D1 is well recognized as a 
co-repressor of the AR, however, the significance of this negative regulation conferred by 
cyclin D1 remains to be elucidated. 
The crosstalk observed between the AR and Wnt targets, such as cyclin D1, questions 
whether other components of the Wnt/β-catenin pathway influence the oncogenicity of the 
AR. For example, Verras et al., (2004) demonstrated that cultured CaP cell lines activated by 
Wnt3a ligand increased AR transcriptional effects even without androgenic ligands; 
however, this was only observed in AR positive CaP cells. Using a PSA driven promoter 
luciferase assay, LNCaP cells treated with Wnt3a culture medium increased endogenous AR 
mediated transcription from the PSA promoter. Yang et al., (2006) further demonstrated that 
Wnt signaling could also increase AR mRNA expression. The AR gene is a target for Wnt 
signaling as TCF promoter binding elements are present within the AR promoter region. 
Surprisingly, even with greater levels of AR mRNA, the expression of AR protein was much 
reduced. Yang et al., (2006) suggested that the decrease in AR protein was likely associated 
with ubiquitin proteosomal degradation mediated by increased phosphorylation of MDM2 by 
phosphorylated AKT. Alternatively, Schweizer et al., (2008) showed that overexpression of AR 
in the presence of Wnt1 activation in PC-3, CWR22Rv1 and LNCaP led to an increase in 
luciferase reporter activity driven by a LEF-dependent promoter relative to Wnt1 stimulation 
alone. Based on these results, the AR seemed to have the ability to augment Wnt 
transcriptional activity in CaP cells. Treatment with agonists and antagonists of the AR, 
however, inhibited LEF reporter activity even in the presence of Wnt stimulation. Schweizer et 
al., (2008) reasoned that ligand bound AR may lead to interactions with other cofactors within 
the AR pathway thus, reducing the ability of the AR to signal through the Wnt/β-catenin 
pathway. Such cross regulation of the AR and TCF/LEF indicates that the Wnt and AR 
pathway can differentially regulate gene expression programs that can feedback onto each 
other. Moreover, AR signals can be potentiated under androgen ablation by Wnt or AR signal 
activation alone. This raises questions then, to how β-catenin, the common regulator between 
both pathways, contributes and divides its functions between AR and Wnt signaling. 

4.3 β-catenin-TCF-AR axis 
The evidence so far clearly indicates that β-catenin can interact with the AR to shuttle to the 
nucleus and modulate AR ligand specificity and transcriptional function (Truica et al, 2000, 
Chesire et al, 2002, Yang et al, 2002; Mulholland et al, 2002, Pawlowksi et al, 2002). Chesire & 
Isaacs, (2002) went on further to show that AR activity also had consequences for β-
catenin/TCF target gene expression. Co-transfection of a luciferase reporter containing a 
PSA enhancer and probasin promoter (pBK-PSE-PB), and a β-catenin/TCF dependent 
reporter (pOT), demonstrated that AR positive cell lines (CWR22-Rv1 and LAPC-4) 
suppressed β-catenin/TCF signaling (CRT) in the presence of ligand. This was determined 
using a stabilized mutant β-catenin (identified in a hormone refractory patient) that had an 
interstitial deletion (∆24-27) encompassing the entire GSK3β phosphorylation domain. 
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However, androgen induced suppression of CRT did not necessarily correlate with 
increased AR transcriptional activity. In AR dose response assays, CRT decreased as a 
function of total amount of liganded AR and not on AR transcriptional output. For example, 
overexpression of AR in CWR22-Rv1 cells reduced AR transcriptional activity; although the 
interference observed for ligand dependent CRT was more prominent (Chesire & Isaacs, 
2002). Inhibition of CRT was also evident in cells with greater intrinsic CRT activity. Upon 
transient expression of AR and R1881 treatment, CRT in SW480 and HCT-116 (with loss of 
APC and APC mutations, respectively) was still inhibited. Alternatively, inhibition of the 
AR by anti-androgens such as CPA and bicalcutamide alleviated androgen induced CRT 
repression. This suggested that AR mediated suppression of CRT was not dependent on 
cell specific factors (Chesire & Isaacs, 2002). Androgen dependent repression of CRT was 
also observed using a cyclin D1 promoter based luciferase reporter. Treatment of CWR22-
Rv1 cells with AR ligand reduced the induction of cyclin D1 promoter by β-catenin. AR-
negative cells did not have the same response, suggesting that AR expression was 
required for androgen induced CRT suppression (Chesire & Isaacs, 2002). Together with 
the fact that there is AR mediated repression of CRT as well as reduced CRT target gene 
expression of cyclin D1, it is unlikely that concentrations of cyclin D1 required to repress 
the AR during CaP progression would be achieved (Mulholland et al., 2005). Hence, 
negative regulation of cyclin D1 by the AR via the interference of CRT is likely a 
mechanism to counter regulate its co-repressor.  
Co-factors bind liganded AR through the AR LBD, suggesting that β-catenin’s modulatory 
function for AR and CRT activity may occur by the AR’s restriction on TCF’s access to β-
catenin (Chesire & Isaacs, 2002). Using an AR expression construct deleted in its DBD (∆538-
614), Chesire & Isaacs, (2002) postulated that a mutant AR limited in its target gene 
expression capacity could retain its ability to bind to β-catenin through the LBD and inhibit 
CRT independent of AR target gene transcription. Despite the fact that previous studies 
demonstrated AR LBD alone was sufficient for β-catenin binding, Chesire & Isaacs, (2002) 
found that only the wildtype AR reduced CRT when compared to the mutant AR (∆538-
614). This was consistent with the fact that AR gene expression was not required for CRT 
interference. Further investigation showed that androgen dependent suppression of CRT 
was abolished with the overexpression of Tcf-4. Removing the N-terminal (∆N) and HMG 
DNA binding domain (∆HMG) of Tcf-4 (β-catenin and DNA binding sites, respectively) 
reduced the inhibition of CRT much less than wildtype Tcf-4. The Tcf-4 ∆N∆HMG double 
mutant was also unable to inhibit ligand dependent repression of CRT by the AR. Ectopic 
expression of Lef-1 conciliated AR signaling and potentiated CRT activity. This ultimately 
suggested that disruption of the AR-CRT equilibrium in CaP was likely due to a competition 
between Tcf-4 and AR for β-catenin.  
In order to establish the mechanism by which this competition was occurring, Chesire & 
Isaacs, (2002) further evaluated the effects of Tcf-4 on AR transcription. Full length, ∆N, 
and/or ∆HMG constructs of Tcf-4 (which all fail to bind β-catenin) were able to impede AR 
activation of the pBK-PSE-PB promoter and block R1881 induced AR activity. Chesire & 
Isaacs, (2002) suggested that AR transcription by Tcf-4 likely did not involve decreased β-
catenin access by TCF itself. It was more likely that CRT suppression was rather a 
consequence of the competition for β-catenin rather than AR target gene expression. 
Mulholland et al., (2003) lends further support to this hypothesis through the use of 
transcriptional reporter assays which demonstrated that wildtype TCF reduced the activity 
of AR (ARR3-Luc)-responsive reporter, while the ∆N TCF mutant did not have such an 
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effect. Alternatively, when PC-3 cells were co-transfected with NTD/DBD or LBD/DBD AR 
deletion mutants and a TCF promoter luciferase reporter construct, TOPflash, the 
LBD/DBD mutants were capable of repressing TOPflash luciferase activity in the presence 
of DHT, while the NT/DBD mutant was not able to do so. TOPflash activity was repressed 
in a dose dependent manner and alternatively, Casodex was able to alleviate this repression. 
Thus, the LBD but not the NTD is required for TCF repression. Mulholland et al., (2003) 
went further to show that there was co-localization of TCF and AR within the nucleus. 
Using deconvolution microscopy, co-transfection of HcRed-Tcf and AR-EGFP constructs in 
LNCaP, SW480, and PC3, resulted in partial colocalization of Tcf and AR in the presence of 
DHT. In addition, co-expression of β-catenin-EGFP constructs with HcRed-AR or HcRed-
TCF in LNCaP cells demonstrated a reduced colocalization of β-catenin with TCF upon 
treatment of DHT and correspondingly, increased colocalization of β-catenin and the AR; in 
the absence of DHT there was an increased colocalization of β-catenin with TCF. This 
suggested that β-catenin had the ability to shuttle between the AR and TCF androgen 
dependently (Mulholland et al., 2003). Treatment with Casodex reduced AR mediated 
depletion of TCF-β-catenin interaction and diminished androgen sensitive co-
immunoprecipitation of endogenous AR and β-catenin (Mulholland et al., 2003). 
It has been previously shown that steroid hormone receptor binding can be enhanced by an 
HMG DBD (Amir et al., 2003). For example, Yuan et al., (2001) determined that the AR can 
interact with sequence specific HMG box transcription factor SRY, a member of the SOX 
family of HMG proteins. Likewise, Tcf-4 is a sequence specific HMG transcription factor. 
Amir et al., (2003) demonstrated a direct interaction between Tcf-4 and AR via the AR DBD, 
independent of β-catenin. Using a glutathione-S-transferase (GST) fusion protein pull-down 
experiments, Amir et al., (2003) showed that 35S-labeled Tcf-4 bound specifically to the GST-
AR-DBD (aa 556-628) fusion protein (deleted in both the AR NTD and LBD). Tcf-4 did not 
bind the the AR hinge region (aa 634-668). Alternatively, Amir et al., (2003) confirmed that 
Tcf-4 repression of AR transcriptional activity was independent of β-catentin. They 
hypothesized that Tcf-4 repression of AR signaling may be due to the sequestration of β-
catenin rather than a direct AR-Tcf-4 interaction. However, co-transfection of CV-1 (AR null) 
with AR expression vector, pSVARo, ARE4-Luciferase reporter, and, β-catenin and Tcf-4 
expression vectors only resulted in a partial reversal of Tcf-4 mediated repression of AR 
transcriptional activity relative to Tcf-4 expression alone. This was despite the fact that 
quantities of β-catenin transfected into the CV-1 cells could readily enhance AR activity. In 
order to confirm that the results observed were mediated by direct Tcf-4 and AR DBD 
interaction and not due to AR-β-catenin interactions, CV-1 cells were co-transfected with a 
VP16-AR DBD (aa 501-660) fusion protein and Tcf-4. Similar to wildtype AR the VP16-AR-
DBD (aa 501-660) could be repressed by Tcf-4. This supported that AR transcriptional 
activity was not due to any negative effects of AR-β-catenin binding and was directly a 
result of an interaction between Tcf-4 and the AR. The fact that β-catenin could only 
partially reverse Tcf-4 mediated AR transcriptional activity suggested that β-catenin may 
lack the ability to displace a co-repressor. Co-repressor activity of Grouch/TLE proteins 
have been well recognized to repress Tcf-4 mediated signaling. Previously, it has been 
demonstrated that Groucho/TLE could bind the AR N-terminus and decrease AR 
transcriptional activity (Shroder, 1993; Amir et al., 2003). The limited capacity of β-catenin to 
alleviate Tcf-4 repression may possibly be due to its inability to compete with AR-Tcf-4-
Groucho/TLE complexes (Amir et al., 2003). 
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However, androgen induced suppression of CRT did not necessarily correlate with 
increased AR transcriptional activity. In AR dose response assays, CRT decreased as a 
function of total amount of liganded AR and not on AR transcriptional output. For example, 
overexpression of AR in CWR22-Rv1 cells reduced AR transcriptional activity; although the 
interference observed for ligand dependent CRT was more prominent (Chesire & Isaacs, 
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transient expression of AR and R1881 treatment, CRT in SW480 and HCT-116 (with loss of 
APC and APC mutations, respectively) was still inhibited. Alternatively, inhibition of the 
AR by anti-androgens such as CPA and bicalcutamide alleviated androgen induced CRT 
repression. This suggested that AR mediated suppression of CRT was not dependent on 
cell specific factors (Chesire & Isaacs, 2002). Androgen dependent repression of CRT was 
also observed using a cyclin D1 promoter based luciferase reporter. Treatment of CWR22-
Rv1 cells with AR ligand reduced the induction of cyclin D1 promoter by β-catenin. AR-
negative cells did not have the same response, suggesting that AR expression was 
required for androgen induced CRT suppression (Chesire & Isaacs, 2002). Together with 
the fact that there is AR mediated repression of CRT as well as reduced CRT target gene 
expression of cyclin D1, it is unlikely that concentrations of cyclin D1 required to repress 
the AR during CaP progression would be achieved (Mulholland et al., 2005). Hence, 
negative regulation of cyclin D1 by the AR via the interference of CRT is likely a 
mechanism to counter regulate its co-repressor.  
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function for AR and CRT activity may occur by the AR’s restriction on TCF’s access to β-
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expression capacity could retain its ability to bind to β-catenin through the LBD and inhibit 
CRT independent of AR target gene transcription. Despite the fact that previous studies 
demonstrated AR LBD alone was sufficient for β-catenin binding, Chesire & Isaacs, (2002) 
found that only the wildtype AR reduced CRT when compared to the mutant AR (∆538-
614). This was consistent with the fact that AR gene expression was not required for CRT 
interference. Further investigation showed that androgen dependent suppression of CRT 
was abolished with the overexpression of Tcf-4. Removing the N-terminal (∆N) and HMG 
DNA binding domain (∆HMG) of Tcf-4 (β-catenin and DNA binding sites, respectively) 
reduced the inhibition of CRT much less than wildtype Tcf-4. The Tcf-4 ∆N∆HMG double 
mutant was also unable to inhibit ligand dependent repression of CRT by the AR. Ectopic 
expression of Lef-1 conciliated AR signaling and potentiated CRT activity. This ultimately 
suggested that disruption of the AR-CRT equilibrium in CaP was likely due to a competition 
between Tcf-4 and AR for β-catenin.  
In order to establish the mechanism by which this competition was occurring, Chesire & 
Isaacs, (2002) further evaluated the effects of Tcf-4 on AR transcription. Full length, ∆N, 
and/or ∆HMG constructs of Tcf-4 (which all fail to bind β-catenin) were able to impede AR 
activation of the pBK-PSE-PB promoter and block R1881 induced AR activity. Chesire & 
Isaacs, (2002) suggested that AR transcription by Tcf-4 likely did not involve decreased β-
catenin access by TCF itself. It was more likely that CRT suppression was rather a 
consequence of the competition for β-catenin rather than AR target gene expression. 
Mulholland et al., (2003) lends further support to this hypothesis through the use of 
transcriptional reporter assays which demonstrated that wildtype TCF reduced the activity 
of AR (ARR3-Luc)-responsive reporter, while the ∆N TCF mutant did not have such an 
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effect. Alternatively, when PC-3 cells were co-transfected with NTD/DBD or LBD/DBD AR 
deletion mutants and a TCF promoter luciferase reporter construct, TOPflash, the 
LBD/DBD mutants were capable of repressing TOPflash luciferase activity in the presence 
of DHT, while the NT/DBD mutant was not able to do so. TOPflash activity was repressed 
in a dose dependent manner and alternatively, Casodex was able to alleviate this repression. 
Thus, the LBD but not the NTD is required for TCF repression. Mulholland et al., (2003) 
went further to show that there was co-localization of TCF and AR within the nucleus. 
Using deconvolution microscopy, co-transfection of HcRed-Tcf and AR-EGFP constructs in 
LNCaP, SW480, and PC3, resulted in partial colocalization of Tcf and AR in the presence of 
DHT. In addition, co-expression of β-catenin-EGFP constructs with HcRed-AR or HcRed-
TCF in LNCaP cells demonstrated a reduced colocalization of β-catenin with TCF upon 
treatment of DHT and correspondingly, increased colocalization of β-catenin and the AR; in 
the absence of DHT there was an increased colocalization of β-catenin with TCF. This 
suggested that β-catenin had the ability to shuttle between the AR and TCF androgen 
dependently (Mulholland et al., 2003). Treatment with Casodex reduced AR mediated 
depletion of TCF-β-catenin interaction and diminished androgen sensitive co-
immunoprecipitation of endogenous AR and β-catenin (Mulholland et al., 2003). 
It has been previously shown that steroid hormone receptor binding can be enhanced by an 
HMG DBD (Amir et al., 2003). For example, Yuan et al., (2001) determined that the AR can 
interact with sequence specific HMG box transcription factor SRY, a member of the SOX 
family of HMG proteins. Likewise, Tcf-4 is a sequence specific HMG transcription factor. 
Amir et al., (2003) demonstrated a direct interaction between Tcf-4 and AR via the AR DBD, 
independent of β-catenin. Using a glutathione-S-transferase (GST) fusion protein pull-down 
experiments, Amir et al., (2003) showed that 35S-labeled Tcf-4 bound specifically to the GST-
AR-DBD (aa 556-628) fusion protein (deleted in both the AR NTD and LBD). Tcf-4 did not 
bind the the AR hinge region (aa 634-668). Alternatively, Amir et al., (2003) confirmed that 
Tcf-4 repression of AR transcriptional activity was independent of β-catentin. They 
hypothesized that Tcf-4 repression of AR signaling may be due to the sequestration of β-
catenin rather than a direct AR-Tcf-4 interaction. However, co-transfection of CV-1 (AR null) 
with AR expression vector, pSVARo, ARE4-Luciferase reporter, and, β-catenin and Tcf-4 
expression vectors only resulted in a partial reversal of Tcf-4 mediated repression of AR 
transcriptional activity relative to Tcf-4 expression alone. This was despite the fact that 
quantities of β-catenin transfected into the CV-1 cells could readily enhance AR activity. In 
order to confirm that the results observed were mediated by direct Tcf-4 and AR DBD 
interaction and not due to AR-β-catenin interactions, CV-1 cells were co-transfected with a 
VP16-AR DBD (aa 501-660) fusion protein and Tcf-4. Similar to wildtype AR the VP16-AR-
DBD (aa 501-660) could be repressed by Tcf-4. This supported that AR transcriptional 
activity was not due to any negative effects of AR-β-catenin binding and was directly a 
result of an interaction between Tcf-4 and the AR. The fact that β-catenin could only 
partially reverse Tcf-4 mediated AR transcriptional activity suggested that β-catenin may 
lack the ability to displace a co-repressor. Co-repressor activity of Grouch/TLE proteins 
have been well recognized to repress Tcf-4 mediated signaling. Previously, it has been 
demonstrated that Groucho/TLE could bind the AR N-terminus and decrease AR 
transcriptional activity (Shroder, 1993; Amir et al., 2003). The limited capacity of β-catenin to 
alleviate Tcf-4 repression may possibly be due to its inability to compete with AR-Tcf-4-
Groucho/TLE complexes (Amir et al., 2003). 



 
Prostate Cancer – From Bench to Bedside 

 

348 

Alterntively, Amir et al., (2003) went on to show that TCF could recruit β-catenin to the AR 
in the absence of the AR LBD. Tcf-4 binds β-catenin at its N-terminus leaving the C-terminal 
HMG domain free for AR binding. Thus, Amir et al., (2003) reasoned that Tcf-4 may serve to 
recruit β-catenin to the Tcf-4-AR complex. First, Amir et al., (2003) confirmed that β-catenin 
alone did not bind GST-AR-DBD. This was not surprising as it has consistently been shown 
that β-catenin binds to the AR LBD. Interestingly, upon co-incubation of both β-catenin and 
Tcf-4 with GST-AR DBD (aa 556-628), co-immunoprecipitation studies demonstrated an 
increase in β-catenin interaction with Tcf-4-GST-AR DBD (aa 556-628) complexes. Thus, the 
two β-catenin binding sites within AR-Tcf-4 complex serves as a sensitive target for β-
catenin mediated transcriptional activation and also provides co-operative regulatory 
control over both AR and Wnt target genes (Amir et al., 2003).  
The evidence for the TCF-β-catenin-AR axis is still at its infancy. However, studies strongly 
support the cross regulatory mechanisms that are in play between β-catenin, TCF, and AR 
during CaP progression. The abovementioned reports suggest that β-catenin can shift its 
attention between AR and TCF in an androgen dependent manner in addition to 
modulating AR ligand specificity, sensitivity, and transcriptional activity. Additionally, the 
fact that there is direct competition for β-catenin by TCF and AR transcriptional machinery 
further adds to the complexity of the AR-β-catenin axis and introduces another contributing 
factor for β-catenin mediated regulation of Wnt and AR signaling in CaP progression.  

4.4 β-catenin-PI3K-AR axis 
The Phosphatidylinositol-3 Kinase (PI3K) and Wnt pathway have both been implicated in 
the progression of CaP. Specifically, there is interplay between these two pathways through 
the common factor, GSK3β. Moreover, the loss of the tumor suppressor and negative 
regulator of the PI3K pathway, PTEN is a common occurrance in CaP causing the 
constitutive activation of the PI3K pathway. Consequently, there is an increased activation 
of the end effector protein, AKT, through its phosphorylation at key serine and threonine 
residues. Excessive activation of AKT results in increased cell growth, cell survival and 
inhibition to apoptosis. AKT has many substrates, however, for the purposes of this review 
we will focus on GSK3β. Activation of AKT leads to the inhibition of GSK3β through its 
phosphorylation at Ser9 resulting in the subsequent accumulation of β-catenin. In effect, the 
association between AKT-GSK3β and GSK3β-β-catenin bring the PI3K and Wnt pathways, 
respectively, at a junction where β-catenin’s stability and nuclear availability for AR 
transactivation may be regulated.  
Many cell lines of metastatic (LNCaP, PC-3) or AI (22RV-1) CaP have highly active 
PI3K/AKT activity which has also been correlated with a increased Gleason grade 
(Mulholland et al., 2006). To further elucidate the role of the PI3K pathway in CaP 
progression, Sharma et al., (2002) demonstrated that the inhibition of the PI3K pathway by 
LY294002 inhibited AR transactivation of the PSA gene in LNCaP cells. As expected, 
phosphorylation of GSK3β was reduced and nuclear levels of β-catenin correspondingly 
decreased 2-3 fold upon LY294002 treatment. Co-expression of a dominantly active AKT 
reversed this inhibition of AR activity. This suggested that repression of AR activity by 
LY294002 was through the inhibition of PI3K and the subsequent inactivation of AKT 
activity (Sharma et al, 2002). To confirm that LY294002 mediated repression was through 
GSK3β, Sharma et al., (2002) used a wildtype β-catenin or a β-catenin mutant containing a 
point mutation within the N-terminal GSK3β phosphorylation site, to demonstrate that AR 
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transcriptional expression was only reduced by LY294002 for wildtype β-catenin and not for 
the β-catenin mutant. Since this mutant was void of a GSK3β binding site, the results from 
this study suggested that GSK3β was involved in β-catenin regulation of AR activity 
through the PI3K pathway (Sharma et al., 2002).  
GSK3β is ubiquitously expressed within CaP cells, including LNCaP, PC-3 and DU145 
(Wang et al., 2004). Wang et al., (2004) showed that GSK3β could regulate the AR through its 
phosphorylation. Using purified GST tagged AR N-terminal (aa 38-560), GST-AR DBD-LBD 
(aa 551-918) and His6-AR LBD (aa 666-918), Wang et al., (2004) demonstrated that GSK3β 
significantly phosphorylated the AR N-terminal (aa 38-560), while only slightly 
phosphorylating the DBD-LBD and LBD fragments. Furthermore, the presence of GSK3β 
inhibited GAL4-AR-N-terminal transcriptional response to a luciferase reporter (pG5-Luc) but 
did not do so for the GAL4-AR LBD which contained the AF2 domain. This suggested that the 
inhibition of AR transactivation by GSK3β was likely mediated by the NTD AF1 domain.  
In order to confirm GSK3β’s regulatory role on the AR, Wang et al., (2004) examined AR 
activity in LNCaP cells transfected with an androgen responsive luciferase reporter (MMTV-
Luc) and wildtype GSK3β. The addition of GSK3β reduced AR activity in a dose dependent 
manner which was then alleviated by lithium chloride (LiCl) treatment (an inhibitor of 
GSK3β) (Wang et al., 2004). The physical association of GSK3β to the AR was shown 
through GST pull down assays which demonstrated that the GSK3β interacting domain 
within the AR was on both the AR NTD and CTD (Wang et al., 2004, Wang et al., 2006). 
Thus, these results suggested that GSK3β mediates its inhibitory effects by phosphorylating 
the AR to diminish the interaction between the NTD and CTD, which is necessary for AR 
transcriptional activity (Salas et al., 2004; Wang et al, 2004; Mulholland et al., 2001).  
Tyrosine 216 (Tyr216) phosphorylation of GSK3β is an activating modification that was 
found to be increased upon androgen stimulation (Liao et al., 2003). Phosphorylation of 
Tyr216 was inhibited by bicalutamide or by LY294002 suggesting that the PI3K pathway 
was required for androgen induced GSK3β Tyr216 phosphorylation (Salas et al., 2003). 
Moreover, the distribution of GSK3β was also dependent on its phosphorylation status. 
Using GSK3β mutants, Y216F and a GSK3β deleted at its first nine amino acids (GSK3β∆9), 
the Y216F mutant was predominantly found in the cytoplasm while the GSK3β∆9 was more 
dominant in the nucleus and able to co-localize with the AR in the presence of the 
androgens. The accumulation of the GSK3β∆9 was also associated with the suppression of 
AR mediated transcription which was thought to be due to the elevated phosphorylation of 
the AR by GSK3β (Salas et al., 2003). Salas et al., (2003) went further to show that the AR and 
GSK3β were capable of co-localizing in the nucleus using immunohistochemical analysis 
which supported the physical interaction between these two molecules.  
In contrast, some studies have reported that GSK3β was necessary for AR mediated gene 
expression rather than its inhibition (Liao et al., 2003; Mazor et al., 2004). Using a PSA- SEAP 
reporter (androgen responsive secreted alkaline phosphatase reporter; described in Ref.24 of 
Liao et al., 2003) transfected into LNCaP cells (known to have inactivated GSK3β due to Ser9 
phosphorylation) treated with LiCl in the presence or absence of R1881 agonist, Liao et al., 
(2003) demonstrated that LiCl abolished androgen dependent PSA-SEAP activity; this was 
also evident for cells treated with PI3K inhibitor LY294002. Furthermore, LiCl treatment on 
LAPC-4 cell line (containing wildtype AR and PTEN) dramatically suppressed PSA 
expression in the presence of R1881 (Liao et al., 2003). This effect was further confirmed with 
siRNA knockdown of GSK3β gene. Mazor et al., (2004) also supports this hypothesis by 
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progression, Sharma et al., (2002) demonstrated that the inhibition of the PI3K pathway by 
LY294002 inhibited AR transactivation of the PSA gene in LNCaP cells. As expected, 
phosphorylation of GSK3β was reduced and nuclear levels of β-catenin correspondingly 
decreased 2-3 fold upon LY294002 treatment. Co-expression of a dominantly active AKT 
reversed this inhibition of AR activity. This suggested that repression of AR activity by 
LY294002 was through the inhibition of PI3K and the subsequent inactivation of AKT 
activity (Sharma et al, 2002). To confirm that LY294002 mediated repression was through 
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transcriptional expression was only reduced by LY294002 for wildtype β-catenin and not for 
the β-catenin mutant. Since this mutant was void of a GSK3β binding site, the results from 
this study suggested that GSK3β was involved in β-catenin regulation of AR activity 
through the PI3K pathway (Sharma et al., 2002).  
GSK3β is ubiquitously expressed within CaP cells, including LNCaP, PC-3 and DU145 
(Wang et al., 2004). Wang et al., (2004) showed that GSK3β could regulate the AR through its 
phosphorylation. Using purified GST tagged AR N-terminal (aa 38-560), GST-AR DBD-LBD 
(aa 551-918) and His6-AR LBD (aa 666-918), Wang et al., (2004) demonstrated that GSK3β 
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Tyr216 was inhibited by bicalutamide or by LY294002 suggesting that the PI3K pathway 
was required for androgen induced GSK3β Tyr216 phosphorylation (Salas et al., 2003). 
Moreover, the distribution of GSK3β was also dependent on its phosphorylation status. 
Using GSK3β mutants, Y216F and a GSK3β deleted at its first nine amino acids (GSK3β∆9), 
the Y216F mutant was predominantly found in the cytoplasm while the GSK3β∆9 was more 
dominant in the nucleus and able to co-localize with the AR in the presence of the 
androgens. The accumulation of the GSK3β∆9 was also associated with the suppression of 
AR mediated transcription which was thought to be due to the elevated phosphorylation of 
the AR by GSK3β (Salas et al., 2003). Salas et al., (2003) went further to show that the AR and 
GSK3β were capable of co-localizing in the nucleus using immunohistochemical analysis 
which supported the physical interaction between these two molecules.  
In contrast, some studies have reported that GSK3β was necessary for AR mediated gene 
expression rather than its inhibition (Liao et al., 2003; Mazor et al., 2004). Using a PSA- SEAP 
reporter (androgen responsive secreted alkaline phosphatase reporter; described in Ref.24 of 
Liao et al., 2003) transfected into LNCaP cells (known to have inactivated GSK3β due to Ser9 
phosphorylation) treated with LiCl in the presence or absence of R1881 agonist, Liao et al., 
(2003) demonstrated that LiCl abolished androgen dependent PSA-SEAP activity; this was 
also evident for cells treated with PI3K inhibitor LY294002. Furthermore, LiCl treatment on 
LAPC-4 cell line (containing wildtype AR and PTEN) dramatically suppressed PSA 
expression in the presence of R1881 (Liao et al., 2003). This effect was further confirmed with 
siRNA knockdown of GSK3β gene. Mazor et al., (2004) also supports this hypothesis by 
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demonstrating that overexpression of GSK3β in LNCaP cells increased AR transcriptional 
activity. Interestingly, there was a decrease in AR protein levels upon GSK3β inhibition 
(Mazor et al., 2004). Mazor et al., (2004) suggested that GSK3β’s ability to phosphorylate AR 
may also increase AR stability as GSK3β has been shown to regulate the stability of many 
proteins such as Axin, and β-catenin.  
Clearly there is evidence supporting PI3K/AKT/GSK3β role in AR transactivation, 
however, the mechanism of GSK3β activity through this pathway in CaP progression still 
remains elusive and conflicting. Mulholland et al., (2006) comments on this paradoxical 
effect and postulates that it is likely that basal activity of GSK3β is required for AR function 
and any increase in GSK3β activity such as the case for phosphorylated Tyr216, may result 
in decreased AR function directly through AR phosphorylation or indirectly by influencing 
β-catenin stabilization.  

5. Current therapy, implications and future directions 
The reciprocal interactions and interplay between the AR/Wnt-β-catenin axis suggests that 
the underlying mechanism potentiating CaP progression is complex and impacts the very 
balance of these prosurvival pathways. Current literature shows that there is indeed 
crosstalk between the AR and Wnt pathway occuring at various levels: a) Wnt ligands 
transactivate the AR, b) β-catenin interacts with the AR to increase AR mediated 
transcriptional activity, c) GSK3β negatively regulates AR transcription through the PI3K 
pathway, d) cyclin D1 (TCF/LEF target gene) can interact with AR to inhibit AR 
transcriptional activity, and e) competition for β-catenin occurs between AR and TCF/LEF 
(summarized in Wang et al., 2008). The integration of these oncogenic pathways potentiates 
the progression from AD-CaP to AI-CaP whereby cell growth and survival, in part, hinges 
on the availability of β-catenin. Furthermore, the modulatory role of β-catenin on AR 
expression and transactivation, and ligand specificity and sensitivity, suggests that β-catenin 
works through a range of intensities. Accordingly, the design of future therapeutic strategies 
will require the dynamic interplay between AR and β-catenin to be addressed.  
The transition from AD-CaP to AI-CaP in prostate carcinogenesis provides major clinical 
challenges. Androgen ablation and/or anti-androgen therapies are only temporarily 
effective. Such therapies yield a hormone refractory tumor that is essentially untreatable 
with the most effective standard chemotherapeutic regimens only increasing patient 
survival for 2 months (Shen & Shen, 2010). The recent developments on β-catenin’s 
regulatory function in altering the structural intergrity of the AR poses a dilemma for anti-
androgens (Eg. bicalutamide, flutamide and CPA) as these agents lose their efficacy in the 
presence of β-catenin’s modulatory effects. Moreover, the ability of β-catenin/Wnt pathway 
to synergistically heighten AR signaling together with non-genomic cross talk between other 
pro-survival factors make targetable areas for therapy difficult. Future therapies will have to 
be evaluated according to tumour type and be individualized to specific alterations that 
occur during CaP progression (Ewan & Dale, 2008). Specifically, putative chemotherapeutic 
agents that inhibit the shuttling of β-catenin into the nucleus (Yardy & Brewster, 2005) or 
those that abolish potential oncogenic AR/β-catenin interactions such as inhibitors that 
target AR LBD or the first six armadillo repeats may be effective (Mulholland et al, 2005). 
Furthermore, inhibition of upstream Wnt or PI3K signaling may pose a viable option 
(Mulholland et al, 2005). The caveat for such therapeutic designs is that the Wnt pathway is 
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important for normal cell renewal; therefore, the goal is to balance therapeutic effects with 
minimal harm to cellular homeostasis (Ewan & Dale, 2008).  
The oncogenic role of the Wnt/β-catenin pathway in CaP progression is clearly evident. 
However, the mechanisms underlying the interplay between Wnt and AR signaling still 
remains unclear. Therefore, understanding how β-catenin-AR-TCF interaction and Wnt-AR 
crosstalk are regulated in CaP progression will provide a means to elucidate the 
complexities and contexts of AI disease that are necessary for successful therapeutic 
intervention.  
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1. Introduction 
In prostate cancer patients, the use of hormonal-deprivation (HD) therapies, such as the 
gonadotrophin-releasing hormone analogues (GnRHa) or luteinizing hormone releasing 
hormone analogues (LHRHa), antiandrogens, or bilateral orchiectomy, induces a range of 
hormone-related symptoms. Hot flashes (HF) are one of most common and distressing 
symptoms that can occur. Other signs and symptoms caused by estrogen and androgen 
deprivation are metabolic syndrome, increased cardiovascular risk, loss of libido, erectile 
dysfunction, accelerated osteopenia/osteoporosis, increased bone fractures, neurocognitive 
dysfunction, weight gain, decreased muscle mass, etc. 
Since the pioneering studies by Huggins and Hodges (Huggins & Hodges, 1941), hormonal 
manipulation in which tumor cells are deprived of hormonal steroids has gained increasing 
relevance in the treatment of some types of cancer. They reported episodes of HF in 9 of 21 
castrated patients 2 to 3 weeks after surgery (Huggins & Hodges, 1941). 
Surgical castration, the most commonly used procedure to obtain HD a few years ago, has 
been gradually replaced by medical castration with the addition of LHRHa. After 
orchiectomy, approximately 50% of the patients experienced HF within months (Charig & 
Rundle, 1989; Maatman et al., 1985; Aksel et al., 1976; Buchholz & Matarelli, 1994).  
The incidence of HF is 60-75% with the use of LHRHa (Harvey et al., 1985; Leuprolide Study 
Group, 1984; Sarosdy et al., 1999; Parmar et al., 1987). The reason why this incidence rate is 
higher than that observed with surgical removal is not well understood. As is the case with 
orchiectomy, HF occur over several months and may persist, although with less intensity, 
for many years. 
Hot flashes are a major clinical problem in many cancer patients undergoing HD (Charig & 
Rundle, 1989; Nishiyama et al., 2004; J. S. Carpenter et al., 2004), as demonstrated by the 
quality of life studies. 
While HF are not considered a serious adverse effect, their frequency and severity may be 
bothersome and can impair patients’ quality of life. Thus we need to understand the 
mechanism of hot flashes and use this information to develop patient-tailored therapies to 
address these symptoms.  
The purpose of this chapter is to discuss theories, to observe how they are reflected in the 
pathophysiology of HF, and to describe current treatments. 

2. Pathophysiology  
Hot flashes are characterized by a subjective sensation of heat perceived mainly in the upper 
part of the chest, followed by excessive perspiration. The major symptom is the subjective 
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feeling of heat which may last several (4 to 10) minutes, and may be associated with other 
clinical complaints such as anxiety, irritability, palpitations, blushing, panic, and a sensation 
of loss of control, along with significant physical and emotional distress (Albertazzi, 2006). 
A mean rise of 0.9º C in body temperature is detected between 7 and 20 minutes before the 
hot flashes, with an ensuing increase in both the energy expenditure and the respiratory 
quotient (J. S. Carpenter et al., 2004).  
Generalized peripheral vasodilatation typically appears within the first seconds of the 
episode (Molnar, 1975; F. L. Kronenberg et al., 1984). In addition, an increase in sweating 
and electric conductance are observed, with a strong correlation between both parameters 
(Molnar, 1975). During a HF a 30-second rise of 2-S in skin conductance occurs (Robert R 
Freedman, 2005; J. S. Carpenter et al., 1999). Independently of the patient’s perception, the 
measurement of skin conductance might be used for the clinical monitoring of HF, since it 
can be recorded on an outpatient basis by means of a Holter-like system. In such cases, a 
close correlation exists between these recordings and those obtained from daily data-
collection questionnaires (Robert R Freedman, 2005; J. S. Carpenter et al., 1999).  
There are many hypotheses about the mechanism of HF (Figure 1). We will proceed to 
explain the most important ones. 
 

 

 
Fig. 1. Different hypotheses on the mechanism of hot flashes  

2.1 Gonadal hypothesis 
Since HF are commonly associated with orchiectomy in men and with menopause and 
ovarian failure in women, it may be assumed that they are causally related to low sex 
hormone levels.  
It is necessary to remember that estrogens come from androgens. Aromatase cytochrome 
P450 is the enzyme that is responsible for estradiol biosynthesis from testosterone. 
The hormone deprivation theory applied to prostate and breast carcinoma patients seems 
appealing and is based on the occurrence of HF following both medical and surgical 
castration. The responses to hormone replacement therapy and the effects following its 
withdrawal further support this hypothesis. However, an argument against this hypothesis 
is the absence of HF in patients with congenital hypogonadism (Turner and Kallman 
syndromes) as well as in prepubertal children (Kouriefs et al., 2002). These scenarios suggest 
that HF result from the dynamic reduction or sudden deprivation of sex hormones rather 
than their absolute plasma concentration. The Dynamic hypothesis is currently the most 
widely accepted theory (Kouriefs et al., 2002). 
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2.2 Pituitary hypothesis 
In 1976, Alksel (Aksel et al., 1976) argued against the deprivation hypotheses. After 
suggesting that HF occurred due to a rise in gonadotrophin levels, he postulated a pituitary 
rather than a gonadal cause for this phenomenon. His theory is supported by studies 
performed on premenopausal women in whom a correlation was found between HF and 
the levels of both luteinizing hormone (LH) and follicle-stimulating hormone (FSH) 
(Melldrum et al., 1984). Casper (Casper et al., 1979) and Tataryn (Tataryn et al., 1979) 

demonstrated a synchrony between LH peaks and HF, which led them to propose a 
pulsating hypothesis. However, it must be noted that LH surges are not consistently 
associated with HF, although all hot flash episodes do coincide with an LH peak. 

2.3 Hypothalamic hypothesis 
In postmenopausal women, no correlation has been seen between gonatropin levels and HF 
(Linsell & Lightman, 1983). Also to be noted is the absence of HF in patients with Klinefelter 
syndrome in whom constitutively high gonadotrophin levels are found, and in other treated 
patients with high induced gonadotrophin levels (such as those used in ovulation-inducing 
protocols). HF does appear, however, after a hypophysectomy and during the LHRHa 
therapy for prostate cancer.  
As a result of these findings, many investigators have suggested a potential role for the 
hypothalamus in the pathophysiology of HF (Kouriefs et al., 2002).  
The similarities between HF and adrenergic symptoms have led to theories regarding the 
potential involvement of catecholamines (Albertazzi, 2006) in the hypothalamic hypothesis. 
After failing to show a correlation between HF and peripheral catecholamine levels, Casper 
(Casper et al., 1979) postulated the involvement of central pathways. On the other hand, 
some evidence points to noradrenaline (NA) as the hypothalamic neurotransmitter 
responsible for HF. Animal experiments have shown that the intrahypothalamic 
administration of NA affected thermoregulation (Albertazzi, 2006). Furthermore, high 
peripheral concentrations of MHPG (3-methoxy-4-hydroxiphenylglycol) — the major brain 
NA metabolite— during HF were found, while no changes in VMA (vanilmandelic acid) —a 
peripherally produced NA metabolite— were seen (R R Freedman, 2001).  
Additional evidence to support this catecholaminic hypothesis (Figure 1) is the finding that 
the administration of yohimbine (an α2-adrenergic antagonist) to symptomatic women 
increases hypothalamic NA concentrations and induces HF that subside after administration 
of clonidine (an α2-agonist) (R R Freedman et al., 1990). The increased sympathetic 
activation, mediated by the α2-adrenergic receptor, plays a major role in the occurrence of 
HF. Since α2 receptors are modulated by estrogens, abrupt estrogen deprivation is likely to 
contribute to the development of HF via this pathway (Etgen et al., 2001). Exposure to high 
temperatures and hot drinks generates a reduction in the number of α2 receptors, which is 
followed by a further release of additional amounts of NA and the appearance of HF 
(Kouriefs et al., 2002).  
On the other hand, the hypothalamic thermoregulatory center is anatomically very close to 
the LHRH producing center (de Boer et al., 2009). (Figure 2)  
Increases in hypothalamic NA caused by HD are thus likely to both stimulate LHRH 
producing neurons and activate the heat-losing mechanisms controlled by the adjacent 
thermoregulatory center (R R Freedman & Krell, 1999; Dacks & Rance, 2010). It has also been 
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followed by a further release of additional amounts of NA and the appearance of HF 
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the LHRH producing center (de Boer et al., 2009). (Figure 2)  
Increases in hypothalamic NA caused by HD are thus likely to both stimulate LHRH 
producing neurons and activate the heat-losing mechanisms controlled by the adjacent 
thermoregulatory center (R R Freedman & Krell, 1999; Dacks & Rance, 2010). It has also been 
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observed that high NA levels trigger HF by lowering the sweat-flash threshold in 
symptomatic postmenopausal women (Albertazzi, 2006).  
The relation between sex steroids and hypothalamic cathecolamines remains unclear. The 
catecholestrogen (2-hydroxiestrogen) theory is based on the fact that the chemical structure 
of catecholestrogens, the most common estrogen metabolites, is similar to that of 
catecholamines (Paul & Axelrod, 1977).  
 
 
 

 
 

Fig. 2. Direct effect of noradrenaline on hypothalamic nucleus to trigger hot flash 
mechanism  

Hypothalamic catecholestrogen concentrations are ten times greater than those of estrogens. 
Catecholestrogens act on the enzymes catecholmethyltranspherase and tyrosinhydroxilase 
which, in turn, influence the synthesis and breakdown of catecholamines, thus reducing NA 
levels. Therefore, low hypothalamic catecholestrogen concentrations will result in an 
increase of NA levels and the onset of HF. (Figure 3) 
Opioids are also implicated in the pathogenesis of HF. Stubbs et al. (Stubbs et al., 1978) 
induced HF with the administration of opioids to healthy volunteers. Naloxone, an opioid 
antagonist, causes vasomotor symptoms when administered to opioid-dependent animals 
(Tulandi et al., 1985). Sex steroids induce the hypothalamic production of β-endorphins, 
which are endogenous hypothalamic opioids that inhibit catecholamine synthesis by 
reducing the activity of the estrogen-2-hydroxilase (Fishman et al., 1980). Peripheral sex 
hormones promote the formation of catecholestrogens as well, which in turn block the 
hypothalamic synthesis of NA (Robert R Freedman, 2005). (Figure 3) Therefore, a sudden 
deprivation of sex hormones will result in decreased endorphin levels and loss of negative 
feedback (R R Freedman & Krell, 1999).  
The ensuing rise in hypothalamic NA levels eventually enhances the release of LHRH by the 
LHRH-secreting neurons. NA also acts on the thermoregulatory center by shortening its 
response range, lowering its temperature tolerance thresholds, and generating HF, which in 
turn enhances heat loss (Robert R Freedman, 2005; R R Freedman & Krell, 1999). (Figure 2) 
At the regulatory center, there is a zone for the control of body temperature. At the lower 
threshold, a shivering mechanism is triggered, leading to a rise in temperature. At the upper 
threshold, heat loss is induced through skin vasodilatation and profuse sweating. Between 
these two thresholds is a thermoneutral zone (Savage & Brengelman, 1996). (Figure 4) 
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Fig. 3. Negative impact of sex hormones on noradrenaline production 

 

 
Fig. 4. Body temperature control range in an asymptomatic patient 

In patients with HF, the thermoneutral zone is quite narrow, which is why small changes 
may influence the thermoregulatory center (Robert R Freedman, 2005; Dacks & Rance, 2010). 
(Figure 5) The increase in body temperature after a rise in ambient temperature or the intake 
of excessively hot food exceeds the upper threshold of the thermoneutral zone and triggers 
the heat-dissipating mechanisms (Dacks & Rance, 2010; Savage & Brengelman, 1996).  
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Fig. 5. Body temperature control range in symptomatic patient 

The increase in hypothalamic levels of certain substances, such as noradrenaline, tends to 
narrow this zone, while other agents such as serotonin and dopamine have the opposite effect 
(Berendsen, 2000). (Figure 6) It has been concluded that the thermoneutral zone is 0.4 ºC in 
asymptomatic and 0.0 ºC in symptomatic patients (Robert R Freedman, 2005).  
Serotonin (5-hydroxytryptamine or 5-HT) levels are reduced in postmenopausal women, 
even though they normalize following replacement therapies.  
A sudden deprivation of sex hormones results in a reduction of circulating serotonin, with a 
parallel increase in its 5-HT2A hypothalamic receptors. These receptors may also play a role 
in the pathogenesis of HF (Albertazzi, 2006). 
 
 

 
Fig. 6. Effect on thermoneutral zone of various substances  

To sum up, a basic feature in the pathogenesis of HF is the negative effect of plasma sex 
hormones on the hypothalamic secretion of noradrenaline, as well as its balance with 
serotonin and dopamine. (Figure 7) 
Other information supports the hypothalamic hypothesis. It has recently been demonstrated 
that serum IL-8 concentrations were significantly higher in women with HF than without 
HF. IL-8 could play an important role in the pathophysiology of HF (Yasui et al., 2006; 
Noguchi et al., 2008). 
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Fig. 7. Negative effect of sex hormones on hypothalamic noradrenaline 

The rat ortholog of the human IL-8 receptor has been identified (Dunstan et al., 1996), and 
the functions of IL-8 appear to be performed by cytokine-induced neutrophil 
chemoattractant (CINC) in rodents (Guex-Crosier et al., 1996). It has been shown that CINC 
stimulates the secretion of prolactin, GH, and ACTH but suppresses the secretion of LH and 
FSH from the anterior pituitary cells (Koike et al., 1994). In animal models HF could be 
triggered by intracerebroventricular injection (i.c.v.) of LHRH analogues (Noguchi et al., 
2008; Noguchi et al., 2003). After that, an increase of CINC around the periventricular area 
in the hypothalamus is observed in ovariectomized rats. 
Hypothalamic thermoregulation by CINC and LHRH may, therefore, be a reciprocal 
relationship. However, changes in CINC concentration and skin temperature after i.c.v. 
injection of LHRHa were reversed by replacement of estradiol. Therefore, there may be a 
feedback regulation mechanism involving LHRH and CINC through the hypothalamus-
pituitary-gonadal axis (Noguchi et al., 2008). 
Consequently, LHRH and CINC play a key role in the homeostasis of body temperature in 
HD situations (Noguchi et al., 2008). All these finding support the hypothalamic 
hypothesis. 
New aspects of hot flash research, including neuroimaging and the study of genetic 
polymorphisms, when combined with increasingly nuanced ways of asking questions of 
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culturally distinct populations, pose challenges, but at the same time offer a rich complexity 
from which a better understanding of hot flashes will emerge (F. Kronenberg, 2010). 
Other parts of the brain can be seen to be involved in the development of hot flashes. 
Magnetic resonance imaging has shown activation of the insula and anterior cingulated 
cortex during hot flash episodes (F. Kronenberg, 2010).  
Finally, genetic variation in CYP19 and sex hormone binding globulin contributes to 
variance in circulating hormone levels between postmenopausal women, and it could 
potentially have an influence on hot flashes (Dunning et al., 2004). 

3. Current treatment of hot flashes 
As is to be expected, the great majority of published studies were carried out in menopausal 
women or in breast cancer survivors, but more and more trials are being conducted in 
patients undergoing hormone deprivation for prostate cancer. 
In view of their pathophysiology, the regulatory mechanisms on negative feedback should 
be taken into account as causes of these hot flashes. 

3.1 Hormone replacement 
Hormone replacement with estrogens was the first treatment used in the 20th century. Other 
forms of replacement included progesterones and androgens, but because of the hormone 
sensitivity of prostate cancer, the latter would be contraindicated. 
As for estrogens, it should be noted that despite their high efficacy even at low doses, they 
have negative side effects. These include thromboembolic phenomena, cardiovascular 
morbidity and painful gynecomastia (J. A. Smith, 1994; J. I. Miller & Ahmann, 1992; Atala 
et al., 1992). 
The most widely used estrogen, both orally and transdermally, is estradiol (Shanafelt et al., 
2002), which requires at least a month to obtain benefits. Higher doses provide better control 
of symptoms than lower doses but also have more side effects, though these are fewer when 
transdermal formulations are used. The usual oral doses are ≥ 0.25 mg/day, whereas the 
daily amount required for patches is less than 0.05 mg/day. 
In summary, estrogen therapy shows a dose-dependent response, with a balance in favor of 
transdermal therapy and an efficacy of 80-90%, reducing the number of hot flashes by 2.5 to 
3 hot flashes daily (Rossouw et al., 2002; Nelson, 2004), but with undesirable side effects that 
need to be considered (Kouriefs et al., 2002; Rossouw et al., 2002). Its effectiveness was 
confirmed in a 2002 meta-analysis from the Cochrane Library, in an extensive review 
published in JAMA in 2004 (Nelson, 2004), and in a more recent systematic review in Lancet 
Oncology (Frisk, 2010). 
Progesterones, like estrogens, stimulate the production of hypothalamic β-endorphins. Their 
use is also not free from undesirable side effects (C L Loprinzi et al., 1994; Quella et al., 1998; 
C L Loprinzi et al., 1992). There is experience in both men and women, and the most used is 
megestrol acetate, with starting doses of 20 mg twice daily and subsequent reduction to the 
lowest effective dose, with response rates of 80-90% (Frisk, 2010; J. W. Goodwin et al., 2008; 
Quella et al., 1998; C L Loprinzi et al., 1994). 
As a second drug in use, cyproterone acetate is a steroidal antiandrogen with progestogenic 
action. It shows response rates comparable to megestrol acetate but with risk of hepatoxicity, 
fatigue, painful gynecomastia and galactorrhea (Frisk, 2010). Treatment for hot flashes should 
be started at 50 mg/day, and not exceed 300 mg/day (Moon, 1985; Irani et al., 2010). 

 
Prostate Carcinoma and Hot Flashes 

 

377 

Lastly, we need to mention medroxyprogesterone acetate given in 20-40 mg oral doses daily 
with equal or superior efficacy to megestrol or a single 400 mg i.m. depot dose with an effect 
sustained over at least 6 months (Irani et al., 2010; Prior et al., 1995). Although some experts 
consider 400 mg to be a very high dose, it is a small dose if we compare it to the 500 mg 
intramuscular or oral doses used daily during months for the treatment of breast cancer. It 
was found to be correctly tolerated and weight gain was the only undesirable effect. 
There have been reservations regarding the use of progesterones in prostate cancer because 
it has been reported in some articles to be related to increases in PSA levels (Dawson & 
McLeod, 1995; Wehbe et al., 1997). Clarification is still required before these results can be 
extrapolated to support the use of low-dose progesterones in the treatment of prostate 
cancer, although their antitumor activity has also been reported in breast, endometrium and 
prostate cancer (Wentz, 1985; Bonomi et al., 1985). 
The effect of estrogens and progesterones can persist for extended periods after their 
withdrawal (C L Loprinzi et al., 1994; Haas et al., 1988). 
The problems of the use of hormone replacement therapy in menopausal women have 
acquired a certain prominence as a result of the publication of the results of the Women´s 
Health Initiative randomized controlled trial, which reveal the increased risk of developing 
breast cancer, cognitive disorders, cardiovascular and thromboembolic disease. Alternative 
treatments are therefore desirable. 
The absolute risks per 10,000 person-years were 7 more coronary events, 8 more strokes, 8 
more pulmonary embolisms, and 8 more invasive breast cancers, while absolute risk 
reductions per 10,000 person-years were 6 fewer colorectal cancers and 5 fewer hip 
fractures. They also reduced vasomotor symptoms and vulvovaginal atrophy (G. L. 
Anderson et al., 2004). 

3.2 Non-hormonal therapies 
The current availability of non-hormonal therapies is a major advance both for women who 
have survived breast cancer and for men with a prostate adenocarcinoma undergoing 
hormone deprivation, in whom hormone replacement therapy may be contraindicated due 
to adverse effects.  
Several drugs have been tested for the management of vasomotor symptoms. A 2006 meta-
analysis of well-designed studies (Nelson et al., 2006) showed that the only effective 
therapies are, in increasing order of effectiveness: gabapentin, selective serotonin-reuptake 
inhibitors, and clonidine. A brief description of these therapies is discussed below. Their 
efficacy is slightly less than with hormone replacement, but their effectiveness has been 
widely demonstrated. 
Since noradrenaline is the neurotransmitter involved in the control of the thermoregulatory 
center, the blockade of both α- and β-adrenoceptors may provide symptomatic relief. On 
this basis, the α2 agonist clonidine (Clayden et al., 1974) has been tested in both men and 
women (Pandya et al., 2000). Alpha2 receptors have been identified at both hypothalamic 
and peripheral levels. Their presynaptic activation brings about a decrease of NA release (R 
R Freedman & Dinsay, 2000). They are also peripherally active by reducing vasodilatation, 
which contributes to improved control of hot flashes (Kouriefs et al., 2002). Although higher 
doses are associated with a more significant symptomatic relief, they also involve a greater 
toxicity. Transdermal administration (Nagamani et al., 1987) results in equivalent absorption 
to oral administration, but is associated with more common skin reactions. Recommended 
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doses are between 25 to 400 μg. Its efficacy is lower than that of hormonal therapy (20-55%), 
and side effects are common. Two recent double-blind randomized-controlled clinical trials 
and a systematic review, comparing clonidine to venlafaxine, have reported conflicting 
results (Frisk, 2010; Buijs et al., 2009; Loibl et al., 2007). The drug may be potentially useful 
when other therapies are contraindicated (Kouriefs et al., 2002). 
Response rates of 44-60% have been achieved with gabapentin 300 mg every 8 hours, with 
the main side effects being somnolence, dizziness, fatigue, skin rash, palpitations, and 
peripheral edema (Charles L Loprinzi et al., 2007; C L Loprinzi et al., 2009). In a recent open-
label, randomized, cross-over trial gabapentin is worse tolerated than Venlafaxine 
(Bordeleau et al., 2010). 
Its mechanism of action, although at present unclear, may involve the modulation of 
calcium channels (T. J. Guttuso, 2000). In a recent study, gabapentin has been shown to be 
useful in patients with an inadequate response to antidepressants (Charles L Loprinzi et 
al., 2007). 
Some serotonin-acting antidepressants may be of value in the management of hot flashes. 
As mentioned above, serotonin levels, which are decreased in postmenopausal women, tend 
to normalize after replacement therapies. Thus, an abrupt fall in sex hormones is likely to 
produce a decrease in circulating serotonin along with an up-regulation of their 5-HT2A 
hypothalamic receptors (Albertazzi, 2006; Curcio et al., 2005), which may be involved in the 
pathogenesis of hot flashes.  
The potency of 5-HT2A antagonists varies widely among the first generation (tricyclic) 
antidepressants, although the resulting impact on the therapeutic activity of these drugs has 
not yet been defined. Another class of antidepressants, known as phenylpiperazines, has 
been shown to be more selective than tricyclics and to possess more potent 5HT2A receptor-
blocking activity. 
Newer antidepressants, mainly venlafaxine, desvenlafaxine and paroxetine, play an 
important role in the non-hormonal therapy of hot flashes (Albertazzi, 2006). Observed 
response rates are approximately 50-69 %, somewhat lower than those achieved with 
hormonal therapies; however, their improved safety profile in cancer survivors makes them 
an appealing option for this group of patients. Serious side effects are rare, since the doses 
used are lower than those normally given for the treatment of depression, and a withdrawal 
syndrome has not been associated with such doses (Irani et al., 2010; Buijs et al., 2009; Loibl 
et al., 2007; C L Loprinzi et al., 2000; Archer et al., 2009). 
There is little data regarding the use of new-generation antidepressants for the treatment of 
hot flashes in prostate cancer patients undergoing hormone deprivation. Venlafaxine has 
been shown to produce symptomatic relief in a study involving 16 patients (Quella et al., 
1999). Another small study with 24 patients reported symptomatic relief of hot flashes in 
men who received paroxetine for 5 weeks (Charles L Loprinzi et al., 2004). (Table 1)  
However, the use of selective reuptake inhibitors such as paroxetine during tamoxifen 
treatment must be evaluated with caution, as it is associated with an increased risk of death 
from breast cancer. This could be due to the inhibition of the cytochrome P450 2D6 
(CYP2D6) pathway (Kelly et al., 2010). 
Another interesting antidepressant is trazodone, a triazolopiridine-derived phenylpiperazine. 
Trazodone is a potent and selective postsynaptic antagonist of the 5-HT2A receptor as well as a 
moderate inhibitor of serotinin reuptake (Pansini et al., 1995). It belongs to a class of 
antidepressants called SARI (serotonin 2A agonist and reuptake inhibitors). Trazodone 
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shows a high affinity for 5-HT2A receptors, along with a moderate affinity for 5-HT1A 
receptors. (Figure 8) 
 

Paroxetine doses between 10 and 25 mg/day, with 60-65 % response rates 

Venlafaxine 25 or 37,5 mg/day increased to 75 mg/day after 1 week, with 
response rates of 50-65 %. 

Desvenlafaxine 150 mg/day, with response rates of 51-69 %. 

Fluoxetine doses of 20 mg/day, with an effectiveness of about 50%. 

Citalopram 20 mg/day, with an effectiveness of about 50%. (Suvanto-
Luukkonen et al., 2005; Debra L Barton et al., 2010) 

Veralipride antidopaminergic drug 

Sertraline 50 mg/day, with a response rate of 36 % (Kimmick et al., 2006). 

Table 1. Dosages and response rates for selected antidepressants 

Conversely, a traditional selective serotonin reuptake inhibitor (SSRI), such as fluoxetine, 
has little affinity for 5-HT1A and 5-HT2A receptors, even though its potency to inhibit 
serotonin reuptake is greater than that of trazodone. In fact, the concentration of drug 
needed to produce a 50% inhibition (IC50) of reuptake is only 6 nmol/l for fluoxetine and 
115 nmol/l for trazodone (Owens et al., 1997).  
 

 
Fig. 8. Trazodone action at synaptic level. 

SSRIs stimulate all types of serotonin receptors because they increase free 5-HT levels 
without blocking any receptors. Although these drugs have been useful in the treatment of 
depression, they cause adverse reactions, such as agitation, anxiety, and sexual dysfunction, 
due to the stimulation of 5-HT2A receptors in other tissues (e. g., brainstem and spinal cord) 
(Stahl, 1998). It is worth noting that 5-HT2A receptors are the main receptors associated with 
hot flashes and are inhibited by trazodone. 
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However, the use of selective reuptake inhibitors such as paroxetine during tamoxifen 
treatment must be evaluated with caution, as it is associated with an increased risk of death 
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Another interesting antidepressant is trazodone, a triazolopiridine-derived phenylpiperazine. 
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shows a high affinity for 5-HT2A receptors, along with a moderate affinity for 5-HT1A 
receptors. (Figure 8) 
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needed to produce a 50% inhibition (IC50) of reuptake is only 6 nmol/l for fluoxetine and 
115 nmol/l for trazodone (Owens et al., 1997).  
 

 
Fig. 8. Trazodone action at synaptic level. 

SSRIs stimulate all types of serotonin receptors because they increase free 5-HT levels 
without blocking any receptors. Although these drugs have been useful in the treatment of 
depression, they cause adverse reactions, such as agitation, anxiety, and sexual dysfunction, 
due to the stimulation of 5-HT2A receptors in other tissues (e. g., brainstem and spinal cord) 
(Stahl, 1998). It is worth noting that 5-HT2A receptors are the main receptors associated with 
hot flashes and are inhibited by trazodone. 



 
Prostate Cancer – From Bench to Bedside 

 

380 

Since trazodone does not cause a clinical blockade of acetylcholine receptors, the potential 
anticholinergic effects (blurred vision, cardiac alterations, mouth dryness, intestinal 
disorders, urinary retention, and increased intraocular pressure) are negligible. Moreover, 
since it lacks any clinical effects on NA inhibition, other potential side effects such as apathy, 
lack of motivation, anhedonia, and difficulty concentrating are minimal.  
Nevertheless, trazodone shows an interesting affinity for -receptors. The high and 
moderate activity of trazodone for 1- and 2- adrenergic receptors, respectively, might 
contribute to the beneficial effects described on erectile dysfunction (Krege et al., 2000). On 
the other hand, this same property could also lead to orthostatic hypotension. 
Trazodone also blocks H1-histamine receptors (H1) and, probably due to its histamine-
blocking properties and potent 5-HT2A antagonist activity (Stahl, 1998; Marek et al., 1992), 
also exhibits a sedative activity that has been shown to be useful for the treatment of elderly 
patients with agitation and insomnia. 
Because of its pharmacological profile, this antidepressant may be valuable in the treatment 
of hot flashes in prostate cancer patients undergoing hormone deprivation. 
As mentioned above, NA acts on the thermoregulatory center by shortening its response 
range and lowering its tolerance threshold, which in turn results in cutaneous vasodilation 
and profuse sweating. Drugs with noradrenergic properties, which could trigger the onset 
of hot flashes, should thus not be used in prostate cancer patients undergoing hormone 
deprivation. Furthermore, while NA shortens the thermoregulatory response range, 
serotonin and dopamine have an opposite effect. (Figure 6)  
The use of serotonergic antidepressants may be warranted and, in fact, a few of them have 
already been tested with encouraging results.  
In addition, considering that hormone deprivation is associated with low serotonin 
concentrations and stimulation of 5-HT2A receptors, some drugs, such as trazodone, whose 
pharmacological profile is characterized by a high affinity for these 5-HT2A receptors and a 
moderate effect on serotonin reuptake, might be beneficial in the management of hot flashes, 
unlike serotonergic antidepressants (SSRIs), which lack this property. This profile might also 
be significantly helpful in the control of anxiety, sleep and erectile dysfunction, all of which 
would result in a quality of life improvement. 
To date there are few studies examining the use of trazodone in hormonally deprived 
patients. One pilot study assessed the management of hot flashes in 25 menopausal women. 
No objective effect was seen after doses of 75 mg/day for 3 months, although anxiety, 
insomnia and irritability were reduced (Pansini et al., 1995). Further studies are required to 
elucidate the potential efficacy of trazodone against hot flashes by using validated scales to 
ascertain such effect.  
It should be mentioned that the placebo effect can improve hot flashes in 20-40 % of patients, 
with perceived efficacy rates of 50-75 % for initialuse (J A Sloan et al., 2001; Moyad, 2002). 
Other drugs have been shown to be either less effective or ineffective, or have been 
disregarded for the management of hot flashes because of their high incidence of side 
effects. (Table 2) 
Some dietetic measures can be helpful, namely: cold water irrigations or the application of 
cold; avoiding excessively hot food and very hot environments; limiting the consumption of 
spicy food, coffee and alcohol; following a diet rich in soy protein-containing products (the 
use of phytoestrogens, although recommended by some authors, is to be avoided because of 
its potential effect on hormonal-dependent cancer) (J A Sloan et al., 2001; Carmignani et al., 
2010); reducing stress by means of relaxation techniques like yoga ; engaging in non -
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strenuous physical exercise to maintain an appropriate weight (being overweight can 
increase both the frequency and severity of hot flashes) (Sideras & Charles L Loprinzi, 2010; 
Robert R Freedman, 2005); and quitting smoking. 
 

• Bellergal (phenobarbital + ergotamine + belladonna alkaloids), with a 30 % 
withdrawal rate from therapy due to toxicity (Bergmans et al., 1987). 
• Dietary supplements.  
• High-dose supplements of isoflavones/phytoestrogens (both estrogenic and 
antiestrogenic effects). 
• Medicinal plants (Moyad, 2002). 
• Vitamin E (Moyad, 2002). 
• Methyldopa (M. G. Hammond et al., 1984). 
• Relaxation techniques, physical exercise, acupuncture. 
• L-Isoleucine and L-Valine (T. Guttuso et al., 2008). 

Table 2. Some commonly used measures for hot flash management 

 

Drug or Action Dosage and Actions 
Percentage 

of 
Response 

Estrogens Estradiol p.o. (0.25 mg/day) or transdermal (0.05 mg/day) 80-90 % 

Progesterones 

Megestrol acetate 20 mg/12 h  
Cyproterone acetate 50-100 mg/day 
Medroxyprogesterone acetate p.o. 20-40 mg/day or single 400 
mg i.m. depot dose 

80-90 % 

Clonidine 25-400 mcg/day  20-55 % 

Antidepressants

Paroxetine 10-25 mg/day  
Venlafaxine 25-75 mg/day  
Desvenlafaxine 150 mg/day 
Fluoxetine 20 mg/day  
Sertraline 50 mg/day  
Trazodone 50-150 mg/day  

60-65 % 
55-65 % 
51-69 % 

50 % 
36 % 

Gabapentin 300 mg/8 h  44-60 % 
Placebo effect  20-40 % 

Others 

Bellegard 
Isoflavones/phytoestrogens 
Vitamin E 
Cimifuga Racemosa 
Acupuncture 
L-Isoleucine and L-Valine 
Methyldopa 
Physical exercise 
Relaxation techniques 

 

Table 3. Summary of all data presented 
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Since trazodone does not cause a clinical blockade of acetylcholine receptors, the potential 
anticholinergic effects (blurred vision, cardiac alterations, mouth dryness, intestinal 
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since it lacks any clinical effects on NA inhibition, other potential side effects such as apathy, 
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contribute to the beneficial effects described on erectile dysfunction (Krege et al., 2000). On 
the other hand, this same property could also lead to orthostatic hypotension. 
Trazodone also blocks H1-histamine receptors (H1) and, probably due to its histamine-
blocking properties and potent 5-HT2A antagonist activity (Stahl, 1998; Marek et al., 1992), 
also exhibits a sedative activity that has been shown to be useful for the treatment of elderly 
patients with agitation and insomnia. 
Because of its pharmacological profile, this antidepressant may be valuable in the treatment 
of hot flashes in prostate cancer patients undergoing hormone deprivation. 
As mentioned above, NA acts on the thermoregulatory center by shortening its response 
range and lowering its tolerance threshold, which in turn results in cutaneous vasodilation 
and profuse sweating. Drugs with noradrenergic properties, which could trigger the onset 
of hot flashes, should thus not be used in prostate cancer patients undergoing hormone 
deprivation. Furthermore, while NA shortens the thermoregulatory response range, 
serotonin and dopamine have an opposite effect. (Figure 6)  
The use of serotonergic antidepressants may be warranted and, in fact, a few of them have 
already been tested with encouraging results.  
In addition, considering that hormone deprivation is associated with low serotonin 
concentrations and stimulation of 5-HT2A receptors, some drugs, such as trazodone, whose 
pharmacological profile is characterized by a high affinity for these 5-HT2A receptors and a 
moderate effect on serotonin reuptake, might be beneficial in the management of hot flashes, 
unlike serotonergic antidepressants (SSRIs), which lack this property. This profile might also 
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would result in a quality of life improvement. 
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patients. One pilot study assessed the management of hot flashes in 25 menopausal women. 
No objective effect was seen after doses of 75 mg/day for 3 months, although anxiety, 
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strenuous physical exercise to maintain an appropriate weight (being overweight can 
increase both the frequency and severity of hot flashes) (Sideras & Charles L Loprinzi, 2010; 
Robert R Freedman, 2005); and quitting smoking. 
 

• Bellergal (phenobarbital + ergotamine + belladonna alkaloids), with a 30 % 
withdrawal rate from therapy due to toxicity (Bergmans et al., 1987). 
• Dietary supplements.  
• High-dose supplements of isoflavones/phytoestrogens (both estrogenic and 
antiestrogenic effects). 
• Medicinal plants (Moyad, 2002). 
• Vitamin E (Moyad, 2002). 
• Methyldopa (M. G. Hammond et al., 1984). 
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• L-Isoleucine and L-Valine (T. Guttuso et al., 2008). 
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mg i.m. depot dose 
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Desvenlafaxine 150 mg/day 
Fluoxetine 20 mg/day  
Sertraline 50 mg/day  
Trazodone 50-150 mg/day  
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Others 
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Isoflavones/phytoestrogens 
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Acupuncture has been studied for alleviation of hot flashes in patients with prostate carcinoma 
(Harding et al., 2009) and in postmenopausal women (E. M. Walker et al., 2010). However 
more studies are needed to confirm any benefit (Sideras & Charles L Loprinzi, 2010). 
A correlation between body mass index and the frequency of hot flashes, as determined by 
insulin metabolism in fat tissues and an increase in body temperature, has been shown in 
recent studies, (Robert R Freedman, 2005; Gold et al., 2000). A relationship has also been 
reported with tobacco consumption, which might be explained by an effect on estrogen 
metabolism or a thermogenic action of nicotine, (Robert R Freedman, 2005; Whiteman et al., 
2003; Jessen et al., 2003) 
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Acupuncture has been studied for alleviation of hot flashes in patients with prostate carcinoma 
(Harding et al., 2009) and in postmenopausal women (E. M. Walker et al., 2010). However 
more studies are needed to confirm any benefit (Sideras & Charles L Loprinzi, 2010). 
A correlation between body mass index and the frequency of hot flashes, as determined by 
insulin metabolism in fat tissues and an increase in body temperature, has been shown in 
recent studies, (Robert R Freedman, 2005; Gold et al., 2000). A relationship has also been 
reported with tobacco consumption, which might be explained by an effect on estrogen 
metabolism or a thermogenic action of nicotine, (Robert R Freedman, 2005; Whiteman et al., 
2003; Jessen et al., 2003) 

4. Acknowledgments 
We want to thank Ms. Marian Torres Berruezo for helping with the pictures and Mr. Garth 
Stobbs and Murat Yilmaz to help translate this manuscript. 

5. References 
Aksel, S., Schomberg, D. W., Tyrey, L., & Hammond, C. B. 1976. Vasomotor symptoms, 

serum estrogens, and gonadotropin levels in surgical menopause. Am J Obstet 
Gynecol 126: 165-169. 

Albertazzi, P. 2006. Noradrenergic and serotonergic modulation to treat vasomotor 
symptoms. J Br Menopause Soc 12: 7-11. 

Anderson, G. L., Limacher, M., Assaf, A. R., Bassford, T., Beresford, S. A. A., Black, H., 
Bonds, D., Brunner, R., Brzyski, R., Caan, B., Chlebowski, R., Curb, D., Gass, M., 
Hays, J., Heiss, G., et al. 2004. Effects of conjugated equine estrogen in 
postmenopausal women with hysterectomy: the Women's Health Initiative 
randomized controlled trial. JAMA 291: 1701-1712. 

Archer, D. F., Dupont, C. M., Constantine, G. D., Pickar, J. H., & Olivier, S. 2009. 
Desvenlafaxine for the treatment of vasomotor symptoms associated with 
menopause: a double-blind, randomized, placebo-controlled trial of efficacy and 
safety. Am J Obstet Gynecol 200: 238.e1-238.e10. 

Atala, A., Amin, M., & Harty, J. I. 1992. Diethylstilbestrol in treatment of postorchiectomy 
vasomotor symptoms and its relationship with serum follicle-stimulating hormone, 
luteinizing hormone, and testosterone. Urology 39: 108-110.  

Barton, Debra L, LaVasseur, Beth I, Sloan, Jeff A, Stawis, A. N., Flynn, K. A., Dyar, M., 
Johnson, D. B., Atherton, Pamela J, Diekmann, B., & Loprinzi, Charles L. 2010. 
Phase III, placebo-controlled trial of three doses of citalopram for the treatment of 
hot flashes: NCCTG trial N05C9. J Clin Oncol 28: 3278-83.  

Berendsen, H. H. G. 2000. The role of serotonine in hot flushes. Maturitas 36: 155-164. 
Bergmans, M. G., Merkus, J. M., Corbey, R. S., Schellekens, L. A., & Ubachs, J. M. 1987. Effect 

of Bellergal Retard on climacteric complaints: a double-blind, placebo-controlled 
study. Maturitas 9: 227-234.  

Boer, H. de, Gastel, P. van, & Sorge, A. van. 2009. Luteinizing hormone-releasing hormone 
and postmenopausal flushing. N Engl J Med 361: 1218-9.  

Bonomi, P., Pessis, D., Bunting, N., Block, M., Anderson, K., Wolter, J., Rossof, A., Slayton, 
R., & Harris, J. 1985. Megestrol acetate used as primary hormonal therapy in stage 
D prostatic cancer. Semin Oncol 12: 36-39.  

 
Prostate Carcinoma and Hot Flashes 

 

383 

Bordeleau, L., Pritchard, Kathleen I, Loprinzi, Charles L, Ennis, M., Jugovic, O., Warr, D., 
Haq, R., & Goodwin, P. J. 2010. Multicenter, randomized, cross-over clinical trial of 
venlafaxine versus gabapentin for the management of hot flashes in breast cancer 
survivors. J Clin Oncol 28: 5147-5152.  

Buchholz, N. P., & Matarelli, G. 1994. Hot flushes after orchidectomy in treatment of 
prostate cancer – a serious effect. Z Gerontol 27: 334-336. 

Buijs, C., Mom, C. H., Willemse, P. H. B., Marike Boezen, H., Maurer, J. M., Wymenga, A. N. 
M., Jong, R. S. de, Nieboer, P., Vries, E. G. E. de, & Mourits, M. J. E. 2009. Venlafaxine 
versus clonidine for the treatment of hot flashes in breast cancer patients: a double-
blind, randomized cross-over study. Breast Cancer Res Treat 115: 573-580.  

Carmignani, L. O., Pedro, A. O., Costa-Paiva, L. H., & Pinto-Neto, A. M. 2010. The effect of 
dietary soy supplementation compared to estrogen and placebo on menopausal 
symptoms: a randomized controlled trial. Maturitas 67: 262-269.  

Carpenter, J. S., Andrykowski, M. A., Freedman, R R, & Munn, R. 1999. Feasibility and 
psychometrics of an ambulatory hot flash monitoring device. Menopause 6: 209-215. 

Carpenter, J. S., Gilchrist, J. M., Chen, K., Gautam, S., & Freedman, R R. 2004. Hot flashes, 
core body temperature and metabolic parameters in breast cancer survivors. 
Menopause 11: 375-381. 

Casper, R. F., Yen, S. S., & Wilkes, M. M. 1979. Menopausal flushes: a neuroendocrine link 
with pulsatile luteinizing hormone secretion. Science 205: 823-825. 

Charig, C. R., & Rundle, J. S. 1989. Flushing. Long-term side effects of orchidectomy in 
treatment of prostatic cancer. Urology 33: 175-178. 

Clayden, J. R., Bell, J. W., & Pollard, P. 1974. Menopausal flushing: double-blind trial of a 
non-hormonal medication. Br Med J 1: 409-412.  

Curcio, J. J., Kim, L. S., Wollner, D., & Pockaj, B. A. 2005. The potential of 5-
hydryoxytryptophan for hot flash reduction: a hypothesis. Altern Med Rev 10: 216-221. 

Dacks, P. A., & Rance, N. E. 2010. Effects of estradiol on the thermoneutral zone and core 
temperature in ovariectomized rats. Endocrinology 151: 1187-1193.  

Dawson, N. A., & McLeod, D. G. 1995. Dramatic prostate specific antigen decrease in 
response to discontinuation of megestrol acetate in advanced prostate cancer: 
expansion of the antiandrogen withdrawal syndrome. J urol 153: 1946-1947.  

Dunning, a M., Dowsett, M., Healey, C. S., Tee, L., Luben, R. N., Folkerd, E., Novik, K. L., 
Kelemen, L., Ogata, S., Pharoah, P. D. P., Easton, D. F., Day, N. E., & Ponder, B. a J. 
2004. Polymorphisms Associated With Circulating Sex Hormone Levels in 
Postmenopausal Women. J Natl Cancer Inst 96: 936-945.  

Dunstan, C. A., Salafranca, M. N., Adhikari, S., Xia, Y., Feng, L., & Harrison, J. K. 1996. 
Identification of two rat genes orthologous to the human interleukin-8 receptors. J 
Biol Chem 271: 32770-32776.  

Etgen, A. M., Ansonoff, M. A., & Quesada, A. 2001. Mechanisms of ovarian steroid regulation 
of norepinephrine receptor-mediated signal transduction in the hypothalamus: 
implications for female reproductive physiology. Horm Behav 40: 169-177. 

Fishman, J., Norton, B. I., & Hahn, E. F. 1980. Opiate regulation of estradiol-2-hydroxylase in 
brains of male rats: mechanism for control of pituitary hormone secretion. Proc Natl 
Acad Sci U S A 77: 2574-6.  

Freedman, R R. 2001. Physiology of hot flashes. Am J Hum Biol 13: 453-464. 



 
Prostate Cancer – From Bench to Bedside 

 

384 

Freedman, R R, & Dinsay, R. 2000. Clonidine raises the sweating threshold in symptomatic 
but not in asymptomatic postmenopausal women. Fertil Steril 74: 20-23.  

Freedman, R R, & Krell, W. 1999. Reduced thermoregulatory null zone in postmenopausal 
women with hot flashes. Am J Obstet Gynecol 18: 66-70. 

Freedman, R R, Woodward, S., & Sabharwal, S. C. 1990. α2–Adrenergic mechanism in 
menopausal hot flushes. Obstet Gynecol 76: 573-578. 

Freedman, Robert R. 2005. Hot flashes: behavioral treatments, mechanisms, and relation to 
sleep. Am J Med 118 Suppl: 124-130.  

Frisk, J. 2010. Managing hot flushes in men after prostate cancer--a systematic review. 
Maturitas 65: 15-22.  

Gold, E. B., Sternfeld, B., Kelsey, J. L., Brown, C., Mouton, C., Reame, N., Salamone, L., & 
Stellato, R. 2000. Relation of demographic and lifestyle factors to symptoms in a 
multi-racial/ethnic population of women 40-55 years of age. Am J Epidemiol 152: 
463-473.  

Goodwin, J. W., Green, S. J., Moinpour, C. M., Bearden, James D, Giguere, J. K., Jiang, C. S., 
Lippman, S. M., Martino, S., & Albain, K. S. 2008. Phase III randomized placebo-
controlled trial of two doses of megestrol acetate as treatment for menopausal 
symptoms in women with breast cancer: Southwest Oncology Group Study 9626. J 
Clin Oncol 26: 1650-1656.  

Guex-Crosier, Y., Wittwer, A. J., & Roberge, F. G. 1996. Intraocular production of a cytokine 
(CINC) responsible for neutrophil infiltration in endotoxin induced uveitis. Br J 
Ophthal 80: 649-653.  

Guttuso, T. J. 2000. Gabapentin's effects on hot flashes and hypothermia. Neurology 54: 2161-
2163.  

Guttuso, T., McDermott, M. P., Su, H., & Kieburtz, K. 2008. Effects of L-isoleucine and L-
valine on hot flushes and serum homocysteine: a randomized controlled trial. 
Obstet Gynecol 112: 109-115.  

Haas, S., Walsh, B., Evans, S., Krache, M., Ravnikar, V., & Schiff, I. 1988. The effect of 
transdermal estradiol on hormone and metabolic dynamics over a six-week period. 
Obstet Gynecol 71: 671-676.  

Hammond, M. G., Hatley, L., & Talbert, L. M. 1984. A double blind study to evaluate the 
effect of methyldopa on menopausal vasomotor flushes. J Clin Endocrinol Metab 58: 
1158-1160.  

Harding, C., Harris, A., & Chadwick, D. 2009. Auricular acupuncture: a novel treatment for 
vasomotor symptoms associated with luteinizing-hormone releasing hormone 
agonist treatment for prostate cancer. BJU Int 103: 186-190.  

Harvey, H., Lipton, A., Max, D., Pearlman, H., Diaz-Perches, R., & Garza, J. D. L. 1985. 
Medical castration produced by the GnRH analogue leuprolide to treat metastatic 
breast cancer. J Clin Oncol 3: 1068-1072. 

Huggins, C., & Hodges, G. V. 1941. Studies on prostate cancer. I. The effect of castration, 
estrogen and androgen injections on serum phosphatases in Metastatic carcinoma 
of the prostate. Cancer Res 1: 293-295. 

Irani, J., Salomon, L., Oba, R., Bouchard, P., & Mottet, N. 2010. Efficacy of venlafaxine, 
medroxyprogesterone acetate, and cyproterone acetate for the treatment of 
vasomotor hot flushes in men taking gonadotropin-releasing hormone analogues 
for prostate cancer: a double-blind, randomised trial. Lancet Oncol 11: 147-154.  

 
Prostate Carcinoma and Hot Flashes 

 

385 

Jessen, A. B., Toubro, S., & Astrup, A. 2003. Effect of chewing gum containing nicotine and 
caffeine on energy expenditure and substrate utilization in men. Am J Clin Nutr 77: 
1442-1447.  

Kelly, C. M., Juurlink, D. N., Gomes, T., Duong-Hua, M., Pritchard, K. I, Austin, P. C., & 
Paszat, L. F. 2010. Selective serotonin reuptake inhibitors and breast cancer 
mortality in women receiving tamoxifen: a population based cohort study. BMJ 
340: c693-c693.  

Kimmick, G. G., Lovato, J., McQuellon, R., Robinson, E., & Muss, H. B. 2006. Randomized, 
double-blind, placebo-controlled, crossover study of sertraline (Zoloft) for the 
treatment of hot flashes in women with early stage breast cancer taking tamoxifen. 
Breast J 12: 114-122.  

Koike, K., Sakamoto, Y., Sawada, T., Ohmichi, M., Kanda, Y., Nohara, A., Hirota, K., 
Kiyama, H., & Miyake, A. 1994. The production of CINC/gro, a member of the 
interleukin-8 family, in rat anterior pituitary gland. Biochem Biophys Res Commun 
202: 161-167.  

Kouriefs, C., Georgiou, M., & Ravi, R. 2002. Hot flushes and prostate cancer: pathogenesis 
and treatment. BJU Int 89: 379-383.  

Krege, S., Goepel, M., Sperling, H., & Michel, M. C. 2000. Affinity of trazodone for human 
penile alpha1- andalpha2-adrenoceptors. BJU Int 85: 959-61.  

Kronenberg, F. L., Cote, L. J., Linkie, D. M., Dyrenfurth, I., & Downey, J. A. 1984. 
Menopausal hot flashes: thermoregulatory, cardiovascular and circulating 
catecholamine and LH changes. Maturitas 6: 31-43. 

Kronenberg, F. 2010. Menopausal hot flashes: a review of physiology and biosociocultural 
perspective on methods of assessment. J Nut 140: 1380S-1385S.  

Leuprolide Study Group. 1984. Leuprolide versus diethylstilbestrol for metastatic prostate 
cancer. N Engl J Med 311: 1281-1286. 

Linsell, C. R., & Lightman, S. L. 1983. Postmenopausal flashes: studies of chronological 
organisation. Psychoneuroendocrinology 8: 435-440. 

Loibl, S., Schwedler, K., Minckwitz, G. von, Strohmeier, R., Mehta, K. M., & Kaufmann, M. 
2007. Venlafaxine is superior to clonidine as treatment of hot flashes in breast 
cancer patients--a double-blind, randomized study. Ann Oncol 18: 689-693.  

Loprinzi, C L, Dueck, A C, Khoyratty, B. S., Barton, D L, Jafar, S., Rowland, K. M., Atherton, 
P J, Marsa, G. W., Knutson, W. H., Bearden, J D, Kottschade, L., & Fitch, T. R. 2009. 
A phase III randomized, double-blind, placebo-controlled trial of gabapentin in the 
management of hot flashes in men (N00CB). Ann Oncol 20: 542-549.  

Loprinzi, C L, Johnson, P. A., & Jensen, M. 1992. Megestrol acetate for anorexia and 
cachexia. Oncology 49 Suppl 2: 46-49.  

Loprinzi, C L, Kugler, J W, Sloan, J A, Mailliard, J. A., LaVasseur, B I, Barton, D L, Novotny, 
P J, Dakhil, S. R., Rodger, K., Rummans, T. A., & Christensen, B J. 2000. Venlafaxine 
in management of hot flashes in survivors of breast cancer: a randomised 
controlled trial. Lancet 356: 2059-2063.  

Loprinzi, C L, Michalak, J. C., Quella, S. K., O’Fallon, J. R., Hatfield, A. K., Nelimark, R A, 
Dose, A. M., Fischer, T., Johnson, C., & Klatt, N. E. 1994. Megestrol acetate for the 
prevention of hot flashes. N Engl J Med 331: 347-352.  



 
Prostate Cancer – From Bench to Bedside 

 

384 

Freedman, R R, & Dinsay, R. 2000. Clonidine raises the sweating threshold in symptomatic 
but not in asymptomatic postmenopausal women. Fertil Steril 74: 20-23.  

Freedman, R R, & Krell, W. 1999. Reduced thermoregulatory null zone in postmenopausal 
women with hot flashes. Am J Obstet Gynecol 18: 66-70. 

Freedman, R R, Woodward, S., & Sabharwal, S. C. 1990. α2–Adrenergic mechanism in 
menopausal hot flushes. Obstet Gynecol 76: 573-578. 

Freedman, Robert R. 2005. Hot flashes: behavioral treatments, mechanisms, and relation to 
sleep. Am J Med 118 Suppl: 124-130.  

Frisk, J. 2010. Managing hot flushes in men after prostate cancer--a systematic review. 
Maturitas 65: 15-22.  

Gold, E. B., Sternfeld, B., Kelsey, J. L., Brown, C., Mouton, C., Reame, N., Salamone, L., & 
Stellato, R. 2000. Relation of demographic and lifestyle factors to symptoms in a 
multi-racial/ethnic population of women 40-55 years of age. Am J Epidemiol 152: 
463-473.  

Goodwin, J. W., Green, S. J., Moinpour, C. M., Bearden, James D, Giguere, J. K., Jiang, C. S., 
Lippman, S. M., Martino, S., & Albain, K. S. 2008. Phase III randomized placebo-
controlled trial of two doses of megestrol acetate as treatment for menopausal 
symptoms in women with breast cancer: Southwest Oncology Group Study 9626. J 
Clin Oncol 26: 1650-1656.  

Guex-Crosier, Y., Wittwer, A. J., & Roberge, F. G. 1996. Intraocular production of a cytokine 
(CINC) responsible for neutrophil infiltration in endotoxin induced uveitis. Br J 
Ophthal 80: 649-653.  

Guttuso, T. J. 2000. Gabapentin's effects on hot flashes and hypothermia. Neurology 54: 2161-
2163.  

Guttuso, T., McDermott, M. P., Su, H., & Kieburtz, K. 2008. Effects of L-isoleucine and L-
valine on hot flushes and serum homocysteine: a randomized controlled trial. 
Obstet Gynecol 112: 109-115.  

Haas, S., Walsh, B., Evans, S., Krache, M., Ravnikar, V., & Schiff, I. 1988. The effect of 
transdermal estradiol on hormone and metabolic dynamics over a six-week period. 
Obstet Gynecol 71: 671-676.  

Hammond, M. G., Hatley, L., & Talbert, L. M. 1984. A double blind study to evaluate the 
effect of methyldopa on menopausal vasomotor flushes. J Clin Endocrinol Metab 58: 
1158-1160.  

Harding, C., Harris, A., & Chadwick, D. 2009. Auricular acupuncture: a novel treatment for 
vasomotor symptoms associated with luteinizing-hormone releasing hormone 
agonist treatment for prostate cancer. BJU Int 103: 186-190.  

Harvey, H., Lipton, A., Max, D., Pearlman, H., Diaz-Perches, R., & Garza, J. D. L. 1985. 
Medical castration produced by the GnRH analogue leuprolide to treat metastatic 
breast cancer. J Clin Oncol 3: 1068-1072. 

Huggins, C., & Hodges, G. V. 1941. Studies on prostate cancer. I. The effect of castration, 
estrogen and androgen injections on serum phosphatases in Metastatic carcinoma 
of the prostate. Cancer Res 1: 293-295. 

Irani, J., Salomon, L., Oba, R., Bouchard, P., & Mottet, N. 2010. Efficacy of venlafaxine, 
medroxyprogesterone acetate, and cyproterone acetate for the treatment of 
vasomotor hot flushes in men taking gonadotropin-releasing hormone analogues 
for prostate cancer: a double-blind, randomised trial. Lancet Oncol 11: 147-154.  

 
Prostate Carcinoma and Hot Flashes 

 

385 

Jessen, A. B., Toubro, S., & Astrup, A. 2003. Effect of chewing gum containing nicotine and 
caffeine on energy expenditure and substrate utilization in men. Am J Clin Nutr 77: 
1442-1447.  

Kelly, C. M., Juurlink, D. N., Gomes, T., Duong-Hua, M., Pritchard, K. I, Austin, P. C., & 
Paszat, L. F. 2010. Selective serotonin reuptake inhibitors and breast cancer 
mortality in women receiving tamoxifen: a population based cohort study. BMJ 
340: c693-c693.  

Kimmick, G. G., Lovato, J., McQuellon, R., Robinson, E., & Muss, H. B. 2006. Randomized, 
double-blind, placebo-controlled, crossover study of sertraline (Zoloft) for the 
treatment of hot flashes in women with early stage breast cancer taking tamoxifen. 
Breast J 12: 114-122.  

Koike, K., Sakamoto, Y., Sawada, T., Ohmichi, M., Kanda, Y., Nohara, A., Hirota, K., 
Kiyama, H., & Miyake, A. 1994. The production of CINC/gro, a member of the 
interleukin-8 family, in rat anterior pituitary gland. Biochem Biophys Res Commun 
202: 161-167.  

Kouriefs, C., Georgiou, M., & Ravi, R. 2002. Hot flushes and prostate cancer: pathogenesis 
and treatment. BJU Int 89: 379-383.  

Krege, S., Goepel, M., Sperling, H., & Michel, M. C. 2000. Affinity of trazodone for human 
penile alpha1- andalpha2-adrenoceptors. BJU Int 85: 959-61.  

Kronenberg, F. L., Cote, L. J., Linkie, D. M., Dyrenfurth, I., & Downey, J. A. 1984. 
Menopausal hot flashes: thermoregulatory, cardiovascular and circulating 
catecholamine and LH changes. Maturitas 6: 31-43. 

Kronenberg, F. 2010. Menopausal hot flashes: a review of physiology and biosociocultural 
perspective on methods of assessment. J Nut 140: 1380S-1385S.  

Leuprolide Study Group. 1984. Leuprolide versus diethylstilbestrol for metastatic prostate 
cancer. N Engl J Med 311: 1281-1286. 

Linsell, C. R., & Lightman, S. L. 1983. Postmenopausal flashes: studies of chronological 
organisation. Psychoneuroendocrinology 8: 435-440. 

Loibl, S., Schwedler, K., Minckwitz, G. von, Strohmeier, R., Mehta, K. M., & Kaufmann, M. 
2007. Venlafaxine is superior to clonidine as treatment of hot flashes in breast 
cancer patients--a double-blind, randomized study. Ann Oncol 18: 689-693.  

Loprinzi, C L, Dueck, A C, Khoyratty, B. S., Barton, D L, Jafar, S., Rowland, K. M., Atherton, 
P J, Marsa, G. W., Knutson, W. H., Bearden, J D, Kottschade, L., & Fitch, T. R. 2009. 
A phase III randomized, double-blind, placebo-controlled trial of gabapentin in the 
management of hot flashes in men (N00CB). Ann Oncol 20: 542-549.  

Loprinzi, C L, Johnson, P. A., & Jensen, M. 1992. Megestrol acetate for anorexia and 
cachexia. Oncology 49 Suppl 2: 46-49.  

Loprinzi, C L, Kugler, J W, Sloan, J A, Mailliard, J. A., LaVasseur, B I, Barton, D L, Novotny, 
P J, Dakhil, S. R., Rodger, K., Rummans, T. A., & Christensen, B J. 2000. Venlafaxine 
in management of hot flashes in survivors of breast cancer: a randomised 
controlled trial. Lancet 356: 2059-2063.  

Loprinzi, C L, Michalak, J. C., Quella, S. K., O’Fallon, J. R., Hatfield, A. K., Nelimark, R A, 
Dose, A. M., Fischer, T., Johnson, C., & Klatt, N. E. 1994. Megestrol acetate for the 
prevention of hot flashes. N Engl J Med 331: 347-352.  



 
Prostate Cancer – From Bench to Bedside 

 

386 

Loprinzi, Charles L, Barton, Debra L, Carpenter, L. A., Sloan, Jeff A, Novotny, Paul J, 
Gettman, M. T., & Christensen, Bradley J. 2004. Pilot evaluation of paroxetine for 
treating hot flashes in men. Mayo Clin Proc 79: 1247-1251.  

Loprinzi, Charles L, Kugler, John W, Barton, Debra L, Dueck, Amylou C, Tschetter, L. K., 
Nelimark, Robert A, Balcueva, E. P., Burger, K. N., Novotny, Paul J, Carlson, M. D., 
Duane, S. F., Corso, S. W., Johnson, D. B., & Jaslowski, A. J. 2007. Phase III trial of 
gabapentin alone or in conjunction with an antidepressant in the management of 
hot flashes in women who have inadequate control with an antidepressant alone: 
NCCTG N03C5. J Clin Oncol 25: 308-312.  

Maatman, T. J., Gupta, M. K., & Montie, J. E. 1985. Effectiveness of castration vs intravenous 
estrogen in producing rapid endocrine control of metastatic cancer of prostate. J 
Urol 133: 620-621. 

Marek, G. J., McDougle, C. J., Price, L. H., & Seiden, L. S. 1992. A comparison of trazodone 
and fluoxetine: implications for a serotonergic mechanism of antidepressant action. 
Psychopharmacology 109: 2-11.  

Melldrum, D. R., Defazio, J. D., Erlik, Y., Lu, J. K. H., Wolfsen, A. F., Carlson, H. E., 
HershmanN, J. M., & Judd, H. L. 1984. Pituitary hormones during the menopausal 
hot flash. Obstet Gynecol 64: 752-756. 

Miller, J. I., & Ahmann, F. R. 1992. Treatment of castration-induced menopausal symptoms 
with low dose diethylstilbestrol in men with advanced prostate cancer. Urology 40: 
499-502.  

Molnar, G. W. 1975. Body temperature during menopausal hot flashes. J Appl Physiol 38: 
499-503. 

Moon, T. D. 1985. Cyproterone acetate for treatment of hot flashes after orchiectomy. J Urol 
134: 155-156.  

Moyad, M. A. 2002. Complementary/alternative therapies for reducing hot flashes in 
prostate cancer patients: reevaluating the existing indirect data from studies of 
breast cancer and postmenopausal women. Urology 59: 20-33.  

Nagamani, M., Kelver, M. E., & Smith, E. R. 1987. Treatment of menopausal hot flashes with 
transdermal administration of clonidine. Am J Obstet Gynecol 156: 561-565.  

Nelson, H. D. 2004. Commonly used types of postmenopausal estrogen for treatment of hot 
flashes: scientific review. JAMA 291: 1610-1620.  

Nelson, H. D., Vesco, K. K., Haney, E., Nedrow, A., Miller, J., Nicolaidis, C., Walker, M., & 
Humphrey, L. 2006. Nonhormonal therapies for Menopausal hot flashes. 
Systematic Review and Meta-analysis. JAMA 295: 2057-2071. 

Nishiyama, T., Kanazawa, S., Watanabe, R., Terunuma, M., & Takahashi, K. 2004. Influence 
of hot flashes on quality of life in patients with prostate cancer treated with 
androgen deprivation therapy. Int J Urol 11: 735-741. 

Noguchi, M., Ikarashi, Y., Yuzurihara, M., Kase, Y., Takeda, S., & Aburada, M. 2003. 
Significance of measured elevation of skin temperature induced by calcitonin gene-
related peptide in anaesthetized rats. J Pharm Pharmacol 55: 1547-1552.  

Noguchi, M., Yuzurihara, M., Kase, Y., Yasui, T., & Irahara, M. 2008. Involvement of 
cytokine-induced neutrophil chemoattractant in hypothalamic thermoregulation of 
luteinizing hormone-releasing hormone. Endocrinology 149: 2899-2906.  

 
Prostate Carcinoma and Hot Flashes 

 

387 

Owens, M. J., Morgan, W. N., Plott, S. J., & Nemeroff, C. B. 1997. Neurotransmitter receptor 
and transporter binding profile of antidepressants and their metabolites. J 
Pharmacol Exp Ther 283: 1305-1322.  

Pandya, K. J., Raubertas, R. F., Flynn, P. J., Hynes, H. E., Rosenbluth, R. J., Kirshner, J. J., 
Pierce, H. I., Dragalin, V., & Morrow, G. R. 2000. Oral clonidine in postmenopausal 
patients with breast cancer experiencing tamoxifen-induced hot flashes: a 
University of Rochester Cancer Center Community Clinical Oncology Program 
study. Ann Intern Med 132: 788-793.  

Pansini, F., Albertazzi, P., Bonaccorsi, G., Zanotti, L., Porto, S., Dossi, L., Campobasso, C., & 
Mollica, G. 1995. Trazodone: a non-hormonal alternative for neurovegetative 
climacteric symptoms. Clin Exp Obstet Gynecol 22: 341-344.  

Parmar, H., Edwards, L., Phillips, R. H., Allen, L., & Lightman, S. L. 1987. Orchiectomy versus 
long-acting D-Trp-6-LHRH in advanced prostatic cancer. Br J Urol 59: 248-54.  

Paul, S. M., & Axelrod, J. 1977. Catechol estrogen – presence in brain and endocrine tissues. 
Science 197: 657-659. 

Prior, J. C., McKay, D. W., Vigna, Y. M., & Barr, S. I. 1995. Medroxyprogesterone increases 
basal temperature: a placebo-controlled crossover trial in postmenopausal women. 
Fertil Steril 63: 1222-1226.  

Quella, S. K., Loprinzi, C L, Sloan, J A, Vaught, N. L., DeKrey, W. L., Fischer, T., Finck, G., 
Pierson, N., & Pisansky, T. 1998. Long term use of megestrol acetate by cancer 
survivors for the treatment of hot flashes. Cancer 82: 1784-1788.  

Quella, S. K., Loprinzi, C L, Sloan, J., Novotny, P., Perez, E. A., Burch, P. A., Antolak, S. J., & 
Pisansky, T. M. 1999. Pilot evaluation of venlafaxine for the treatment of hot flashes in 
men undergoing androgen ablation therapy for prostate cancer. J Urol 162: 98-102.  

Rossouw, J. E., Anderson, G. L., Prentice, R. L., LaCroix, A. Z., Kooperberg, C., Stefanick, M. 
L., Jackson, R. D., Beresford, S. A. A., Howard, B. V., Johnson, K. C., Kotchen, J. M., 
& Ockene, J. 2002. Risks and benefits of estrogen plus progestin in healthy 
postmenopausal women: principal results From the Women´s Health Initiative 
randomized controlled trial. JAMA 288: 321-333.  

Sarosdy, M. F., Schellhammer, P. F., Soloway, M. S., Vogelzang, N. J., Crawford, E. D., Presti, 
J., Chodak, G. W., Mitchell, P., & Porter, L. 1999. Endocrine effects, efficacy and 
tolerability of a 10.8-mg depot formulation of goserelin acetate administered every 
13 weeks to patients with advanced prostate cancer. BJU Int 83: 801-6.  

Savage, M. V., & Brengelman, G. L. 1996. Control of skin blood flow in the neutral zone of 
human body temperature regulation. J Appl Physiol 80: 1249-1257. 

Shanafelt, T. D., Barton, Debra L, Adjei, A. A., & Loprinzi, Charles L. 2002. Pathophysiology 
and treatment of hot flashes. Mayo Clin Proc 77: 1207-1218.  

Sideras, K., & Loprinzi, Charles L. 2010. Nonhormonal management of hot flashes for 
women on risk reduction therapy. J Natl Compr Canc Netw 8: 1171-1179.  

Sloan, J A, Loprinzi, C L, Novotny, P J, Barton, D L, Lavasseur, B. I., & Windschitl, H. 2001. 
Methodologic lessons learned from hot flash studies. J Clin Oncol 19: 4280-4290.  

Smith, J. A. 1994. A prospective comparison of treatments for symptomatic hot flushes 
following endocrine therapy for carcinoma of the prostate. J Urol 152: 132-134.  

Stahl, S. M. 1998. Basic psychopharmacology of antidepressants, part 1: Antidepressants 
have seven distinct mechanisms of action. J Clin Psychiatry 59 Suppl 4: 5-14.  



 
Prostate Cancer – From Bench to Bedside 

 

386 

Loprinzi, Charles L, Barton, Debra L, Carpenter, L. A., Sloan, Jeff A, Novotny, Paul J, 
Gettman, M. T., & Christensen, Bradley J. 2004. Pilot evaluation of paroxetine for 
treating hot flashes in men. Mayo Clin Proc 79: 1247-1251.  

Loprinzi, Charles L, Kugler, John W, Barton, Debra L, Dueck, Amylou C, Tschetter, L. K., 
Nelimark, Robert A, Balcueva, E. P., Burger, K. N., Novotny, Paul J, Carlson, M. D., 
Duane, S. F., Corso, S. W., Johnson, D. B., & Jaslowski, A. J. 2007. Phase III trial of 
gabapentin alone or in conjunction with an antidepressant in the management of 
hot flashes in women who have inadequate control with an antidepressant alone: 
NCCTG N03C5. J Clin Oncol 25: 308-312.  

Maatman, T. J., Gupta, M. K., & Montie, J. E. 1985. Effectiveness of castration vs intravenous 
estrogen in producing rapid endocrine control of metastatic cancer of prostate. J 
Urol 133: 620-621. 

Marek, G. J., McDougle, C. J., Price, L. H., & Seiden, L. S. 1992. A comparison of trazodone 
and fluoxetine: implications for a serotonergic mechanism of antidepressant action. 
Psychopharmacology 109: 2-11.  

Melldrum, D. R., Defazio, J. D., Erlik, Y., Lu, J. K. H., Wolfsen, A. F., Carlson, H. E., 
HershmanN, J. M., & Judd, H. L. 1984. Pituitary hormones during the menopausal 
hot flash. Obstet Gynecol 64: 752-756. 

Miller, J. I., & Ahmann, F. R. 1992. Treatment of castration-induced menopausal symptoms 
with low dose diethylstilbestrol in men with advanced prostate cancer. Urology 40: 
499-502.  

Molnar, G. W. 1975. Body temperature during menopausal hot flashes. J Appl Physiol 38: 
499-503. 

Moon, T. D. 1985. Cyproterone acetate for treatment of hot flashes after orchiectomy. J Urol 
134: 155-156.  

Moyad, M. A. 2002. Complementary/alternative therapies for reducing hot flashes in 
prostate cancer patients: reevaluating the existing indirect data from studies of 
breast cancer and postmenopausal women. Urology 59: 20-33.  

Nagamani, M., Kelver, M. E., & Smith, E. R. 1987. Treatment of menopausal hot flashes with 
transdermal administration of clonidine. Am J Obstet Gynecol 156: 561-565.  

Nelson, H. D. 2004. Commonly used types of postmenopausal estrogen for treatment of hot 
flashes: scientific review. JAMA 291: 1610-1620.  

Nelson, H. D., Vesco, K. K., Haney, E., Nedrow, A., Miller, J., Nicolaidis, C., Walker, M., & 
Humphrey, L. 2006. Nonhormonal therapies for Menopausal hot flashes. 
Systematic Review and Meta-analysis. JAMA 295: 2057-2071. 

Nishiyama, T., Kanazawa, S., Watanabe, R., Terunuma, M., & Takahashi, K. 2004. Influence 
of hot flashes on quality of life in patients with prostate cancer treated with 
androgen deprivation therapy. Int J Urol 11: 735-741. 

Noguchi, M., Ikarashi, Y., Yuzurihara, M., Kase, Y., Takeda, S., & Aburada, M. 2003. 
Significance of measured elevation of skin temperature induced by calcitonin gene-
related peptide in anaesthetized rats. J Pharm Pharmacol 55: 1547-1552.  

Noguchi, M., Yuzurihara, M., Kase, Y., Yasui, T., & Irahara, M. 2008. Involvement of 
cytokine-induced neutrophil chemoattractant in hypothalamic thermoregulation of 
luteinizing hormone-releasing hormone. Endocrinology 149: 2899-2906.  

 
Prostate Carcinoma and Hot Flashes 

 

387 

Owens, M. J., Morgan, W. N., Plott, S. J., & Nemeroff, C. B. 1997. Neurotransmitter receptor 
and transporter binding profile of antidepressants and their metabolites. J 
Pharmacol Exp Ther 283: 1305-1322.  

Pandya, K. J., Raubertas, R. F., Flynn, P. J., Hynes, H. E., Rosenbluth, R. J., Kirshner, J. J., 
Pierce, H. I., Dragalin, V., & Morrow, G. R. 2000. Oral clonidine in postmenopausal 
patients with breast cancer experiencing tamoxifen-induced hot flashes: a 
University of Rochester Cancer Center Community Clinical Oncology Program 
study. Ann Intern Med 132: 788-793.  

Pansini, F., Albertazzi, P., Bonaccorsi, G., Zanotti, L., Porto, S., Dossi, L., Campobasso, C., & 
Mollica, G. 1995. Trazodone: a non-hormonal alternative for neurovegetative 
climacteric symptoms. Clin Exp Obstet Gynecol 22: 341-344.  

Parmar, H., Edwards, L., Phillips, R. H., Allen, L., & Lightman, S. L. 1987. Orchiectomy versus 
long-acting D-Trp-6-LHRH in advanced prostatic cancer. Br J Urol 59: 248-54.  

Paul, S. M., & Axelrod, J. 1977. Catechol estrogen – presence in brain and endocrine tissues. 
Science 197: 657-659. 

Prior, J. C., McKay, D. W., Vigna, Y. M., & Barr, S. I. 1995. Medroxyprogesterone increases 
basal temperature: a placebo-controlled crossover trial in postmenopausal women. 
Fertil Steril 63: 1222-1226.  

Quella, S. K., Loprinzi, C L, Sloan, J A, Vaught, N. L., DeKrey, W. L., Fischer, T., Finck, G., 
Pierson, N., & Pisansky, T. 1998. Long term use of megestrol acetate by cancer 
survivors for the treatment of hot flashes. Cancer 82: 1784-1788.  

Quella, S. K., Loprinzi, C L, Sloan, J., Novotny, P., Perez, E. A., Burch, P. A., Antolak, S. J., & 
Pisansky, T. M. 1999. Pilot evaluation of venlafaxine for the treatment of hot flashes in 
men undergoing androgen ablation therapy for prostate cancer. J Urol 162: 98-102.  

Rossouw, J. E., Anderson, G. L., Prentice, R. L., LaCroix, A. Z., Kooperberg, C., Stefanick, M. 
L., Jackson, R. D., Beresford, S. A. A., Howard, B. V., Johnson, K. C., Kotchen, J. M., 
& Ockene, J. 2002. Risks and benefits of estrogen plus progestin in healthy 
postmenopausal women: principal results From the Women´s Health Initiative 
randomized controlled trial. JAMA 288: 321-333.  

Sarosdy, M. F., Schellhammer, P. F., Soloway, M. S., Vogelzang, N. J., Crawford, E. D., Presti, 
J., Chodak, G. W., Mitchell, P., & Porter, L. 1999. Endocrine effects, efficacy and 
tolerability of a 10.8-mg depot formulation of goserelin acetate administered every 
13 weeks to patients with advanced prostate cancer. BJU Int 83: 801-6.  

Savage, M. V., & Brengelman, G. L. 1996. Control of skin blood flow in the neutral zone of 
human body temperature regulation. J Appl Physiol 80: 1249-1257. 

Shanafelt, T. D., Barton, Debra L, Adjei, A. A., & Loprinzi, Charles L. 2002. Pathophysiology 
and treatment of hot flashes. Mayo Clin Proc 77: 1207-1218.  

Sideras, K., & Loprinzi, Charles L. 2010. Nonhormonal management of hot flashes for 
women on risk reduction therapy. J Natl Compr Canc Netw 8: 1171-1179.  

Sloan, J A, Loprinzi, C L, Novotny, P J, Barton, D L, Lavasseur, B. I., & Windschitl, H. 2001. 
Methodologic lessons learned from hot flash studies. J Clin Oncol 19: 4280-4290.  

Smith, J. A. 1994. A prospective comparison of treatments for symptomatic hot flushes 
following endocrine therapy for carcinoma of the prostate. J Urol 152: 132-134.  

Stahl, S. M. 1998. Basic psychopharmacology of antidepressants, part 1: Antidepressants 
have seven distinct mechanisms of action. J Clin Psychiatry 59 Suppl 4: 5-14.  



 
Prostate Cancer – From Bench to Bedside 

 

388 

Stubbs, W. A., Jonesa, A., Edwards, C. R. W., Delitala, G., Jeffcoate, W. J., Ratter, S. J., Besser, 
G. M., Bloomb, S. R., & Albertic, K. G. M. M. 1978. Hormonal and metabolic 
responses to an enkephalin analogue in normal man. Lancet 2: 1225-1227. 

Suvanto-Luukkonen, E., Koivunen, R., Sundström, H., Bloigu, R., Karjalainen, E., Häivä-
Mällinen, L., & Tapanainen, J. S. 2005. Citalopram and fluoxetine in the treatment 
of postmenopausal symptoms: a prospective, randomized, 9-month, placebo-
controlled, double-blind study. Menopause 12: 18-26.  

Tataryn, I. V., Meldrum, D. R., Lu, K. H., Frumar, A. M., & Judd, H. C. 1979. LH, FSH and 
skin temperature during the menopausal hot flush. J Endocrinol Metab 49: 152-154. 

Tulandi, T., Kinch, R. A., Guyda, H., Maiolo, L. M., & Lal, S. 1985. Effect of naloxone on 
menopausal flushes, skin temperature, and luteinizing hormone secretion. Am J 
Obstet Gynecol 151: 277-280. 

Walker, E. M., Rodriguez, A. I., Kohn, B., Ball, R. M., Pegg, J., Pocock, J. R., Nunez, R., 
Peterson, E., Jakary, S., & Levine, R. a. 2010. Acupuncture versus venlafaxine for the 
management of vasomotor symptoms in patients with hormone receptor-positive 
breast cancer: a randomized controlled trial. J Clin Oncol 28: 634-640.  

Wehbe, T. W., Stein, B. S., & Akerley, W. L. 1997. Prostate-specific antigen response to 
withdrawal of megestrol acetate in a patient with hormone-refractory prostate 
cancer. Mayo Clin Proc 72: 932-934.  

Wentz, W. B. 1985. Progestin therapy in lesions of the endometrium. Semin Oncol 12: 23-27.  
Whiteman, M. K., Staropoli, C. A., Langenberg, P. W., McCarter, R. J., Kjerulff, K. H., & 

Flaws, J. A. 2003. Smoking, body mass, and hot flashes in midlife women. Obstet 
Gynecol 101: 264-272.  

Yasui, T., Uemura, H., Tomita, J., Miyatani, Y., Yamada, M., Kuwahara, A., Matsuzaki, T., 
Maegawa, M., Tsuchiya, N., Yuzurihara, M., Takeda, S., & Irahara, M. 2006. 
Association of interleukin-8 with hot flashes in premenopausal, perimenopausal, 
and postmenopausal women and bilateral oophorectomized women. J Clin 
Endocrinol Metab 91: 4805-4808.  

17 

Paradigm Shift in the Concept of  
Hormonal Milieu of Prostate Cancer 

Tsutomu Nishiyama 
Division of Urology, Department of Regenerative and Transplant Medicine 

 Niigata University Graduate School of Medical and Dental Sciences, Niigata  
Japan 

1. Introduction 
Androgens and the androgen receptor have been implicated in a number of human diseases 
and conditions, most notably prostate cancer. [1] Huggins and Hodges in 1941 
demonstrated that bilateral orchiectomy or estrogen treatment is an effective treatment for 
prostate cancer.[2] Based upon their findings, androgen deprivation therapy (ADT) has 
remained the main therapeutic option for patients with advanced prostate cancer for about 
70 years. Different therapeutic approaches, including surgical or medical castration with 
gonadotropin-releasing hormone (GnRH) agonists, and an antiandrogen therapy, have 
become the gold standard for prostate cancer treatment with metastases. ADTs are quite 
successful, leading to regression of tumors in a majority of cases; however, 12-18 months 
later, most prostate cancers recur in a more aggressive, castration-resistant form (castration-
resistant prostate cancer (CRPC)) that is incurable. Median survival for these patients after 
recurrence is 24-36 months.[3, 4] New ADTs and other promising therapies for CRPC have 
been actively developed.[5] This review will provide an overview of prostate cancer 
aggressiveness and the androgen levels in blood and prostatic tissues, androgen milieu 
during ADT, androgen milieu during CRPC, and the prospects of ADT on the ground of the 
androgen milieu in the prostate. 

2. Androgen milieu in blood 
Biosynthetic pathway for androgen synthesis is the -5 pathway in primates like humans. 
[6] (Fig. 1) As a result, a large amount of dehydroepiandrosterone (DHEA) and DHEA 
sulfate (DHEA-S) are in the blood in humans. In rodents, biosynthetic pathway for 
androgen synthesis is the -4 pathway. In human males, testosterone is the major 
circulating androgen. More than 95% of testosterone is secreted by the Leydig cells, 
situated in the testicular interstitium, while the adrenal cortex also contributes to this 
production. [7, 8] The Leydig cells produce testosterone in response to hormonal 
stimulation by the pituitary gonadotropin luteinizing hormone (LH). Testosterone plays a 
key role in health and well-being as well as in sexual functioning. Testosterone effects can 
be classified as virilizing and anabolic effects including growth of muscle mass and 
strength, increased bone density and strength. Serum testosterone levels decline with 
advancing age. [9] Recently, a pooled analysis of moderately sized prospective studies 
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strength, increased bone density and strength. Serum testosterone levels decline with 
advancing age. [9] Recently, a pooled analysis of moderately sized prospective studies 
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including 3886 cases of prostate cancer and 6438 matched controls reported no association 
of circulating androgens and risk of prostate cancer, either overall or for subgroups 
according to tumor stage or grade. [10] Prostate cancer risk and tumour aggressiveness 
are not related to serum levels of total and free testosterone. [11] However, this negative 
result does not deny the role of androgens for the prostate cancer, rather emphasizes the 
importance of the androgen metabolism in the prostate. It is not clear to what extent the 
testosterone and dihydrotestosterone (DHT) in the prostate derive from adrenal 
androgens or other steroid precursors. 
 
 
 

 
 

*b5: cytochrome-b5 reductase 
CYP17A1: Cytochrome P450, family 17, subfamily A, polypeptide 1 
DHEA: dehydroepiandrosterone 
DHT: dihydrotestosterone 
HSD: hydroxysteroid dehydrogenase 
5α-Rs: 5--reductases 

Fig. 1. The androgen metabolic pathway and enzyme related products of human being. 
Biosynthetic pathway for androgen synthesis is the -5 pathway in primates like humans. 
As a result, a large amount of DHEA and DHEA-S is in the serum in humans. 
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3. Androgen milieu in the prostate 
Testosterone and DHT can be synthesized from DHEA with various androgen synthetic 
enzymes in the human prostate. The conversion of testosterone from 17-ketosteroid, 
androstenedione, is said to be catalyzed by the 17-hydroxysteroid dehydrogenase (HSD) 
type 1, 3, 5, 12. [12] 17-HSD type3 is mainly expressed to convert into testosterone from 
androstenedione in the testis. Aldo-keto reductase family 1, member C3（AKR1C3）, 
known as 17-HSD type5, is mainly expressed to convert into testosterone from 
androstenedione in the prostate. [13] Humans have three isoenzymes of 5--reductase. Both 
type 1 and type 2 5--reductase catalyze the conversion of testosterone to DHT. [14, 15] 
Type 1 enzyme (encoded by SRD5A1) is expressed mostly in skin and hair, while type 2 
enzyme (encoded by SRD5A2) is located primarily in androgen target tissues, including 
genital skin and prostate. Recently, the existence of 5--reductase type 3 (encoded by 
SRD5A3) is identified. [16] Godoy et al. showed that expression of 5-reductase type 3 in 
''classical'' as well as ''non-classical'' androgen-regulated tissues is consistent with 5-reductase 
type 3 enzyme having functions other than converting testosterone to DHT in human tissues, 
such as participation in the N-glycosylation process. [17] They also showed that over-
expression of 5-reductase type 3 in breast, testis, lung, thyroid, and particularly prostate 
cancer, compared to their benign counterparts, suggests a potential role for 5-reductase type 
3 as a biomarker of malignancy, and over-expression of 5-reductase type 3 in androgen 
sensitive prostate cancer and CRPC suggests a potential role for this enzyme in synthesizing 
DHT in both an androgen-stimulated and an androgen-deprived human prostate 
microenvironment. Therefore, the prostate is not only the androgen dependent organ but also 
the androgen productive organ. Recently, DHT mainly synthesizes via testosterone as stated 
above, but also synthesizes without testosterone biosynthesis, 'backdoor' pathway. [14, 18, 19] 
An alternate 'backdoor' pathway to DHT was elucidated in the tammar wallaby pouch young, 
and studies in knockout mice showed that this pathway uses 5--reductase type 1 to convert 
17-hydroxyprogesterone to 5--reduced androgen precursors.[20] The role of 'backdoor' 
pathway to DHT in human androgen metabolism, however, is not clear yet. The traditional 
belief that prostate cancer growth is dependent on the serum testosterone level has been 
challenged by recent negative studies in non-castrated men.[21, 22] The evidence clearly 
indicates that there is a limit to the ability of androgens to stimulate prostate cancer growth. A 
Saturation Model based on androgen-AR binding provides a satisfactory conceptual 
framework to account for the dramatic effects seen with castration as well as the minor impact 
of testosterone administration in non-castrated men.[23] 

4. Prostate cancer aggressiveness and the androgen milieu in the prostate 
and in blood 
Sex hormones in serum have been hypothesized to influence the risk of prostate cancer. 
Large prospective study and a pooled analysis of moderately sized prospective studies did 
not show convincing evidence of a relationship between serum sex hormones and prostate 
cancer. [10, 24] However, these negative results do not deny the role of androgens for the 
prostate cancer, rather emphasizes the importance of the androgen metabolism in the 
prostate. It is not clear to what extent the testosterone and DHT in the prostate derive from 
adrenal androgens or other steroid precursors. The 90-95% decrease in serum testosterone is 
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genital skin and prostate. Recently, the existence of 5--reductase type 3 (encoded by 
SRD5A3) is identified. [16] Godoy et al. showed that expression of 5-reductase type 3 in 
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prostate cancer, rather emphasizes the importance of the androgen metabolism in the 
prostate. It is not clear to what extent the testosterone and DHT in the prostate derive from 
adrenal androgens or other steroid precursors. The 90-95% decrease in serum testosterone is 



 
Prostate Cancer – From Bench to Bedside 

 

392 

observed after castration; however, the prostate efficiently transforms the adrenal androgen 
precursors DHEA-S, DHEA, and androstenedione into the active androgens, testosterone 
and DHT. All the enzymes are reported to exist in the prostate metabolizing from androgen 
precursors to testosterone and DHT. [25] The plasma concentration of DHEA-S is 100-500 
times higher than that of testosterone. [26] High circulating levels of DHEA-S provide large 
amounts of the precursors required for conversion into active androgens in the prostate. The 
active androgens made locally in the prostate act in the prostate. In our data, the level of 
DHT in the prostate before ADT was not correlated with the serum level of testosterone, but 
was correlated with the serum level of DHEA and DHEA-S.[26] These results suggested that 
DHT in the prostate comes not only from testosterone produced in the testes, but also from 
adrenal androgens. There are still many questions about the androgen environment in the 
prostate in patients with prostate cancer. There have been few reports about the relations 
between histological aggressiveness and the DHT levels in the prostate in patients with 
prostate cancer. We revealed that the DHT levels in the prostate in patients with Gleason 
scores of 7 to 10 were significantly lower than those with Gleason scores of 6 and under, 
although there were no significant differences between the patients with Gleason scores of 7 
to 10 and the patients with Gleason scores of 6 and under prostate cancer with respect to 
serum levels of androgens. [27] The result of the association between the DHT level in the 
prostate and the Gleason score gives useful information to predict the biological 
aggressiveness of prostate cancer and consider the treatment of the patients with such 
cancers. One hypothesis as to the correlation between clinical aggressiveness and low 
androgen levels in the prostate is that the hormonal milieu with low androgen levels might 
be varied enough to disrupt the normal growth and maintenance of the prostate tissue, and 
may cause the resultant compensatory hyperplasia that increases the risk of a consequent 
selection of androgen independent, aggressive prostate cancer formation due to low 
androgen levels. [28] Several studies suggested that men with smaller prostates had more 
high-grade cancers and more advanced diseases. [29-31] Prostate size was inversely 
associated with the risk of high grade cancer. The Prostate Cancer Prevention Trial (PCPT), a 
Phase III, randomized, double-blind, placebo-controlled trial of finasteride, a 5--reductase 
inhibitor, for the prevention of carcinoma of the prostate was held. [32] A total of 18,882 
essentially healthy men, aged 55 and older, had been randomized to receive finasteride (5 
mg daily) or placebo for seven years. PCPT results suggested that finasteride could reduce 
the frequency of prostate cancer by 25% compared with placebo. However, the patients with 
Gleason scores of 7 to 10 were detected significantly more frequently in the finasteride 
group than in the placebo group. Several questions were raised by the results of the trial that 
finasteride could induce the development of high grade disease. They did not find evidence 
that the drug caused changes in tumor composition that might contribute to aggressive 
cancer, though they don't entirely rule out the possibility that finasteride may have led to 
high-grade prostate cancer in some men in the study. One possible explanation was the 
occurrence of over-grading due to histological alterations. Several reports, however, showed 
that although finasteride use might cause some alterations in the assignment of the Gleason 
grade, a consistent hormonal therapy effect with finasteride treatment has not been 
observed. [33] Lucia et al. revealed that finasteride may have contributed to the increased 
rate of high-grade cancers detected in the PCPT by making the prostate smaller, helping the 
biopsy find the cancer. [34] Moreover, the results of the Reduction by Dutasteride of 
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Prostate Cancer Events (REDUCE) trial using the dual 5--reductase isoenzyme inhibitor 
dutasteride, has recently been reported.[35] The REDUCE trial, contrary to the Prostate 
Cancer Prevention Trial (PCPT), is performed in 8,231 men ages 50-75, who would have 
been candidates for biopsy anyway because of PSA values of 2.5 - 10 ng/ml. Although 
over the course of 4 years, significantly fewer prostate cancers were detected in men 
taking dutasteride than in those taking placebo, representing a relative risk reduction of 
22.8% (P <0.001), there were 12 tumors with a Gleason score of 8 to 10 in the dutasteride 
group, as compared with only 1 in the placebo group (P=0.003). These findings and our 
results suggest that biologically aggressive prostate cancer can exist under a low DHT 
environment, and may proliferate under the low DHT environment with finasteride or 
dutasteride medication where the prostate cancer of a low malignancy with high DHT 
dependency cannot easily exist. High levels of androgen receptor (AR) are said to be 
associated with the increased proliferation, markers of aggressive disease, and to be 
predictive of decreased biochemical recurrence-free survival independently. [36] This 
confirms the role of AR in tumor growth and progression in hormonally naive prostate 
cancer. Several reports and our results revealed that 17-HSD5 (known as AKR1C3) 
positive cases were significantly associated with clinical stage. [37, 38] Fung et al. revealed 
that elevated expression of AKR1C3 is highly associated with prostate cancer. [37] We also 
revealed that both AR and androgen-converting enzymes were up-regulated in the high-
grade or advanced prostate cancer. [38] AKR1C3 (17-HSD5) may be involved in increasing 
the local concentration of testosterone in prostate cancer tissues, resulting in the progression, 
invasion and further development of prostate cancer following ADT. 

5. Intraprostatic androgen milieu during androgen deprivation therapy 
The castration level of serum testosterone is disputed; however, historically, circulating 
testosterone levels have been used to assess the efficacy of androgen depletion with a target 
total testosterone level below 50 ng/dl (<1.74 nmol/l). [39-42] In men with prostate cancer, 
orchiectomy reduces serum testosterone to anorchid levels within 12 hours. The clinical 
significance of different serum levels of testosterone yielded during ADT has not yet been 
well elucidated. The serum testosterone level in men being treated with ADT has never been 
categorically established. [43] The typical serum testosterone level in men after an 
orchiectomy is 14 ng/dl, which is equivalent to 0.5 nmol/l. Over the years, there have been 
many specialists who have argued that the appropriate serum testosterone level for a man 
who is being well-controlled on ADT should, in fact, be < 20 ng/dl (0.7 nmol/l). Morote et 
al. have shown that 25% of men receiving continuous ADT with a GnRH agonist have a 
serum testosterone level > 50 ng/dl. [44] Forty-four percent of the same group of men 
studied had a serum testosterone level that was consistently < 20 ng/dl. Also, in the same 
group of men, they demonstrated a direct correlation between serum testosterone levels and 
time to development of CRPC. Perachino et al. have also reported a significant association 
between serum testosterone levels 6 months after initiation of ADT and overall survival. [45] 
Several reports showed that DHT in the prostate after ADT is supplied by the precursors of 
androgens from the adrenal origin. We showed that after ADT with castration and 
flutamide, the DHT level in the prostatic tissue remained at approximately 25% of the 
amount measured before ADT in the same patients. [26] Previous reports revealed that the 
mean DHT levels in the prostate tissue treated with ADT were between 10% and 40% of 
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Prostate Cancer Events (REDUCE) trial using the dual 5--reductase isoenzyme inhibitor 
dutasteride, has recently been reported.[35] The REDUCE trial, contrary to the Prostate 
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been candidates for biopsy anyway because of PSA values of 2.5 - 10 ng/ml. Although 
over the course of 4 years, significantly fewer prostate cancers were detected in men 
taking dutasteride than in those taking placebo, representing a relative risk reduction of 
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associated with the increased proliferation, markers of aggressive disease, and to be 
predictive of decreased biochemical recurrence-free survival independently. [36] This 
confirms the role of AR in tumor growth and progression in hormonally naive prostate 
cancer. Several reports and our results revealed that 17-HSD5 (known as AKR1C3) 
positive cases were significantly associated with clinical stage. [37, 38] Fung et al. revealed 
that elevated expression of AKR1C3 is highly associated with prostate cancer. [37] We also 
revealed that both AR and androgen-converting enzymes were up-regulated in the high-
grade or advanced prostate cancer. [38] AKR1C3 (17-HSD5) may be involved in increasing 
the local concentration of testosterone in prostate cancer tissues, resulting in the progression, 
invasion and further development of prostate cancer following ADT. 
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those of untreated. [26, 46-50] Testosterone is converted to DHT by 5- reductase in the 
prostate. Labrie et al. showed that even if testosterone levels in blood drop to low levels 
by castration, DHT levels in the prostate were maintained about 40% before the treatment. 
[47] These results showed that the considerable levels of DHT exist in the prostate after 
castration. We also revealed that the levels of DHT in the prostate before ADT were 
correlated with the serum levels of adrenal androgens. [26] We could not recognize the 
correlation between testosterone levels in blood and DHT levels in the prostate before the 
treatment; however, we recognized the correlation between DHT levels in the prostate 
and DHEA levels (or DHEA-S levels) in blood. The levels of DHT in the prostate after 
ADT using a GnRH agonist and flutamide were also correlated with the serum level of 
testosterone. The serum DHT levels after ADT were correlated with serum levels of 
adrenal androgen. The testosterone levels in blood after ADT are supplied from the 
adrenal androgen precursors converted in the prostate, and the adrenal androgen 
precursors are converted into DHT in the peripheral organs including the prostate. These 
results showed that DHT in the prostate can be made not only from testosterone derived 
from the testis but also from the adrenal precursors. These findings suggest that serum 
testosterone after ADT mostly comes from adrenal androgens converted in the prostatic 
cells. These results revealed that the prostate is the main DHT producing organ and DHT 
levels in the prostate are correlated with the adrenal androgen precursor levels and 
testosterone levels in the prostate. 
Substantial levels of DHT remain in the prostate after castration; however, the influence on 
the change in the DHT levels in the prostate before and after ADT in connection with 
prostate cancer aggressiveness has not yet been elucidated. We revealed that the change in 
the DHT levels before and after ADT in the prostate with the prostate cancer of Gleason 
scores of 7 to 10 was significantly smaller than that in the prostate with the prostate cancer 
of Gleason scores of 6 or less.[51] Recently, 5--reductase type 1(SRD5A1) is reported to 
express in aggressive and recurrent prostate cancer. [38,52, 53] Arai et al. showed that the 
levels of adrenal androgens in prostate cancer tissues after ADT were similar to those in 
untreated prostate cancer. [54] Especially, DHEA was the most existing androgen precursor 
in prostate cancer tissues after ADT. The levels of DHEA were high in prostate cancer 
tissues, irrespective of ADT. They assumed that DHEA played a significant role in the 
synthesis of testosterone and DHT in prostate cancer tissues after ADT. Several reports 
revealed that AR signaling pathway is an important mechanism in proliferation of 
aggressive prostate cancer during ADT.[55] Stanbrough et al. revealed that AR 
transcriptional activity is reactivated in androgen-independent prostate cancer and 
identifies the intracellular conversion of adrenal androgens to testosterone as a mechanism 
mediating this reactivation. [56] These findings and our results suggest that the low DHT 
levels in the prostate with aggressive prostate cancers are probably sufficient to propagate 
the growth of the tumor, and the prostate with aggressive prostate cancer can produce 
androgens from the adrenal precursors more autonomously than that with non-aggressive 
prostate cancer does under the low testosterone environment with testicular suppression. 
Mostaghel et al. showed that the reduction of circulating androgens to castrate levels and 
interruption of AR signaling by androgen deprivation are neither reliably effective nor 
uniform in suppressing prostatic androgen-regulated gene and protein expression.[57] Their 
findings suggest that medical castration based on serum testosterone levels cannot be 
equated with ablation of androgen levels or androgen-mediated activity in the prostate 
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tissue microenvironment. These findings underscore the need for demonstrating 
suppression at the target tissue and molecular level before drawing conclusions regarding 
the clinical efficacy of hormonal treatment strategies. We showed that the serum PSA levels 
well reflect the androgen milieu in localized prostate cancer patients receiving ADT, which 
can be explained by the Saturation Model and disease control. [58] The androgen milieu in 
men with high Gleason score prostate cancer is probably less affected by conventional ADT 
than that in men with low score cancer, which was suggested to be associated with adrenal 
androgen levels. We also showed that in patients treated with ADT the pituitary-adrenal axis 
mediated by adrenocorticotropic hormone has a central role in the regulation of androgen 
synthesis. [59] Serum adrenocorticotropic hormone and adrenal androgen concentrations were 
correlated with the post-treatment PSA. Adrenocorticotropic hormone mediated androgen 
synthesis is a potential target for advanced androgen deprivation therapy. 

6. Androgen milieu in the castration-resistant prostate cancer 
The pathogenesis of CRPC involves a mixture of multiple pathways that increase and 
broaden the function of the AR, and others that bypass the AR.[60] Analysis of tumor 
samples from patients with CRPC has revealed several mechanisms utilized by tumor cells 
to reactivate the AR signaling at sub-physiological serum concentration of androgens or 
even in the presence of AR antagonists.[61] CRPC has been used synonymously with 
androgen-independent prostate cancer and hormone-refractory prostate cancer but is the 
preferred term, as we now know that many men with CRPC respond to additional 
manipulations that ablate or block prostate cancer growth stimulation by androgens. CRPC 
is clinically detected by a rise in PSA, typically defined as three consecutive rises over nadir 
in the context of castrate levels of serum testosterone and after anti-androgen withdrawal 
for at least 4 weeks and despite secondary hormonal manipulations and/or radiologic 
progression. In the face of testicular androgen suppression the adrenal androgens DHEA, 
DHEA-S and androstenedione retain the potential to stimulate prostate cancer growth since 
these steroids are converted to testosterone and DHT in the prostate, which are active 
androgens even after prostate cancer acquires the ability to activate during ADT. Chen et al. 
showed that a modest increase in AR mRNA was the only change consistently associated 
with the development of resistance to anti-androgen therapy.[62] This increase in AR 
mRNA and protein was both necessary and sufficient to convert prostate cancer growth 
from a hormone-sensitive to a hormone-refractory stage, and was dependent on a functional 
ligand-binding domain. Conventional AR antagonists showed agonistic activity in cells with 
increased AR levels; this antagonist-agonist conversion was associated with alterations in 
the recruitment of coactivators and corepressors to the promoters of AR target genes. 
Increased levels of AR confer resistance to anti-androgens by amplifying signal output from 
low levels of residual ligands, and by altering the normal response to antagonists. Mohler et 
al. revealed that recurrent prostate cancer may develop the capacity to biosynthesize 
testicular androgens from adrenal androgens or cholesterol. [63, 64] They showed that tissue 
levels of testosterone were similar in recurrent prostate cancer and benign prostate. They 
also showed that the DHT level in recurrent prostate cancer tissue was decreased to 18% of 
the level in benign prostate tissue. Testosterone and dihydrotestosterone occur in recurrent 
prostate cancer tissue at levels sufficient to activate AR. Montgomery et al. showed that soft 
tissue metastases in patients with anorchid serum testosterone contain levels of testosterone 
that are up to three times higher than those in prostate tumors in eugonadal men.[65] 
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Transcript levels of enzymes involved in androgen synthesis were up-regulated in the same 
tumors, suggesting that tumoral synthesis of androgens from cholesterol might occur.[66] 
Androgen-independent prostate cancer cell lines synthesize testosterone from radio-labeled 
cholesterol in vitro, and human prostate cancer xenografts are capable of synthesizing DHT 
from acetate and cholesterol, confirming that tumoral androgen synthesis is possible.[67] 
Thus, experimental and clinical evidence suggests that the enzymes of steroid metabolism 
are activated in the prostate cancer with CRPC state, and might provide multiple new 
targets for therapeutic intervention. Moreover, substantial evidences suggest that CRPC 
may not, in fact, be androgen independent, but occurs in a setting of continued AR-
mediated signaling that is driven by the presence of residual tissue androgens. We used 
androgen independent and androgen sensitive cells, LNCaP cells, and examined androgen 
metabolism in the cells.[68] We confirmed that DHT converted from the androgen 
precursors is important in the cellular activity of the cancer cells. This shows that 
metabolism of the androgen in the prostate cancer cells plays an important role even in the 
exacerbation with androgen independent and androgen sensitive state after ADT. This 
conclusion is supported by the evidence that about 30% of recurrent prostate cancers show 
transient clinical responses to secondary or tertiary hormonal manipulation.[69] As a 
consequence, strategies to decrease adrenal cortical androgen production in patients with 
CRPC have been developed and are currently in widespread use. Ryan et al. revealed that 
higher androstenedione levels predict the likelihood of response to ketoconazole, which is 
used as an inhibitor of adrenal androgen synthesis, and improved survival compared with 
patients with lower levels. [70] These data suggest that the therapy with ketoconazole is less 
effective in patients with low levels of androgens at baseline. Ketoconazole therapy as 
secondary hormonal therapies may be less effective in the patients with low androgen levels 
in the prostate. 

7. Clinical-translational advances of castration-resistant prostate cancer 
Recently, encouraging GnRH antagonists and early phase trial results of promising ADT 
agents that interfere with AR signaling for patients with hormone-naive prostate cancer or 
CRPC have been reported. 

7.1 Gonadotrophin-releasing hormone (GnRH) antagonists: Degarelix 
Medical castration using GnRH agonists currently provides the mainstay of ADT for 
prostate cancer. Although effective, these agents only reduce testosterone levels after a delay 
of 14 to 21 days. [71] GnRH antagonists compete with natural GnRH for binding to GnRH 
receptors, thus decreasing or blocking GnRH action in the body. GnRH antagonists induce 
fast and profound LH and follicle-stimulating hormone (FSH) suppressions from the 
pituitary. In men, the reduction in LH subsequently leads to rapid suppression of 
testosterone release from the testes. Unlike the GnRH agonists, which cause an initial 
stimulation of the hypothalamic-pituitary-gonadal axis, leading to a surge in testosterone 
levels, and under certain circumstances, a flare-up of the tumor, GnRH antagonists do not 
cause a surge in testosterone or clinical flare. [72] Clinical flare is a phenomenon that occurs 
in patients with advanced disease, which can precipitate a range of clinical symptoms such 
as bone pain, ureteral obstruction, and spinal cord compression. As testosterone surge does 
not occur with GnRH antagonists, there is no need for patients to receive an antiandrogen as 
flare protection during prostate cancer treatment. GnRH agonists also induce an increase in 
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testosterone levels after each reinjection of the drug a phenomenon that does not occur with 
GnRH antagonists. GnRH antagonists have an immediate onset of action leading to a fast 
and profound suppression of testosterone and are therefore especially valuable in the 
treatment of patients with prostate cancer, where fast control of disease is needed. Abarelix, 
initial GnRH antagonist for prostate cancer, has been linked with immediate-onset systemic 
allergic reactions.[73] Degarelix is a new type of hormonal therapy for prostate cancer 
without stimulation of the release of histamine. [74] The reduction in LH subsequently leads 
to a rapid and sustained suppression of testosterone release from the testes and 
subsequently reduces the size and growth of the prostate cancer. This in turn results in a 
reduction in PSA levels in the patient's blood. Degarelix has an immediate onset of action, 
binding to GnRH receptors in the pituitary gland and blocking their interaction with GnRH. 
[75] The effectiveness of degarelix was recently evaluated in a Phase III, randomised, 12 
month clinical trial (CS21) in 610 patients with prostate cancer, for whom ADT was 
indicated.[76] Patients were randomised to receive treatment with one of two doses of 
degarelix or the GnRH agonist, leuprolide. Both degarelix doses were at least as effective as 
leuprolide at suppressing testosterone to castration levels (<or=0.5 ng/mL) from Day 28 to 
study end (Day 364). Testosterone levels were suppressed significantly faster with degarelix 
than with leuprolide, with nearly all of the degarelix patients achieving castration levels by 
Day 3 of treatment compared with none in the leuprolide group. No patients receiving 
degarelix experienced a testosterone surge compared with 81% of those patients receiving 
leuprolide. Furthermore, degarelix resulted in a significantly faster reduction in PSA levels 
compared with leuprolide indicating faster control of the prostate cancer. Recent results also 
suggest that degarelix therapy may result in longer control of prostate cancer compared 
with leuprolide. [77] As with all hormonal therapies, degarelix is commonly associated with 
hormonal side effects such as hot flushes and weight gain. [76] Due to its mode of 
administration (subcutaneous injection), degarelix is also associated with injection-site 
reactions such as injection-site pain, erythema or swelling. Injection-site reactions are 
usually mild or moderate in intensity and occur predominantly after the first dose, 
decreasing in frequency thereafter. 

7.2 Cytochrome P450, family 17, subfamily A, polypeptide 1 (CYP17A1) inhibitors 
The multifunctional 17-hydroxylase/17,20-lyase encoded by Cytochrome P450, family 17, 
subfamily A, polypeptide 1 (CYP17A1) is a cytochrome P450 enzyme localized to the 
endoplasmic reticulum in the adrenals, testes, placenta and ovaries, and lies at the 
crossroads of sex steroid and glucocorticoid synthesis. It is encoded by a single gene found 
on chromosome 10 in humans. The enzyme possesses both 17-hydroxylase activity and 
C17,20-lyase activity, and requires P450 reductase, cytochrome-b5 reductase (b5), to transfer 
electrons in the presence of nicotinamide adenine dinucleotide phosphate (NADPH) for 
both catalytic activities. The degree of C17,20-lyase activity, modulated by cytochrome-b5, 
determines which metabolic pathway the substrate will follow in terms of sex steroid or 
glucocorticoid formation.[78, 79] Cytochrome-b5 is required for the C17,20 lyase activity, 
and high b5/CYP17A1 ratios are associated with the nearly exclusive production of 
androgens in the testes as opposed to the low ratios observed in the adrenals where 
glucocorticoids are produced.[80, 81] As the critical catalytic step in all androgen 
biosynthesis, therapeutic CYP17A1 inhibition to treat prostate cancer and other androgen 
dependent diseases has been envisioned for over 50 years, with recent discoveries in 
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prostate cancer pathology driving much of the current refocus on CYP17A1 as a therapeutic 
target.[82, 83] Additionally, some evidence suggests that CYP17A1 mRNA and protein 
expression correlate with disease stage and relapse.[84, 85] Despite the strong rational for 
targeting CYP17A1, this target has been largely unexploited with relatively few inhibitors 
progressing to clinical trials and only ketoconazole, an unspecific inhibitor of CYP17A1, in 
widespread clinical use. 

7.3 Abiraterone acetate 
One of CYP17A1 inhibitors, abiraterone acetate, the irreversible inhibitor of 17-
hydroxylase/C17,20-lyase (CYP17A1), is well tolerated and has significant and durable anti-
tumor activity both in patients with chemotherapy-naive prostate cancer and in docetaxel-
treated patients with CRPC. [86] In patients with CRPC, despite ADT, intra-tumoral 
androgen levels remain high, with continued AR signaling. The source of these androgens 
could be adrenal or de novo intra-tumoral synthesis. Researchers tried to inhibit CYP17A1, 
the key enzyme responsible for androgen synthesis, using abiraterone acetate, which is 10-
fold or more potent of inhibition of CYP17A1 than ketoconazole, another inhibitor of 
CYP17A1. The phase II (open-label, single-arm) portion of the trial was an expansion of a 
promising phase I trial reported in 2008. [87] All 42 participants were castrated, and 38 had 
metastases, primarily in bone and/or lymph nodes. Their median age was 70. All received 
oral abiraterone acetate 1,000 mg daily in 28-day cycles. PSA declined at least 50% in 28 of 
the 42 patients (67％); eight patients (19％) had PSA decreases of at least 90%. Of the 24 
patients who had measurable disease on CT scan, 9 (37.5％) had tumor regression that 
constituted a partial response. Further, 16 of these 24 patients (67％) showed no evidence of 
progression at 6 months. Baseline levels of DHEA, DHEA-S, androstenedione and estradiol 
were associated with the increased likelihood of a PSA decline of at least 50%. Adding 
dexamethasone 0.5 mg daily at the time of PSA progression reversed abiraterone acetate 
resistance in 33% of patients. This study and other phase II study revealed that abiraterone 
acetate has significant antitumor activity in post-docetaxel patients with CRPC. [88-90] 
Recent results of the phase III trial of abiraterone acetate in post-docetaxel patients has 
shown an overall survival benefit in advanced CRPC (COU-AA-301). [91] Abiraterone 
acetate is designed to treat these tumors by inhibiting the production of androgen in the 
testes, the adrenal glands and prostate cancer tumors themselves. The Phase III trial 
included 1195 patients from 13 countries whose metastatic, castration-resistant prostate 
cancer had previously been treated with one of two chemotherapeutic agents that included 
docetaxel. Among the 398 patients randomly assigned to receive the corticosteroid 
prednisone plus placebo, median overall survival was 10.9 months. Among the 797 who 
received abiraterone acetate plus prednisone, median survival was 14.8 months. Significant 
differences also emerged between the placebo and treatment groups for all of the trial's 
secondary endpoints, including time to PSA progression, radiographic progression-free 
survival and PSA response rate. The benefits of abiraterone were determined during a pre-
specified interim analysis of the study, prompting the trial's Independent Data Monitoring 
Committee to recommend unblinding the trial, and allowing anyone on the placebo arm to 
be offered abiraterone acetate. Several ongoing trials are examining the agent in earlier 
settings (i.e., a phase III in metastatic CRPC pre-docetaxel, and smaller studies in 
combination with radiation therapy or as neoadjuvant pre-surgery for localized disease). 
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The US Food and Drug Administration (FDA) has approved abiraterone acetate (Zytiga, 
Cougar Biotechnology) in combination with prednisone for the treatment of metastatic 
CRPC in men who have received prior docetaxel chemotherapy. Herein, several potential 
strategies for abiraterone are presented to clarify the clinical utilization of this agent in the 
future. These evidences such as not only decline of PSA levels and the reduction of the 
tumor size but also the evidences such as the symptom improvement and improved 
survival duration are expected in future. 

7.4 Orteronel (TAK-700) [(1S)-1-(6,7-dimethoxy-2-naphthyl)-1-(1H-imidazol-4-yl)-2-
methylpropan-1-ol] 
Orteronel is a non-steroidal imidazole CYP17A1 inhibitor (IC50 = 28nM) currently in clinical 
trials in prostate cancer patients. The compound was found to be selective for CYP17A1 over 
11-hydroxylase by an impressive 260-fold, and exhibited suppressive effects on 
testosterone biosynthesis in rats and reduction in the weight of prostate and seminal vesicles 
in the rat. [92, 93] Orteronel was also capable of reducing serum testosterone levels down to 
castration level after 8 hours following a single oral administration of 1mg/kg to monkeys. 
A practical asymmetric synthesis of Orteronel has been established in eight steps from 2,3-
dihydroxy naphthalene. This phase I/II, open-label, dose-escalation study assesses the 
safety and tolerability of oral, twice-daily (BID) Orteronel in patients with metastatic CRPC. 
Secondary objectives include assessment of Orteronel efficacy, as shown by PSA response, 
and Orteronel pharmacokinetics. Orteronel >= 300 mg BID appears active and well tolerated 
in patients with metastatic CRPC. The recommended phase II dose is 400 mg BID. [ASCO 
2010 Genitourinary Cancers Symposium] Orteronel is performed on two phase 3 clinical 
trials: one is a randomized, double-blind, multicenter, phase 3 study evaluating orteronel 
plus prednisone compared with placebo plus prednisone in the treatment of men with 
progressive, chemotherapy-naive, metastatic CRPC, the other is in men with metastatic 
CRPC that has progressed following taxane-based therapy. 

7.5 TOK-001 (VN/124-1) [3-hydroxy-17-(1H-benzimidazole-1-yl)androsta-5,16-diene] 
The increased efficacy of TOK-001 in several prostate cancer models both in vitro and in 
vivo is believed to arise from its ability to down regulate the AR as well as competitively 
block androgen binding. [94, 95]. TOK-001 can act by several mechanisms (CYP17A1 
inhibition, competitive inhibition and down-regulation of the AR). In prostate cancer cell 
lines, TOK-001 inhibited the growth of CRPCs, which had increased AR and were no longer 
sensitive to bicalutamide. Indeed, ARMOR1(Androgen Receptor Modulation Optimized for 
Response1) phase1/2 trials with TOK-001 was recently initiated in CRPC patients. 

7.6 3-Hydroxysteroid dehydrogenase inhibitors 
Prostate cancer exhibits robust 3-HSD enzymatic activity, which is required for the AR-
mediated response to -5 adrenal androgens and that 3-HSD may serve as a pharmacologic 
target for the treatment of CRPC. [96] Pharmacologic inhibition of 3-HSD might have 
therapeutic value regardless of the relative contribution of adrenal androgens as opposed to 
de novo steroidogenesis in the reconstitution of intratumoral testosterone and DHT. We 
showed that trilostane , a 3-HSD inhibitor, actually inhibits the in situ conversion of DHEA 
to androstenedione in prostate cancer cells, suggesting a new therapeutic target to more 
efficiently suppress intracellular androgen levels.[97] However, trilostane has a direct 
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androgenic ability in cancer cells with mutated or wild-type AR. Trilostane should be used 
with particular concern when treating prostate cancer, possibly suggesting the combination 
of trilostane and an AR antagonist such as bicalutamide or designing an inhibitor of 3-HSD 
free of AR agonist activity. 

7.7 Apoptone (HE3235) (17-ethynyl-5-androstan-3, 17-diol) 
A novel androstane steroid, Apoptone (HE3235), an orally bioavailable synthetic analogue 
of 3-androstanediol, has a significant inhibitory activity for 5'-androstenediol-stimulated 
LNCaP proliferation. [98, 99] Apoptone exhibits a wide range of effects, including alteration 
of androgen receptor signaling and reductions in levels of intratumoral androgens. This 
inhibitory activity is accompanied by an increase in the number of apoptotic cells. Animal 
studies have confirmed the cytoreductive activity of apoptone on LNCaP tumours. The 
results suggest that this compound may be of clinical use in CRPC. From the results of 
phase I/II clinical trial, apoptone is a novel, orally delivered agent with clinical activity in 
advanced CRPC patients. It is well tolerated and has an AUC linear to dose. Based on the 
safety and activity observed, the trial continues to accrue an expansion cohort at 100 
mg/day of patients with chemotherapy-naive CRPC. [100] 

7.8 Inhibitors targeting androgen receptor  
7.8.1 A new androgen receptor antagonist, MDV3100 (Fig. 2) 
As for the conventional anti-androgen, affinity for AR and agonistic activity for AR are 
matters of concern. Because AR signaling appears to drive this cancer, blocking this 
signaling should stop its growth, the researchers theorized, and they went on to develop a 
drug that would do just that. Another novel ADT drug, AR antagonist MDV3100 (a 
diarylthiohydantoins) is a small-molecule, pure AR antagonist that inhibits AR nuclear 
translocation and DNA binding. [101, 102] MDV3100 is generally well tolerated, and shows 
encouraging anti-tumor activity in patients with CRPC. The drug was selected as a result of 
its activity in models of AR over-expression, in which conventional anti-androgens develop 
agonist properties. Currently available agents in the setting of AR over-expression actually 
act as agonists, rather than antagonists, so they actually make the disease worse, while 
MDV3100 has no known agonist activity. MDV3100 has demonstrated activity in models of 
bicalutamide-resistant prostate cancer. The results come from a phase 1/2 trial 
(NCT00510718) of 140 men, 65 of whom were chemotherapy-naive. Patients with 
progressive, metastatic CRPC were enrolled in dose-escalation cohorts of three to six 
patients and given an oral daily dose of MDV3100 from 30 mg to 600mg. The primary 
objective was to identify the safety and tolerability profile of MDV3100 and to establish the 
maximum tolerated dose. They noted antitumor effects at all doses, including decreases in 
serum prostate-specific antigen of 50% or more in 78 (56%) patients, responses in soft tissue 
in 13 (22%) of 59 patients, stabilized bone disease in 61 (56%) of 109 patients, and conversion 
from unfavorable to favorable circulating tumor cell counts in 25 (49%) of the 51 patients. 
PET imaging of 22 patients to assess androgen-receptor blockade showed decreased (18)F-
fluoro-5-dihydrotestosterone binding at doses from 60 mg to 480 mg per day (range 20-
100%). The median time to progression was 47 weeks (95% CI 34-not reached) for 
radiological progression. The maximum tolerated dose for sustained treatment (>28 days) 
was 240 mg. The most common grade 3-4 adverse event was dose-dependent fatigue (16 
[11%] patients), which generally resolved after dose reduction. The encouraging antitumor  
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Fig. 2. The nuclear translocation and DNA binding on androgen receptors (AR) of 
androgens in the prostate cancer cells and action mechanisms of conventional AR 
antagonists and a new AR antagonist, MDV3100. (a) Conventional AR antagonists block 
AR with antagonistic action competitively in the prostate cancer cells. (b) Conventional 
AR antagonists showed agonistic activity in cells with increased AR levels; this 
antagonist-agonist conversion was associated with alterations in the recruitment of 
coactivators and corepressors to the promoters of AR target genes. Increased levels of AR 
confer resistance to anti-androgens by amplifying signal output from low levels of 
residual ligands, and by altering the normal response to antagonists. (c) MDV3100 is a 
pure AR antagonist that inhibits AR nuclear translocation and DNA binding. The affinity 
with AR of MVD3100 is stronger than that of conventional anti-androgens. MDV3100 has 
no known agonist activity for AR. 

activity with MDV3100 in CRPC validates preclinical studies that have implicated AR 
signaling as a driver of this disease. MDV3100 is performed on two phase 3 clinical trials: 
one is a randomized, double-blind, multicenter, phase 3 study evaluating MDV3100 
compared with placebo in the treatment of men with progressive, chemotherapy-naive, 
metastatic CRPC (PREVAIL), the other is in men with metastatic CRPC that has progressed 
following taxane-based therapy (AFFIRM). 
ARN-509 is also an AR antagonist that inhibits nuclear translocation and DNA binding of 
the receptor, thereby modulating expression of genes that drive prostate cancer growth. 
Phase 1/2 clinical trial of ARN-509 in patients with CRPC was announced. (NCT01171898) 
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7.8.2 An inhibitor of the amino terminal domain (NTD) of the AR: EPI-001 
AR is activated by androgen or by other factors when androgen is removed, resulting in the 
transactivation of the amino terminal domain (NTD) of AR and AR binding to androgen 
response elements (AREs) in the promoters of androgen-regulated genes. All current 
therapies that target the AR are dependent on the presence of its C-terminal ligand-binding 
domain (LBD). A library of extracts from marine sponges for an inhibitor of AR NTD 
transactivation were screened and the small molecule EPI-001 was identified, which 
inhibited transcriptional regulation of androgen-regulated genes, but not those regulated by 
the related progesterone and glucocorticoid steroid receptors. [103] Importantly, EPI-001 
was effective at inhibiting both ligand-dependent and ligand-independent transactivation of 
AR, as well as inhibiting constitutively active AR splice variants that are devoid of LBD. 
EPI-001 has a new mode of action, as it targets the transactivation of AR regardless of the 
presence of androgen, and is a promising therapy to delay the progression of CRPC. 

8. The prospects of the androgen deprivation therapy on the ground of 
androgen milieu in the prostate 
Conventional ADTs that we have used cannot decrease DHT levels in the prostate 
sufficiently to restrain the growth of the cancer in patient with aggressive prostate cancer, as 
we mentioned above. The androgen levels in blood were low; however, it became clear that 
the AR signals play important roles for progress of the cancers from the studies of the 
prostate cancer that became exacerbation after ADT. The androgen milieu in men with high 
Gleason score prostate cancer is probably less affected by conventional ADT than that in 
men with low score cancer, which was suggested to be associated with adrenal androgen 
levels. In patients treated with ADT the pituitary-adrenal axis mediated by 
adrenocorticotropic hormone has a central role in the regulation of androgen synthesis. 
Adrenocorticotropic hormone mediated androgen synthesis is a potential target for 
advanced ADT. Importantly, the suboptimal suppression of androgen activity in the 
prostate cancer may account for the heterogeneity in treatment effect observed across 
individual patients, and, moreover, may contribute to the outgrowth of resistant prostate 
cancer clones adapted to survive in a low androgen environment, suggesting that more 
effective methods for suppressing the androgen axis in the tumoral microenvironment are 
required. From the results of the high reactivity of a CYP17A1 inhibitor and a new AR 
antagonist for patients with CRPC, the androgen syntheses and the maintenances of the AR 
signal system in the prostate cancer play important roles in etiological mechanisms of 
CRPC. As for the ADT for the patients with aggressive prostate cancer, it is important to 
restrain productions of testosterone and DHT and to restrain AR activity together with 
castration from early period of treatment. The results with new ADT agents, such as 
MDV3100 and abiraterone acetate seem to validate the hypothesis that androgens and the 
AR are vital to progression of metastatic CRPC. 

9. Conclusions 
The patients with prostate cancer of high Gleason score have low DHT levels in the prostatic 
tissue. Biologically aggressive prostate cancer can occur under a low DHT level 
environment where the prostate cancer of a low malignancy with high DHT dependency 
cannot easily occur. Conventional ADTs that we have used cannot decrease DHT levels in 
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the prostate sufficiently to restrain the growth of the cancer in patients with aggressive 
prostate cancer. Persistent levels of DHT in the prostate after castration are derived from 
adrenal androgens in the prostate. The androgen milieu in men with high Gleason score 
prostate cancer is probably less affected by conventional ADT than that in men with low 
score cancer, which was suggested to be associated with adrenal androgen levels. In patients 
treated with ADT the pituitary-adrenal axis mediated by adrenocorticotropic hormone has a 
central role in the regulation of androgen synthesis. These locally produced androgens can 
play important roles in the pathogenesis and development of prostate cancer. AR signaling 
pathway is an important mechanism in proliferation of aggressive prostate cancer during 
ADT. AR transcriptional activity is reactivated in CRPC and identifies the intracellular 
conversion of adrenal androgens to DHT as a mechanism mediating this reactivation. New 
ADTs using CYP17A1 inhibitors such as abiraterone acetate and AR antagonists such as 
MDV3100 for patients with CRPC, which will break through the limitation of the efficacy of 
conventional ADTs that have been used for nearly 70 years, have been developing. 
Therefore, it is important to examine the status of in situ androgen metabolism and/or the 
AR signal system in detail in order to improve the clinical response to ADT in patients 
diagnosed with biologically aggressive prostate cancer from now on. 
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1. Introduction 
The Cancer Stem Cell (CSC) s are potentially tumorigenic cells supporting initiation, 
survival and spread of the tumor. Several researches have been reported that CSCs are 
present and active in a variety of tumors including lung, brain, and breast, prostate and 
ovarian cancers. Inspite of the debate between basal or luminal origin of prostate cancer, the 
accepted idea is that progenitor cells of both cell types give rise to the disease. The other 
names given to the prostate cancer originating cells are stromal-like or stem-like, tumor 
progenitor and tumor initiating cells. The idea of CSCs is generated by their differentiation 
potential and slow growing and also tumors’ clonality and possessing minor amounts of 
stem cell like cells. 
CSCs are identified by their tissue specific stem cell-like properties. The most common 
surface markers for isolation of prostate cancer stem cells are CD44, integrin-alpha(2) beta(1) 
and CD133. Other methods are Hoechst 33342 dye exclusion, and holoclone formation for 
showing stemness of CSCs. 
True identification and characterization of CSCs is promising for development of novel 
treatment options by targeting specifically CSCs. Classic therapies target the fast-dividing 
and differentiated cancer cells. However, CSCs grow and divide slowly and are mostly 
resistant against most cancer therapies. After the therapy, some cells responsible from tumor 
relapse and metastasis remain intact. 
MicroRNAs are the most popular small RNAs regulating mRNA expression. MiRNAs are 
transcribed from the DNA as primary-miRNA form and are cut by special nucleases and 
obtain hairpin precursor-miRNA structure. The adult single stranded 20-25 nucleotides 
miRNA in cytoplasm inhibit protein synthesis by targeting semi-complementary sequences 
on 3’-untranslated regions of mRNA. MiRNAs have specific mRNA targets and 
approximately 30% of transcripts are controlled by miRNAs. The alterations of miRNA 
expression in different tumor types and widespread deregulation in Prostate Tumors have 
been identified in recent years. The miRNAs are determined as potential therapeutic targets 
and diagnostic tumor markers from both tissue and blood, due to their specifically over-
expressed or down-regulated expression in variable tumor types. miRNAs, commonly 
upregulated in tumor cells and inhibit tumor suppressor genes and promote cell 
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1. Introduction 
The Cancer Stem Cell (CSC) s are potentially tumorigenic cells supporting initiation, 
survival and spread of the tumor. Several researches have been reported that CSCs are 
present and active in a variety of tumors including lung, brain, and breast, prostate and 
ovarian cancers. Inspite of the debate between basal or luminal origin of prostate cancer, the 
accepted idea is that progenitor cells of both cell types give rise to the disease. The other 
names given to the prostate cancer originating cells are stromal-like or stem-like, tumor 
progenitor and tumor initiating cells. The idea of CSCs is generated by their differentiation 
potential and slow growing and also tumors’ clonality and possessing minor amounts of 
stem cell like cells. 
CSCs are identified by their tissue specific stem cell-like properties. The most common 
surface markers for isolation of prostate cancer stem cells are CD44, integrin-alpha(2) beta(1) 
and CD133. Other methods are Hoechst 33342 dye exclusion, and holoclone formation for 
showing stemness of CSCs. 
True identification and characterization of CSCs is promising for development of novel 
treatment options by targeting specifically CSCs. Classic therapies target the fast-dividing 
and differentiated cancer cells. However, CSCs grow and divide slowly and are mostly 
resistant against most cancer therapies. After the therapy, some cells responsible from tumor 
relapse and metastasis remain intact. 
MicroRNAs are the most popular small RNAs regulating mRNA expression. MiRNAs are 
transcribed from the DNA as primary-miRNA form and are cut by special nucleases and 
obtain hairpin precursor-miRNA structure. The adult single stranded 20-25 nucleotides 
miRNA in cytoplasm inhibit protein synthesis by targeting semi-complementary sequences 
on 3’-untranslated regions of mRNA. MiRNAs have specific mRNA targets and 
approximately 30% of transcripts are controlled by miRNAs. The alterations of miRNA 
expression in different tumor types and widespread deregulation in Prostate Tumors have 
been identified in recent years. The miRNAs are determined as potential therapeutic targets 
and diagnostic tumor markers from both tissue and blood, due to their specifically over-
expressed or down-regulated expression in variable tumor types. miRNAs, commonly 
upregulated in tumor cells and inhibit tumor suppressor genes and promote cell 
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proliferation in tumor cells are termed as oncogenic miRNAs or oncomirs. On the other 
hand, the miRNAs which are commonly down-regulated in tumor cells and inhibit tumor 
development are called tumor suppressor miRNAs.  
Additionally, differential expression of miRNAs in Cancer Stem Cells of prostate tumors has 
been under investigation in recent years. Those two popular topics are seemed to provide 
novel information on the way of understanding the prostate cancer molecularly and 
providing new insights for prostate cancer diagnosis and therapy. 

2. Prostate cancer stem cells (CSCs) 
Prostate Cancer is one of the most frequent tumors among men in the developed countries. 
The locally advanced or metastatic types of prostate tumors mostly do not respond to 
current treatment options. Androgen independent prostate tumors are mostly lethal after 
androgen-ablation therapy and so the chemotherapy and radiotherapy resistant tumors are 
(Collins & Maitland, 2006). 
The epithelial cell layer of prostate tissue is divided into two layers of basal and luminal 
that contain three subpopulation of cells; Basal cells, neuroendocrine cells and luminal 
cells. These cells are distinguished by their localization, morphology and phenotypes. The 
basal and neuroendocrine cells are along the basement membrane of prostate and the 
latter secretes neuroendocrine peptides to promote epithelial viability and growth of the 
gland. The luminal cells stay above basal cell layer and function to secrete prostate 
specific molecules through luminal space. The prostatic stem cells are commonly present 
in these epithelial cell populations, especially in basal cell subpopulation (Lawson & 
Witte, 2007; Miki & Rhim, 2008). The molecular markers of prostatic epithelial cells are 
characterized to identify the origin of normal and CSCs (Lawson & Witte, 2007). The 
androgen dependent luminal secretory cells express AR, prostate specific antigen, 
prostatic acid phosphatase, CD57, and low molecular weight cytokeratin (Miki & Rhim, 
2008). The androgen independent non-secretory basal cells do not express androgen 
receptor (or low levels of AR), prostate specific antigen or prostatic acid phosphatase but 
present CD44, p63, and high molecular weight cytokeratin. The normal stem cells among 
basal cells amplify to differentiate into androgen independent transit amplifying cells 
(TACs) and these cells further differentiate to form androgen dependent luminal cells 
(Miki & Rhim, 2008; Wang & Shen, 2011). 

2.1 The cancer stem cell theory 
The cancer stem cell theory proposed more than a century ago. However, its molecular 
details have been understood in recent years. In 1950s, the first reliable studies about CSCs 
were conducted by Ernest McCulloch and James Till in Toronto. In recent years by the 
development of flow cytometry and xenotransplantation techniques, researchers know more 
about their molecular roles and pathogenic properties. The CSCs are also called cancer 
progenitor cells or tumor initiating cells, meaning that they have intrinsic and/or acquired 
capacity to initiate tumor and these cells are resistant against current clinical treatment 
strategies (Masters et al., 2008). 
There are epithelial somatic stem cells and progenitor cells in basal and neuroendocrine cell 
layers of prostate tissue. When investigators retrieve androgen from the tissue, the epithelial 
cells die. Arise of epithelial layer after providing the androgen back, supports the idea of 
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presence of stem-like cells in prostate tissue. Additionally, prostate stem cells should be 
androgen-independent cells surviving without of it (Lawson & Witte, 2007). 
Early evidences about cancer provided the idea that prostate cancer is formed by a one 
mutated cell that the entire tumor is homogenous clone of that originating cell. Cancer stem 
cell theory fits the clonality part today. It is well-known that tumor consists of heterogeneous 
cells with different tumorigenic capacity and possibly more than one initiator cells. 
There are two important ideas about CSCs and prostate cancer connection: CSCs can 
potentially contribute to tumor development and they cause initiation and advancement of 
prostate tumors themselves (Collins & Maitland, 2006). 
Both somatic stem cells and CSCs are capable of organogenesis. Somatic adult stem cells 
have potential to form multilineage of cells in a tissue. The CSCs are also able to repopulate 
tumor cells in distinct locations (Miki & Rhim, 2008). The cancer stem cell model suggests 
that tumor arises from tumor-initiating, self-renewing and differentiating stem-like cell. The 
differentiated cancer cells lack tumorigenesis capacity (Wang & Shen, 2011). 
Prostate cancer as well as other solid tumor types comprise of heterogeneous cell types. The 
current cancer stem cell theory suggest that the prostate tumor contain minor amount of 
self-renewing cells possessing stem cell phenotypes and they are possibly responsible from 
proliferation, recurrence, and resistance to apoptosis of tumors (Lam & Reiter, 2006). 
According to recent experimental evidences, tumors also arise from stem-cell derived 
progenitor cells or differentiated cells (Lam and Reiter, 2006; Miki and Rhim, 2008; Wang 
and Shen, 2011). Thus the tumor-initiating cells might not always mean that they have CSC 
properties but by the oncogenic transformations differentiated cells or progenitor cells may 
have in vivo tumorigenic capacity and this is compatible with clonal evolution model. 
 

Cancer Stem Cells 
Clinical 

Implications Properties Origin Specific 
Pathways 

Current 
treatments often 
fail to eliminate 

CSCs 

Aberration in mitosis 
rate due to genomic 

mutations 

Present in the tissue 
where tumor arise Sonic hedgehog 

 
Differentiation and 

self renewal 
capability 

Originated from stem, 
progenitor, or 

differentiated cells 
Wnt/B-catenin 

 
Small population of 

cells with similar 
marker proteins 

 Notch signaling 
system 

 

Table 1. Important features of cancer stem cells. Derived from the article of (Lobo et al., 
2007) 

The stem cell specific pathways, Wnt/β-catenin, Notch, and Hedgehog signaling pathways 
are frequently activated and implicated in self-renewal and cell fate of CSCs. The TGFβ 
signaling aims to keep the stem cells in quiescent state. The Epithelial growth factor 
receptor, EGFR, Platelet derived growth factor receptor, PDGFR, Stem cell factor, SCF, 
PTEN, and TP53 genes are also functioning in regulation of CSCs (Kelly & Yin, 2008; 
Korkaya & Wicha, 2007; Mimeault et al., 2007). 
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proliferation in tumor cells are termed as oncogenic miRNAs or oncomirs. On the other 
hand, the miRNAs which are commonly down-regulated in tumor cells and inhibit tumor 
development are called tumor suppressor miRNAs.  
Additionally, differential expression of miRNAs in Cancer Stem Cells of prostate tumors has 
been under investigation in recent years. Those two popular topics are seemed to provide 
novel information on the way of understanding the prostate cancer molecularly and 
providing new insights for prostate cancer diagnosis and therapy. 

2. Prostate cancer stem cells (CSCs) 
Prostate Cancer is one of the most frequent tumors among men in the developed countries. 
The locally advanced or metastatic types of prostate tumors mostly do not respond to 
current treatment options. Androgen independent prostate tumors are mostly lethal after 
androgen-ablation therapy and so the chemotherapy and radiotherapy resistant tumors are 
(Collins & Maitland, 2006). 
The epithelial cell layer of prostate tissue is divided into two layers of basal and luminal 
that contain three subpopulation of cells; Basal cells, neuroendocrine cells and luminal 
cells. These cells are distinguished by their localization, morphology and phenotypes. The 
basal and neuroendocrine cells are along the basement membrane of prostate and the 
latter secretes neuroendocrine peptides to promote epithelial viability and growth of the 
gland. The luminal cells stay above basal cell layer and function to secrete prostate 
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presence of stem-like cells in prostate tissue. Additionally, prostate stem cells should be 
androgen-independent cells surviving without of it (Lawson & Witte, 2007). 
Early evidences about cancer provided the idea that prostate cancer is formed by a one 
mutated cell that the entire tumor is homogenous clone of that originating cell. Cancer stem 
cell theory fits the clonality part today. It is well-known that tumor consists of heterogeneous 
cells with different tumorigenic capacity and possibly more than one initiator cells. 
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potentially contribute to tumor development and they cause initiation and advancement of 
prostate tumors themselves (Collins & Maitland, 2006). 
Both somatic stem cells and CSCs are capable of organogenesis. Somatic adult stem cells 
have potential to form multilineage of cells in a tissue. The CSCs are also able to repopulate 
tumor cells in distinct locations (Miki & Rhim, 2008). The cancer stem cell model suggests 
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current cancer stem cell theory suggest that the prostate tumor contain minor amount of 
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progenitor cells or differentiated cells (Lam and Reiter, 2006; Miki and Rhim, 2008; Wang 
and Shen, 2011). Thus the tumor-initiating cells might not always mean that they have CSC 
properties but by the oncogenic transformations differentiated cells or progenitor cells may 
have in vivo tumorigenic capacity and this is compatible with clonal evolution model. 
 

Cancer Stem Cells 
Clinical 

Implications Properties Origin Specific 
Pathways 

Current 
treatments often 
fail to eliminate 

CSCs 

Aberration in mitosis 
rate due to genomic 

mutations 

Present in the tissue 
where tumor arise Sonic hedgehog 

 
Differentiation and 

self renewal 
capability 

Originated from stem, 
progenitor, or 

differentiated cells 
Wnt/B-catenin 

 
Small population of 

cells with similar 
marker proteins 

 Notch signaling 
system 

 

Table 1. Important features of cancer stem cells. Derived from the article of (Lobo et al., 
2007) 

The stem cell specific pathways, Wnt/β-catenin, Notch, and Hedgehog signaling pathways 
are frequently activated and implicated in self-renewal and cell fate of CSCs. The TGFβ 
signaling aims to keep the stem cells in quiescent state. The Epithelial growth factor 
receptor, EGFR, Platelet derived growth factor receptor, PDGFR, Stem cell factor, SCF, 
PTEN, and TP53 genes are also functioning in regulation of CSCs (Kelly & Yin, 2008; 
Korkaya & Wicha, 2007; Mimeault et al., 2007). 
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Another cancer organization model is the clonal evolution of tumor. According to this 
model of carcinogenesis, the tumors have a distinct type of and several tumor-initiating 
cells; thus the tumor may consist of more than one clone of cells. The cancer stem cell and 
clonal evolution theories support each other when the tumor may contain different clones 
originated from different stem or progenitor cells as schematized in Figure 1. Thus the 
cancer therapy should target all these clones specifically or commonly (Wang & Shen, 2011).  
 

 
Fig. 1. Cancer stem cell formation 

2.2 Identification of prostate cancer stem cell (PCSC) s 
The cells being potentially prostate CSCs are identified generally by three experimental 
methods: clonal assay, separation by cell surface markers, and side population analysis. The 
studies show the existence of prostate CSCs using the primary prostate tumor samples, 
prostate cancer cell lines and animal models (Miki & Rhim, 2008).  
We can separate the CSCs in prostate tumors by specific molecular markers. The surface 
markers for stem cells of one tissue or tumor do not always match to another tissue or tumor.  
AR expression is the most common phenotype. The CSCs possess high in vitro proliferation 
potential. The cells of primary prostate cancer that show higher proliferation capacity do not 
express AR (Lawson & Witte, 2007). The normal prostate stem cells are also lack AR 
expression, thus both prostate CSCs and normal SCs do not need androgen for growth (Miki 
& Rhim, 2008).  
Commonly accepted antigen profile for prostate specific CSCs is CD44+α2β1hiCD133+. This 
profile is in accordance with the normal prostate SCs (Lawson & Witte, 2007). The cells 
separated only by CD44 presence have enhanced proliferative activity in vitro. The CD44+ 
prostate cancer cells also lack of AR and they have tumor initiating and metastasis functions. 
The CSCs are known with their similar stemness genes’ expression. Other than CD44 and 
CD133, prostate cancer cells also express higher levels of OCT3, OCT4, Nanog, Sox2, CD117, 
β-catenin, and BMI1 (Lawson & Witte, 2007). 
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The prostate cancer cells that express high levels of α2β1integrin have high colony-forming 
efficiency in vitro. The cells with CD133+/α2β1hi AND CD44+/CD133+ phenotype possess 
increased colony forming efficiency and tumor initiation after in vivo injection (Wang & 
Shen, 2011).  
 

Stem Cell Surface Markers Human Mice 
CD34 + + 

CD133 + + 
CD117 + + 
SCA1 + + 
CD44 + - 
CD24 + - 
CD20 + - 

CD105 + - 
CD326 (EpCAM) + - 

Table 2. List of common cancer stem cell markers identified in human and mice 

Xenotransplantation is a widely used functional assay in order to study tumor initiating 
properties of the CSCs. The CSCs from prostate cancer cell lines or primary prostate tumors 
have potential to generate prostate tumors in vivo. The observation of tumor generation in 
basal, luminal or neuroendocrinal layers shows the multilineage differentiation capacity of 
prostate CSCs (Lawson & Witte, 2007; Wang & Shen, 2011). The transplantation is 
performed on immune-deficient mice and every time at least 100 separated CSCs are 
required to produce tumors. The aim in CSCs theory is to find right cell, which is able to 
produce tumor itself in vivo. In other words, today our knowledge about the CSC 
characteristics is limited (Masters et al., 2008).  
Side population analysis is the third method in order to identify and separate CSCs. During 
flow cytometer analysis, some cells are defined by pumping out the DNA-binding dye 
Hoechst 33342 and form a minor side population. For prostate cancer cells, these side 
population cells show stem cell like properties (Miki & Rhim, 2008). 
Prostate cancer research uses mainly three types of samples as primary tumor cells, prostate 
cancer cell lines and animal models that present prostate tumor. The primary prostate 
cancer cells display the original characteristics of the tumor but we have limited access to 
biopsy samples and they possess limited lifespan even with specific culture techniques. 
Additionally, the cancer stem or progenitor cell amount is minor than other tumor or 
possibly contaminated normal epithelial cells (Miki & Rhim, 2008). 
The permanent prostate cancer cell lines have unlimited proliferation ability, and have more 
cells with cancer stem cell profile, but they reflect the tumor characteristics more generally. 
The mouse models are also useful tools in order to understand the tumorigenic capacity of 
CSCs with different surface markers. In mouse the prostate CSCs express the Sca-1 (stem cell 
antigen-1) and the cells possessing that marker can regenerate tumors in vivo. The most 
important issue about mouse models is that they have unknown phenotypes different from 
human tumors which are not fully characterized (Miki & Rhim, 2008). 

2.3 PCSCs in prostate cancer diagnosis and development 
The revealing of the signaling pathways and functional genes in cancer stem cells’ self-
renewal and survival is important for the identification of novel therapeutic targets.  
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antigen-1) and the cells possessing that marker can regenerate tumors in vivo. The most 
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The revealing of the signaling pathways and functional genes in cancer stem cells’ self-
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Androgen-independent prostate cancers arise after androgen-ablation therapy for some 
patients. The initial idea is that minor amount of androgen-independent prostate cancer 
stem cells with basal cell characteristics is responsible for this transition (Kelly & Yin, 2008). 
Although there are cases consisting of AR mutations or alterations in AR-signaling 
pathways causing the androgen-refractory prostate cancer. AR mutations may also exist in 
metastatic and tumorigenic cells. The selection of cells with AR mutation must include self-
renewing cells, which are metastatic cell of origin and androgen-independent but AR 
expressing cells. The metastatic prostate cancer should contain self-renewing cells in order 
to colonize in target tissue. Another alternative is that an AR expressing prostate cancer cell 
of origin acquires mutations causing the cell to have stem-cell properties. The progenitor 
cells are most likely candidates. Translocations are also common in prostate cancer 
originating cells and PIN (prostatic intraepithelial neoplasia). The TMPRSS2-ETS fusion 
gene formation after translocation cause over expression of ETS family transcription factors 
which are regulated by androgens (Kelly & Yin, 2008).  

2.4 Impact of PCSCs in the treatment of prostate cancer and potential applications 
Throughout the years, the only experience obtained about prostate cancer therapy is that 
the prostate cancer recurs. Androgen-ablation therapy, chemotherapy, radiotherapy and 
even radical prostatectomy may not help to eliminate the tumor-initiating or metastatic 
cells. The cancer stem cell theory is a promising finding to overcome the therapy resistant 
tumors. The CSCs are androgen independent, replication quiescent, and therapy resistant 
cells and novel therapies targeting specifically to these cells is logical than targeting 
differentiated prostate cancer cells.  
Initially the cancer was thought as a homogeneous mass of aggressively proliferative tumor 
cells that were targeted by cancer therapy. The cancer stem cell theory provided a novel 
approach to therapy since the CSCs subpopulation are distinct from other tumor cells. 
Drug testing clinical trials should quantify the cancer stem cell eradication rather than total 
tumor decay. However, it is hard for those studies to target specifically CSCs from normal 
tissue specific stem cells, since both have similar expressional and antigenic profiles 
(Lawson & Witte, 2007). Therefore, new markers needed to differentiate CSCs from tissue 
specific stem cells. MicroRNAs might be considered as novel molecules in this respect. 

3. MicroRNAs and prostate cancer 
MicroRNAs (miRNAs) are short (18-25nt) non-coding RNAs regulating gene expression 
during translation. They specifically target mRNAs and cause inhibition of translation, 
degradation of transcript or de-adenylation of poly(A) tail. In recent years miRNAs were 
discovered in viruses, plants and animal cells and total of 16772 miRNA have been 
identified 1424 of them belonging to homo sapiens (miRBase:Release17.0: April 2011) 
(Griffiths-Jones, 2004; Griffiths-Jones et al., 2006; Griffiths-Jones et al., 2008). 
The microRNAs incompletely hybridize on target mRNAs and attract RNA Induced 
Silencing Complex (RISC) proteins in order to inhibit the protein synthesis. The miRNAs 
mostly on 5-Untranslated region of mRNA transcripts but hybridization on coding and 3-
UTR sequences were shown. The incomplete hybridization of miRNA occurs by a certain 
motif as the first 7-8 nts called seed match hybridize totally and a loop with variable 
hybridization pattern follow. This motif has been analyzed via verified mRNA-miRNA 
matches and novel target predictions can be performed by computer algorithms (Bartel, 2004).  
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MicroRNA dysregulation has crucial outcomes on cellular mechanisms. Since one type of 
miRNA can target tens of different mRNA and all the miRNA-mRNA interactions have not 
been solved yet, the direct effect of miRNA expressional alteration is not clearly known. In 
tumors, there are enormous data about alteration of miRNA expression. Those alterations 
are originating from mutations in miRNA genes, mutation in genes of miRNA bio-
processing pathway proteins, and RISC group proteins (Sevli et al., 2010). The miRNA genes 
are mostly located on fragile sites of chromosomes and in prostate cancer widespread 
deregulation of miRNAs was shown (Ozen et al., 2008). 
The miRNA profiling studies have been performed initially by microarray technology. The 
identified miRNAs are verified by RT-PCR analysis. The samples most suitable for profiling 
studies are primary tumors, prostate cell lines, and tumor xenograft models. Further functional 
studies in order to identify the target mRNA transcripts of miRNAs and possible therapeutic 
roles, transfection of miRNA genes or pre-miRNA forms are performed several techniques 
such as lipofection, viral-transfection, electroporation etc. (Sevli et al., 2010). Expressional 
alterations of the miRNA target transcripts can be observed as changes in transcript of protein 
level since the miRNA mechanism could inhibit the protein translation keeping the mRNA 
stable or the RISC complex may cut the mRNA causing it to get into degradation. Whichever 
pathway would take place depends on the RISC components (Kim & Lee, 2009). 

3.1 The miRNA expression profiling in prostate cancer 
MicroRNAs are classified as tumor suppressor or oncomiRs depending on their expressional 
alteration or type of targeted mRNA. Tumor suppressor miRNAs target oncogenes keeping 
their protein products at normal levels and commonly down-regulated in tumors. 
OncomiRs target tumor suppressor transcripts and commonly up-regulated in tumors 
causing dysfunction of tumor-suppressor genes (Sevli et al., 2010).  
It is thought that certain miRNAs are specifically deregulated in different cancer types; 
however, alteration of some miRNAs is observed in most of the tumors. Among them miR-21, 
miR291, and miR17-5p are significantly up-regulated in most of the solid tumors; therefore, 
they are called oncomiRs (Lu et al., 2008). Individual studies have shown that their over 
expression provides tumorigenesis and inhibition induces apoptosis or decreased rate of 
proliferation. On the other hand, we are not totally sure whether their expressional up-
regulation is sufficient for prostate cancer development alone, or not. Tumor suppressor 
miRNA act in the opposite way of oncomiRs. Tumor suppressor miRNAs are down-regulated 
in cancers and studies ectopically over-expressing those tumor suppressor miRNAs have 
shown the inhibition of proliferation, invasion and proliferation capacity (Sevli et al., 2010).  
Expression profiling studies on prostate cancer has provided some miRNAs that are 
significantly up- or down-regulated and functional studies with these miRNAs have revealed 
the importance of miRNAs in tumor progression and pathogenesis. Hsa-miR-125b is over-
expressed in clinical samples and androgen independent cell lines. Its upregulation is related 
with the androgen-independence and survival of the tumor. miR-125b targets the Her2 and 
Bak1 transcripts. Her2 protein has role in androgen independence in prostate cancer and Bak1 
together with Bax protein have interaction in apoptotic signaling pathway (Sevli et al., 2010). 
Hsa-miR-21 is also over expressed in prostate cancer and effects tumorigenesis, invasion 
and metastasis by inhibiting the synthesis of proteins in those pathways. miR-21 also 
induces the motility of cancer cells and inhibits apoptosis (Sevli et al., 2010).  
MiR-15a/16-1 cluster contains two different mature miRNA, transcribed together in primary 
microRNA form and processed by Drosha and Dicer RNases to get into mature form. These 



 
Prostate Cancer – From Bench to Bedside 416 

Androgen-independent prostate cancers arise after androgen-ablation therapy for some 
patients. The initial idea is that minor amount of androgen-independent prostate cancer 
stem cells with basal cell characteristics is responsible for this transition (Kelly & Yin, 2008). 
Although there are cases consisting of AR mutations or alterations in AR-signaling 
pathways causing the androgen-refractory prostate cancer. AR mutations may also exist in 
metastatic and tumorigenic cells. The selection of cells with AR mutation must include self-
renewing cells, which are metastatic cell of origin and androgen-independent but AR 
expressing cells. The metastatic prostate cancer should contain self-renewing cells in order 
to colonize in target tissue. Another alternative is that an AR expressing prostate cancer cell 
of origin acquires mutations causing the cell to have stem-cell properties. The progenitor 
cells are most likely candidates. Translocations are also common in prostate cancer 
originating cells and PIN (prostatic intraepithelial neoplasia). The TMPRSS2-ETS fusion 
gene formation after translocation cause over expression of ETS family transcription factors 
which are regulated by androgens (Kelly & Yin, 2008).  

2.4 Impact of PCSCs in the treatment of prostate cancer and potential applications 
Throughout the years, the only experience obtained about prostate cancer therapy is that 
the prostate cancer recurs. Androgen-ablation therapy, chemotherapy, radiotherapy and 
even radical prostatectomy may not help to eliminate the tumor-initiating or metastatic 
cells. The cancer stem cell theory is a promising finding to overcome the therapy resistant 
tumors. The CSCs are androgen independent, replication quiescent, and therapy resistant 
cells and novel therapies targeting specifically to these cells is logical than targeting 
differentiated prostate cancer cells.  
Initially the cancer was thought as a homogeneous mass of aggressively proliferative tumor 
cells that were targeted by cancer therapy. The cancer stem cell theory provided a novel 
approach to therapy since the CSCs subpopulation are distinct from other tumor cells. 
Drug testing clinical trials should quantify the cancer stem cell eradication rather than total 
tumor decay. However, it is hard for those studies to target specifically CSCs from normal 
tissue specific stem cells, since both have similar expressional and antigenic profiles 
(Lawson & Witte, 2007). Therefore, new markers needed to differentiate CSCs from tissue 
specific stem cells. MicroRNAs might be considered as novel molecules in this respect. 

3. MicroRNAs and prostate cancer 
MicroRNAs (miRNAs) are short (18-25nt) non-coding RNAs regulating gene expression 
during translation. They specifically target mRNAs and cause inhibition of translation, 
degradation of transcript or de-adenylation of poly(A) tail. In recent years miRNAs were 
discovered in viruses, plants and animal cells and total of 16772 miRNA have been 
identified 1424 of them belonging to homo sapiens (miRBase:Release17.0: April 2011) 
(Griffiths-Jones, 2004; Griffiths-Jones et al., 2006; Griffiths-Jones et al., 2008). 
The microRNAs incompletely hybridize on target mRNAs and attract RNA Induced 
Silencing Complex (RISC) proteins in order to inhibit the protein synthesis. The miRNAs 
mostly on 5-Untranslated region of mRNA transcripts but hybridization on coding and 3-
UTR sequences were shown. The incomplete hybridization of miRNA occurs by a certain 
motif as the first 7-8 nts called seed match hybridize totally and a loop with variable 
hybridization pattern follow. This motif has been analyzed via verified mRNA-miRNA 
matches and novel target predictions can be performed by computer algorithms (Bartel, 2004).  

 
The Role of Cancer Stem Cells and MicroRNAs in Human Prostate Cancer 417 

MicroRNA dysregulation has crucial outcomes on cellular mechanisms. Since one type of 
miRNA can target tens of different mRNA and all the miRNA-mRNA interactions have not 
been solved yet, the direct effect of miRNA expressional alteration is not clearly known. In 
tumors, there are enormous data about alteration of miRNA expression. Those alterations 
are originating from mutations in miRNA genes, mutation in genes of miRNA bio-
processing pathway proteins, and RISC group proteins (Sevli et al., 2010). The miRNA genes 
are mostly located on fragile sites of chromosomes and in prostate cancer widespread 
deregulation of miRNAs was shown (Ozen et al., 2008). 
The miRNA profiling studies have been performed initially by microarray technology. The 
identified miRNAs are verified by RT-PCR analysis. The samples most suitable for profiling 
studies are primary tumors, prostate cell lines, and tumor xenograft models. Further functional 
studies in order to identify the target mRNA transcripts of miRNAs and possible therapeutic 
roles, transfection of miRNA genes or pre-miRNA forms are performed several techniques 
such as lipofection, viral-transfection, electroporation etc. (Sevli et al., 2010). Expressional 
alterations of the miRNA target transcripts can be observed as changes in transcript of protein 
level since the miRNA mechanism could inhibit the protein translation keeping the mRNA 
stable or the RISC complex may cut the mRNA causing it to get into degradation. Whichever 
pathway would take place depends on the RISC components (Kim & Lee, 2009). 

3.1 The miRNA expression profiling in prostate cancer 
MicroRNAs are classified as tumor suppressor or oncomiRs depending on their expressional 
alteration or type of targeted mRNA. Tumor suppressor miRNAs target oncogenes keeping 
their protein products at normal levels and commonly down-regulated in tumors. 
OncomiRs target tumor suppressor transcripts and commonly up-regulated in tumors 
causing dysfunction of tumor-suppressor genes (Sevli et al., 2010).  
It is thought that certain miRNAs are specifically deregulated in different cancer types; 
however, alteration of some miRNAs is observed in most of the tumors. Among them miR-21, 
miR291, and miR17-5p are significantly up-regulated in most of the solid tumors; therefore, 
they are called oncomiRs (Lu et al., 2008). Individual studies have shown that their over 
expression provides tumorigenesis and inhibition induces apoptosis or decreased rate of 
proliferation. On the other hand, we are not totally sure whether their expressional up-
regulation is sufficient for prostate cancer development alone, or not. Tumor suppressor 
miRNA act in the opposite way of oncomiRs. Tumor suppressor miRNAs are down-regulated 
in cancers and studies ectopically over-expressing those tumor suppressor miRNAs have 
shown the inhibition of proliferation, invasion and proliferation capacity (Sevli et al., 2010).  
Expression profiling studies on prostate cancer has provided some miRNAs that are 
significantly up- or down-regulated and functional studies with these miRNAs have revealed 
the importance of miRNAs in tumor progression and pathogenesis. Hsa-miR-125b is over-
expressed in clinical samples and androgen independent cell lines. Its upregulation is related 
with the androgen-independence and survival of the tumor. miR-125b targets the Her2 and 
Bak1 transcripts. Her2 protein has role in androgen independence in prostate cancer and Bak1 
together with Bax protein have interaction in apoptotic signaling pathway (Sevli et al., 2010). 
Hsa-miR-21 is also over expressed in prostate cancer and effects tumorigenesis, invasion 
and metastasis by inhibiting the synthesis of proteins in those pathways. miR-21 also 
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two miRNAs are down-regulated in some cancer types including prostate cancer. In order to 
check the direct roles of tumor suppressor miRNA in prostate cancer progression, knock-out 
animal models were investigated and hyperplasia together with increased cell proliferation 
and invasion of prostate tumor cells were observed in mice (Aqeilan, 2010). Ectopic turn-over 
of down-regulated tumor suppressor miRNAs by intra-cell delivery techniques provides the 
information about the therapeutic capacity of tumor suppressor miRNAs. Over-expression of 
miR-15a/16-1 has significant tumor regression capacity in vivo (Sevli et al., 2010).  
 

 
Fig. 2. A list of miRNAs with altered expression, providing their targeted messenger RNAs 
and pathways. Derived from (Catto et al., 2011; Sevli et al., 2010) 

MiR-145 and miR143 are two of the most common deregulated tumor suppressor miRNA in 
all cancer types. miR-145/miR143 are also transcribed together as cluster and cleaved 
during maturation process. Down-regulation of miR-145 was observed prostate cancer (but 
not for miR143) and ectopic over-expression of miR-145 also cause anti-tumorigenic effect 
(our unpublished data).  
Some miRNAs are reported to have functions on the androgen independency of prostate 
tumors. By comparing the androgen-dependent and androgen-independent prostate samples, 
miR-146a was revealed as taking role in androgen independency of prostate cancers.  
Transcription of microRNAs is regulated by transcription factors since microRNA genes 
have their own promoters or they are co-regulated by the genes that host the miRNA genes 
in their intronic sequences. P53, a significant tumor suppressor protein is activated by the 
DNA-damage and induce expression of genes that carry p53 response elements on promoter 
sequences for promoting the repair mechanism. miR-34a, described in the last section, and 
miR145 are regulated by p53 protein. P53 also interacts with Drosha complex to promote the 
pri-microRNA to pre-microRNA conversion of miR-145’s and some other microRNAs 
maturation (Suzuki et al., 2009).  
There are some other microRNAs that are dysregulated in prostate cancer and the research 
findings are quite similar. The complete list of most significantly altered or mostly observed 
microRNAs are given in the Table-3. As the reference only one consistent article was chosen, 
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but some other miRNAs that have distinct role in prostate cancer progression may be 
present and published.  
 

Up-
regulated Reference Down-

regulated Reference 

Let-7 (Ozen et al., 2008; 
Volinia et al., 2006), miR-125b (Ozen et al., 2008; 

Schaefer et al., 2010) 
miR-182 (Schaefer et al., 2010) miR-15a/16-1 (Schaefer et al., 2010) 
miR-96 (Schaefer et al., 2010) miR-34a (Lodygin et al., 2008) 

miR375 (Schaefer et al., 2010) miR-205 (Schaefer et al., 2010; 
Tang et al., 2011) 

  miR-145 (Ozen et al., 2008; 
Schaefer et al., 2010) 

  miR-221 (Schaefer et al., 2010; 
Tong et al., 2009) 

  miR-222 (Schaefer et al., 2010; 
Tong et al., 2009) 

  miR-181b (Schaefer et al., 2010) 
  miR-31 (Schaefer et al., 2010) 

  miR-200c (Tang et al., 2011) 
Androgen-Independence

Up-
regulated Reference Down-

regulated Reference 

miR-184 (Lin et al., 2008) miR-128b (Lin et al., 2008) 
miR-361 (Lin et al., 2008) miR-221 (Lin et al., 2008) 
miR424 (Lin et al., 2008) miR-222 (Lin et al., 2008) 
miR-616 (Ma et al., 2011) miR-146a/b (Lin et al., 2008) 

  miR-148a (Lin et al., 2008) 
  miR-663 (Lin et al., 2008) 

Cancer Stem Cell , Metastases, or Invasion related
Up-

regulated Reference Down-
regulated Reference 

miR-377 (Brase et al., 2011) miR-34a (Liu et al., 2011) 
miR141 (Brase et al., 2011) miR-143 (Peng et al., 2011) 

  miR-145 (Peng et al., 2011) 
  miR-15 (Musumeci et al., 2011) 
  miR-16 (Musumeci et al., 2011) 

Table 3. Differentially expressed miRNA implicated in prostate cancer (modified from (Sevli 
et al., 2010)) 

3.2 miRNAs as potential targets for development of therapy in prostate cancer 
MicroRNAs have great potential as target for anti-cancer oligo-nucleotide therapy. 
Although their critical role in post-transcriptional gene expression is solved, more should be 
revealed about the specific deregulated miRNAs in individual tumors and the mRNA 
targets of them. Therapeutic delivery of down-regulated miRNAs is promising and lots of 
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two miRNAs are down-regulated in some cancer types including prostate cancer. In order to 
check the direct roles of tumor suppressor miRNA in prostate cancer progression, knock-out 
animal models were investigated and hyperplasia together with increased cell proliferation 
and invasion of prostate tumor cells were observed in mice (Aqeilan, 2010). Ectopic turn-over 
of down-regulated tumor suppressor miRNAs by intra-cell delivery techniques provides the 
information about the therapeutic capacity of tumor suppressor miRNAs. Over-expression of 
miR-15a/16-1 has significant tumor regression capacity in vivo (Sevli et al., 2010).  
 

 
Fig. 2. A list of miRNAs with altered expression, providing their targeted messenger RNAs 
and pathways. Derived from (Catto et al., 2011; Sevli et al., 2010) 

MiR-145 and miR143 are two of the most common deregulated tumor suppressor miRNA in 
all cancer types. miR-145/miR143 are also transcribed together as cluster and cleaved 
during maturation process. Down-regulation of miR-145 was observed prostate cancer (but 
not for miR143) and ectopic over-expression of miR-145 also cause anti-tumorigenic effect 
(our unpublished data).  
Some miRNAs are reported to have functions on the androgen independency of prostate 
tumors. By comparing the androgen-dependent and androgen-independent prostate samples, 
miR-146a was revealed as taking role in androgen independency of prostate cancers.  
Transcription of microRNAs is regulated by transcription factors since microRNA genes 
have their own promoters or they are co-regulated by the genes that host the miRNA genes 
in their intronic sequences. P53, a significant tumor suppressor protein is activated by the 
DNA-damage and induce expression of genes that carry p53 response elements on promoter 
sequences for promoting the repair mechanism. miR-34a, described in the last section, and 
miR145 are regulated by p53 protein. P53 also interacts with Drosha complex to promote the 
pri-microRNA to pre-microRNA conversion of miR-145’s and some other microRNAs 
maturation (Suzuki et al., 2009).  
There are some other microRNAs that are dysregulated in prostate cancer and the research 
findings are quite similar. The complete list of most significantly altered or mostly observed 
microRNAs are given in the Table-3. As the reference only one consistent article was chosen, 
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but some other miRNAs that have distinct role in prostate cancer progression may be 
present and published.  
 

Up-
regulated Reference Down-

regulated Reference 
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Volinia et al., 2006), miR-125b (Ozen et al., 2008; 

Schaefer et al., 2010) 
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miR375 (Schaefer et al., 2010) miR-205 (Schaefer et al., 2010; 
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Tong et al., 2009) 
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  miR-200c (Tang et al., 2011) 
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miR-361 (Lin et al., 2008) miR-221 (Lin et al., 2008) 
miR424 (Lin et al., 2008) miR-222 (Lin et al., 2008) 
miR-616 (Ma et al., 2011) miR-146a/b (Lin et al., 2008) 

  miR-148a (Lin et al., 2008) 
  miR-663 (Lin et al., 2008) 

Cancer Stem Cell , Metastases, or Invasion related
Up-

regulated Reference Down-
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miR-377 (Brase et al., 2011) miR-34a (Liu et al., 2011) 
miR141 (Brase et al., 2011) miR-143 (Peng et al., 2011) 

  miR-145 (Peng et al., 2011) 
  miR-15 (Musumeci et al., 2011) 
  miR-16 (Musumeci et al., 2011) 

Table 3. Differentially expressed miRNA implicated in prostate cancer (modified from (Sevli 
et al., 2010)) 

3.2 miRNAs as potential targets for development of therapy in prostate cancer 
MicroRNAs have great potential as target for anti-cancer oligo-nucleotide therapy. 
Although their critical role in post-transcriptional gene expression is solved, more should be 
revealed about the specific deregulated miRNAs in individual tumors and the mRNA 
targets of them. Therapeutic delivery of down-regulated miRNAs is promising and lots of 
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studies were performed to evaluate the potential miRNAs. The up-regulated miRNAs in 
prostate tumors can be inhibited by delivery of anti-miR molecules that specifically bind 
and form non-functional double stranded mature-miRNA molecules.  
miRNA can also be used as cancer immunotherapy agents. Their immune regulatory 
functions were identified for certain miRNAs. miR-222 and miR-339 have role in targeting of 
tumors by immune cells. Some other miRNAs were identified in T-cells for immune cell 
regulated cancer therapy (Okada et al., 2010). 

4. PCSCs and miRNAs: Future developments of identification of new 
approaches for prostate cancer progression and therapy 
Some miRNAs have direct role in survival of prostate CSCs. CD44 as already known is the 
significant marker for CSCs in prostate tumors. The differential expression studies on CD44 
positive and negative cells revealed that miR-34a is down regulated in tumors with enriched 
CD44 marker. Ectopic expression of miR-34a in CD44+ cells caused the decreased 
clonogenicity and recurrence/metastases capacity. The CD44- cells have higher miR-34a 
expression and down-regulation of miR-34a with antagonist antimiR molecules caused 
increased rate of metastasis and tumorigenesis. The CD44 transcript was found as direct 
target of miR-34a (Liu et al., 2011). MiR-34a is also induced by P53 tumor suppressor protein 
and commonly down-regulated in cancers which have decreased p53 expression. Mir-34a 
degrades the SIRT1, a sirtuin class III histone deacetylase protein, of which up-regulation 
was shown in less miR-34a expressing prostate samples.  

5. Conclusion 
Despite the recent developments on cancer diagnosis and therapy, prostate cancer still 
remains one of the leading cause of cancer deaths in men. New tools for precise diagnosis, 
distinguishing those patients who will be recurred early requiring more extensive 
treatments than those who will live their lifetime without not much getting affected by the 
disease are needed. Unlike some other types of tumors, prostate cancer is one of the tumor 
types in which limited treatment options are available; therefore, there is a need for novel 
therapy tools as well. In this chapter, two highly attracted topics, cancer stem cells and 
microRNAs are summarized as their role and implications in human prostate cancer arise. 
We believe this chapter will help to those who are interested in cancer stem cells and 
microRNAs not only in prostate cancer but in other applicable diseases as well. 
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studies were performed to evaluate the potential miRNAs. The up-regulated miRNAs in 
prostate tumors can be inhibited by delivery of anti-miR molecules that specifically bind 
and form non-functional double stranded mature-miRNA molecules.  
miRNA can also be used as cancer immunotherapy agents. Their immune regulatory 
functions were identified for certain miRNAs. miR-222 and miR-339 have role in targeting of 
tumors by immune cells. Some other miRNAs were identified in T-cells for immune cell 
regulated cancer therapy (Okada et al., 2010). 

4. PCSCs and miRNAs: Future developments of identification of new 
approaches for prostate cancer progression and therapy 
Some miRNAs have direct role in survival of prostate CSCs. CD44 as already known is the 
significant marker for CSCs in prostate tumors. The differential expression studies on CD44 
positive and negative cells revealed that miR-34a is down regulated in tumors with enriched 
CD44 marker. Ectopic expression of miR-34a in CD44+ cells caused the decreased 
clonogenicity and recurrence/metastases capacity. The CD44- cells have higher miR-34a 
expression and down-regulation of miR-34a with antagonist antimiR molecules caused 
increased rate of metastasis and tumorigenesis. The CD44 transcript was found as direct 
target of miR-34a (Liu et al., 2011). MiR-34a is also induced by P53 tumor suppressor protein 
and commonly down-regulated in cancers which have decreased p53 expression. Mir-34a 
degrades the SIRT1, a sirtuin class III histone deacetylase protein, of which up-regulation 
was shown in less miR-34a expressing prostate samples.  

5. Conclusion 
Despite the recent developments on cancer diagnosis and therapy, prostate cancer still 
remains one of the leading cause of cancer deaths in men. New tools for precise diagnosis, 
distinguishing those patients who will be recurred early requiring more extensive 
treatments than those who will live their lifetime without not much getting affected by the 
disease are needed. Unlike some other types of tumors, prostate cancer is one of the tumor 
types in which limited treatment options are available; therefore, there is a need for novel 
therapy tools as well. In this chapter, two highly attracted topics, cancer stem cells and 
microRNAs are summarized as their role and implications in human prostate cancer arise. 
We believe this chapter will help to those who are interested in cancer stem cells and 
microRNAs not only in prostate cancer but in other applicable diseases as well. 
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1. Introduction 
Prostate cancer continues to be one of the most common fatal cancers in men (Jemal et al., 
2010). The comprehensive understanding of the etiology of this disease is however, far from 
complete because of multitude of genetics and environmental factors involved in the 
development of this disease (Deutsch et al., 2004; Giovannucci, 2001). One characteristic 
feature of the prostate gland is its unique ability to accumulate high concentrations of zinc, 
which may otherwise be toxic to other tissues (Costello & Franklin, 1998). For reasons 
primarily still unknown, cancerous prostate cells somehow lose its ability to accumulate 
intracellular zinc concentrations. This is based on consistent observations of low zinc 
concentrations in malignant prostate tissues as compared to normal prostate and benign 
prostatic hyperplasia tissues (Feustel & Wennrich, 1984; Ho, 2004; Vartsky et al., 2003; 
Zaichick et al., 1997). These findings thereby, imply a potential importance of zinc in the 
pathogenesis of prostate cancer.  
It is suggested that dietary zinc supplementation protects against oxidative damage, reduces 
cancer risk (Ho, 2004) and has therapeutic potentials against prostate cancer (Franklin & 
Costello, 2007). Epidemiologic studies, however, provided contradictory findings on the 
effectiveness of zinc in prevention against prostate cancer. While there are studies that 
showed zinc reduces the risk of developing prostate cancer (Key et al., 1997; Kristal et al., 
1999), others showed that advanced prostate cancer is associated with high intake of zinc and 
potentiate the development of benign prostate hyperplasia (BPH) and progression towards 
cancer (Gallus et al., 2007; Lagiou et al., 1999; Lawson et al., 2007; Leitzmann et al., 2003; 
Moyad, 2004). Various mechanisms have been proposed to explain how high zinc regulates 
prostate health and indirectly, how its absence or low concentration could have contributed to 
the occurrence of prostate cancer. Restoration of high zinc to cancerous prostate tissues has 
been shown to inhibit prostate cancer cells proliferation (Feng et al., 2002; Feng et al., 2000; 
Iguchi et al., 1998; Liang et al., 1999) and invasion (Ishii et al., 2004; Ishii et al., 2001a; Ishii et al., 
2001b; Uzzo et al., 2006). In contrast, there are studies which showed that zinc under non-
physiological conditions could promote cancer cell growth and invasion (Boissier et al., 2000; 
Nemoto et al., 2000; Wong & Abubakar, 2008a; Wong & Abubakar, 2010).  
Because of the diverse roles of zinc in cell signaling, the exact pathways and genes affected by 
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1. Introduction 
Prostate cancer continues to be one of the most common fatal cancers in men (Jemal et al., 
2010). The comprehensive understanding of the etiology of this disease is however, far from 
complete because of multitude of genetics and environmental factors involved in the 
development of this disease (Deutsch et al., 2004; Giovannucci, 2001). One characteristic 
feature of the prostate gland is its unique ability to accumulate high concentrations of zinc, 
which may otherwise be toxic to other tissues (Costello & Franklin, 1998). For reasons 
primarily still unknown, cancerous prostate cells somehow lose its ability to accumulate 
intracellular zinc concentrations. This is based on consistent observations of low zinc 
concentrations in malignant prostate tissues as compared to normal prostate and benign 
prostatic hyperplasia tissues (Feustel & Wennrich, 1984; Ho, 2004; Vartsky et al., 2003; 
Zaichick et al., 1997). These findings thereby, imply a potential importance of zinc in the 
pathogenesis of prostate cancer.  
It is suggested that dietary zinc supplementation protects against oxidative damage, reduces 
cancer risk (Ho, 2004) and has therapeutic potentials against prostate cancer (Franklin & 
Costello, 2007). Epidemiologic studies, however, provided contradictory findings on the 
effectiveness of zinc in prevention against prostate cancer. While there are studies that 
showed zinc reduces the risk of developing prostate cancer (Key et al., 1997; Kristal et al., 
1999), others showed that advanced prostate cancer is associated with high intake of zinc and 
potentiate the development of benign prostate hyperplasia (BPH) and progression towards 
cancer (Gallus et al., 2007; Lagiou et al., 1999; Lawson et al., 2007; Leitzmann et al., 2003; 
Moyad, 2004). Various mechanisms have been proposed to explain how high zinc regulates 
prostate health and indirectly, how its absence or low concentration could have contributed to 
the occurrence of prostate cancer. Restoration of high zinc to cancerous prostate tissues has 
been shown to inhibit prostate cancer cells proliferation (Feng et al., 2002; Feng et al., 2000; 
Iguchi et al., 1998; Liang et al., 1999) and invasion (Ishii et al., 2004; Ishii et al., 2001a; Ishii et al., 
2001b; Uzzo et al., 2006). In contrast, there are studies which showed that zinc under non-
physiological conditions could promote cancer cell growth and invasion (Boissier et al., 2000; 
Nemoto et al., 2000; Wong & Abubakar, 2008a; Wong & Abubakar, 2010).  
Because of the diverse roles of zinc in cell signaling, the exact pathways and genes affected by 
the absence or presence of high zinc concentrations in prostate cancer cells remain unraveled. 
In an attempt to further understand the complexicity of the role of zinc in prostate cancer, this 
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chapter will discuss issues related to the regulatory roles of zinc in normal prostate, the 
consequences of losing this regulatory role in the malignant cells and the implications of zinc 
supplementation in the cancer cells. 

2. Zinc and human health 
Zinc is an essential trace element, critical for diverse biological functions in the human body. 
Its importance in humans was not discovered until 1961 where zinc deficiency was found to be 
the cause of growth retardation and hypogonadism in Iranian and Egyptian patients (Prasad 
et al., 1961; Prasad et al., 1963). Meat, poultry, oyster, dairy products, legumes and cereals are 
food rich in zinc. However, phytates, which are present in some cereals and legumes can 
reduce the bioavailability of zinc by inhibiting absorption of zinc in the intestines (Sandstrom, 
1997; Wise, 1995). The recommended dietary allowance (RDA) for daily intake of zinc in 97-
98% healthy individuals is 8 mg/d for women, 11 mg/d for men, 11-12 mg/ml for pregnant 
and lactating women. Children from 1-3 years old, 4-8 years and 9-13 years old require 3, 5 and 
8 mg/d of zinc, respectively (Food and Nutritional Board of Medicine, 2010a). The tolerable 
upper intake level (UL), defined as the maximal daily intake unlikely to cause adverse health 
effects is 40 mg/d for adults. For children of 1-3, 4-8 and 9-13 years old, ULs are 7 mg/d, 12 
and 23 mg/d, respectively, (Food and Nutritional Board of Medicine, 2010b). 
Deficiency of zinc is associated with significant health problems. Early manifestations of 
zinc deficiency include decreased immunity resulting in increased susceptibility to 
infections such as diarrhea, common cold, acute lower respiratory infection and malaria. 
Zinc-deficient individuals also display dermatitis, delayed wound healing and alopecia. 
Prolonged deficiency leads to retardation of growth, genital development, hypogonadism 
and impaired neuropsychological functions (Prasad, 2008). Zinc deficiency in pregnancy 
retards fetal growth and postnatal development, causes neural tube defects and premature 
birth but the use of zinc supplementation in women still requires further studies (Osendarp 
et al., 2003; Uriu-Adams & Keen, 2010).  
Zinc supplements are found in the forms of zinc gluconate, zinc sulfate, and zinc acetate, 
where the percentage of elemental zinc can varies (Haase et al., 2008). Studies have shown that 
supplementation with zinc corrects growth and gonadal development, improves immune 
functions and hastens recovery from diarrhea, common cold, acute lower respiratory infection 
and malaria (Black, 2003; Fischer Walker & Black, 2004). It is also used to treat genetic 
disorders such as acrodermatitis enteropathica (Maverakis et al., 2007) and Wilson’s disease 
(Brewer, 2001). Zinc excess can induce copper deficiency and it is used in Wilson’s disease to 
interfere with uptake of copper and subsequently reduce excessive copper accumulation. 
While zinc supplementation may be beneficial in certain conditions excessive zinc intake can 
pose serious health risks. Acute zinc toxicity causes gastrointestinal-related symptoms such 
nausea, vomiting, tenesmus and diarrhea (Brown et al., 1964). Chronic zinc toxicity can lead to 
copper deficiency and its related hematological and neurological manifestations (Maret & 
Sandstead, 2006). Chronic high intake of zinc can also cause abnormalities of genitourinary 
functions (Johnson et al., 2007).  

3. Zinc homeostasis and transport 
Total zinc in human body is about 2-3 g for a 70 kg adult (Wastney et al., 1986). Ninety 
percent is incorporated in the muscle, most of which are poorly exchangeable and tightly 
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bound to high molecular weight ligands such as metalloenzymes, metalloproteins, 
nucleoproteins and nucleic acids. The remaining 10% of zinc is readily exchangeable and 
loosely bound to amino acid and citrate (Frederickson, 1989; Outten & O'Halloran, 2001). 
This pool of zinc is found in plasma, liver and bone and is metabolically active, rapidly 
exchanged and sensitive to changes in the bioavailability of zinc in the diet. The prostate 
gland, pancreas, adrenal gland, certain areas of the brain, inner ear and eye, skin, nails, hair, 
red and white blood cells are known to accumulate high concentrations of zinc (Tapiero & 
Tew, 2003).  
The concentrations of zinc are strictly regulated in vivo because dysregulation of zinc 
homeostasis can result in pathogenic consequences. Approximately 30-40% of intracellular 
zinc is localized in the nucleus, 50% in the cytosol and cytosolic organelles and the 
remainder are associated with cell membranes (Vallee & Falchuk, 1993). Zinc transporters 
play important roles in maintaining zinc homeostasis, as zinc ions are hydrophilic and do 
not cross cell membranes by passive diffusion (Cousins & McMahon, 2000). There are two 
known families of zinc transporters i.e. the ZIP (Zrt/Irt-like proteins (SLC39A)) family and 
the cation diffusion facilitator/Zinc transporter (CDF/ZnT (SLC30A)) family. At least 15 
members of the ZIP family (Zn2+-regulated metal transporter) (Cousins et al., 2006) and 10 
members from the ZnT family (Eide, 2004) are found in mammalian cells. ZnT transporters 
regulate zinc efflux from cells or into intracellular vesicles, hence, reduce intracellular zinc 
availability, whereas ZIP members of the ZIP family participate in the transport of zinc, iron, 
and/or manganese. The human ZIP1, ZIP2, and ZIP4 proteins are involved in zinc uptake 
across the plasma membrane of various cell types (Eide, 2004).  

4. Major functions of zinc 
4.1 Structural and catalytic functions 
Zinc has structural, catalytic and regulatory functions. It is a structural element found in 
many enzymes essential for DNA synthesis, transcription, aminoacyl-tRNA synthesis and 
ribosomal functions. It is found in zinc finger motifs of more than two thousands of 
transcription factors where these motifs provide a platform for interaction with DNA or 
other proteins (Vallee et al., 1991). Zincs are also found in LIM domains in proteins 
important for cytoskeletal organization, organ development and oncogenesis (Kadrmas & 
Beckerle, 2004). Zinc regulates cell proliferation and differentiation by modulating nucleic 
acid metabolisms and protein synthesis. It also controls cell growth by activating, 
transporting and modulating growth hormone, insulin-like growth factor-1, prolactin, 
testosterone and other steroid hormones (Costello et al., 1999; Ozturk et al., 2005; Prasad et 
al., 1996; Turgut et al., 2005). Zinc, unlike the highly reactive copper and iron, does not 
participate in redox reactions (Berg & Shi, 1996). The incorporation of zinc into proteins 
instead of these highly reactive elements helps prevent the generation of free radicals (Ho, 
2004). Zinc, hence, has anti-oxidant activities. It maintains proper folding, stability and 
activity of zinc-dependent enzymes by protecting these enzymes from free radicals attacks 
(Coleman, 1992). Some of the zinc-dependent enzymes include superoxide dismutase, 
carbonic anhydrase, alkaline phosphatase, glutamic dehydrogenase, nucleotidase, 
carboxypeptidase A, retinal dehydrogenase and angiotensin-converting enzymes. 
Intracellular zinc also protects several compounds from oxidative damage and these include 
citrate in the prostate gland (Omu et al., 1998) and insulin in the secretory granules of the 
islet beta cells (Zalewski et al., 1994). In addition, zinc exerts its anti-oxidant abilities 
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where the percentage of elemental zinc can varies (Haase et al., 2008). Studies have shown that 
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and malaria (Black, 2003; Fischer Walker & Black, 2004). It is also used to treat genetic 
disorders such as acrodermatitis enteropathica (Maverakis et al., 2007) and Wilson’s disease 
(Brewer, 2001). Zinc excess can induce copper deficiency and it is used in Wilson’s disease to 
interfere with uptake of copper and subsequently reduce excessive copper accumulation. 
While zinc supplementation may be beneficial in certain conditions excessive zinc intake can 
pose serious health risks. Acute zinc toxicity causes gastrointestinal-related symptoms such 
nausea, vomiting, tenesmus and diarrhea (Brown et al., 1964). Chronic zinc toxicity can lead to 
copper deficiency and its related hematological and neurological manifestations (Maret & 
Sandstead, 2006). Chronic high intake of zinc can also cause abnormalities of genitourinary 
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bound to high molecular weight ligands such as metalloenzymes, metalloproteins, 
nucleoproteins and nucleic acids. The remaining 10% of zinc is readily exchangeable and 
loosely bound to amino acid and citrate (Frederickson, 1989; Outten & O'Halloran, 2001). 
This pool of zinc is found in plasma, liver and bone and is metabolically active, rapidly 
exchanged and sensitive to changes in the bioavailability of zinc in the diet. The prostate 
gland, pancreas, adrenal gland, certain areas of the brain, inner ear and eye, skin, nails, hair, 
red and white blood cells are known to accumulate high concentrations of zinc (Tapiero & 
Tew, 2003).  
The concentrations of zinc are strictly regulated in vivo because dysregulation of zinc 
homeostasis can result in pathogenic consequences. Approximately 30-40% of intracellular 
zinc is localized in the nucleus, 50% in the cytosol and cytosolic organelles and the 
remainder are associated with cell membranes (Vallee & Falchuk, 1993). Zinc transporters 
play important roles in maintaining zinc homeostasis, as zinc ions are hydrophilic and do 
not cross cell membranes by passive diffusion (Cousins & McMahon, 2000). There are two 
known families of zinc transporters i.e. the ZIP (Zrt/Irt-like proteins (SLC39A)) family and 
the cation diffusion facilitator/Zinc transporter (CDF/ZnT (SLC30A)) family. At least 15 
members of the ZIP family (Zn2+-regulated metal transporter) (Cousins et al., 2006) and 10 
members from the ZnT family (Eide, 2004) are found in mammalian cells. ZnT transporters 
regulate zinc efflux from cells or into intracellular vesicles, hence, reduce intracellular zinc 
availability, whereas ZIP members of the ZIP family participate in the transport of zinc, iron, 
and/or manganese. The human ZIP1, ZIP2, and ZIP4 proteins are involved in zinc uptake 
across the plasma membrane of various cell types (Eide, 2004).  

4. Major functions of zinc 
4.1 Structural and catalytic functions 
Zinc has structural, catalytic and regulatory functions. It is a structural element found in 
many enzymes essential for DNA synthesis, transcription, aminoacyl-tRNA synthesis and 
ribosomal functions. It is found in zinc finger motifs of more than two thousands of 
transcription factors where these motifs provide a platform for interaction with DNA or 
other proteins (Vallee et al., 1991). Zincs are also found in LIM domains in proteins 
important for cytoskeletal organization, organ development and oncogenesis (Kadrmas & 
Beckerle, 2004). Zinc regulates cell proliferation and differentiation by modulating nucleic 
acid metabolisms and protein synthesis. It also controls cell growth by activating, 
transporting and modulating growth hormone, insulin-like growth factor-1, prolactin, 
testosterone and other steroid hormones (Costello et al., 1999; Ozturk et al., 2005; Prasad et 
al., 1996; Turgut et al., 2005). Zinc, unlike the highly reactive copper and iron, does not 
participate in redox reactions (Berg & Shi, 1996). The incorporation of zinc into proteins 
instead of these highly reactive elements helps prevent the generation of free radicals (Ho, 
2004). Zinc, hence, has anti-oxidant activities. It maintains proper folding, stability and 
activity of zinc-dependent enzymes by protecting these enzymes from free radicals attacks 
(Coleman, 1992). Some of the zinc-dependent enzymes include superoxide dismutase, 
carbonic anhydrase, alkaline phosphatase, glutamic dehydrogenase, nucleotidase, 
carboxypeptidase A, retinal dehydrogenase and angiotensin-converting enzymes. 
Intracellular zinc also protects several compounds from oxidative damage and these include 
citrate in the prostate gland (Omu et al., 1998) and insulin in the secretory granules of the 
islet beta cells (Zalewski et al., 1994). In addition, zinc exerts its anti-oxidant abilities 



 
Prostate Cancer – From Bench to Bedside 

 

426 

indirectly by maintaining an adequate level of the free radical scavengers such as 
metallothioneins (MTs) (Prasad, 1993; Tapiero & Tew, 2003). It also stabilizes cell membrane 
structure such as that of the red blood cells (Hennig et al., 1996) and sperm cells (Omu et al., 
1998). Zinc-bound melanin granules of the skin, choroids, iris, retina, photoreceptors of the 
eye also provide protection against oxidative damage and apoptosis (Borovansky, 1994).  

4.2 Zinc and immunity 
Zinc is critical for immune function and is involved in many aspects of the immune system 
(Shankar & Prasad, 1998). Deficiency of zinc causes dysfunction of cells involved in innate 
immunity such as macrophages, neutrophils and natural killer (NK) cells and affects 
phagocytosis, intracellular killing, cytokine production, complement activity and delayed-
type hypersensitivity. Zinc is also important for gene regulation in T lymphocytes. It 
activates pituitary growth hormone and thymulin, the thymic hormone that stimulates 
division, differentiation and maturation of T-cells, lymphocyte proliferation and cytotoxic 
activity of natural killer cells (Baum et al., 2000; Prasad, 1998). It also modulates the function 
of T-helper cells by regulating lymphokines, interleukin-2 (IL-2), interferon-gamma (IFN-) 
and tumour necrosis factor-alpha (TNF-) in response to invasion of pathogens (Baum et al., 
2000). It is also known that zinc helps in tissue repair and wound healing by stimulating 
keratinocyte proliferation and migration to the injured area (Tenaud et al., 2000) and 
scavenges proinflammatory cytokines-produced nitric oxide to prevent tissue damage 
(Yamaoka et al., 2000).  

4.3 Zinc in cell signaling 
Zinc is involved in many aspects of cell signaling, ranging from signal recognition, second 
messenger metabolisms to the regulation of gene expressions. It regulates signaling 
processes by directly modulating the activities of kinases, phosphatases, and transcription 
factors (Beyersmann & Haase, 2001) or acting on its own as an intracellular secondary 
messenger (Fukada et al., 2011; Yamasaki et al., 2007). Zinc initiates the signaling cascades 
by stimulating the activation of several receptors and ion channels and these include 
epidermal growth factor receptor (EGF-R) (Wu et al., 1999); insulin growth factor-1 receptor 
(IGF-1-R) (Haase & Maret, 2005); Gamma-AminoButyric Acid (GABA) receptor (Parviz & 
Gross, 2007); N-methyl-D-aspartate (NMDA) channels of the neuronal cells (Smart et al., 
2004); voltage-gated Ca2+ (Magistretti et al., 2003), the calcium permeable -amino-3-
hydroxy-5-methyl-4-isoxazole-propionate (AMPA) channels (Blakemore & Trombley, 2004), 
transient receptor potential ankyrin (Hu et al., 2009) and ATP-sensitive K+ channels (Prost et 
al., 2004). It also affects the activities of several second messengers. It is shown that zinc 
inhibits cyclic adenosine monophosphate (cAMP) signaling (Klein et al., 2002) and elevates 
cyclic guanosine monophosphate (cGMP) levels (Watjen et al., 2001).  
Zinc regulates the transcription of genes important for cell proliferation and differentiation 
by modulating transcription factors such as metal response element-binding transcription 
factor-1, MTF-1 (Langmade et al., 2000); Egr-1 (Adamson et al., 2003); AP-1 and NF-B 
(Herbein et al., 2006; Uzzo et al., 2006); Jun and ATF-2 (Samet et al., 1998). Among these, 
MTF-1 to date is the best-characterized zinc-activated transcription factors. MTF-1 responds 
acutely to changes in intracellular zinc concentrations by binding with zinc and translocates 
to nucleus. It then activates genes transcription by binding to promoters of other known 
zinc-responsive genes such as metallothioneins (MTs) and zinc transporter, ZnT-1 that 
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regulate intracellular zinc concentrations (Langmade et al., 2000). Other zinc finger 
transcription factors such as Egr-1, AP-1 and NF-B are important for the regulation of 
genes that control cells proliferation. Deregulation of these transcription factors contributes 
to cancer cells proliferation, metastasis and angiogenesis. How zinc affects the regulation of 
these transcription factors and their outcomes, however, varies. It is shown in a number of 
studies, that zinc at different concentrations activate or suppress the activities of NF-B in 
different cell lines resulting in different cellular responses (Kim et al., 2007; Uzzo et al., 2006; 
Uzzo et al., 2002).  
Zinc modulates kinases and phosphatases of major cells signaling pathways. A number of 
studies showed that zinc stimulates EGF receptor phosphorylation and activates members 
of the MAPKs family such as ERK (Hansson, 1996; Klein et al., 2006; Samet et al., 1998; Uzzo 
et al., 2006) and p38 kinase (Huang et al., 1999; Wu et al., 1999; Wu et al., 2005) activities in 
prostate cancer cells, murine fibroblasts, human bronchial epithelial cells, human airway 
epithelial cells and mouse cortical cells. Zinc also induces the phosphorylation of p70S6 
kinase in murine fibroblasts, c-jun N-terminal kinase (JNK) in mouse cortical cells through 
phosphatidylinositol 3-kinase (P13K) signaling pathway (Eom et al., 2001; Kim et al., 2000), 
protein kinase C (PKC) activation (Csermely et al., 1988), protein kinase B (PKB) and 
glycogen synthase kinase (GSK)-3 activities in neuroblastoma cells (An et al., 2005). A 
number of studies also described the role of zinc in the modulation of phosphatases. 
Treatment of the human airway epithelial cells and C6 rat glioma cells with zinc increased 
protein tyrosine phosphorylation by inhibiting phosphatases such as PTP1B and SHP-1 
(Haase & Maret, 2005) and zinc also inhibits the dual-specificity phosphatase VHR (Kim et 
al., 2000). These findings illustrate the extensive involvement of zinc on cellular signaling 
pathways and genes transcription. Balanced zinc homeostasis, therefore is vital for normal 
cell growth and differentiation; and deviations from optimal zinc levels may contribute to 
pathophysiologic consequences observed in many zinc-related diseases. Most of these zinc-
affected pathways are also deregulated in many types of cancer and this further highlights 
the importance of zinc homeostasis in oncogenesis. 

5. Zinc and the prostate gland 
The human prostate gland is divided into three distinct morphological regions which 
include the peripheral, central and transition zones (McNeal, 1981). The peripheral zone 
contains the majority of the glandular tissues present in the normal prostate and accounts 
for 70% of the volume in the young adult prostate. The central zone consists of larger acini 
and has a more complex ductal branching while the transition zone comprises of glands 
lobules with shorter ducts in comparison to those in the peripheral zone. The central and 
transition zones account for 25% and 5% of the prostate volume, respectively.  
The normal peripheral zone of the prostate gland accumulates the highest concentrations of 
zinc in comparison to other soft tissues of the body (Kar & Chowdhury, 1966; Lahtonen, 
1985). The ability to accumulate zinc in the peripheral zone is due to the presence of highly 
specialized secretory epithelial cells that is not found in the central zone of the prostate. 
hZIP1 transporter is an important transporter for uptake from the circulation and 
accumulation in the prostate gland (Costello et al., 1999; Desouki et al., 2007) while hZIP-2 
and hZIP-3 retain zinc in the cellular compartment (Desouki et al., 2007). 
hZIP1 transporters are downregulated in adenocarcinoma cells and in prostate intra-
epithelial neoplastic loci (PIN) (Rishi et al., 2003). This causes not only a decrease in zinc 
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regulate intracellular zinc concentrations (Langmade et al., 2000). Other zinc finger 
transcription factors such as Egr-1, AP-1 and NF-B are important for the regulation of 
genes that control cells proliferation. Deregulation of these transcription factors contributes 
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these transcription factors and their outcomes, however, varies. It is shown in a number of 
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different cell lines resulting in different cellular responses (Kim et al., 2007; Uzzo et al., 2006; 
Uzzo et al., 2002).  
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et al., 2006) and p38 kinase (Huang et al., 1999; Wu et al., 1999; Wu et al., 2005) activities in 
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epithelial cells and mouse cortical cells. Zinc also induces the phosphorylation of p70S6 
kinase in murine fibroblasts, c-jun N-terminal kinase (JNK) in mouse cortical cells through 
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protein kinase C (PKC) activation (Csermely et al., 1988), protein kinase B (PKB) and 
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protein tyrosine phosphorylation by inhibiting phosphatases such as PTP1B and SHP-1 
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affected pathways are also deregulated in many types of cancer and this further highlights 
the importance of zinc homeostasis in oncogenesis. 

5. Zinc and the prostate gland 
The human prostate gland is divided into three distinct morphological regions which 
include the peripheral, central and transition zones (McNeal, 1981). The peripheral zone 
contains the majority of the glandular tissues present in the normal prostate and accounts 
for 70% of the volume in the young adult prostate. The central zone consists of larger acini 
and has a more complex ductal branching while the transition zone comprises of glands 
lobules with shorter ducts in comparison to those in the peripheral zone. The central and 
transition zones account for 25% and 5% of the prostate volume, respectively.  
The normal peripheral zone of the prostate gland accumulates the highest concentrations of 
zinc in comparison to other soft tissues of the body (Kar & Chowdhury, 1966; Lahtonen, 
1985). The ability to accumulate zinc in the peripheral zone is due to the presence of highly 
specialized secretory epithelial cells that is not found in the central zone of the prostate. 
hZIP1 transporter is an important transporter for uptake from the circulation and 
accumulation in the prostate gland (Costello et al., 1999; Desouki et al., 2007) while hZIP-2 
and hZIP-3 retain zinc in the cellular compartment (Desouki et al., 2007). 
hZIP1 transporters are downregulated in adenocarcinoma cells and in prostate intra-
epithelial neoplastic loci (PIN) (Rishi et al., 2003). This causes not only a decrease in zinc 
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uptake (Franklin et al., 2005a; Franklin et al., 2003; Franklin et al., 2005b) but also reduces the 
capacity to accumulate zinc (Huang et al., 2006). The downregulation of hZIP1 is also 
associated with high prostate cancer risk in African American male population in 
comparison with Caucasians (Rishi et al., 2003). hZIP2, hZIP3 and ZnT4 are also found 
downregulated in malignant tissues in comparison to nonmalignant and Benign prostatic 
hyperplasia (BPH) tissues (Beck et al., 2004; Desouki et al., 2007). These findings collectively 
suggest that alterations of intracellular zinc due to changes in zinc transporters expression 
are associated to the development prostate cancer. It is suggested that human ZIP1, ZIP2 
and ZIP3 genes may be tumor suppressor genes (Desouki et al., 2007) and zinc may be a 
tumor suppressor agent (Franklin & Costello, 2007). 

5.1 Association of zinc with prostate cancer 
It is still unclear of the role of zinc in malignant diseases but abnormal levels of zinc in 
serum of cancer patients and malignant tissues are widely reported. Serum zinc levels are 
increased in melanoma patients (Ros-Bullon et al., 1998) but more often, reduced serum zinc 
levels are reported in breast (Sharma et al., 1994; Yucel et al., 1994), gallbladder (Gupta et al., 
2005), lung (Diez et al., 1989; Issell et al., 1981), Hodgkin's disease (Cunzhi et al., 2001), 
colorectal (Gupta et al., 1993), neck (Buntzel et al., 2007), leukemia (Zuo et al., 2006) and 
thyroid (Al-Sayer et al., 2004) cancer patients. Elevated zinc levels in malignant tissues are 
observed in breast (Margalioth et al., 1983), intestinal (Kucharzewski et al., 2003), metastatic 
nasopharyngeal (Bay et al., 1997) cancers but are decreased in kidney carcinoma tissues 
(Margalioth et al., 1983). It is also high in bone marrow of patients with non-Hodgkin 
lymphomas (Schmitt et al., 1993). In prostate cancer, decreased zinc levels are consistently 
observed in malignant tissue samples from different populations and at various stages of 
malignancy (Vartsky et al., 2003; Zaichick et al., 1997). Analysis of malignant prostate tissues 
showed a 60-70% reduction of zinc levels in comparison to those of the normal peripheral 
zone tissues (Zaichick et al., 1997). The plasma zinc level between patients with malignancy 
is also significantly lower than normal patients (Goel & Sankhwar, 2006). 

5.1.1 Epidemiologic studies 
It is reported that dietary zinc supplementation protects against oxidative damage, reduces 
cancer risk (Ho, 2004) and is beneficial against prostate tumorigenesis (Franklin & Costello, 
2007). Findings from several epidemiologic studies, however, attain no consensus on the 
effectiveness of zinc against prostate cancer, partly because of differences in experimental 
design, amount of zinc administered and methods in determining plasma/serum zinc status 
(Haase et al., 2008). Several studies showed that there are either no beneficiary effects of zinc 
or there are no potential adverse effects of dietary zinc on prostate cancer risk (Andersson et 
al., 1996; Kolonel, 1996; Vlajinac et al., 1997; West et al., 1991). In contrast, there are reports 
which concluded that zinc reduces prostate cancer risk (Epstein et al., 2011; Key et al., 1997;  
Kristal et al., 1999). Gonzalez et al. (2009) reported that dietary zinc was not associated with 
prostate cancer and 10-year average intake of supplemental zinc does not reduce the overall 
risk of prostate cancer. However, they found that risk of advanced prostate cancer decreases 
with greater intake of supplemental zinc in their VITamins And Lifestyle (VITAL) cohort 
study (Gonzalez et al., 2009). There are also reports that showed high zinc intake increases 
the risk of advanced prostate cancer (Gallus et al., 2007; Lawson et al., 2007; Leitzmann et al., 
2003) and higher intake of dietary zinc could also potentiate the development of BPH and 
progression towards cancer (Lagiou et al., 1999; Moyad, 2004). Although further studies are 
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required in this area, these reports nevertheless, raised concern for potential detrimental 
outcomes of long-term use of high zinc-supplements in men. 

5.1.2 In vitro studies 
The beneficial effects of zinc in prostate cancer intervention and treatment were investigated 
in vitro and in vivo but yielded contradictory observations as well. Several in vitro zinc 
studies showed that zinc inhibits prostate cancer cells proliferation and invasion through the 
induction of necrotic cell death and caspase-mediated mitochondrial apoptogenesis (Feng et 
al., 2002; Feng et al., 2000; Iguchi et al., 1998; Liang et al., 1999). Other suggested inhibitory 
mechanisms include increased levels of Bax or decreased Bcl-2 and survivin expression-
mediated apoptosis effect (Ku et al., 2010) and zinc-induced proteasomal degradation of 
HIF-1α, a protein often upregulated in tumors leading to more aggressive tumor growth 
and chemoresistance (Nardinocchi et al., 2010). In addition, zinc was reported to repress the 
metastatic potential of prostate cancer cells through various mechanisms. These include 
inhibition of NF-B activities (Uzzo et al., 2006), suppression of the invasive potentials of 
human prostate aminopeptidase N and urokinase-type plasminogen activator (Ishii et al., 
2001a; Ishii et al., 2001b) as well as inhibiting proteolytic activities of prostate specific 
antigen (PSA) (Ishii et al., 2004). In contrast, it is also reported that zinc promotes cancer cell 
growth by enhancing telomerase activity, an enzyme thought to be responsible for the 
continuous proliferation of tumor cells (Nemoto et al., 2000) and suppressing the inhibitory 
potential of bisphosphonates on tumor cell invasion (Boissier et al., 2000). Our studies also 
showed that restoration of high zinc for a prolonged period could only inhibit zinc 
proliferation transiently, after which the malignant cell growth was restored and acquired a 
more aggressive behaviour (Wong & Abubakar, 2008a; Wong & Abubakar, 2010).  

5.1.3 In vivo studies 
The association of zinc with prostate cancer and the therapeutic potentials of zinc in 
prostate cancer were also investigated in vivo (Table 1). Two early studies using xenograft 
mice inoculated with PC-3 cells (Feng et al., 2003) and PC-3-hZIP1 cells (Golovine et al., 
2008) showed that zinc treatment resulted in inhibition of tumor growth. Feng et al. (2003) 
showed that inhibition of tumor growth was due to zinc-induced apoptosis. Golovine et 
al. (2008) showed that overexpression of hZIP1 transporter in PC3 cancer cells resulted in 
increased zinc uptake, decreased tumor volume and inhibition of NFB activity which are 
usually high in PC3 cells at physiological zinc serum range (0.5–1.5 μg/ml). Direct 
intratumoral injection of zinc in mM range was also shown to halt prostate cancer cell 
growth in xenograft mice (Shah et al., 2009) but the practicality of using intratumoral 
administration in human remains in question. Prasad et al. (2010) used a more relevant 
mouse model i.e. transgenic adenocarcinoma of the mouse prostate (TRAMP) mice in 
their study to determine the role of zinc in the development of prostate cancer. TRAMP 
mice develop spontaneous autochtonous disease which enables studies on the 
transformation of normal prostatic cells, progression and metastasis of prostate cancer 
(Gingrich et al., 1996). These mice were given 0.85 ppm zinc (deficient), 30 ppm zinc 
(optimal) and 150 ppm zinc (high) for 14 weeks. Their results showed that prostate tumor 
weights were higher at both zinc-deficient and high zinc-supplemented mice which led 
them to suggest that zinc at optimal levels is preventive whereas at both deficient and 
higher levels it may enhance tumor growth (Prasad et al., 2010). 
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required in this area, these reports nevertheless, raised concern for potential detrimental 
outcomes of long-term use of high zinc-supplements in men. 

5.1.2 In vitro studies 
The beneficial effects of zinc in prostate cancer intervention and treatment were investigated 
in vitro and in vivo but yielded contradictory observations as well. Several in vitro zinc 
studies showed that zinc inhibits prostate cancer cells proliferation and invasion through the 
induction of necrotic cell death and caspase-mediated mitochondrial apoptogenesis (Feng et 
al., 2002; Feng et al., 2000; Iguchi et al., 1998; Liang et al., 1999). Other suggested inhibitory 
mechanisms include increased levels of Bax or decreased Bcl-2 and survivin expression-
mediated apoptosis effect (Ku et al., 2010) and zinc-induced proteasomal degradation of 
HIF-1α, a protein often upregulated in tumors leading to more aggressive tumor growth 
and chemoresistance (Nardinocchi et al., 2010). In addition, zinc was reported to repress the 
metastatic potential of prostate cancer cells through various mechanisms. These include 
inhibition of NF-B activities (Uzzo et al., 2006), suppression of the invasive potentials of 
human prostate aminopeptidase N and urokinase-type plasminogen activator (Ishii et al., 
2001a; Ishii et al., 2001b) as well as inhibiting proteolytic activities of prostate specific 
antigen (PSA) (Ishii et al., 2004). In contrast, it is also reported that zinc promotes cancer cell 
growth by enhancing telomerase activity, an enzyme thought to be responsible for the 
continuous proliferation of tumor cells (Nemoto et al., 2000) and suppressing the inhibitory 
potential of bisphosphonates on tumor cell invasion (Boissier et al., 2000). Our studies also 
showed that restoration of high zinc for a prolonged period could only inhibit zinc 
proliferation transiently, after which the malignant cell growth was restored and acquired a 
more aggressive behaviour (Wong & Abubakar, 2008a; Wong & Abubakar, 2010).  

5.1.3 In vivo studies 
The association of zinc with prostate cancer and the therapeutic potentials of zinc in 
prostate cancer were also investigated in vivo (Table 1). Two early studies using xenograft 
mice inoculated with PC-3 cells (Feng et al., 2003) and PC-3-hZIP1 cells (Golovine et al., 
2008) showed that zinc treatment resulted in inhibition of tumor growth. Feng et al. (2003) 
showed that inhibition of tumor growth was due to zinc-induced apoptosis. Golovine et 
al. (2008) showed that overexpression of hZIP1 transporter in PC3 cancer cells resulted in 
increased zinc uptake, decreased tumor volume and inhibition of NFB activity which are 
usually high in PC3 cells at physiological zinc serum range (0.5–1.5 μg/ml). Direct 
intratumoral injection of zinc in mM range was also shown to halt prostate cancer cell 
growth in xenograft mice (Shah et al., 2009) but the practicality of using intratumoral 
administration in human remains in question. Prasad et al. (2010) used a more relevant 
mouse model i.e. transgenic adenocarcinoma of the mouse prostate (TRAMP) mice in 
their study to determine the role of zinc in the development of prostate cancer. TRAMP 
mice develop spontaneous autochtonous disease which enables studies on the 
transformation of normal prostatic cells, progression and metastasis of prostate cancer 
(Gingrich et al., 1996). These mice were given 0.85 ppm zinc (deficient), 30 ppm zinc 
(optimal) and 150 ppm zinc (high) for 14 weeks. Their results showed that prostate tumor 
weights were higher at both zinc-deficient and high zinc-supplemented mice which led 
them to suggest that zinc at optimal levels is preventive whereas at both deficient and 
higher levels it may enhance tumor growth (Prasad et al., 2010). 
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Animal models 
Zinc 

concentrations 
given 

Duration of 
treatment Findings References 

Nude mice 
inoculated with 
PC3  

0.25 µL/h 28 days 
(4 weeks) 

Inhibition of tumor 
growth 

Feng et al., 
2003 

C.B17/ICR-SCID 
mice inoculated 
with PC-3-hZIP1 
in the flank 
region 

2000 ppm 23 days 
(3.3 weeks) 

Decreased tumor 
volume 

Golovine  
et al., 2008 

NOD/SCID 
inoculated with 
PC3 cells in the 
dorsum of 
animals 

200 μL of 3 
mM zinc 
acetate per 
injection 

direct 
intratumoral 
injection every 
48 hours for a 
period of two 
weeks 

Halted prostate cancer 
cells growth  

Shah et al., 
2009 

TRAMP mice zinc deficient 
(0.85 ppm), 
optimal 
(normal) zinc 
(30 ppm) and 
high zinc (150 
ppm)  

14 weeks Significantly higher 
tumor weights in zinc-
deficient or high-zinc 
fed mice  

Prasad et al., 
2010 

Sprague-Dawley 
rats using N-
methyl-N-
nitrosourea 
MNU+ 
testosterone 
(MNU + T) 

100 ppm 3 times / week Fewer incidences of 
hyperplasia, dysplasia, 
and prostatic 
intraepithelial 
neoplasia in the ventral 
prostate zinc-treated 
mice  

Banudevi  
et al., 2011 

Sprague-Dawley 
rats using MNU+ 
cyproterone 
acetate + 
testosterone 
propionate 

227 mg/L 
(equivalent to 
227 ppm) 

20 weeks Increased incidence of 
prostate intraepithelial 
neoplasm  

Ko et al., 
2010 

Table 1. In vivo zinc studies using murine models 

To investigate the chemopreventive potential of zinc, Banudevi et al. (2011) treated prostate 
cancer induced Sprague-Dawley rats using N-methyl-N-nitrosourea MNU+ testosterone 
(MNU + T) with zinc (100 ppm) thrice a week. The zinc-treated mice showed fewer 
incidences of hyperplasia, dysplasia, and prostatic intraepithelial neoplasia in the ventral 
prostate compared to the non-treated group (Banudevi et al., 2011). They concluded that 
zinc may act as a potential chemopreventive agent in targeting prostate cancer. However, in 
another study on prostate cancer induced Sprague-Dawley rats using MNU+ cyproterone 
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acetate + testosterone propionate fed with zinc sulfate heptahydrate dissolved in drinking 
water (227 mg/L or 227 ppm) for 20 weeks, they found high dietary zinc increased 
intraprostatic zinc concentrations and promoted prostate intraepithelial neoplasm (Ko et al., 
2010). A much higher zinc and longer duration of treatment may be responsible for the 
observations made by Ko et al. (2010), it nevertheless suggests that high zinc treatment for a 
prolonged period may have detrimental outcomes.  

5.2 Mechanisms of zinc-induced prostate cancer pathogenesis 
It is established that zinc deficiency is associated with prostate cancer development based on 
the observation of significantly low/absence of zinc in cancerous prostate tissues and 
indirect evidences from in vitro and animal studies.  It remains to be unraveled whether the 
absence of zinc is a consequence of cells transformation or whether zinc deficiency directly 
contributes to transformation.  
A number of studies showed that zinc exerts both growth and metabolic effects on prostate 
cells and contribute to the development of prostate malignancy by altering citrate 
metabolism (Costello et al., 2004; Singh et al., 2006). It is reported in these studies that zinc 
inhibits in vitro cultured human prostate cell lines (LNCaP, PC3 and BPH-1) and rat ventral 
prostate epithelium cells proliferation by inducing mitochondrial apoptogenesis by 
releasing cytochrome c, which then activates subsequent caspase mediated-apoptotic 
cascading events leading to apoptosis. It is also shown that zinc inhibits the gene expression 
and activity of m-aconitase in prostate cells (Costello et al., 1997; Tsui et al., 2006). These 
findings led to the proposal that the presence of high zinc in normal prostate limits citrate 
oxidation via the Krebs cycle resulting in accumulation of high citrate levels for the secretion 
of prostatic fluids (Costello et al., 1997). In the transformed prostate cells, where zinc 
concentration is very low or absent, citrate oxidation can proceed via the Krebs cycle to 
generate ATP, thus, providing unlimited energy for malignant cells growth (Costello et al., 
2004; Costello & Franklin, 2006). Concurrently, as intracellular zinc decreases, the 
apoptogenic effects of zinc are also removed, hence encourages malignant cells proliferation 
(Costello et al., 2004). Based on these observations, these authors suggest that restoration of 
zinc to prostate may be an effective treatment for prostate cancer. 
Although the proposed mechanisms are plausible, it is also discussed above that zinc has 
diverse effects on cellular processes and mediates various signaling transduction pathways 
including those that are implicated in the development and progression of prostate cancer. 
This point was exemplified in another study that showed the involvement of zinc in Akt 
pathway (Han et al., 2009). Akt/protein kinase B (PKB) gene is amplified in cancerous prostate 
tissues and increase in its kinase activities are associated with hormone-resistant prostate 
cancer (Edwards et al., 2003). Activation of Akt pathway promotes the survival and protection 
of cancer cells from apoptosis by inhibiting downstream death proteins such as Bad, caspase-9 
and forkhead transcription factors (FHTF) (Cantley, 2002). Phosphatase and TENsin homolog 
(PTEN), a tumor suppressor, negatively regulate the phosphorylation of Akt and maintains it 
at basal level. Normal prostate cells accumulates high zinc and during zinc deficiency, Han et 
al. (2009) showed that Akt is hyperphosphorylated in prostate normal epithelial cells (PrEC) 
and led to Mdm2 phosphorylation and decreased nuclear accumulation of p53. This resulted 
in reduced tumor-suppressive effect of p53, hence, maintaining the progression of the cell 
cycle and promoting cell survival through an Akt-Mdm2-p53 signaling axis. In LNCaP 
prostate cancer cells where PTEN is deleted and mutated, Akt phosphorylation becomes 
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acetate + testosterone propionate fed with zinc sulfate heptahydrate dissolved in drinking 
water (227 mg/L or 227 ppm) for 20 weeks, they found high dietary zinc increased 
intraprostatic zinc concentrations and promoted prostate intraepithelial neoplasm (Ko et al., 
2010). A much higher zinc and longer duration of treatment may be responsible for the 
observations made by Ko et al. (2010), it nevertheless suggests that high zinc treatment for a 
prolonged period may have detrimental outcomes.  

5.2 Mechanisms of zinc-induced prostate cancer pathogenesis 
It is established that zinc deficiency is associated with prostate cancer development based on 
the observation of significantly low/absence of zinc in cancerous prostate tissues and 
indirect evidences from in vitro and animal studies.  It remains to be unraveled whether the 
absence of zinc is a consequence of cells transformation or whether zinc deficiency directly 
contributes to transformation.  
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at basal level. Normal prostate cells accumulates high zinc and during zinc deficiency, Han et 
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uninhibited. In zinc-deficient LNCaP cells, it is suggested that Akt phosphorylates p21, inhibits 
its nuclear entry and promotes cytoplasmic degradation. Hence, zinc-deficient LNCaP cells 
could survive and progress through the G0/G1 phase of the cell cycle. This study showed that 
zinc is important in maintaining the survival of normal prostate cells and in its absence, the 
malignant cells uses alternative pathway to promote cell survival instead.  
Difference in response to zinc between normal and malignant cells was also observed in our 
previous studies. We demonstrated an increasing percentage of senescent normal prostate 
PNT2 cells when treated with a high zinc concentration but this was not observed in LNCaP 
cells (Wong & Abubakar, 2008b). Hence, high zinc in the normal prostate regulates healthy 
prostate cell growth by maintaining senescence but this regulatory role is lost in zinc-deficient 
cancerous tissues. Han et al. (2009) also showed that cell growth was unchanged for LNCaP 
cells supplemented with high zinc although G2/M populations was depressed, which is 
similar to our observation (Wong & Abubakar, 2008a). Since there was no change in nuclear 
p21 level in high zinc-treated LNCaP cells in the study by Han et al., (2009), restoration of high 
zinc to LNCaP cells may have affected other pathways. We showed that restoration of high 
zinc to LNCaP for a longer period (5 weeks) resulted in upregulation of protein expression of 
Vaccinia H1-related (VHR) phosphatase, zeta chain-associated protein-70 (ZAP-70) kinase and 
phosphorylated extracellular signal-regulated protein kinase 1 and 2 (p-ERK 1 and 2) which 
declined after chelation of Zn2+, highlighting the possible association of zinc with VHR/ZAP-
70-associated pathways in the modulation of LNCaP prostate cancer cell growth.  
To further determine the effects of prolonged high zinc treatment on global gene 
expressions in LNCaP prostate cancer cells, we continuously cultured LNCaP cells for at 
least five passages over a 5 week period in growth medium supplemented with 
supraphysiologic concentrations of Zn2+ (Wong & Abubakar, 2010). Various methods were 
employed to demonstrate the intracellular accumulation of zinc and these are correlated 
with the cancer cell growth and proliferation. Specific gene expression analysis using 
microarray was used to examine the different gene expression levels and validated using 
quantitative real time polymerase chain reaction amplification. Using this approach it was 
observed that high intracellular zinc initially inhibited prostate cell growth and colony 
formation on soft agar. The inhibition, however, is transient as the cancer cell growth rate 
recovers to the pre-zinc treatment cancerous cell growth rate. Results from microarray 
studies using these prolonged high zinc-treated cells suggest that the recovery is 
accompanied by high expression of genes known to promote prostate cancer cell 
proliferation, migration and aggressiveness. Genes such as FASN, FAD, TACSTD1, FBL, 
ADRM1, E2F3, CD164 and STEAP1 are highly expressed. In addition, CD164, FBL and 
TACSTD1 were also found upregulated in increasing presence of high zinc in normal 
prostate PNT2 cells. Collectively, these findings suggest that zinc initially suppresses cell 
growth, perhaps by repressing the expressions of selected growth promoting genes but the 
ability of zinc to regulate these genes in the cancerous tissues are eventually lost, resulting in 
the superinduction of the expression of these genes which in turn promote the survival of 
the prostate cancer cells even when the intracellular zinc level is high. These observations, 
thus, support the epidemiologic findings that high zinc intake is associated with the 
progression to advanced aggressive prostate cancer. In another gene profiling study of 
normal human prostatic cell line HPR-1 and androgen-independent malignant prostate 
cancer PC3 cells treated with zinc (20 M) for 1-6 hours, it was also observed that zinc 
affects many genes involved in oncogenesis pathways although genes associated with zinc 
accumulation and zinc-induced apoptosis are also found responsive (Lin et al., 2009). In 
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their study, Fos, which codes for a transcription factor associated with AP-1, was 
dramatically up-regulated by short-term zinc treatment in PC-3 cells and up-regulation of c-
Fos protein is known to occur in advanced human prostate cancer (Ouyang et al., 2008). 
They also showed that expression of the Akt1 and PIK3 genes, associated with the Akt 
pathway, was dramatically upregulated in normal cells but remained unaffected in the 
cancer cells. However, the long-term effect of zinc on the expression of these genes is not 
known since cells were only treated for 6 hours in this study. This observation nevertheless 
supports the role of zinc in regulating malignancy promoting genes in normal cells but its 
control is lost in the cancerous tissues. The consequences following the loss of zinc 
regulation of cancer-promoting genes warrant further research. 

6. Conclusion 
Despite the contrasting reports on the effects of zinc on prostate cancer cells, these studies 
collectively affirmed the importance of zinc in the regulation of prostate health under 
normal physiologic conditions. Adverse consequences are apparent with zinc deficiency as 
well as with high zinc supplementation. The diverse effects of zinc on prostate cells reflects 
the immensity of zinc interactions with various cellular kinases, phosphatases, signaling 
transduction molecules and transcription factors in the regulation of normal cellular 
processes and immune responses, thereby also affecting those of the tumor cells and tumor 
microenvironment (John et al., 2010) once the normal cells transformed. Because of the 
extensive involvement of zinc in cellular signaling networks which includes its potential 
role in regulating cancer-promoting genes, simple restoration of high intracellular zinc 
concentration to the cancerous tissues may not be corrective. Instead, it may further fuel 
aberrant signaling in cancer cells leading to deleterious consequences. The use of zinc 
therapy based on its ability to induce apoptosis is effective perhaps when given 
intratumorally but dietary supplementation of zinc faces with issues of bioavailability and 
difficulties in achieving therapeutically meaningful dose in diseased prostate. The effects of 
chronic use of zinc still require further research with standardized zinc preparations, 
methods of zinc measurement, patient selection and statistical analysis to achieve a final 
consensus of the effectiveness of zinc in prostate cancer prevention and treatment. On the 
other hand, research focus on developing methods of using endogenous zinc (Ghosh et al., 
2010) for early detection and progression of prostate cancer in human as well as utilizing 
zinc-regulated genes for diagnosis or targeting them for treatment of prostate cancer may be 
more relevant in this regard.  
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1. Introduction 
Prostate cancer is the most common non-cutaneous cancer in American men and the 
second most deadly (Jemal et al., 2010). One in six American men will get prostate cancer 
in his lifetime, and the risk increases with age. Prostate cancer progresses over the course 
of decades, so there is ample opportunity for prevention earlier in life. Epidemiological 
and laboratory studies point to vitamin D3 as a promising chemopreventative agent for 
prostate cancer. Vitamin D3 metabolites and analogs have been shown to induce cell cycle 
arrest, differentiation, and senescence in normal prostate cells and prostate cancer cells. 
Ongoing studies are interrogating the mechanistic effects behind vitamin D3 actions in the 
prostate. Additionally, clinical trials aim to investigate the potential chemopreventative 
and therapeutic effects of vitamin D3 metabolites and analogs, both alone and in 
combination with taxol-based chemotherapeutic agents. Herein we will summarize the 
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1. Introduction 
Prostate cancer is the most common non-cutaneous cancer in American men and the 
second most deadly (Jemal et al., 2010). One in six American men will get prostate cancer 
in his lifetime, and the risk increases with age. Prostate cancer progresses over the course 
of decades, so there is ample opportunity for prevention earlier in life. Epidemiological 
and laboratory studies point to vitamin D3 as a promising chemopreventative agent for 
prostate cancer. Vitamin D3 metabolites and analogs have been shown to induce cell cycle 
arrest, differentiation, and senescence in normal prostate cells and prostate cancer cells. 
Ongoing studies are interrogating the mechanistic effects behind vitamin D3 actions in the 
prostate. Additionally, clinical trials aim to investigate the potential chemopreventative 
and therapeutic effects of vitamin D3 metabolites and analogs, both alone and in 
combination with taxol-based chemotherapeutic agents. Herein we will summarize the 
epidemiological, laboratory, and clinical studies with vitamin D3 and the prostate and 
discuss how the current data supports a role for vitamin D3 in the prevention and 
treatment of prostate cancer.  

2. Prostate cancer treatment and prevention 
If prostate cancer is thought to be localized to the prostate and is classified as low-grade, 
“watchful waiting” is an option, since some prostate tumors do not become life-threatening. 
Otherwise, a prostatectomy or external beam radiation is the first line of therapy (or in some 
cases, brachytherapy). Both prostatectomy and radiation therapy can damage the nerves 
that rest along the prostate, so side effects include impotence and incontinence that may or 
may not reverse over time. If the cancer is thought to have spread beyond the prostate, then 
a more systematic therapeutic approach is needed. 
Since androgens are required for growth of both normal prostate cells and most prostate 
cancer cells, androgen ablation therapy is standard in the forms of surgical or chemical 
castration. Castration has significant side effects, but it reduces tumor burden and 
metastatses and it can help ease pain from metastatic outgrowths. However, androgen 
deprivation therapy inherently selects for prostate cancer cells that can grow in the absence 
of androgens, which often leads to tumor recurrence in 18 to 24 months in the form of 
castration-resistant prostate cancer (Feldman & Feldman, 2001). The median survival time 
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for patients with castration-resistant prostate cancer is only 12-18 months. There is no 
standard successful treatment for castration-resistant prostate cancer, but therapies include 
docetaxel or pacilaxel-based chemotherapy, which are palliative at best. The impacts on 
quality of life and the success rates of current treatment options for prostate cancer 
(especially for castration-resistant prostate cancer) highlight the need for improved 
therapeutic approaches and the importance of chemoprevention, especially in men who are 
at higher risks for prostate cancer.  
The American Cancer Society states that some cases of prostate cancer may be prevented 
by maintaining a healthy lifestyle and by hormonal control. Men who take Finasteride, a 
5-alpha reductase inhibitor, which is a treatment for benign prostatic hyperplasia (BPH) 
and male-pattern baldness, have a lower incidence of prostate cancer, but this drug is not 
widely used for its chemopreventative properties (Hamilton et al., 2010). Dietary sources 
of chemoprevention are promising, but clinical studies are lacking due to the time and 
funds required to carry them out (Thompson et al., 2005). One of the most promising 
dietary chemopreventative agents for prostate cancer is vitamin D3, which we will discuss 
in detail below. 

3. Prostate cancer risk factors 
The major risk factors for prostate cancer include age, race, family history, and geographic 
location. Prostate cancer develops over the course of decades, so its incidence and 
detection rates increase with age. Men of African-American descent are almost twice as 
likely to get prostate cancer as Caucasian men, and the prostate cancer mortality rate is 
more than twice as high for African-American men (Jemal, et al., 2010). Conversely, Asian 
men have among the lowest prostate cancer incidence and mortality rates in the world. 
Interestingly, prostate cancer risk increases in Asian men who relocate to the United 
States, which emphasizes the contributions of diet and lifestyle to prostate cancer risk 
(Severson et al., 1989; Luo et al., 2004). Prostate cancer can also have a strong heritable 
component. The estimated lifetime risk for prostate cancer increases with the number of 
family members diagnosed, with up to a 45% increase for men with three or more 
relatives with prostate cancer (Bratt, 2002). The heritable component of prostate cancer is 
attributed to a number of heritable genetic and epigenetic aberrations, reviewed 
elsewhere (Nelson et al., 2003).  

3.1 Prostate cancer risk factors and vitamin D3 
Of the major risk factors for prostate cancer, age, race, and geographic location are closely 
tied to vitamin D3 status. Older men get less sun exposure and have a thinner epidermis 
(in which UV light synthesizes vitamin D3) than younger men, which are two reasons why 
older men have lower serum vitamin D3 levels (MacLaughlin & Holick, 1985; Lips, 2001). 
Studies have shown inverse correlations between prostate cancer incidence and 
geographical regions with less exposure to UV radiation (Hanchette & Schwartz, 1992). 
Prostate cancer risk and mortality rates are at least twice as high in African-American men 
than in Caucasian men, and one reason for this may be the high levels of melanin in the 
skin that blocks UV-induced synthesis of vitamin D3 (Matsuoka et al., 1991). Japanese men 
have very low risks for prostate cancer and have among the highest serum vitamin D3 
levels in the world due to the traditional vitamin D3-rich diet (Nakamura et al., 2000). 
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These and other epidemiological studies support a role for vitamin D3 in prostate cancer 
prevention. 

4. Vitamin D3 metabolism 
Vitamin D was discovered in 1920 and characterized as a vitamin that is necessary for skeletal 
development and calcium homeostasis (Mellanby, 1921). Its chemical structure later revealed 
that vitamin D is not a vitamin, but a seco-steroid hormone belonging to the steroid hormone 
family that can be synthesized in the body or obtained from the diet (Brockmann, 1936; 
Lawson et al., 1971). Vitamin D3 can be synthesized upon exposure to sunlight or obtained 
from dietary sources such as oily fish, eggs, and fortified milk. Upon exposure to UV radiation, 
7-dehydrocholesterol in the skin is converted to vitamin D3, also known as cholecalciferol 
(Figure 1). Vitamin D3 is the natural form of vitamin D obtained from the diet (DeLuca, 2004). 
Vitamin D3 travels to the liver where vitamin D3 25-hydroxylase (25-OHase, encoded by the 
cytochrome P450 enzyme CYP27A1) hydroxylates it to become 25-hydroxyvitamin D3 
(25OHD3) (Blunt et al., 1968). 25OHD3 then enters the kidney where 25 hydroxyvitamin D3 1α-
hydroxylase (1α-OHase, encoded by CYP27B1) hydroxylates it at the 1α position, generating 
the hormonally active form 1,25 dihydroxyvitamin D3 (1,25(OH)2D3) (Fraser & Kodicek, 1970). 
1,25(OH)2D3 then travels to target tissues to carry out its effects such as regulating mineral 
homeostasis. Tissues other than the kidney express endogenous 1α-OHase such as the bone, 
liver, placenta, macrophages, skin, breast, colon, and prostate, so 25OHD3 can be activated 
directly in these tissues (Schwartz et al., 1998; Zehnder et al., 2001).  
Once activated, 1,25(OH)2D3 (also known as calcitriol) can bind the vitamin D receptor 
(VDR) within the cytosol (Figure 2). Upon binding, conformational changes occur that 
expose the retinoid X receptor (RXR) dimerization domains and the nuclear localization 
domains, allowing the VDR and the RXR to heterodimerize and enter the nucleus (Yasmin 
et al., 2005). Nuclear receptor co-activators such as DRIP/Mediator and SRC/p160 associate 
with the 1,25(OH)2D3 -VDR-RXR complex and regulate its transcriptional activity (Rachez & 
Freedman, 2000; MacDonald et al., 2001). The conformational change also causes the release 
of co-repressors such as nuclear co-repressors (NCoRs) and the silencing mediator for 
retinoid and thyroid hormone receptors (SMRT) histone deacetylase complex, allowing 
histones to be released and the 1,25(OH)2D3 -VDR-RXR complex to bind the vitamin D 
response element (VDRE) in the promoters of target genes (Tagami et al., 1998). RNA 
polymerase II (RNA Pol II) is recruited to the transcriptional machinery complex and 
transcribes 1,25(OH)2D3 target genes. 
Plasma 1,25(OH)2D3 levels are tightly regulated by a negative feedback loop because high 
levels of 1,25(OH)2D3 can be toxic. One of the universal 1,25(OH)2D3 -VDR-RXR target genes 
is CYP24A1, which encodes 24-hydroxylase (24-OHase). 24-OHase hydroxylates 
1,25(OH)2D3 at the 24 position, which targets it for further oxidation to C23 carboxylic acid 
which is catabolized to calcitroic acid and excreted from the body (Figure 1) (Prosser & 
Jones, 2004). Normal serum circulation levels of 25OHD3 are 30-50 ng/mL, while normal 
serum levels of 1,25(OH)2D3 are only ~30 pg/mL (Shepard et al., 1979; Horst & Littledike, 
1982). 1,25(OH)2D3 circulates bound to the vitamin D binding protein (DBP) from which it 
disassociates before entering the cell (Arnaud & Constans, 1993). Responses to vitamin D3 
intake differ among individuals and among tissue-types due to variables including 
CYP24A1 levels, kidney function, and genetic and epigenetic differences in vitamin D3 
metabolic proteins. 
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Fig. 1. Vitamin D3 metabolism. 

 

 
Fig. 2. Intracellular trafficking of 1,25(OH)2D3. 
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5. Vitamin D3 epidemiology 
There is an established association between increased prostate cancer risk and mortality and 
low serum 25OHD3 levels (Ahonen et al., 2000; Tretli et al., 2009), as well as an association 
between prostate cancer risk and genetic polymorphisms of the VDR (Ingles et al., 1997). 
However, other studies report no association or even a positive association between serum 
25OHD3 and prostate cancer risk (Nomura et al., 1998; Park et al., 2010). The inconsistencies 
among reports warrant improved investigation and evaluation methods (reviewed in 
(Trottier et al., 2010)). One reason for the inconsistencies could be the apparent impact on 
prostate cancer risk of vitamin D3 exposure over the course of a lifetime as opposed to the 
impact of serum levels of 25OHD3 over a defined time period (John et al., 2004; John et al., 
2007); studies have shown that childhood sunburn frequency and UV exposure correlates 
with lower prostate cancer risks (Luscombe et al., 2001; Bodiwala et al., 2003). Another 
reason could be that, since prostate cancer develops over the course of decades, some 
patients’ cancer cells may have lost the ability to activate 25OHD3 to 1,25(OH)2D3 

(Guileyardo et al., 1980; J. Y. Hsu et al., 2001; Chen et al., 2003). Studies with follow-up 
periods greater than 10 years are better for evaluating the implications of vitamin D3 status 
in prostate cancer development (Ahonen, et al., 2000; Li et al., 2007). Additionally, 
intermittent high doses (>100,000 IU) of vitamin D3 may be metabolized differently from 
lower daily doses (Rosen, 2011). There is no standardization for vitamin D3, 25OHD3 or 
1,25(OH)2D3 administration, which has hampered clinical studies. Overall, the 
epidemiological studies encourage more laboratory and clinical investigations into a 
therapeutic role for vitamin D3 and its metabolites in the prevention and treatment of 
prostate cancer. 

6. In vitro and in vivo studies 
As mentioned above, prostate cells express endogenous 1α-OHase and can synthesize 
1,25(OH)2D3 from 25(OH)D3, which suggests an important role for 1,25(OH)2D3 in prostate 
biology (Schwartz, et al., 1998). We and others have shown that 25OHD3 inhibits prostate 
epithelial cell growth and induces p21 and p27 (common downstream targets of 
1,25(OH)2D3) to the same extents as does 1,25(OH) 2D3 (Barreto et al., 2000). This supports 
the application of 25OHD3 as a therapeutic that targets prostate tissue. Interestingly, 1α-
OHase activity is lost and 24-OHase expression is elevated in prostate cancer cells compared 
to normal prostate cells, which supports a correlation between decreased 1,25(OH)2D3 levels 
and prostate cancer (Miller et al., 1995; Whitlatch et al., 2002).  
One of the ways that 1,25(OH)2D3 is thought to maintain prostate homeostasis is by keeping 
cell growth in check. 1,25(OH)2D3-induced apoptosis is rarely observed. LNCaP cells treated 
with 1,25(OH)2D3 undergo cell cycle arrest at G1 as a result of increased p21 and p27 levels 
and decreased CDK2 activity followed by dephosphorylation of retinoblastoma (pRB) and 
subsequent suppression of E2F transcriptional activity (Figure 3) (Zhuang & Burnstein, 1998; 
Yang & Burnstein, 2003). Two of the most common downstream targets of 1,25(OH)2D3 are 
CDKN1A (which encodes p21) and CDKN1B (which encodes p27). 25OHD3, 1,25(OH)2D3, 
and its analogs have been shown to elevate p21 and p27 expression in several tissue types in 
conjunction with cell growth inhibition (Kawa et al., 1997; Barreto, et al., 2000; Colston & 
Hansen, 2002). CDKN1A contains a VDRE, so its transcription can be directly regulated by 
1,25(OH)2D3. 1,25(OH)2D3 can also elevate p21 indirectly through direct transcriptional 
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subsequent suppression of E2F transcriptional activity (Figure 3) (Zhuang & Burnstein, 1998; 
Yang & Burnstein, 2003). Two of the most common downstream targets of 1,25(OH)2D3 are 
CDKN1A (which encodes p21) and CDKN1B (which encodes p27). 25OHD3, 1,25(OH)2D3, 
and its analogs have been shown to elevate p21 and p27 expression in several tissue types in 
conjunction with cell growth inhibition (Kawa et al., 1997; Barreto, et al., 2000; Colston & 
Hansen, 2002). CDKN1A contains a VDRE, so its transcription can be directly regulated by 
1,25(OH)2D3. 1,25(OH)2D3 can also elevate p21 indirectly through direct transcriptional 
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induction of insulin-like growth factor binding protein-3 (IGFBP-3), an upstream mediator 
of p21 transcription (Boyle et al., 2001; Peng et al., 2004; Peng et al., 2008). CDKN1B does not 
contain a VDRE, so p27 is regulated indirectly by 1,25(OH)2D3. CDK2 activates SKP2-
mediated degradation of p27, so 1,25(OH)2D3-mediated induction of p27 is likely due to 
inhibition of CDK2 and p27 protein stabilization (Yang & Burnstein, 2003).  
 

 
Fig. 3. 1,25(OH)2D3 signaling leading to G1 cell cycle arrest in prostate cancer cells.  

More recently, 1,25(OH)2D3 has been shown to inhibit E2F and/or induce G1 arrest 
independently from pRB (Figure 3). In the C4-2 prostate cancer cell line, 1,25(OH)2D3 inhibited 
cMYC which subsequently suppressed E2F activity and cell cycle progression regardless of 
pRB status (Washington et al., 2011). We have reported that 1,25(OH)2D3 induces cell cycle 
arrest independently from pRB in prostate progenitor/stem cells (Maund et al., 2011). Flores 
and Burnstein recently reported that the cell cycle inhibitory protein GADD45γ mediates 
1,25(OH)2D3-induced accumulation of LNCaP cells in G1 (Flores & Burnstein, 2010). Cell cycle 
arrest in G1 is a common downstream effect of 1,25(OH)2D3 treatment, and additional 
mechanisms of cell cycle regulation by 1,25(OH)2D3 are still being uncovered. 
1,25(OH)2D3 can induce differentiation of several cell types including prostate stem cells, 
prostate epithelial cells and prostate cancer cells (Miller et al., 1992; Tokar & Webber, 2005; 
Maund, et al., 2011). Differentiated prostate cells do not normally divide, so 1,25(OH)2D3 
may slow or halt any aberrant cell division. 1,25(OH)2D3-induced differentiation of the 
LNCaP prostate cancer cell line is evidenced by increased levels of prostate-specific antigen 
(PSA), kallikrein 2, E-cadherin, and androgen receptor (AR) (Esquenet et al., 1996; Campbell 
et al., 1997; Zhao et al., 1997; Darson et al., 1999; Zhao et al., 1999; Tokar & Webber, 2005).  
AR signaling plays critical roles in prostate development, function, and pathogenesis. We 
reported that prostate progenitor/stem cells are AR-negative but, upon treatment with 
1,25(OH)2D3, they become AR-positive (Barclay et al., 2008; Maund, et al., 2011). AR is not a 
direct transcriptional target of 1,25(OH)2D3 because it does not contain a VDRE, but we did 
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observe increased AR mRNA in response to 1,25(OH)2D3; its mechanism of upregulation is 
unclear (Zhao, et al., 1999). Since AR signaling can contribute to prostate tumor growth, the 
induction of AR by 1,25(OH)2D3 may not be considered an anti-tumor effect. However, the 
induction of AR by 1,25(OH)2D3 signifies a transition from a less-differentiated prostate cell 
toward a more-differentiated prostate cell that is either less likely to become cancerous or, if 
already transformed, more responsive to therapeutic intervention such as castration. These 
hypotheses have yet to be tested in vivo. In LNCaP cells, growth inhibition by 1,25(OH)2D3 
has been shown to be dependent on AR (Miller, et al., 1992; Zhao, et al., 1997; Zhao et al., 
2000). AR-mediated induction of IGFBP-3 has been implicated in this process (Peng, et al., 
2008). The exact mechanism(s) of 1,25(OH)2D3-induced differentiation is unknown, though 
differentiation is often preceded by an enrichment of cells in the G1 phase of the cell cycle 
(Studzinski & Harrison, 1999). Upregulation of p21 and p27 are implicated in differentiation 
of LNCaP and PC3 cells, and p27 is involved in senescence in a mouse model of prostate 
cancer (Campbell, et al., 1997; Majumder et al., 2008). This suggests that accumulation of 
prostate cells in G1 may precede 1,25(OH)2D3-induced differentiation and/or senescence, 
but the mechanisms remain unknown.  
Our group recently reported that 1,25(OH)2D3 can induce senescence of prostate cancer cells 
in vitro (Axanova et al., 2010). Senescence is defined as a terminally-arrested state in which 
cells are metabolically active but cannot resume cell cycle progression (Muller, 2009), so 
induction of senescence is an additional form of 1,25(OH)2D3-mediated growth suppression. 
Senescence has been observed in cases of PIN that do not progress to prostate cancer 
(Majumder, et al., 2008), so it is possible that additional senescence induced by 1,25(OH)2D3 
may impede prostate cancer progression. This has yet to be tested in vivo.  
Another way that 1,25(OH)2D3 may impede prostate cancer progression and metastasis is 
through inhibition of cellular invasion and migration. In vitro studies have shown that 
1,25(OH)2D3 decreases expression of alpha-6 and beta-4 integrins to inhibit the invasive 
capacities of prostate cancer cell lines (Sung & Feldman, 2000). 1,25(OH)2D3 is known to 
induce E-cadherin in prostate cancer cells (Campbell, et al., 1997), and E-cadherin was 
recently reported to mediate 1,25(OH)2D3-induced cellular adhesion that mitigates the 
metastatic capabilities of prostate cancer cells (J. W. Hsu et al., 2011). 1,25(OH)2D3 has also 
been shown to regulate a range of matrix metalloproteinases (MMPs) and tissue inhibitors 
of matrix metalloproteinases (TIMPs), also thought to mediate the effects of 1,25(OH)2D3 on 
invasion of prostate cancer cells (Bao et al., 2006). 
In vivo studies with 1,25(OH)2D3 have been carried out primarily in xenograft models of 
prostate cancer as well as in the Dunning rat model of prostate cancer and, more recently, 
the Nkx3.1+/-PTEN+/- mouse model (Getzenberg et al., 1997; Lokeshwar et al., 1999; Banach-
Petrosky et al., 2006; Trump et al., 2006). In the rat Dunning model, 1,25(OH)2D3 and 
1,25(OH)2D3 analogs decreased tumor volumes and lung metastases, but the animals 
developed hypercalcemia. Use of 1,25(OH)2D3 analogs alone, however, were sufficient to 
reduce PC3 and LNCaP xenograft volumes without inducing hypercalcemia (Schwartz et 
al., 1995; Blutt et al., 2000). Nkx3.1+/-PTEN+/- mutant mice develop high-grade PIN with the 
capacity for progression to advanced metastatic and androgen-independent prostate cancer 
(Kim et al., 2002; Abate-Shen et al., 2003). Sustained intravenous delivery of 46 ng/kg/day 
of 1,25(OH)2D3 or vehicle control were administered to Nkx3.1+/-PTEN+/- pre-cancerous and 
cancerous cohorts of mice for 4 months (Banach-Petrosky, et al., 2006). Interestingly, 
1,25(OH)2D3 suppressed PIN formation in the pre-cancerous cohort, but it did not affect 
prostate cancer progression in the cancerous cohort. Furthermore, increased levels of the 
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induction of insulin-like growth factor binding protein-3 (IGFBP-3), an upstream mediator 
of p21 transcription (Boyle et al., 2001; Peng et al., 2004; Peng et al., 2008). CDKN1B does not 
contain a VDRE, so p27 is regulated indirectly by 1,25(OH)2D3. CDK2 activates SKP2-
mediated degradation of p27, so 1,25(OH)2D3-mediated induction of p27 is likely due to 
inhibition of CDK2 and p27 protein stabilization (Yang & Burnstein, 2003).  
 

 
Fig. 3. 1,25(OH)2D3 signaling leading to G1 cell cycle arrest in prostate cancer cells.  

More recently, 1,25(OH)2D3 has been shown to inhibit E2F and/or induce G1 arrest 
independently from pRB (Figure 3). In the C4-2 prostate cancer cell line, 1,25(OH)2D3 inhibited 
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and Burnstein recently reported that the cell cycle inhibitory protein GADD45γ mediates 
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arrest in G1 is a common downstream effect of 1,25(OH)2D3 treatment, and additional 
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1,25(OH)2D3 can induce differentiation of several cell types including prostate stem cells, 
prostate epithelial cells and prostate cancer cells (Miller et al., 1992; Tokar & Webber, 2005; 
Maund, et al., 2011). Differentiated prostate cells do not normally divide, so 1,25(OH)2D3 
may slow or halt any aberrant cell division. 1,25(OH)2D3-induced differentiation of the 
LNCaP prostate cancer cell line is evidenced by increased levels of prostate-specific antigen 
(PSA), kallikrein 2, E-cadherin, and androgen receptor (AR) (Esquenet et al., 1996; Campbell 
et al., 1997; Zhao et al., 1997; Darson et al., 1999; Zhao et al., 1999; Tokar & Webber, 2005).  
AR signaling plays critical roles in prostate development, function, and pathogenesis. We 
reported that prostate progenitor/stem cells are AR-negative but, upon treatment with 
1,25(OH)2D3, they become AR-positive (Barclay et al., 2008; Maund, et al., 2011). AR is not a 
direct transcriptional target of 1,25(OH)2D3 because it does not contain a VDRE, but we did 
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observe increased AR mRNA in response to 1,25(OH)2D3; its mechanism of upregulation is 
unclear (Zhao, et al., 1999). Since AR signaling can contribute to prostate tumor growth, the 
induction of AR by 1,25(OH)2D3 may not be considered an anti-tumor effect. However, the 
induction of AR by 1,25(OH)2D3 signifies a transition from a less-differentiated prostate cell 
toward a more-differentiated prostate cell that is either less likely to become cancerous or, if 
already transformed, more responsive to therapeutic intervention such as castration. These 
hypotheses have yet to be tested in vivo. In LNCaP cells, growth inhibition by 1,25(OH)2D3 
has been shown to be dependent on AR (Miller, et al., 1992; Zhao, et al., 1997; Zhao et al., 
2000). AR-mediated induction of IGFBP-3 has been implicated in this process (Peng, et al., 
2008). The exact mechanism(s) of 1,25(OH)2D3-induced differentiation is unknown, though 
differentiation is often preceded by an enrichment of cells in the G1 phase of the cell cycle 
(Studzinski & Harrison, 1999). Upregulation of p21 and p27 are implicated in differentiation 
of LNCaP and PC3 cells, and p27 is involved in senescence in a mouse model of prostate 
cancer (Campbell, et al., 1997; Majumder et al., 2008). This suggests that accumulation of 
prostate cells in G1 may precede 1,25(OH)2D3-induced differentiation and/or senescence, 
but the mechanisms remain unknown.  
Our group recently reported that 1,25(OH)2D3 can induce senescence of prostate cancer cells 
in vitro (Axanova et al., 2010). Senescence is defined as a terminally-arrested state in which 
cells are metabolically active but cannot resume cell cycle progression (Muller, 2009), so 
induction of senescence is an additional form of 1,25(OH)2D3-mediated growth suppression. 
Senescence has been observed in cases of PIN that do not progress to prostate cancer 
(Majumder, et al., 2008), so it is possible that additional senescence induced by 1,25(OH)2D3 
may impede prostate cancer progression. This has yet to be tested in vivo.  
Another way that 1,25(OH)2D3 may impede prostate cancer progression and metastasis is 
through inhibition of cellular invasion and migration. In vitro studies have shown that 
1,25(OH)2D3 decreases expression of alpha-6 and beta-4 integrins to inhibit the invasive 
capacities of prostate cancer cell lines (Sung & Feldman, 2000). 1,25(OH)2D3 is known to 
induce E-cadherin in prostate cancer cells (Campbell, et al., 1997), and E-cadherin was 
recently reported to mediate 1,25(OH)2D3-induced cellular adhesion that mitigates the 
metastatic capabilities of prostate cancer cells (J. W. Hsu et al., 2011). 1,25(OH)2D3 has also 
been shown to regulate a range of matrix metalloproteinases (MMPs) and tissue inhibitors 
of matrix metalloproteinases (TIMPs), also thought to mediate the effects of 1,25(OH)2D3 on 
invasion of prostate cancer cells (Bao et al., 2006). 
In vivo studies with 1,25(OH)2D3 have been carried out primarily in xenograft models of 
prostate cancer as well as in the Dunning rat model of prostate cancer and, more recently, 
the Nkx3.1+/-PTEN+/- mouse model (Getzenberg et al., 1997; Lokeshwar et al., 1999; Banach-
Petrosky et al., 2006; Trump et al., 2006). In the rat Dunning model, 1,25(OH)2D3 and 
1,25(OH)2D3 analogs decreased tumor volumes and lung metastases, but the animals 
developed hypercalcemia. Use of 1,25(OH)2D3 analogs alone, however, were sufficient to 
reduce PC3 and LNCaP xenograft volumes without inducing hypercalcemia (Schwartz et 
al., 1995; Blutt et al., 2000). Nkx3.1+/-PTEN+/- mutant mice develop high-grade PIN with the 
capacity for progression to advanced metastatic and androgen-independent prostate cancer 
(Kim et al., 2002; Abate-Shen et al., 2003). Sustained intravenous delivery of 46 ng/kg/day 
of 1,25(OH)2D3 or vehicle control were administered to Nkx3.1+/-PTEN+/- pre-cancerous and 
cancerous cohorts of mice for 4 months (Banach-Petrosky, et al., 2006). Interestingly, 
1,25(OH)2D3 suppressed PIN formation in the pre-cancerous cohort, but it did not affect 
prostate cancer progression in the cancerous cohort. Furthermore, increased levels of the 
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VDR were observed in the pre-cancerous cohort after 1,25(OH)2D3 administration, while 
there was only a modest increase in VDR in the cancerous cohort, which could account for 
the ineffectiveness of 1,25(OH)2D3 on tumor progression in the cancerous cohort. These 
results suggest that prostate cancer cells may have aberrations in the vitamin D3 response 
pathway. Therefore, vitamin D3 may be more effective as a chemopreventative agent than as 
a chemotherapeutic.  

6.1 Prostate stem cells and vitamin D3 
Accumulating evidence supports the presence of adult prostate-specific stem cells, which 
undergo self-renewal into an identical prostate stem cell and multi-lineage differentiation 
into the multiple epithelial cell types of the prostate (Burger et al., 2005; Barclay, et al., 2008; 
Goldstein et al., 2010). They serve to maintain prostate tissue homeostasis and to stimulate 
tissue regeneration after injury. There are many similarities between the signalling 
pathways found to regulate stem cell processes and those that regulate cancer progression, 
which has led to the cancer stem cell hypothesis (Reya et al., 2001; Maund & Cramer, 2009; 
Mimeault & Batra, 2010). The prostate cancer stem cell hypothesis proposes that a 
transformed prostate stem cell can give rise to a heterogeneous prostate tumor, and that the 
tumor cannot be ablated unless the cancer stem cells are eliminated.  
The aim of chemoprevention is to impede tumor development at the earliest point in its 
progression. According to the cancer stem cell hypothesis, the target cell population for 
prostate cancer prevention would be the prostate stem/progenitor cells (Maund & Cramer, 
2010). Stem cells intrinsically have an extended replicative capacity. Agents that limit this 
capacity and promote differentiation are promising chemopreventative agents. We have 
recently reported that 1,25(OH)2D3 is growth-inhibitory in adult prostate stem/progenitor cells 
(Maund, et al., 2011). 1,25(OH)2D3 can induce G1 and G2 cell cycle arrest, stimulate 
differentiation toward a luminal epithelial cell type, and trigger senescence in this cell 
population, supporting a relevant role for vitamin D3 in prostate chemoprevention 
(particularly in light of the cancer stem cell hypothesis). We found that the cytokine 
interleukin-1 alpha is highly upregulated by 1,25(OH)2D3 and is a novel mediator of 
1,25(OH)2D3-induced growth inhibition of prostate stem/progenitor cells. In addition, 
microarray data revealed that 1,25(OH)2D3 can impact gene expression and signalling 
pathways involved in stem cell self-renewal and multilineage differentiation including 
Hedgehog, Wnt, and TGFβ signaling (Maund, et al., 2011). 1,25(OH)2D3 regulates components 
of these pathways in other cell types as well (Sarkar et al., 2010; Tang et al., 2011). This work is 
just beginning to reveal the cellular and genomic impacts of 1,25(OH)2D3 in the stem cell 
population. Furthermore, 1,25(OH)2D3 has been shown to exert anti-proliferative and pro-
differentiating effects on hematopoietic and skin progenitor cells (Liu et al., 1996; Lehmann et 
al., 2010). The identification of tissue-specific stem cells and their potential contributions to 
cancer initiation and progression is changing the way we approach cancer prevention and 
treatment. A major aim is to identify compounds that effectively target the stem cell 
population, and 1,25(OH)2D3 is a promising candidate for further investigation. 

7. Clinical studies 
Most clinical trials involving 1,25(OH)2D3 and 1,25(OH)2D3 analogs are carried out in 
combination with chemotherapeutic agents, particularly the taxanes, and are tested in 
patients with castration-resistant prostate cancer. 1,25(OH)2D3 analogs such as EB1089 and 
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22-oxacalcitriol (OCT) are VDR ligands designed to recapitulate the anti-proliferative effects 
of 1,25(OH)2D3 while minimizing the effects on calcium homeostasis that often lead to 
hypercalcemia (Steddon et al., 2001). To date, no 1,25(OH)2D3 analog has fared significantly 
better than 1,25(OH)2D3 alone. There are still many studies missing that are necessary for 
designing accurate clinical trials with 1,25(OH)2D3 and 1,25(OH)2D3 analogs including 
determination of the maximum-tolerated and optimal doses, definitions of phase II single-
agent and combination doses, and randomized phase II trials that compare 1,25(OH)2D3 
alone versus 1,25(OH)2D3 in combination with a single chemotherapeutic agent. These 
issues must be resolved in order to generate accurate phase II and phase III clinical trial data 
(Trump et al., 2010).  
A high-dose formulation of 1,25(OH)2D3 called DN-101 was tested for safety and efficacy in 
the ASCENT I (Androgen-independent prostate cancer Study of Calcitriol Enhancement of 
Taxotere) phase II trial in combination with docetaxel (Brawer, 2007). DN-101 
administration was associated with improved survival but it did not impact PSA response 
(Beer et al., 2007). A large phase III trial (ASCENT II) was terminated in 2007 due to greater 
death rates in the experimental arm (docetaxel, prednisone, and DN-101) than the control 
arm (docetaxel, prednisone, and placebo). However, ASCENT II was not accurately 
designed to test the efficacy of DN-101 versus the placebo (Trump, et al., 2010). The 
docetaxel administration schedule and the DN-101 dosages were not consistent with those 
previously established. Since the optimal dose and maximum-tolerated dose for oral 
1,25(OH)2D3 remain undefined, the DN-101 doses used in the ASCENT trials were based on 
convenience: a weekly oral dose of 0.5 μg/kg. In pre-clinical trials, however, intravenous 
administration of >1 μg/kg 1,25(OH)2D3 was required for anti-tumor effects (Trump, et al., 
2010). Although the results from the ASCENT II trial were ambiguous, they highlighted 
several questions that need to be resolved before designing new 1,25(OH)2D3 clinical trials. 
Vitamin D3 oral supplementation doses are still being defined; they vary depending on the 
desired endpoint and on individual vitamin D3 metabolic capacity (Bischoff-Ferrari, 2009). 
Individuals with serum 25OHD3 levels less than 30 ng/mL are considered to be vitamin D3 
deficient. A recent retrospective analysis measured the impact of 8,000 IU/day vitamin D3 
supplementation on 25OHD3 levels in 2198 cancer patients (Vashi et al., 2010). They found 
that patients with baseline 25OHD3 levels between 20 and 32 ng/mL responded to 
supplementation better than those with baseline levels <20 ng/mL. Additionally, patients 
with prostate cancer were the most responsive to vitamin D3 supplementation, in terms of 
the number of individuals whose 25OHD3 levels were >32 ng/mL after 8 weeks of 
supplementation. This finding supports further clinical investigations of vitamin D3 in 
prostate cancer prevention and treatment. This study reported that 8,000 IU/day for 8 
weeks was a safe and effective regimen for prostate and lung cancer patients, and they 
suggested that supplementation levels should be higher in colorectal and pancreatic cancer 
patients (Vashi, et al., 2010). Further studies are required to define maximum-tolerated and 
optimal doses for patients with different types of cancers.  
The range of serum 25OHD3 associated with cancer prevention is 60-80 ng/mL (CF Garland 
et al., 2009). A recent community-based study of voluntary vitamin D3 supplementation 
sought to define the doses necessary to reach serum 25OHD3 levels in this range (C. F. 
Garland et al., 2011). They reported that total vitamin D3 intake from 9,400 to 17,400 IU/day 
would be necessary to achieve serum 25OHD3 levels of 30-50 ng/mL in this population. 
Additionally, they reported no toxicity from up to 40,000 IU/day. They proposed that most 
individuals should supplement their vitamin D3 intake by 4,000-8,000 IU/day in order to 



 
Prostate Cancer – From Bench to Bedside 

 

452 

VDR were observed in the pre-cancerous cohort after 1,25(OH)2D3 administration, while 
there was only a modest increase in VDR in the cancerous cohort, which could account for 
the ineffectiveness of 1,25(OH)2D3 on tumor progression in the cancerous cohort. These 
results suggest that prostate cancer cells may have aberrations in the vitamin D3 response 
pathway. Therefore, vitamin D3 may be more effective as a chemopreventative agent than as 
a chemotherapeutic.  

6.1 Prostate stem cells and vitamin D3 
Accumulating evidence supports the presence of adult prostate-specific stem cells, which 
undergo self-renewal into an identical prostate stem cell and multi-lineage differentiation 
into the multiple epithelial cell types of the prostate (Burger et al., 2005; Barclay, et al., 2008; 
Goldstein et al., 2010). They serve to maintain prostate tissue homeostasis and to stimulate 
tissue regeneration after injury. There are many similarities between the signalling 
pathways found to regulate stem cell processes and those that regulate cancer progression, 
which has led to the cancer stem cell hypothesis (Reya et al., 2001; Maund & Cramer, 2009; 
Mimeault & Batra, 2010). The prostate cancer stem cell hypothesis proposes that a 
transformed prostate stem cell can give rise to a heterogeneous prostate tumor, and that the 
tumor cannot be ablated unless the cancer stem cells are eliminated.  
The aim of chemoprevention is to impede tumor development at the earliest point in its 
progression. According to the cancer stem cell hypothesis, the target cell population for 
prostate cancer prevention would be the prostate stem/progenitor cells (Maund & Cramer, 
2010). Stem cells intrinsically have an extended replicative capacity. Agents that limit this 
capacity and promote differentiation are promising chemopreventative agents. We have 
recently reported that 1,25(OH)2D3 is growth-inhibitory in adult prostate stem/progenitor cells 
(Maund, et al., 2011). 1,25(OH)2D3 can induce G1 and G2 cell cycle arrest, stimulate 
differentiation toward a luminal epithelial cell type, and trigger senescence in this cell 
population, supporting a relevant role for vitamin D3 in prostate chemoprevention 
(particularly in light of the cancer stem cell hypothesis). We found that the cytokine 
interleukin-1 alpha is highly upregulated by 1,25(OH)2D3 and is a novel mediator of 
1,25(OH)2D3-induced growth inhibition of prostate stem/progenitor cells. In addition, 
microarray data revealed that 1,25(OH)2D3 can impact gene expression and signalling 
pathways involved in stem cell self-renewal and multilineage differentiation including 
Hedgehog, Wnt, and TGFβ signaling (Maund, et al., 2011). 1,25(OH)2D3 regulates components 
of these pathways in other cell types as well (Sarkar et al., 2010; Tang et al., 2011). This work is 
just beginning to reveal the cellular and genomic impacts of 1,25(OH)2D3 in the stem cell 
population. Furthermore, 1,25(OH)2D3 has been shown to exert anti-proliferative and pro-
differentiating effects on hematopoietic and skin progenitor cells (Liu et al., 1996; Lehmann et 
al., 2010). The identification of tissue-specific stem cells and their potential contributions to 
cancer initiation and progression is changing the way we approach cancer prevention and 
treatment. A major aim is to identify compounds that effectively target the stem cell 
population, and 1,25(OH)2D3 is a promising candidate for further investigation. 

7. Clinical studies 
Most clinical trials involving 1,25(OH)2D3 and 1,25(OH)2D3 analogs are carried out in 
combination with chemotherapeutic agents, particularly the taxanes, and are tested in 
patients with castration-resistant prostate cancer. 1,25(OH)2D3 analogs such as EB1089 and 
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22-oxacalcitriol (OCT) are VDR ligands designed to recapitulate the anti-proliferative effects 
of 1,25(OH)2D3 while minimizing the effects on calcium homeostasis that often lead to 
hypercalcemia (Steddon et al., 2001). To date, no 1,25(OH)2D3 analog has fared significantly 
better than 1,25(OH)2D3 alone. There are still many studies missing that are necessary for 
designing accurate clinical trials with 1,25(OH)2D3 and 1,25(OH)2D3 analogs including 
determination of the maximum-tolerated and optimal doses, definitions of phase II single-
agent and combination doses, and randomized phase II trials that compare 1,25(OH)2D3 
alone versus 1,25(OH)2D3 in combination with a single chemotherapeutic agent. These 
issues must be resolved in order to generate accurate phase II and phase III clinical trial data 
(Trump et al., 2010).  
A high-dose formulation of 1,25(OH)2D3 called DN-101 was tested for safety and efficacy in 
the ASCENT I (Androgen-independent prostate cancer Study of Calcitriol Enhancement of 
Taxotere) phase II trial in combination with docetaxel (Brawer, 2007). DN-101 
administration was associated with improved survival but it did not impact PSA response 
(Beer et al., 2007). A large phase III trial (ASCENT II) was terminated in 2007 due to greater 
death rates in the experimental arm (docetaxel, prednisone, and DN-101) than the control 
arm (docetaxel, prednisone, and placebo). However, ASCENT II was not accurately 
designed to test the efficacy of DN-101 versus the placebo (Trump, et al., 2010). The 
docetaxel administration schedule and the DN-101 dosages were not consistent with those 
previously established. Since the optimal dose and maximum-tolerated dose for oral 
1,25(OH)2D3 remain undefined, the DN-101 doses used in the ASCENT trials were based on 
convenience: a weekly oral dose of 0.5 μg/kg. In pre-clinical trials, however, intravenous 
administration of >1 μg/kg 1,25(OH)2D3 was required for anti-tumor effects (Trump, et al., 
2010). Although the results from the ASCENT II trial were ambiguous, they highlighted 
several questions that need to be resolved before designing new 1,25(OH)2D3 clinical trials. 
Vitamin D3 oral supplementation doses are still being defined; they vary depending on the 
desired endpoint and on individual vitamin D3 metabolic capacity (Bischoff-Ferrari, 2009). 
Individuals with serum 25OHD3 levels less than 30 ng/mL are considered to be vitamin D3 
deficient. A recent retrospective analysis measured the impact of 8,000 IU/day vitamin D3 
supplementation on 25OHD3 levels in 2198 cancer patients (Vashi et al., 2010). They found 
that patients with baseline 25OHD3 levels between 20 and 32 ng/mL responded to 
supplementation better than those with baseline levels <20 ng/mL. Additionally, patients 
with prostate cancer were the most responsive to vitamin D3 supplementation, in terms of 
the number of individuals whose 25OHD3 levels were >32 ng/mL after 8 weeks of 
supplementation. This finding supports further clinical investigations of vitamin D3 in 
prostate cancer prevention and treatment. This study reported that 8,000 IU/day for 8 
weeks was a safe and effective regimen for prostate and lung cancer patients, and they 
suggested that supplementation levels should be higher in colorectal and pancreatic cancer 
patients (Vashi, et al., 2010). Further studies are required to define maximum-tolerated and 
optimal doses for patients with different types of cancers.  
The range of serum 25OHD3 associated with cancer prevention is 60-80 ng/mL (CF Garland 
et al., 2009). A recent community-based study of voluntary vitamin D3 supplementation 
sought to define the doses necessary to reach serum 25OHD3 levels in this range (C. F. 
Garland et al., 2011). They reported that total vitamin D3 intake from 9,400 to 17,400 IU/day 
would be necessary to achieve serum 25OHD3 levels of 30-50 ng/mL in this population. 
Additionally, they reported no toxicity from up to 40,000 IU/day. They proposed that most 
individuals should supplement their vitamin D3 intake by 4,000-8,000 IU/day in order to 



 
Prostate Cancer – From Bench to Bedside 

 

454 

reach serum 25OHD3 levels associated with cancer prevention. This study will help shape 
additional clinical trials for vitamin D3-based chemoprevention, and in the meantime it will 
help inform the public about the importance of sufficient vitamin D3 supplementation. 
However, there is much controversy over the recommended vitamin D3 supplementation 
doses. In 2010 the Institute of Medicine recommended a daily dose of 600 IU vitamin D3, 
with a tolerable upper limit of 4,000 IU/day. However, the long-term benefits of vitamin D3 
doses in this range are unknown, and others (such as C.F. Garland et al., 2011 and Vashi et 
al., 2010) argue that 600 IU is insufficient for significant clinical benefits and that the 
tolerable upper limit exceeds 4,000 IU/day. It is becoming clear that the optimal daily 
vitamin D3 dose is dependent on 1) the individual’s baseline serum 25OHD3 level, 2) the 
individual’s vitamin D3 metabolic capacity, and 3) the individual’s health status and lifestyle 
(diabetic, prostate cancer vs. colorectal cancer patient, etc.). For these reasons and for the 
lack of definititve clinical studies there is controversy surrounding universal recommended 
vitamin D3 doses. Future work should focus on resolving this continuing controversy. 

8. Conclusion 
Further understanding of the mechanisms of action behind 1,25(OH)2D3 signaling in the 
prostate and a deeper understanding of prostate stem cell biology will help potentiate the 
chemopreventative effects of vitamin D3 and promote its concomitant use in primary and 
adjuvant prostate cancer therapies. Prostate cancer is a slow-growing disease that develops 
over the course of decades and typically affects men late in life. Treatment decisions are 
based on tumor severity and rate of PSA change, and some prostate tumors do not even 
progress to stages necessary for therapeutic intervention. The aim of prostate cancer 
chemoprevention is to delay tumor onset and progression. Chemopreventative strategies 
that delay prostate tumor onset or progression by even five years will drastically decrease 
the incidence of clinically-relevant prostate cancer and will reduce the need for prostate 
cancer treatment. Current findings that 1,25(OH)2D3, the metabolically active form of 
naturally-derived and FDA-approved vitamin D3, is effective in regulating prostate 
progenitor/stem cell growth and differentiation supports the use of vitamin D3 as a safe and 
effective chemopreventative agent for prostate cancer. Thorough studies assessing the 
efficacy of vitamin D3 or its analogs in the clinical therapeutic setting are still needed.  
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additional clinical trials for vitamin D3-based chemoprevention, and in the meantime it will 
help inform the public about the importance of sufficient vitamin D3 supplementation. 
However, there is much controversy over the recommended vitamin D3 supplementation 
doses. In 2010 the Institute of Medicine recommended a daily dose of 600 IU vitamin D3, 
with a tolerable upper limit of 4,000 IU/day. However, the long-term benefits of vitamin D3 
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al., 2010) argue that 600 IU is insufficient for significant clinical benefits and that the 
tolerable upper limit exceeds 4,000 IU/day. It is becoming clear that the optimal daily 
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(diabetic, prostate cancer vs. colorectal cancer patient, etc.). For these reasons and for the 
lack of definititve clinical studies there is controversy surrounding universal recommended 
vitamin D3 doses. Future work should focus on resolving this continuing controversy. 

8. Conclusion 
Further understanding of the mechanisms of action behind 1,25(OH)2D3 signaling in the 
prostate and a deeper understanding of prostate stem cell biology will help potentiate the 
chemopreventative effects of vitamin D3 and promote its concomitant use in primary and 
adjuvant prostate cancer therapies. Prostate cancer is a slow-growing disease that develops 
over the course of decades and typically affects men late in life. Treatment decisions are 
based on tumor severity and rate of PSA change, and some prostate tumors do not even 
progress to stages necessary for therapeutic intervention. The aim of prostate cancer 
chemoprevention is to delay tumor onset and progression. Chemopreventative strategies 
that delay prostate tumor onset or progression by even five years will drastically decrease 
the incidence of clinically-relevant prostate cancer and will reduce the need for prostate 
cancer treatment. Current findings that 1,25(OH)2D3, the metabolically active form of 
naturally-derived and FDA-approved vitamin D3, is effective in regulating prostate 
progenitor/stem cell growth and differentiation supports the use of vitamin D3 as a safe and 
effective chemopreventative agent for prostate cancer. Thorough studies assessing the 
efficacy of vitamin D3 or its analogs in the clinical therapeutic setting are still needed.  
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1. Introduction 
The remarkable impact of natural products (NPs) in the quest for new agents and new 
directions in medicinal discovery is well established. The exploration of Nature as a source 
of novel active agents that may serve as leads and scaffolds for drugs targeting a myriad of 
diseases and the use of synthetic organic chemistry to modify them have been a driving 
force for drug discovery. Worldwide, prostate cancer (PC) is the second leading cause of 
death after lung cancer on both USA and Australia, and the third after lung and colo-rectal 
cancers in Europe. The heavy burden of PC is further exemplified by the fact that it accounts 
for about 1 in 4 newly diagnosed cancers each year among USA men, and in 2010, 
approximately 32,050 men are expected to die from this disease in the USA alone whereas in 
Europe 2.5 million cases of PC are freshly diagnosed every year, 9% of which prove fatal. PC 
is a slow progressing disease found to be primarily dependent on androgens which are 
involved in its development, growth and progression. Transition into a hormone-refractory 
state typically occurs in less than 2 years following the onset of the common androgen 
deprivation therapies available. Thus, a relevant issue on PC drug discovery is the ability to 
target both androgen-dependent and –independent cells in order to avoid recurrence 
phenomena which could be accomplished by multi-target agents. NPs from various sources 
have been tested on PC-related targets with promising results. Recent research has brought 
into light compounds such as iejimalide B, spisulosine, pristimerin, celastrol, withaferin A, 
and several other pentacyclic triterpenoids such as betulinic, ursolic, and boswellic acids 
which show promise for future drug development. Other examples include the synthetic 
epothilone ixabepilone A, the gossypol-derived AT-101, the triptolide derivative PG490-
88Na, irofulven, trabectedin, the rapamycin derivative temsirolimus, and docetaxel which is 
currently first-line therapy for castration-resistant PC combined with prednisone. This 
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chapter will highlight significant contributions of NPs and NP-derived agents on PC drug 
discovery starting from their action on PC-related targets and focusing on molecules which 
have proceeded into clinical trials. 

2. Natural products and cancer 
Over the course of millennia, natural compounds have evolved into specific scaffolds that 
interact with cellular macromolecules (Clardy & Walsh, 2004). Such scaffolds can be used as 
templates and fine-tuned by medicinal chemists to produce novel compounds with 
therapeutic applications. Indeed, about 40% of drugs used today are derived from natural 
plant, animal or microbial sources (Carlson, 2010). A total of 13 NPs and NP-derived drugs 
were approved for marketing worldwide from 2005 to 2007, out of which ziconotide (Prialt®, 
Elan), exanetide (Byetta®, Eli Lilly and Amylin Pharmaceuticals), retapamulin (Altabax® or 
Altargo®, GSK), trabectedin (Yondelis®, ET-743, J&J), and ixabepilone (Ixempra®, BMS-
247750, Bristol-Meyers Squibb) were members of new human drug classes (Butler, 2008). 
These compounds are depicted on Figure 1. 
Historically, the development of a NP lead has been limited by availability and structural 
complexity of the parent natural compounds (Cragg et al., 2009). NPs are often produced in 
trace quantities, and biomass is limited or, in the case of microbial sources, unculturable. To 
circumvent such difficulties as extraction, assay-based functional fractionation, isolation, 
characterization, and target validation, classical drug-discovery has been gradually replaced 
by molecular target-based drug discovery (Ojima, 2008). This approach uses high-
throughput screening of large libraries of compounds, lead identification from hits, and lead 
optimization, computational and structural biology, and has become a main stream in the 
past two decades. Nonetheless, sorafenib mesylate remains the only de novo combinatorial 
drug approved by the Food and Drug Administration (FDA) to date and is used for the 
treatment of advanced renal cancer (Newman & Cragg, 2007). 
It is therefore clear that Nature will continue to be a major source of new drug leads, 
including anticancer agents. Newman & Cragg have recently reported that in the period of 
1981 to 2006, out of 100 new chemical anticancer entities only 22.2% were totally synthetic 
(Newman & Cragg, 2007). Expressed as a proportion of the nonbiologicals/vaccines, 77.8% 
were either NPs per se or were based thereon, or mimicked NPs in one form or another. 
Recent success examples of NP-derived anticancer agents approved for marketing 
worldwide include temsirolimus (Torisel®, CCI-779, Fig.1), a semi-synthetic derivative of 
sirolimus (rapamycin, rapamune) which is an immunosuppressant first isolated from the 
bacterium Streptomyces hygroscopicus (Butler, 2008). It was approved in the US in May 2007 
and Europe in November 2007 for the treatment of advanced renal cell carcinoma. 

Temsirolimus is the first mammalian target of rapamycin (mTOR) inhibitor approved for 
use in oncology. Trabectedin (Fig.1), a tetrahydroisoquinoline alkaloid produced by the 
ascidian Ecteinascidia turbinata was approved by the European Medicines Agency (EMA) in 
September 2007 for the treatment of advanced soft tissue sarcoma. Trabectedin is in Phase III 
clinical trials for the treatment of ovarian cancer and other ongoing Phase II trials include 
paediatric sarcomas, breast and prostate cancers (Butler, 2008). Also, ixabepilone (Fig. 1), a 
semi-synthetic derivative of epothilone B (Fig. 1) was approved in October 2007 by the FDA 
for the treatment of breast cancer, either as monotherapy or in combination with 
capecitabine (Butler, 2008, Toppmeyer & Goodin, 2010). 
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Fig. 1. NPs approved for marketing which constitute new human drug classes (2005-2007). 
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3. Prostate cancer worldwide 
PC is a common disease worldwide. Apart from skin cancer, PC is one of the most common 
cancers in men in developed countries such as the USA and Australia, as well as in the 
European Union (Black et al., 1997, Greenlee et al., 2000, Jemal et al., 2011, Jemal et al., 2010). 
It is also a leading cause of mortality and the second most common cause of cancer-related 
death in both the USA and Australia, and the third most common cause of cancer-related 
death in the European Union (Jemal et al., 2011, Jemal et al., 2010). 
PC is a hormone-sensitive cancer that is influenced by androgens such as testosterone, 
produced from cholesterol mainly in the testis but also in the adrenal glands as well as in 
other tissues including prostate tissue (Moreira et al., 2008, Schrijvers et al., 2010). 
Dihydrotestosterone, the main metabolite of testosterone, is the principal ligand for the 
androgen receptor (AR). After transfer from the cytoplasm to the nucleus, this ligand-
receptor complex activates different pathways involved in cell cycle progression and cell 
division. Huggins & Hodges introduced androgen deprivation as therapy (ADT) for 
advanced and metastatic PC in 1941 (Huggins & Hodges, 1941, Huggins et al., 1941) and 
ever since this strategy has been applied for advanced PC treatment. Thus, in patients 
with metastatic PC which are symptomatic and have rapidly increasing levels of prostate-
specific antigen (PSA), standard first-line treatment is castration either by bilateral 
orchietomy or by biochemical methods using luteinizing hormone-releasing hormone 
(LHRH) agonists (Antonarakis & Carducci, 2010, Harzstark & Small, 2010). This 
procedure is effective in about 80 to 90% of patients. However, transition into a hormone-
refractory state will typically occur in less than 2 years following the onset of the common 
ADTs. There is evidence that AR-mediated signaling and gene expression can persist in 
metastatic castrate-resistant PC (mCRPC), even in the face of castrate levels of androgen 
(Chatterjee, 2003, Debes & Tindall, 2004, Sartor, 2011). This may be due in part to the 
upregulation of enzymes involved in androgen synthesis, the overexpression of AR, or the 
emergence of mutant ARs with promiscuous recognition of various steroidal ligands. 
Patients with castrate-resistant PC (CRPC) can be offered antiandrogens in addition to 
castration which results in response in 33% of individuals (Harzstark & Small, 2010). In 
case of progression, antiandrogen withdrawal results in response in about 5 to 20% of 
patients (Harzstark & Small, 2010). Other options include secondary hormonal therapy 
using mainly ketoconazole due to its ability to inhibit cytochrome P450 17-hydroxylase 
C17,20-lyase (CYP17), one of the enzymes responsible for the biosynthesis of androgen 
precursors in the human body (Moreira et al., 2008). Despite its efficacy and ease of 
administration, ketoconazole bears several side effects (De Felice et al., 1981, Lake-Bakaar 
et al., 1987). Patients with CRPC are currently treated with docetaxel (Fig. 5) 
chemotherapy and prednisone which improves survival time in about 18 months 
(Mancuso et al., 2007, Harzstark & Small, 2010). Nonetheless, patients with CRPC will die 
of their cancer and thus new treatments are required (Lassi & Dawson, 2010, Sartor, 2011). 
Two additional treatment options for mCRPC patients have been recently established in 
the “post-docetaxel space.” Therapy with cabazitaxel (Fig. 5) and prednisone or treatment 
with the CYP17 inhibitor and antiandrogen abiraterone (also combined with prednisone) 
has been shown to improve survival in patients with mCRPC following docetaxel therapy 
(Sartor, 2011). Compared with mitoxantrone/prednisone, cabazitaxel/prednisone 
significantly improved overall survival, with a 30% reduction in rate of death, in patients 
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with progression of mCRPC. Similarly, abiraterone acetate plus prednisone significantly 
decreased the rate of death by 35% compared with placebo plus prednisone in mCRPC 
patients progressing after prior docetaxel therapy (Sartor, 2011). 
A relevant issue on PC drug discovery is the ability to target both androgen-sensitive and 
androgen-insensitive cells in order to avoid recurrence phenomena, which could be 
accomplished by multi-target drugs. In addition, androgen-insensitive PC cells have a very 
low rate of proliferation (Nemoto et al., 1990). Less than 10% of such cells proliferate during 
a given day thus leaving an extremely small therapeutic index for anti-proliferation drugs. 
The development of new drugs that can delay the onset and/or progression of human PC is 
therefore bound to have a significant impact on disease-related cost, morbidity and 
mortality for a large fraction of the world population. 

4. Natural products and prostate cancer 
4.1 Marine compounds 
The preclinical pipeline continues to supply several hundred novel marine compounds 
every year and those continue to feed the clinical pipeline with potentially valuable 
compounds (Singh et al., 2008, Mayer et al., 2010). Thus, in the US there are three FDA 
approved marine-derived drugs, namely cytarabine (Cytosar-U®, Depocyt®, Fig. 2), 
vidarabine (Vira-A®, Fig. 2) and ziconotide (Fig. 1). The current clinical pipeline includes 13 
marine-derived compounds that are either in Phase I, Phase II or Phase III clinical trials. 
Several key Phase III studies are ongoing and there are seven marine-derived compounds 
now in Phase II trials (Mayer et al., 2010). 
 
 

 
 

Fig. 2. FDA-approved marine-derived products 

Several marine-derived products have been tested on PC targets. Iejimalides A-D (Fig. 3), 
24-membered ring lactones bearing an N-formyl serine terminated side chain, are a class of 
marine macrolides found in the tunicate Eudistoma cf. rigida, a species of marine tunicate 
native to coral reefs in the vicinity of Ie Island (Iejima) near Okinawa in Japan, which have 
been found to be cytotoxic against a wide range of cancer cells at low nanomolar 
concentrations (Schweitzer et al., 2007, McHenry et al., 2010). The effects of iejimalide B were 
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3. Prostate cancer worldwide 
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procedure is effective in about 80 to 90% of patients. However, transition into a hormone-
refractory state will typically occur in less than 2 years following the onset of the common 
ADTs. There is evidence that AR-mediated signaling and gene expression can persist in 
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upregulation of enzymes involved in androgen synthesis, the overexpression of AR, or the 
emergence of mutant ARs with promiscuous recognition of various steroidal ligands. 
Patients with castrate-resistant PC (CRPC) can be offered antiandrogens in addition to 
castration which results in response in 33% of individuals (Harzstark & Small, 2010). In 
case of progression, antiandrogen withdrawal results in response in about 5 to 20% of 
patients (Harzstark & Small, 2010). Other options include secondary hormonal therapy 
using mainly ketoconazole due to its ability to inhibit cytochrome P450 17-hydroxylase 
C17,20-lyase (CYP17), one of the enzymes responsible for the biosynthesis of androgen 
precursors in the human body (Moreira et al., 2008). Despite its efficacy and ease of 
administration, ketoconazole bears several side effects (De Felice et al., 1981, Lake-Bakaar 
et al., 1987). Patients with CRPC are currently treated with docetaxel (Fig. 5) 
chemotherapy and prednisone which improves survival time in about 18 months 
(Mancuso et al., 2007, Harzstark & Small, 2010). Nonetheless, patients with CRPC will die 
of their cancer and thus new treatments are required (Lassi & Dawson, 2010, Sartor, 2011). 
Two additional treatment options for mCRPC patients have been recently established in 
the “post-docetaxel space.” Therapy with cabazitaxel (Fig. 5) and prednisone or treatment 
with the CYP17 inhibitor and antiandrogen abiraterone (also combined with prednisone) 
has been shown to improve survival in patients with mCRPC following docetaxel therapy 
(Sartor, 2011). Compared with mitoxantrone/prednisone, cabazitaxel/prednisone 
significantly improved overall survival, with a 30% reduction in rate of death, in patients 
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with progression of mCRPC. Similarly, abiraterone acetate plus prednisone significantly 
decreased the rate of death by 35% compared with placebo plus prednisone in mCRPC 
patients progressing after prior docetaxel therapy (Sartor, 2011). 
A relevant issue on PC drug discovery is the ability to target both androgen-sensitive and 
androgen-insensitive cells in order to avoid recurrence phenomena, which could be 
accomplished by multi-target drugs. In addition, androgen-insensitive PC cells have a very 
low rate of proliferation (Nemoto et al., 1990). Less than 10% of such cells proliferate during 
a given day thus leaving an extremely small therapeutic index for anti-proliferation drugs. 
The development of new drugs that can delay the onset and/or progression of human PC is 
therefore bound to have a significant impact on disease-related cost, morbidity and 
mortality for a large fraction of the world population. 

4. Natural products and prostate cancer 
4.1 Marine compounds 
The preclinical pipeline continues to supply several hundred novel marine compounds 
every year and those continue to feed the clinical pipeline with potentially valuable 
compounds (Singh et al., 2008, Mayer et al., 2010). Thus, in the US there are three FDA 
approved marine-derived drugs, namely cytarabine (Cytosar-U®, Depocyt®, Fig. 2), 
vidarabine (Vira-A®, Fig. 2) and ziconotide (Fig. 1). The current clinical pipeline includes 13 
marine-derived compounds that are either in Phase I, Phase II or Phase III clinical trials. 
Several key Phase III studies are ongoing and there are seven marine-derived compounds 
now in Phase II trials (Mayer et al., 2010). 
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studied on LNCaP and PC-3 cells (Wang et al., 2008). On LNCaP cells, the compound 
induced a dose-dependent G0/G1 arrest and apoptosis, after 48 hours of treatment. 
Iejimalide B was found to modulate the steady-state levels of many gene products 
associated with the cell cycle and death, however, the same concentrations of compound 
initially induced a G0/G1 arrest followed by S phase arrest on PC-3 cells, without triggering 
apoptosis (Wang et al., 2008). Increased expression of the cyclin kinase inhibitor p21WAF1/CIP1 
and downregulation of cyclin A expression were also observed with no modulation of the 
genes associated with cell death. Comparison of the effects of iejimalide B  on the two cell 
lines suggested that the compound induced cell cycle arrest by two different mechanisms 
and that the induction of apoptosis on LNCaP cells was p53-dependent (Wang et al., 2008). 
 
 
 

 
 
 

Fig. 3. Marine-derived compounds with impact on PC 

Spisulosine (PharmaMar, ES-285, Fig. 3) is a novel anti-cancer agent recently isolated from 
the sea mollusc Spisula polynyma which inhibits the growth of several solid tumor cell lines 
(Padron & Peters, 2006) including human prostate PC-3 and LNCaP cells with an IC50 of 1-10 
M, through intracellular accumulation of ceramide and activation of the atypical protein 
kinase isoform PKCζ (Sanchez et al., 2008). Thus, intracellular ceramide levels were 
increased after 48 hours of treatment with spisulosine. Both fumonisin B1, a mycotoxin 
produced by Fusarium verticillioides and a reported inhibitor of ceramide synthase, and 
myriocin, a potent fungal inhibitor of serine palmitoyltransferase, prevented this effect 

 
Highlights of Natural Products in Prostate Cancer Drug Discovery 469 

pointing to a de novo synthesis of ceramide in the mechanism of action of spisulosine on PC 
cells. The same effect was not observed with specific inhibitors of the stress-related mitogen 
activated protein (MAP) kinases as well as of the peroxisome proliferator-activated receptor 
(PPAR), phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt), and classical protein 
kinases C (PKCs) pathways, rulling out interference of these pathways in the mechanism of 
action of spisulosine (Sanchez et al., 2008). Spisulosine entered Phase I clinical trials in 
patients with solid tumors. A dose-escalation study evaluated the safety, pharmacokinetics, 
pharmacogenomics, and efficacy of ES-285 in adult cancer patients (Baird et al., 2009). ES-285 
showed an acceptable safety profile at doses up to 128 mg/m2. At this dose level, 
pharmacokinetic data indicated that pharmacologically relevant concentrations had been 
achieved, and pharmacogenomic studies indicated consistent, dose-responsive changes in 
expression of genes of potential biological relevance. This study identified transaminitis and 
neurotoxicity as the dose-limiting toxicities associated with a 24-hour infusion of ES-285 
given once every 3 weeks (Baird et al., 2009). These schedule independent hepato- and 
neuro-toxicity events caused the discontinuation of the clinical development of ES-285 (Vilar 
et al., 2010, Schoffski et al., 2011). 
As previously mentioned, trabectedin (Fig. 1) is currently under phase II/III development in 
breast cancer, hormone-resistant PC (HRPC), sarcomas, and ovarian cancer (Bayes et al., 
2004, Michaelson et al., 2005, Zelek et al., 2006, Carter & Keam, 2007). Trabectedin binds to 
the minor groove of DNA and forms covalent bonds at the N2 position of guanidine (Marco 
et al., 2006). Two of the tetrahydroisoquinoline rings recognize and bind to the minor groove 
of the DNA double helix whereas the other ring protrudes out of the minor groove and 
interacts directly with transcription factors. Trabectedin bends DNA towards the major 
groove rather than towards the site of interaction, unlike other compounds that bind to the 
minor groove (Carter & Keam, 2007). The cytotoxicity of this compound towards cancer cells 
has been explained mostly by its interference with the transcription-coupled nucleotide 
excision repair (TC-NER) pathway (Carter & Keam, 2007). Sensitization of the death 
receptor pathway has been recently reported to be essential in amplifying the cytotoxic 
properties of trabectedin and to account for the hepatotoxicity observed in patients treated 
with this drug (Martinez-Serra et al., 2011). Both in vitro and in vivo activities have been 
found for trabectedin against a range of tumor cells lines, human xenografts, and human 
tumor explants, including STS, ovarian, breast, prostate and renal cancers, melanoma, and 
non-small cell lung cancer (NSCLC) (Li et al., 2001, Carter & Keam, 2007). Unlike most 
anticancer drugs, the mechanism of resistance to trabectedin does not appear to involve P-
glycoprotein (Carter & Keam, 2007). 
Recently, a specific inhibitor of AR-dependent tumour growth that does not exhibit toxicity 
at a therapeutic dose range has been identified (Skinner, 2010, Thompson, 2010). EPI-001 
(Fig. 3) has a new mode of action, as it targets the transactivation of AR regardless of the 
presence of androgen, and is a promising therapy to delay the progression of CRPC. This 
compound was first isolated from the marine sponge Geodia lindgreni by Sadar et al. which 
immediately identified its similarity to BADGE (bisphenol A diglycidic ether) and realized 
that it must be of industrial origin (Andersen et al., 2010). The collected sponge presumably 
bioaccumulated the BADGE derivatives from contaminated seawater. EPI-001 was first 
isolated and purified and afterwards synthesized in order to be tested on PC targets. Thus, 
EPI-001 blocked transactivation of the amino-terminal domain of the AR and was specific 
for its inhibition without attenuating transcriptional activities of related steroid receptors 
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studied on LNCaP and PC-3 cells (Wang et al., 2008). On LNCaP cells, the compound 
induced a dose-dependent G0/G1 arrest and apoptosis, after 48 hours of treatment. 
Iejimalide B was found to modulate the steady-state levels of many gene products 
associated with the cell cycle and death, however, the same concentrations of compound 
initially induced a G0/G1 arrest followed by S phase arrest on PC-3 cells, without triggering 
apoptosis (Wang et al., 2008). Increased expression of the cyclin kinase inhibitor p21WAF1/CIP1 
and downregulation of cyclin A expression were also observed with no modulation of the 
genes associated with cell death. Comparison of the effects of iejimalide B  on the two cell 
lines suggested that the compound induced cell cycle arrest by two different mechanisms 
and that the induction of apoptosis on LNCaP cells was p53-dependent (Wang et al., 2008). 
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pointing to a de novo synthesis of ceramide in the mechanism of action of spisulosine on PC 
cells. The same effect was not observed with specific inhibitors of the stress-related mitogen 
activated protein (MAP) kinases as well as of the peroxisome proliferator-activated receptor 
(PPAR), phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt), and classical protein 
kinases C (PKCs) pathways, rulling out interference of these pathways in the mechanism of 
action of spisulosine (Sanchez et al., 2008). Spisulosine entered Phase I clinical trials in 
patients with solid tumors. A dose-escalation study evaluated the safety, pharmacokinetics, 
pharmacogenomics, and efficacy of ES-285 in adult cancer patients (Baird et al., 2009). ES-285 
showed an acceptable safety profile at doses up to 128 mg/m2. At this dose level, 
pharmacokinetic data indicated that pharmacologically relevant concentrations had been 
achieved, and pharmacogenomic studies indicated consistent, dose-responsive changes in 
expression of genes of potential biological relevance. This study identified transaminitis and 
neurotoxicity as the dose-limiting toxicities associated with a 24-hour infusion of ES-285 
given once every 3 weeks (Baird et al., 2009). These schedule independent hepato- and 
neuro-toxicity events caused the discontinuation of the clinical development of ES-285 (Vilar 
et al., 2010, Schoffski et al., 2011). 
As previously mentioned, trabectedin (Fig. 1) is currently under phase II/III development in 
breast cancer, hormone-resistant PC (HRPC), sarcomas, and ovarian cancer (Bayes et al., 
2004, Michaelson et al., 2005, Zelek et al., 2006, Carter & Keam, 2007). Trabectedin binds to 
the minor groove of DNA and forms covalent bonds at the N2 position of guanidine (Marco 
et al., 2006). Two of the tetrahydroisoquinoline rings recognize and bind to the minor groove 
of the DNA double helix whereas the other ring protrudes out of the minor groove and 
interacts directly with transcription factors. Trabectedin bends DNA towards the major 
groove rather than towards the site of interaction, unlike other compounds that bind to the 
minor groove (Carter & Keam, 2007). The cytotoxicity of this compound towards cancer cells 
has been explained mostly by its interference with the transcription-coupled nucleotide 
excision repair (TC-NER) pathway (Carter & Keam, 2007). Sensitization of the death 
receptor pathway has been recently reported to be essential in amplifying the cytotoxic 
properties of trabectedin and to account for the hepatotoxicity observed in patients treated 
with this drug (Martinez-Serra et al., 2011). Both in vitro and in vivo activities have been 
found for trabectedin against a range of tumor cells lines, human xenografts, and human 
tumor explants, including STS, ovarian, breast, prostate and renal cancers, melanoma, and 
non-small cell lung cancer (NSCLC) (Li et al., 2001, Carter & Keam, 2007). Unlike most 
anticancer drugs, the mechanism of resistance to trabectedin does not appear to involve P-
glycoprotein (Carter & Keam, 2007). 
Recently, a specific inhibitor of AR-dependent tumour growth that does not exhibit toxicity 
at a therapeutic dose range has been identified (Skinner, 2010, Thompson, 2010). EPI-001 
(Fig. 3) has a new mode of action, as it targets the transactivation of AR regardless of the 
presence of androgen, and is a promising therapy to delay the progression of CRPC. This 
compound was first isolated from the marine sponge Geodia lindgreni by Sadar et al. which 
immediately identified its similarity to BADGE (bisphenol A diglycidic ether) and realized 
that it must be of industrial origin (Andersen et al., 2010). The collected sponge presumably 
bioaccumulated the BADGE derivatives from contaminated seawater. EPI-001 was first 
isolated and purified and afterwards synthesized in order to be tested on PC targets. Thus, 
EPI-001 blocked transactivation of the amino-terminal domain of the AR and was specific 
for its inhibition without attenuating transcriptional activities of related steroid receptors 
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(Andersen et al., 2010). EPI-001 interacted with the AF-1 region, inhibited protein-protein 
interactions with AR, and reduced AR interaction with androgen-response elements on 
target genes. Importantly, EPI-001 blocked androgen-induced proliferation and caused 
cytoreduction of CRPC in xenografts dependent on AR for growth and survival without 
causing toxicity (Andersen et al., 2010). 

4.2 Microbial compounds 
Due to the current ability to cultivate only a vanishingly small number of naturally 
occurring microorganisms, the study of either terrestrial or marine natural microbial 
ecosystems has been severely limited (Cragg et al., 2009). Nonetheless, a most impressive 
number of highly effective microbially derived chemotherapeutic agents has been 
discovered and developed (Cragg et al., 2009, Newman & Cragg, 2009), examples of which 
are temsirolimus and ixabepilone (Fig. 1) (Butler, 2008, Toppmeyer & Goodin, 2010). The 
microbial universe thus presents a vast untapped resource for drug discovery and the 
advent of genetic techniques that permit the isolation and expression of biosynthetic 
cassettes will most likely place microbes at the frontier for NPs lead discovery. 

4.2.1 Epothilones 
Ixabepilone or aza-epothilone B (BMS-247550, Bristol-Myers-Squibb Co., Fig. 1) is a semi-
synthetic analogue of patupilone (epothilone B, EPO906, Fig. 1) which is FDA-approved 
for the treatment of breast cancer (Butler, 2008, Toppmeyer & Goodin, 2010). The 
epothilones are 16-membered macrolides isolated from the myxobacterium Sorangium 
cellulosum (Hofle et al., 1996, Gerth et al., 1996) which bind to tubulin heterodimers and 
prevent the depolymerization of microtubules with subsequent mitotic arrest and 
apoptotic cell death, in a fashion analogous to plant-derived taxanes such as paclitaxel 
(Fig. 5) (Wartmann & Altmann, 2002, Cheng et al., 2008). The main difference resides in 
the fact that taxanes are substrates for P-glycoprotein and epothilones are not, and this 
ability together with ease of formulation have been considered advantages for 
overcoming taxane resistance of tumor cells (Wartmann & Altmann, 2002, Cheng et al., 
2008). Moreover, whereas the synthesis of paclitaxel relies on 10-deacetylbaccatin III 
which is available from the needles of various Taxus species (Cragg et al., 2009), total 
synthesis of patupilone B has been accomplished (Su et al., 1997). The progress of 
epothilones in the PC setting has been extensively reviewed (Lee & Kelly, 2009, Lassi & 
Dawson, 2010, Cheng et al., 2008, Bystricky & Chau, 2011). 
Patupilone inhibits the proliferation of DU145 and TSU-Pr1 PC cells in the low nanomolar 
range causing mitotic arrest (Sepp-Lorenzino et al., 1999). Inhibition of proliferation appears 
to be dependent on the p53 status of the tumor cells (Ioffe et al., 2004). Patupilone is active in 
vivo against human PC xenografts (O'Reilly et al., 2005). It produced transient to long-lasting 
tumor regressions, including apparent cures, in s.c. transplanted DU145 and PC-3M PC 
xenografts in mice, with the 2.5 mg/kg regimen twice every 7 days being superior to a 
single dose of 4 mg/kg patupilone (O'Reilly et al., 2005). The anti-tumor activity was 
superior to that of paclitaxel, which failed to produce tumor regressions, although 
displaying a better tolerability profile. Despite the enthusiastic in vivo results, an objective 
tumor response rate of only 20% has been reported for patupilone on HRPC in which 78% of 
patients had received one (unspecified) prior line of chemotherapy, a number comparable to 
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the 12% objective tumor response obtained with docetaxel (Fig. 5) and prednisone combined 
treatment, in the phase III TAX 327 study (Larkin, 2007). In phase I trials, patupilone has 
been considered generally safe and well tolerated, with patients experiencing no severe 
neuropathy or hematologic toxicity (Rubin et al., 2005). Therefore, the safety and efficacy of 
weekly patupilone 2.5 mg/m2 were investigated in patients with CRPC in a multicenter 
phase II trial (Hussain et al., 2009). Modest response rates were observed with 2.5 mg/m2 of 
patupilone weekly for 3 weeks of a 4-week cycle and therefore development of patupilone 
in advanced PC at the dose and schedule tested was not warranted. A once every 3 weeks 
schedule with proactive antidiarrhea management appeared to be the most promising 
schedule (Hussain et al., 2009).  
Ixabepilone has demonstrated activity in patients with chemotherapy-naive metastatic 
HRPC (Hussain et al., 2005). Phase I clinical trials of ixabepilone administered i.v. as a 1 
hour infusion daily, for 5 consecutive days every 21 days, at doses of 1.5 mg/m2/day, 
displayed antitumor responses in patients with prior taxane treatment against solid 
tumors (Mancuso et al., 2007). Major adverse effects were neutropenia and neuropathy. 
Ixabepilone was also evaluated as a single agent in two first line studies. PSA response 
was observed in 30-35% of cases with an objective clinical response rate of over 15% in 
patients with measurable disease (Mancuso et al., 2007). When combined with 
estramustine phosphate (ixabepilone 35 mg/m2 i.v. on day 2 with a 280 mg oral dose of 
estramustine, 3 times/day, on days 1-5, every 3 weeks), it was found to be well tolerated 
and have antitumor activity in patients with castrate-metastatic PC (Rosenberg et al., 2006, 
Rivera et al., 2008). Second-line taxane chemotherapy after ixabepilone resulted in a 
substantial frequency of PSA declines. Although patients with ixabepilone-refractory 
disease were less likely to respond to second-line taxane chemotherapy, 36% did achieve a 
PSA response. For patients with taxane-resistant HRPC, a randomized phase II study 
compared ixabepilone to mitoxantrone/ prednisone (Mancuso et al., 2007). A PSA decline 
of over 50% was seen in 20% of patients and median survival of 13 months was found for 
patients on the mitoxantrone arm, as compared to a PSA decline of over 50% in 17% and 
median survival of 12 months for ixabepilone treatment (Mancuso et al., 2007, Rivera et al., 
2008). A recent phase II clinical trial concluded that the combination of ixabepilone and 
mitoxantrone with prednisone appears to have greater activity than either mitoxantrone 
or ixabepilone alone in the second-line setting for CRPC, and suggests at least additive if 
not synergistic activity (Harzstark et al., 2011). The combination is well tolerated, although 
some hematologic toxicity is present and dosing with pegfilgrastim is required. The 
results of this study suggest that it is appropriate to study further the ixabepilone and 
mitoxantrone with prednisone regimen in patients with docetaxel resistant CRPC 
(Harzstark et al., 2011). 
The fully synthetic epothilone sagopilone (Fig.4) (ZK-EPO, Bayer Schering Pharma AG) is 
undergoing initial testing in PC with promising results (Galmarini, 2009). In preclinical 
studies, sagopilone inhibited cell growth in a wide range of human cancer cell lines. 
Moreover, sagopilone was not recognized by multidrug-resistant (MDR)  cellular efflux 
mechanisms, and maintained its activity in MDR tumor models. Phase I clinical trials 
established that the sagopilone side-effect profile was similar to that reported for taxanes, 
with neuropathy and neutropenia being the most commonly reported toxicities (Arnold et 
al., 2009, Schmid et al., 2010). A recommended dose for phase II studies was established at 
16.53 mg/m2, once every 3 weeks (Schmid et al., 2010). Proof-of-concept has already been 
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(Andersen et al., 2010). EPI-001 interacted with the AF-1 region, inhibited protein-protein 
interactions with AR, and reduced AR interaction with androgen-response elements on 
target genes. Importantly, EPI-001 blocked androgen-induced proliferation and caused 
cytoreduction of CRPC in xenografts dependent on AR for growth and survival without 
causing toxicity (Andersen et al., 2010). 
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Due to the current ability to cultivate only a vanishingly small number of naturally 
occurring microorganisms, the study of either terrestrial or marine natural microbial 
ecosystems has been severely limited (Cragg et al., 2009). Nonetheless, a most impressive 
number of highly effective microbially derived chemotherapeutic agents has been 
discovered and developed (Cragg et al., 2009, Newman & Cragg, 2009), examples of which 
are temsirolimus and ixabepilone (Fig. 1) (Butler, 2008, Toppmeyer & Goodin, 2010). The 
microbial universe thus presents a vast untapped resource for drug discovery and the 
advent of genetic techniques that permit the isolation and expression of biosynthetic 
cassettes will most likely place microbes at the frontier for NPs lead discovery. 

4.2.1 Epothilones 
Ixabepilone or aza-epothilone B (BMS-247550, Bristol-Myers-Squibb Co., Fig. 1) is a semi-
synthetic analogue of patupilone (epothilone B, EPO906, Fig. 1) which is FDA-approved 
for the treatment of breast cancer (Butler, 2008, Toppmeyer & Goodin, 2010). The 
epothilones are 16-membered macrolides isolated from the myxobacterium Sorangium 
cellulosum (Hofle et al., 1996, Gerth et al., 1996) which bind to tubulin heterodimers and 
prevent the depolymerization of microtubules with subsequent mitotic arrest and 
apoptotic cell death, in a fashion analogous to plant-derived taxanes such as paclitaxel 
(Fig. 5) (Wartmann & Altmann, 2002, Cheng et al., 2008). The main difference resides in 
the fact that taxanes are substrates for P-glycoprotein and epothilones are not, and this 
ability together with ease of formulation have been considered advantages for 
overcoming taxane resistance of tumor cells (Wartmann & Altmann, 2002, Cheng et al., 
2008). Moreover, whereas the synthesis of paclitaxel relies on 10-deacetylbaccatin III 
which is available from the needles of various Taxus species (Cragg et al., 2009), total 
synthesis of patupilone B has been accomplished (Su et al., 1997). The progress of 
epothilones in the PC setting has been extensively reviewed (Lee & Kelly, 2009, Lassi & 
Dawson, 2010, Cheng et al., 2008, Bystricky & Chau, 2011). 
Patupilone inhibits the proliferation of DU145 and TSU-Pr1 PC cells in the low nanomolar 
range causing mitotic arrest (Sepp-Lorenzino et al., 1999). Inhibition of proliferation appears 
to be dependent on the p53 status of the tumor cells (Ioffe et al., 2004). Patupilone is active in 
vivo against human PC xenografts (O'Reilly et al., 2005). It produced transient to long-lasting 
tumor regressions, including apparent cures, in s.c. transplanted DU145 and PC-3M PC 
xenografts in mice, with the 2.5 mg/kg regimen twice every 7 days being superior to a 
single dose of 4 mg/kg patupilone (O'Reilly et al., 2005). The anti-tumor activity was 
superior to that of paclitaxel, which failed to produce tumor regressions, although 
displaying a better tolerability profile. Despite the enthusiastic in vivo results, an objective 
tumor response rate of only 20% has been reported for patupilone on HRPC in which 78% of 
patients had received one (unspecified) prior line of chemotherapy, a number comparable to 
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the 12% objective tumor response obtained with docetaxel (Fig. 5) and prednisone combined 
treatment, in the phase III TAX 327 study (Larkin, 2007). In phase I trials, patupilone has 
been considered generally safe and well tolerated, with patients experiencing no severe 
neuropathy or hematologic toxicity (Rubin et al., 2005). Therefore, the safety and efficacy of 
weekly patupilone 2.5 mg/m2 were investigated in patients with CRPC in a multicenter 
phase II trial (Hussain et al., 2009). Modest response rates were observed with 2.5 mg/m2 of 
patupilone weekly for 3 weeks of a 4-week cycle and therefore development of patupilone 
in advanced PC at the dose and schedule tested was not warranted. A once every 3 weeks 
schedule with proactive antidiarrhea management appeared to be the most promising 
schedule (Hussain et al., 2009).  
Ixabepilone has demonstrated activity in patients with chemotherapy-naive metastatic 
HRPC (Hussain et al., 2005). Phase I clinical trials of ixabepilone administered i.v. as a 1 
hour infusion daily, for 5 consecutive days every 21 days, at doses of 1.5 mg/m2/day, 
displayed antitumor responses in patients with prior taxane treatment against solid 
tumors (Mancuso et al., 2007). Major adverse effects were neutropenia and neuropathy. 
Ixabepilone was also evaluated as a single agent in two first line studies. PSA response 
was observed in 30-35% of cases with an objective clinical response rate of over 15% in 
patients with measurable disease (Mancuso et al., 2007). When combined with 
estramustine phosphate (ixabepilone 35 mg/m2 i.v. on day 2 with a 280 mg oral dose of 
estramustine, 3 times/day, on days 1-5, every 3 weeks), it was found to be well tolerated 
and have antitumor activity in patients with castrate-metastatic PC (Rosenberg et al., 2006, 
Rivera et al., 2008). Second-line taxane chemotherapy after ixabepilone resulted in a 
substantial frequency of PSA declines. Although patients with ixabepilone-refractory 
disease were less likely to respond to second-line taxane chemotherapy, 36% did achieve a 
PSA response. For patients with taxane-resistant HRPC, a randomized phase II study 
compared ixabepilone to mitoxantrone/ prednisone (Mancuso et al., 2007). A PSA decline 
of over 50% was seen in 20% of patients and median survival of 13 months was found for 
patients on the mitoxantrone arm, as compared to a PSA decline of over 50% in 17% and 
median survival of 12 months for ixabepilone treatment (Mancuso et al., 2007, Rivera et al., 
2008). A recent phase II clinical trial concluded that the combination of ixabepilone and 
mitoxantrone with prednisone appears to have greater activity than either mitoxantrone 
or ixabepilone alone in the second-line setting for CRPC, and suggests at least additive if 
not synergistic activity (Harzstark et al., 2011). The combination is well tolerated, although 
some hematologic toxicity is present and dosing with pegfilgrastim is required. The 
results of this study suggest that it is appropriate to study further the ixabepilone and 
mitoxantrone with prednisone regimen in patients with docetaxel resistant CRPC 
(Harzstark et al., 2011). 
The fully synthetic epothilone sagopilone (Fig.4) (ZK-EPO, Bayer Schering Pharma AG) is 
undergoing initial testing in PC with promising results (Galmarini, 2009). In preclinical 
studies, sagopilone inhibited cell growth in a wide range of human cancer cell lines. 
Moreover, sagopilone was not recognized by multidrug-resistant (MDR)  cellular efflux 
mechanisms, and maintained its activity in MDR tumor models. Phase I clinical trials 
established that the sagopilone side-effect profile was similar to that reported for taxanes, 
with neuropathy and neutropenia being the most commonly reported toxicities (Arnold et 
al., 2009, Schmid et al., 2010). A recommended dose for phase II studies was established at 
16.53 mg/m2, once every 3 weeks (Schmid et al., 2010). Proof-of-concept has already been 
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established in patients with platinum-resistant ovarian cancer and androgen-independent 
PC, and clinical responses have been shown in patients with melanoma and small-cell lung 
cancer. Results are awaited from other ongoing trials (Schmid et al., 2010). 
 

 
Fig. 4. Microbial-derived compounds with impact on PC. 

4.2.2 mTOR inhibitors 
The protein kinase mTOR regulates protein translation, cell growth, and apoptosis (Garcia & 
Danielpour, 2008, Seeliger et al., 2007). Alterations in the pathway regulating this kinase 
occur in many solid malignancies including prostate, bladder, and kidney cancer. In vitro 
and in vivo models of prostate and bladder cancer have established the importance of the 
mTOR pathway in control of cancer progression and metastasis (Garcia & Danielpour, 2008, 
Opdenaker & Farach-Carson, 2009). The mTOR inhibitors temsirolimus (Fig. 1) and 
everolimus (RAD001, Zortress®, Novartis, Fig.4), two ester analogues of sirolimus 
(rapamycin, Fig. 1), as well as rapamycin itself have clear antitumor activity in in vitro and 
in vivo models and are under clinical trial investigations for prostate and bladder cancers 
(Seeliger et al., 2007, Armstrong et al., 2010). Ridaforulimus (deforolimus, AP23573, MK-
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8669, Merck and ARID Pharmaceuticals, Fig. 4), yet another mTOR inhibitor and a 
derivative of rapamycin is also undergoing clinical trials for PC (Gross et al., 2006, 
Squillace et al., 2008).  
Genetic alterations, including loss of phosphatase and tensin homolg (PTEN), mutation of 
the PI3K, and amplification of AKT1 and AKT2 leading to activation of Akt kinase activity 
have been linked with the development of castrate progressive PC (Seeliger et al., 2007, 
Majumder et al., 2004). It is also known that alterations of the Akt signaling cascade (mTOR 
dependent) can lead to the development of prostate intraepithelial neoplasia (Majumder et 
al., 2004). Repopulation of PTEN-negative cancer cells between courses of chemotherapy has 
been reported to be inhibited by temsirolimus on PC-3 and DU145 PC xenografts with only 
mild myelosuppression, thus suggesting its role on minimization of drug resistance in 
patients (Wu et al., 2005). In addition, the effects of concurrent and sequential administration 
of docetaxel and temsirolimus on PC-3 and LnCaP tumor cells and xenografts were studied 
(Fung et al., 2009). Temsirolimus originated greater growth delay of PC-3 xenografts than 
docetaxel alone. This effect was greater than that expected from the in vitro sensitivity, and 
differed from the general experience in treatment of human PC, where chemotherapy has 
shown greater activity than molecular-targeted agents. In contrast, for LnCaP cells, 
temsirolimus had similar inhibitory effects to those observed with PC-3 cells in culture, but 
no significant effect on LnCaP xenografts (Fung et al., 2009). Despite similar cell cycle effects 
between concurrent and sequential treatments in in vitro experiments, in vivo growth delay 
studies showed better delay of tumor regrowth with concurrent temsirolimus and docetaxel 
treatment compared to sequential treatment in the prostate xenografts (Fung et al., 2009). As 
previously mentioned, temsirolimus is the first mTOR inhibitor approved for use in 
oncology (Butler, 2008). Further results from ongoing clinical trials should help to establish 
whether a role exits for this drug on the PC setting. 
Deforolimus alone was shown to inhibit proliferation of several prostate cell lines by 
20−60% (maximal inhibition) and as expected, sensitivity was associated with loss of PTEN 
(Squillace et al., 2008). The anti-proliferative activity of deforolimus and bicalutamide, alone 
and in combination, was determined in three cell lines representing different stages of PC 
progression. The combination was strongly synergistic in both androgen-dependent LNCaP 
and androgen-independent C4−2 cells but only additive in RWPE-1 (normal prostate 
epithelium) cells. The data provided support for the clinical testing of deforolimus in 
combination with bicalutamide to treat androgen-dependent and -independent PC  
(Squillace et al., 2008). Also, a phase II clinical trial of deforolimus in patients with taxane-
resistant HRPC concluded that the compound is well tolerated and promotes disease 
stabilization (Gross et al., 2006). 
The ability of everolimus to enhance the cytotoxic effects of radiation on PC-3 and DU145 
cells has been reported (Cao et al., 2006). Both cell lines became more vulnerable to 
irradiation after treatment with everolimus, with the PTEN-deficient PC-3 cell line showing 
the greater sensitivity. This increased susceptibility to radiation was found to be associated 
with induction of autophagy (Cao et al., 2006). Treatment with everolimus resulted in 
growth inhibition of C4-2 cells in bone, an effect augmented by addition of docetaxel and 
zoledronic acid (Morgan et al., 2008). Moreover it had a significant impact on maintenance of 
body weight. A single phase II study evaluated the effect of everolimus in patients with 
newly diagnosed, localized PC (Lerut et al., 2005). The most frequently observed adverse 
events are common toxicity criteria grade 1 to 2 stomatitis and rash. Recently, three 
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established in patients with platinum-resistant ovarian cancer and androgen-independent 
PC, and clinical responses have been shown in patients with melanoma and small-cell lung 
cancer. Results are awaited from other ongoing trials (Schmid et al., 2010). 
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8669, Merck and ARID Pharmaceuticals, Fig. 4), yet another mTOR inhibitor and a 
derivative of rapamycin is also undergoing clinical trials for PC (Gross et al., 2006, 
Squillace et al., 2008).  
Genetic alterations, including loss of phosphatase and tensin homolg (PTEN), mutation of 
the PI3K, and amplification of AKT1 and AKT2 leading to activation of Akt kinase activity 
have been linked with the development of castrate progressive PC (Seeliger et al., 2007, 
Majumder et al., 2004). It is also known that alterations of the Akt signaling cascade (mTOR 
dependent) can lead to the development of prostate intraepithelial neoplasia (Majumder et 
al., 2004). Repopulation of PTEN-negative cancer cells between courses of chemotherapy has 
been reported to be inhibited by temsirolimus on PC-3 and DU145 PC xenografts with only 
mild myelosuppression, thus suggesting its role on minimization of drug resistance in 
patients (Wu et al., 2005). In addition, the effects of concurrent and sequential administration 
of docetaxel and temsirolimus on PC-3 and LnCaP tumor cells and xenografts were studied 
(Fung et al., 2009). Temsirolimus originated greater growth delay of PC-3 xenografts than 
docetaxel alone. This effect was greater than that expected from the in vitro sensitivity, and 
differed from the general experience in treatment of human PC, where chemotherapy has 
shown greater activity than molecular-targeted agents. In contrast, for LnCaP cells, 
temsirolimus had similar inhibitory effects to those observed with PC-3 cells in culture, but 
no significant effect on LnCaP xenografts (Fung et al., 2009). Despite similar cell cycle effects 
between concurrent and sequential treatments in in vitro experiments, in vivo growth delay 
studies showed better delay of tumor regrowth with concurrent temsirolimus and docetaxel 
treatment compared to sequential treatment in the prostate xenografts (Fung et al., 2009). As 
previously mentioned, temsirolimus is the first mTOR inhibitor approved for use in 
oncology (Butler, 2008). Further results from ongoing clinical trials should help to establish 
whether a role exits for this drug on the PC setting. 
Deforolimus alone was shown to inhibit proliferation of several prostate cell lines by 
20−60% (maximal inhibition) and as expected, sensitivity was associated with loss of PTEN 
(Squillace et al., 2008). The anti-proliferative activity of deforolimus and bicalutamide, alone 
and in combination, was determined in three cell lines representing different stages of PC 
progression. The combination was strongly synergistic in both androgen-dependent LNCaP 
and androgen-independent C4−2 cells but only additive in RWPE-1 (normal prostate 
epithelium) cells. The data provided support for the clinical testing of deforolimus in 
combination with bicalutamide to treat androgen-dependent and -independent PC  
(Squillace et al., 2008). Also, a phase II clinical trial of deforolimus in patients with taxane-
resistant HRPC concluded that the compound is well tolerated and promotes disease 
stabilization (Gross et al., 2006). 
The ability of everolimus to enhance the cytotoxic effects of radiation on PC-3 and DU145 
cells has been reported (Cao et al., 2006). Both cell lines became more vulnerable to 
irradiation after treatment with everolimus, with the PTEN-deficient PC-3 cell line showing 
the greater sensitivity. This increased susceptibility to radiation was found to be associated 
with induction of autophagy (Cao et al., 2006). Treatment with everolimus resulted in 
growth inhibition of C4-2 cells in bone, an effect augmented by addition of docetaxel and 
zoledronic acid (Morgan et al., 2008). Moreover it had a significant impact on maintenance of 
body weight. A single phase II study evaluated the effect of everolimus in patients with 
newly diagnosed, localized PC (Lerut et al., 2005). The most frequently observed adverse 
events are common toxicity criteria grade 1 to 2 stomatitis and rash. Recently, three 
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temsirolimus analogues, homotemsirolimuses A-C (Fig. 4), were isolated from a 
temsirolimus preparation made from rapamycin and found to inhibit mTOR as well as the 
proliferation of LNCaP cells with potency comparable to that of rapamycin and 
temsirolimus (Kong et al., 2011). 

4.3 Plant compounds 
Plant-derived NPs have been an important source of several clinically useful anti-cancer 
agents (Grothaus et al., 2010, Cragg et al., 2009, Butler, 2008, Ojima, 2008). Plants continue to 
play a major role in drug discovery as evidenced by the number of promising new agents in 
clinical development based on selective activity against cancer-related molecular targets. 
One of the most noteworthy contributions of plants to this field has been the isolation of 
tubulin interactive agents such as the Vinca alkaloids and the taxanes which are the basis of 
the majority of the currently available anticancer therapies. 

4.3.1 Taxanes 
Paclitaxel (Taxol®, Bristol-Myers Squibb, Fig. 5) was first isolated from the bark of the 
Western yew tree in 1971 and found to possess unique pharmacological actions as an 
inhibitor of mitosis, differing from the Vinca alkaloids and colchicine derivatives in that it 
promotes rather than inhibits microtubule formation (Hardman & Limbird, 2001). It binds 
specifically to the β-tubulin subunit of microtubules and antagonizes the disassembly of this 
key cytoskeletal protein causing mitotic arrest. Resistance to paclitaxel is associated to high 
levels of P-glycoprotein expressed by tumor cells (Hardman & Limbird, 2001). Paclitaxel is 
currently used to treat multiple cancers such as lung, ovarian, head and neck, breast, and 
advanced stages of Kaposi’s sarcoma. Modification of the side chain of paclitaxel resulted in 
the more potent analogue docetaxel (Taxotere®, Sanofi-Aventis, Fig. 5) which has clinical 
activity against breast, ovarian and NSCLC (Hardman & Limbird, 2001). The present status 
and perspectives of taxane-based regimens for cancer treatment have been thoroughly 
reviewed (Mancuso et al., 2007, Sartor, 2011). 
In 2004, the results of the two major phase III clinical trials TAX 327 and SWOG 9916 
established docetaxel as a primary chemotherapeutic option for patients with mCRPC 
(Berthold et al., 2008, Tannock et al., 2004). Outcomes of TAX 327 demonstrated that 
chemotherapy with docetaxel was a viable option that prolonged survival for patients with 
mCRPC and in addition with an extended follow-up, the survival benefit of docetaxel in the 
TAX 327 trial has persisted. In SWOG 9916, a regimen of docetaxel and estramustine was 
compared with mitoxantrone and prednisone (Petrylak et al., 2004). In this study, the 
docetaxel regimen also conferred a significant survival benefit and increased median 
survival. At present, docetaxel/prednisone remains the first-line chemotherapy of choice for 
patients with CRPC (Sartor, 2011). Combinations of docetaxel and different drug classes, 
including tyrosine kinase inhibitors, antiangiogenesis agents, and immunologic agents, have 
been the object of several studies for CRPC. Nonetheless, phase III data for combination 
therapy with docetaxel has not produced any viable therapeutic options (Sartor, 2011). 
Cabazitaxel (XRP-6258, Jevtana®, Sanofi-Aventis, Fig. 5) is a novel taxane-class cytotoxic 
agent in which two hydroxyl groups have been replaced by methoxy groups, that has 
shown efficacy in model system tumors that are resistant to paclitaxel and docetaxel (Kumar 
et al., 2010, Sartor, 2011). Multiple cases of complete regression were observed with 
cabazitaxel in studies using human tumor xenografts. Notably, long-term tumor-free 
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survival (exceeding 133 days) and complete tumor regression were seen in pancreatic 
xenografts (MIA PaCa-2), head and neck xenografts (SR475), and prostate DU145 xenografts 
(Kumar et al., 2010). In a recently published, randomized, multicenter, phase III trial 
(TROPIC), the efficacy and safety of cabazitaxel and prednisone were compared with those 
of mitoxantrone and prednisone for the treatment of mCRPC that had progressed following 
docetaxel-based chemotherapy (De Bono et al., 2010). Tumor response and PSA response 
significantly favored cabazitaxel, as did median time to tumor progression and median time 
to PSA progression. Pain response and time to pain progression were similar between the 
treatment groups (De Bono et al., 2010). Neutropenia, leukopenia, and anemia were the 
predominant toxicities associated with cabazitaxel in the study. The findings of TROPIC 
study established cabazitaxel as the first agent to prolong survival after docetaxel treatment, 
with a 30% reduction in death over mitoxantrone (De Bono et al., 2010). On the basis of these 
data, cabazitaxel has been approved by the FDA for use in patients with mCRPC who have 
progressed after docetaxel (Galsky et al., 2010, Sartor, 2011). 
 

 
Fig. 5. Taxanes. 

4.3.2 Irofulven 
Irofulven (MGI 114, NSC 683863, Pharma, Inc., Fig. 6), an anticancer agent derived from the 
mushroom natural product illudin S has been found to inhibit DU145, PC-3, and LNCaP cell 
proliferation with IC50 values of 100, 200, and 700 nM, respectively (Poindessous et al., 2003). 
The cytotoxicity of irofulven is not affected by loss of p53 or mismatch repair function, and 
the drug is not a substrate for multidrug transporters such as P-glycoprotein and MDR-1. 
Irofulven acts by alkylating cellular macromolecular targets (Liang et al., 2004). The drug is a 
potent inducer of apoptosis in various types of tumor cells, whereas it is nonapoptotic in 
normal cells. Irofulven-induced signaling was studied on LnCaP-Pro5 cells and was found 
to be integrated at the level of mitochondrial dysfunction. The induction of both caspase-
dependent and caspase-independent death pathways was consistent with pleiotropic effects, 
which include targeting of cellular DNA and proteins (Liang et al., 2004). The effect of 
irofulven on apoptosis was also reported to be largely Bcl-2 independent, a highly desirable 
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temsirolimus analogues, homotemsirolimuses A-C (Fig. 4), were isolated from a 
temsirolimus preparation made from rapamycin and found to inhibit mTOR as well as the 
proliferation of LNCaP cells with potency comparable to that of rapamycin and 
temsirolimus (Kong et al., 2011). 

4.3 Plant compounds 
Plant-derived NPs have been an important source of several clinically useful anti-cancer 
agents (Grothaus et al., 2010, Cragg et al., 2009, Butler, 2008, Ojima, 2008). Plants continue to 
play a major role in drug discovery as evidenced by the number of promising new agents in 
clinical development based on selective activity against cancer-related molecular targets. 
One of the most noteworthy contributions of plants to this field has been the isolation of 
tubulin interactive agents such as the Vinca alkaloids and the taxanes which are the basis of 
the majority of the currently available anticancer therapies. 

4.3.1 Taxanes 
Paclitaxel (Taxol®, Bristol-Myers Squibb, Fig. 5) was first isolated from the bark of the 
Western yew tree in 1971 and found to possess unique pharmacological actions as an 
inhibitor of mitosis, differing from the Vinca alkaloids and colchicine derivatives in that it 
promotes rather than inhibits microtubule formation (Hardman & Limbird, 2001). It binds 
specifically to the β-tubulin subunit of microtubules and antagonizes the disassembly of this 
key cytoskeletal protein causing mitotic arrest. Resistance to paclitaxel is associated to high 
levels of P-glycoprotein expressed by tumor cells (Hardman & Limbird, 2001). Paclitaxel is 
currently used to treat multiple cancers such as lung, ovarian, head and neck, breast, and 
advanced stages of Kaposi’s sarcoma. Modification of the side chain of paclitaxel resulted in 
the more potent analogue docetaxel (Taxotere®, Sanofi-Aventis, Fig. 5) which has clinical 
activity against breast, ovarian and NSCLC (Hardman & Limbird, 2001). The present status 
and perspectives of taxane-based regimens for cancer treatment have been thoroughly 
reviewed (Mancuso et al., 2007, Sartor, 2011). 
In 2004, the results of the two major phase III clinical trials TAX 327 and SWOG 9916 
established docetaxel as a primary chemotherapeutic option for patients with mCRPC 
(Berthold et al., 2008, Tannock et al., 2004). Outcomes of TAX 327 demonstrated that 
chemotherapy with docetaxel was a viable option that prolonged survival for patients with 
mCRPC and in addition with an extended follow-up, the survival benefit of docetaxel in the 
TAX 327 trial has persisted. In SWOG 9916, a regimen of docetaxel and estramustine was 
compared with mitoxantrone and prednisone (Petrylak et al., 2004). In this study, the 
docetaxel regimen also conferred a significant survival benefit and increased median 
survival. At present, docetaxel/prednisone remains the first-line chemotherapy of choice for 
patients with CRPC (Sartor, 2011). Combinations of docetaxel and different drug classes, 
including tyrosine kinase inhibitors, antiangiogenesis agents, and immunologic agents, have 
been the object of several studies for CRPC. Nonetheless, phase III data for combination 
therapy with docetaxel has not produced any viable therapeutic options (Sartor, 2011). 
Cabazitaxel (XRP-6258, Jevtana®, Sanofi-Aventis, Fig. 5) is a novel taxane-class cytotoxic 
agent in which two hydroxyl groups have been replaced by methoxy groups, that has 
shown efficacy in model system tumors that are resistant to paclitaxel and docetaxel (Kumar 
et al., 2010, Sartor, 2011). Multiple cases of complete regression were observed with 
cabazitaxel in studies using human tumor xenografts. Notably, long-term tumor-free 
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survival (exceeding 133 days) and complete tumor regression were seen in pancreatic 
xenografts (MIA PaCa-2), head and neck xenografts (SR475), and prostate DU145 xenografts 
(Kumar et al., 2010). In a recently published, randomized, multicenter, phase III trial 
(TROPIC), the efficacy and safety of cabazitaxel and prednisone were compared with those 
of mitoxantrone and prednisone for the treatment of mCRPC that had progressed following 
docetaxel-based chemotherapy (De Bono et al., 2010). Tumor response and PSA response 
significantly favored cabazitaxel, as did median time to tumor progression and median time 
to PSA progression. Pain response and time to pain progression were similar between the 
treatment groups (De Bono et al., 2010). Neutropenia, leukopenia, and anemia were the 
predominant toxicities associated with cabazitaxel in the study. The findings of TROPIC 
study established cabazitaxel as the first agent to prolong survival after docetaxel treatment, 
with a 30% reduction in death over mitoxantrone (De Bono et al., 2010). On the basis of these 
data, cabazitaxel has been approved by the FDA for use in patients with mCRPC who have 
progressed after docetaxel (Galsky et al., 2010, Sartor, 2011). 
 

 
Fig. 5. Taxanes. 

4.3.2 Irofulven 
Irofulven (MGI 114, NSC 683863, Pharma, Inc., Fig. 6), an anticancer agent derived from the 
mushroom natural product illudin S has been found to inhibit DU145, PC-3, and LNCaP cell 
proliferation with IC50 values of 100, 200, and 700 nM, respectively (Poindessous et al., 2003). 
The cytotoxicity of irofulven is not affected by loss of p53 or mismatch repair function, and 
the drug is not a substrate for multidrug transporters such as P-glycoprotein and MDR-1. 
Irofulven acts by alkylating cellular macromolecular targets (Liang et al., 2004). The drug is a 
potent inducer of apoptosis in various types of tumor cells, whereas it is nonapoptotic in 
normal cells. Irofulven-induced signaling was studied on LnCaP-Pro5 cells and was found 
to be integrated at the level of mitochondrial dysfunction. The induction of both caspase-
dependent and caspase-independent death pathways was consistent with pleiotropic effects, 
which include targeting of cellular DNA and proteins (Liang et al., 2004). The effect of 
irofulven on apoptosis was also reported to be largely Bcl-2 independent, a highly desirable 
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property seeing that elevated levels of this protein correlate with an increased metastatic 
potencial of cancer cells (Herzig et al., 2003). Irofulven has demonstrated activity against PC-
3 and DU145 cells as monotherapy and enhanced efficacy was displayed in combination 
with mitoxantrone or docetaxel (Van Laar et al., 2004) and these results highlighted its 
potential to be used in combination regimens in clinical trials. Thus a phase I and 
pharmacokinetic study of irofulven (0.4 mg/kg) and cisplatin (30 mg/m2) in patients with 
solid tumors concluded that the regimen was adequately tolerated with substantial evidence 
of antitumor activity observed (Hilgers et al., 2006).  Combination regiments of the same 
dosage of irofulven with capecitabine (2,000mg/m2/day) were also found safe on phase I 
clinical trials in patients with solid tumors (Alexandre et al., 2007). Other combination 
regimens with oxaliplatin were reported to be effective on docetaxel-resistant HRPC patients 
(Tchen et al., 2005). Irofulven was also reported to be active as a single agent against HPRC on 
a phase II trial (Senzer et al., 2005). Based on evidence of irofulven activity in HRPC observed 
in these prior Phase I/II studies, a randomized Phase II study in docetaxel-refractory HRPC 
patients was initiated using irofulven/prednisone or irofulven/capecitabine/predisone versus 
mitoxantrone/prednisone (Hart et al., 2006). Preliminary results suggested a longer survival 
and time to progression, a higher PSA response, and an acceptable safety profile for 
irofulven/prednisone and irofulven/capecitabine/predisone compared to mitoxantrone/ 
prednisone. Based on these data, irofulven may have a role in treating docetaxel-resistant 
HRPC patients (Hart et al., 2006).  
 

 
Fig. 6. Plant-derived compounds with impact on PC 

4.3.3 Gossypol 
Gossypol (Fig.  6), a polyphenolic compound present in cottonseed (Huang et al., 2006), was 
originally identified as a male antifertility agent. Gossypol treatment resulted in a marked 
reduction of the prostate weight of guinea-pigs and adult rats as well as induction of 
structural and functional changes of the gland somewhat similar to the ones observed after 
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castration (Moh et al., 1992, Wong & Tam, 1989). Antiproliferative and antimetastatic 
activities in androgen-independent Dunning R3327-MAT-LyLu PC cell-bearing Copenhagen 
rats have been reported with gossypol (Chang et al., 1993). The compound has also been 
reported to potently inhibit both isoforms of 5-reductase (Chang et al., 1993). Gossypol 
inhibited the proliferation without affecting the viability of PC-3 cells with an IC50 value of 
lower than 1 μM, and induced a dose- and time-dependent accumulation of cells at the 
G0/G1 phase of the cell cycle (Shidaifat et al., 1996). On DU145 cells gossypol significantly 
enhanced apoptosis through downregulation of Bcl-2 and Bcl-xL and upregulation of Bax at 
the mRNA and protein levels (Huang et al., 2006). Activation of caspases 3, 8, and 9 was also 
found to occur as well as increased PARP cleavage. Thus, gossypol is a natural BH3 mimetic 
and small molecule inhibitor of Bcl-2/Bcl-xL/Mcl-1 that potently induces apoptosis in various 
cancer cell lines (Meng et al., 2008). It also significantly enhances the antitumor activity of 
docetaxel in human PC both in vitro and in vivo. Gossypol effectively reduced the viability of 
LAPC4, PC-3, and DU145 PC cells and inhibited tumor growth in a NOD/SCID xenograft 
model (Volate et al., 2010). The growth of prostate tumor initiating cells (pTICs) isolated from 
DU145 (CD44+/hi) were also inhibited. The inhibitory effects of gossypol have been attributed 
to the induction of DNA damage, which consequently leads to the stabilization of p53 and the 
activation of the mitochondrial pathway of apoptosis (Volate et al., 2010). In addition, gossypol 
was recently reported to induce autophagy in human androgen-independent PC with a high 
level of Bcl-2 both in vitro and in vivo (Lian et al., 2011). 
A derivative of gossypol, R-(–)-gossypol acetic acid (AT-101, Ascenta Therapeutics, Inc.) has 
been evaluated on a phase I/II trial as a single-agent in men with chemotherapy-naive 
castrate-resistant PC (Liu et al., 2009). The compound was well tolerated when administered 
at 20 mg/day for 21 of 28 days. Evidence of single-agent clinical activity was observed with 
PSA declines in some patients. Further investigation of AT-101 in PC thus is warranted and 
trials combining AT-101 with androgen deprivation, as well as with docetaxel 
chemotherapy are ongoing (Liu et al., 2009). 

4.3.4 Triptolide 
Triptolide (PG 490, Fig. 6) is a diterpene triepoxide purified from Tripterygium wilfordii Hook 
F (Kupchan et al., 1972) that was found to attenuate activation of p53 in response to -
irradiation or other stresses such as hypoxia or DNA damaging drugs, in primary cultures 
of normal and malignant PC epithelial cells, despite the presence of the wild-type p53 gene 
(Girinsky et al., 1995). Moreover, triptolide inhibited LNCaP growth with an IC50 value of 10 
ng/ml (Shamona et al., 1997). Half-maximal growth inhibition of five PC cell strains, E-PZ-
10 and four cell lines derived from prostatic adenocarcinomas of Gleason grade 3/3 (E-CA-
11), 30% intraductal carcinoma / 70% Gleason grade 4 (E-CA-12) and 3/4 (E-CA-13 and E-
CA-14), was observed with 0.1 ng/ml triptolide (Kiviharju et al., 2002). Whereas low 
concentrations of triptolide induced senescence of cells with G1 arrest, higher concentrations 
(50-100 ng/ml) triggered apoptosis. However, in contrast with the previous findings, 
protein levels of p53 were significantly increased and predominantly accumulated in the 
nuclei of prostatic epithelial cells (Kiviharju et al., 2002). Nonetheless, downregulation of p53 
target gene products such as Hdm-2 and p21WAF1/CIP1 and Bcl-2 was also found to occur. 
It was suggested that triptolide may use multiple signaling pathways, some of which 
involve p53 in cells with wild-type p53, growth arrest and induction of apoptosis (Kiviharju 
et al., 2002). Clinical and experimental studies have demonstrated that triptolide has anti-
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property seeing that elevated levels of this protein correlate with an increased metastatic 
potencial of cancer cells (Herzig et al., 2003). Irofulven has demonstrated activity against PC-
3 and DU145 cells as monotherapy and enhanced efficacy was displayed in combination 
with mitoxantrone or docetaxel (Van Laar et al., 2004) and these results highlighted its 
potential to be used in combination regimens in clinical trials. Thus a phase I and 
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dosage of irofulven with capecitabine (2,000mg/m2/day) were also found safe on phase I 
clinical trials in patients with solid tumors (Alexandre et al., 2007). Other combination 
regimens with oxaliplatin were reported to be effective on docetaxel-resistant HRPC patients 
(Tchen et al., 2005). Irofulven was also reported to be active as a single agent against HPRC on 
a phase II trial (Senzer et al., 2005). Based on evidence of irofulven activity in HRPC observed 
in these prior Phase I/II studies, a randomized Phase II study in docetaxel-refractory HRPC 
patients was initiated using irofulven/prednisone or irofulven/capecitabine/predisone versus 
mitoxantrone/prednisone (Hart et al., 2006). Preliminary results suggested a longer survival 
and time to progression, a higher PSA response, and an acceptable safety profile for 
irofulven/prednisone and irofulven/capecitabine/predisone compared to mitoxantrone/ 
prednisone. Based on these data, irofulven may have a role in treating docetaxel-resistant 
HRPC patients (Hart et al., 2006).  
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of normal and malignant PC epithelial cells, despite the presence of the wild-type p53 gene 
(Girinsky et al., 1995). Moreover, triptolide inhibited LNCaP growth with an IC50 value of 10 
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involve p53 in cells with wild-type p53, growth arrest and induction of apoptosis (Kiviharju 
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inflammatory and immunosuppressive activities, and effectively prolongs allograft 
survival in organ transplantation including bone marrow, cardiac, renal and skin 
transplantation (Liu, 2011). 
PG490-88Na (Pharmagenesis Inc.), a water-soluble prodrug of triptolide (14-succinyl 
sodium salt) that is converted into triptolide in the serum, has been elucidated as a new 
immunosuppressant (Fidler et al., 2003). It effectively prevents acute and chronic rejection 
in organ transplantation and shows potent antitumor activity. The compound has been 
approved for phase I clinical trials for PC (Fidler et al., 2003, Kiviharju et al., 2002). 
However, the safety and side effects of triptolide for PC therapy need to be further 
elucidated. Further development of triptolide derivatives may produce promising 
anticancer drug candidate (Liu, 2011). 

4.3.5 Withaferin A 
Withaferin A (Fig. 6), a steroidal lactone purified from the medicinal plant “Indian Winter 
Cherry” or Withania somnifera, has been widely studied for its antitumor effects (Glotter et 
al., 1966). Withaferin A was inhibits the chymotrypsin-like activity of purified rabbit 20S 
proteasome (IC50 of 4.5 μM) and of 26S proteasome in cultured PC-3 cells, with an IC50 value 
of 10-20 μM, and tumors (Yang et al., 2007). Inhibition of PC tumor cellular proteasome both 
in vitro and in vivo by withaferin A was accompanied by accumulation of Bax, IB- and 
p27, and induction of apoptosis (Yang et al., 2007). Proteasome inhibition occurred before 
the apoptotic events of caspase-3 activation with PARP cleavage and the expected 
morphological changes (rounding and condensation), on PC-3 cells, at 10 μM of withaferin 
A. On LNCaP cells, AR protein levels were decreased by withaferin A and apoptosis 
triggered by the same mechanisms seen on PC-3 cells (Yang et al., 2007). Treatment of 
human PC-3 xenografts with withaferin A at 4.0 and 8.0 mg/kg/day for 24 days caused 54 
to 70% inhibition of tumor growth, as compared to control, that was associated with a 28 to 
56% inhibition of proteasomal chymotrypsin-like activity. Induction of apoptosis by 
withaferin A on PC cells bears additional interest because it has been shown to be mediated 
by the cancer specific target protein (Par-4) (El-Guendy et al., 2003). Moreover, treatment of 
androgen-responsive PC cells with antiandrogens such as flutamide or bicalutamide which 
do not induce apoptosis on their own, rendered these cells amenable to apoptosis triggered 
by withaferin A. Apoptosis by withaferin A required upregulation of Par-4 expression for 
inhibition of NF-B activity and activation of the caspase cascade (Srinivasan et al., 2007). 
Therefore, withaferin A shows promise for HRPC treatment seeing that it not only seems to 
suppress the growth of metastatic cells but can also be exploited in combination regimens 
with antiandrogens to target resistant clones. 

4.3.6 Pentacyclic triterpenoids 
Terpenoids, among which are pentacyclic triterpenoids such as betulinic, ursolic, oleanolic, 
and boswellic acids as well as pristimerin and celastrol (Fig. 7), are extensively  found in 
fruits, vegetables and medicinal plants (Salvador, 2010). This category of compounds 
exhibits multiple properties including antioxidation, anti-inflammation, anti-HIV, and 
anticancer activities (Shah et al., 2009, Petronelli et al., 2009). 
In vitro and in vivo studies indicate that pentacyclic triterpenoids caused inhibition on cell 
proliferation and tumor growth in a variety of human cancers (Salvador, 2010). Structurally 
some of the terpenoids are similar to human hormones and thus bear interest in the 
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development of drugs that target hormone-dependent cancers such as breast and prostate 
cancers (Yang & Dou, 2010). The mechanisms by which these compounds exhibit their 
anticancer activity include inhibition of the proteasome, NF-B, and the antiapoptotic 
protein Bcl-2 (Yang & Dou, 2010, Wang & Fang, 2009). 
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Betulinic acid (BA, Fig. 7) is a NP identified in various bark extracts and is readily 
synthesized from betulin, a major constituent of the bark of birch trees (Aggarwal & 
Shishodia, 2006). It is currently undergoing development as a therapeutic agent against 
melanoma (Tan et al., 2003). BA inhibited the proliferation of several PC cells and 
triggered apoptosis probably due to AR downregulation that led to decreased expression 
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of vascular endothelial growth factor (VEGF) and survivin, and caspase-dependent PARP 
cleavage (Chintharlapalli et al., 2007, Kessler et al., 2007). BA was shown to induce 
proteasome-dependent degradation of Sp proteins in LNCaP cells (Chintharlapalli et al., 
2007, Yao et al., 2004, Wang et al., 2003). In vivo, BA (10 and 20 mg/kg/day) inhibited 
tumor growth in athymic nude mice bearing LNCaP cell xenografts, which was 
accompanied by decreased expression of Sp1, Sp3 and Sp4 proteins and VEGF, and 
increased apoptosis in tumors from BA-treated mice (Chintharlapalli et al., 2007). In 
androgen-refractory PC-3 cells, BA effectively inhibited NF-B binding to DNA and its 
translocation to the nucleus, IB phosphorylation, and IB kinase complex (IKK) 
activation, and in addition sensitized cells to TNF-induced apoptosis through 
suppression of NF-B (Rabi et al., 2008). A major advantage in using BA for cancer 
therapy is its low toxicity. Doses as high as 500 mg/kg, administered every 4th day for 6 
weeks to athymic mice carrying human melanomas have been shown to have no 
detectable toxic side effects (Pisha et al., 1995). However, a study demonstrated that BA 
cannot be used to potentiate cell death in combination with most anticancer drugs that 
induce apoptosis via formation of topoisomerase I-DNA cleavable complexes such as 
camptothecin, staurosporine and etoposide (Ganguly et al., 2007). Thus, the compound 
inhibits all types of topoisomerase-I DNA cleavable complexes formation irrespective of 
the process of initiation, therefore disrupting the series of events that leads to cell death. 
Ursolic acid (UA, Fig. 7) is present in many plants such as Salvia officinalis and Basil (Ocimum 
sanctum) and also a constituent of several herbal medicines marketed in Asia and worlwide 
for inflammatory conditions (Aggarwal & Shishodia, 2006, Kondo et al., 2011, Kwon et al., 
2010). UA inhibits the proliferation of PC-3 and LNCaP cells with IC50 values of 32.6 and 
15.7 μM, respectively (Kassi et al., 2007). At 55 μM, induction of apoptosis is seen on PC-3 
cells with a decrease on bcl-2 gene levels. UA-induced apoptosis on human prostate 
epithelial cells has been suggested to involve caspase activation through downregulation of 
cellular inhibitor of apoptosis proteins (c-IAPs) family proteins and without mitochondrial 
dysfunction (Choi et al., 2000). On DU145 cells UA-induced apoptosis was reported to occur 
via JNK-mediated Bcl-2 phosphorylation and degradation (Zhang et al., 2009). Also, UA was 
found to overcome Bcl-2-mediated resistance to apoptosis in LNCaP androgen-independent 
cells (Zhang, Kong, Wang et al., 2010). UA inhibits cell invasion by downregulating matrix 
metalloproteinase-9 via inhibition of Akt in PC-3 cells (Zhang, Kong, Zeng et al., 2010). 
Boswellic acids, particularly acetyl-boswellic acids such as acetyl-β-boswellic acid (ABA) 
and acetyl-11-keto-β-boswellic acid (ABKA, Fig. 7), can be isolated to chemical homogeneity 
from the gum resins of various Boswellia species and are well-known for their anti-
inflammatory and antitumor activities (Aggarwal & Shishodia, 2006, Moussaieff & 
Mechoulam, 2009, Shah et al., 2009). It has been reported that acetyl-boswellic acids promote 
apoptosis of PC-3 cells both in vitro and in vivo by intercepting IKK activity (Syrovets et al., 
2005). In particular, AKBA has the ability to induce cell growth arrest and reduce the AR 
expression and transcriptional activity in LNCaP cells via inhibition of the Sp1 binding 
activity (Yuan et al., 2008). Both PC-3 and LNCaP cells were sensitive to AKBA-induced 
apoptosis that correlated with the activation of caspase-8 and the upregulation of death-
receptor 5 (DR5) protein most likely by induced expression of CCAAT/enhancer binding 
protein homologous protein (CHOP) protein (Lu et al., 2008). In addition, AKBA potently 
inhibits human prostate tumor growth through inhibition of angiogenesis induced by 
VEGFR2 signaling pathways (Pang et al., 2009). 
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Pristimerin (Fig. 7) is a natural compound found in the Celastraceae and Hippocrateaceae 
families that are rich in quinone-methide triterpenes (Filho et al., 2002). Pristimerin targets the 
proteasome to induce apoptosis in human PC-3 and AR-positive C4-2B cells (Yang, Landis-
Piwowar et al., 2008). Proliferation of PC-3 cells was inhibited by pristimerin (Chang et al., 
2003) with induction of apoptosis that correlated with inhibition proteasome activity (Yang, 
Landis-Piwowar et al., 2008). The IC50 value for the inhibition of purified rabbit 20S proteasome 
with pristimerin was 2.2 μM. Similarly, pristimerin also potently inhibited 26S proteasome 
chymotrypsin-like activity in a extract prepared from exponentially grown PC-3 cells, with an 
IC50 of 3.0 μM (Yang, Landis-Piwowar et al., 2008). About 40% inhibition of cellular proteasome 
activity occurred in C4-2B cells with 5 μM of pristimerin and was accompanied by AR 
suppression with consequent apoptosis induction. Computational modeling showed that 
pristimerin interacts with the catalytically active amino acid N-Thr of the proteasome β5 
subunit (Yang, Landis-Piwowar et al., 2008). Celastrol (Fig. 7), an active compound extracted 
from the root bark of the Chinese medicine ‘‘Thunder of God Vine’’ (Tripterygium wilfordii Hook 
F.), has been used for years as a natural remedy for inflammatory conditions (Kannaiyan et al., 
2011). The anti-inflammatory effects of this triterpene have been demonstrated in animal 
models of different inflammatory diseases, including arthritis, Alzheimer’s disease, asthma, 
and systemic lupus erythematosus. Celastrol has also been found to inhibit the proliferation of 
a variety of tumor cells and suppress tumor initiation, promotion and metastasis in various 
cancer models in vivo (Salminen et al., 2010, Kannaiyan et al., 2011). Celastrol potently and 
preferentially inhibits the chymotrypsin-like activity of human PC cellular 26S proteasome at 
1-5 μM (Yang et al., 2006). Inhibition of the proteasome activity by celastrol is accompanied by 
suppression of AR protein expression and induction of apoptosis. The involvement of calpain  
in AR breakdown during celastrol-induced apoptosis in PC cells has been demonstrated 
(Yang, Murthy et al., 2008). By inhibiting proteasomal activity, celastrol suppresses 
proliferation, invasion and angiogenesis by inducing the apoptotic machinery and attenuating 
constitutive NF-kB activity, both in vitro and in vivo, in androgen-independent PC cell lines 
(Dai et al., 2010). Angiogenesis-mediated tumor growth is also suppressed by celastrol by 
targeting the AKT/mTOR/P70S6K pathway, (Pang et al., 2010). Celastrol sensitizes PC-3 cells 
to radiation both in vitro and in vivo by impairing DNA damage processing and augmenting 
apoptosis (Dai et al., 2009). It also potentiated the apoptotic effects of TRAIL through down-
regulation of cell survival proteins and up-regulation of death receptors via the ROS-mediated 
up-regulation of CHOP pathway on several tumor cell lines including PC (Sung et al., 2010). 
Recent research has brought into light the effects of retigeric acid B (RAB, Fig. 7), a NP 
isolated from the lichen Lobaria kurokawae Yoshim and previously exploited for its antifungal 
activity, on PC cells (Liu et al., 2010). Thus, RB was able to suppress AR expression and 
transcriptional activity in LNCaP cells, and inhibition of PC-3 cell growth was accompanied 
by induction of the S-phase cell cycle arrest as well as apoptosis. 

5. Conclusion 
Outstanding contributions from Nature have paved the way in drug discovery and allowed 
the establishment of conventional therapies for the treatment of the majority of human 
diseases, including cancer. Whereas plants have been the most common source of active 
molecules throughout the centuries, the now unraveling potential of marine and microbial 
sources is bound to provide highly active compounds with a myriad of biological activities 
which may improve the therapeutic options available for many human diseases in a nearby 
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of vascular endothelial growth factor (VEGF) and survivin, and caspase-dependent PARP 
cleavage (Chintharlapalli et al., 2007, Kessler et al., 2007). BA was shown to induce 
proteasome-dependent degradation of Sp proteins in LNCaP cells (Chintharlapalli et al., 
2007, Yao et al., 2004, Wang et al., 2003). In vivo, BA (10 and 20 mg/kg/day) inhibited 
tumor growth in athymic nude mice bearing LNCaP cell xenografts, which was 
accompanied by decreased expression of Sp1, Sp3 and Sp4 proteins and VEGF, and 
increased apoptosis in tumors from BA-treated mice (Chintharlapalli et al., 2007). In 
androgen-refractory PC-3 cells, BA effectively inhibited NF-B binding to DNA and its 
translocation to the nucleus, IB phosphorylation, and IB kinase complex (IKK) 
activation, and in addition sensitized cells to TNF-induced apoptosis through 
suppression of NF-B (Rabi et al., 2008). A major advantage in using BA for cancer 
therapy is its low toxicity. Doses as high as 500 mg/kg, administered every 4th day for 6 
weeks to athymic mice carrying human melanomas have been shown to have no 
detectable toxic side effects (Pisha et al., 1995). However, a study demonstrated that BA 
cannot be used to potentiate cell death in combination with most anticancer drugs that 
induce apoptosis via formation of topoisomerase I-DNA cleavable complexes such as 
camptothecin, staurosporine and etoposide (Ganguly et al., 2007). Thus, the compound 
inhibits all types of topoisomerase-I DNA cleavable complexes formation irrespective of 
the process of initiation, therefore disrupting the series of events that leads to cell death. 
Ursolic acid (UA, Fig. 7) is present in many plants such as Salvia officinalis and Basil (Ocimum 
sanctum) and also a constituent of several herbal medicines marketed in Asia and worlwide 
for inflammatory conditions (Aggarwal & Shishodia, 2006, Kondo et al., 2011, Kwon et al., 
2010). UA inhibits the proliferation of PC-3 and LNCaP cells with IC50 values of 32.6 and 
15.7 μM, respectively (Kassi et al., 2007). At 55 μM, induction of apoptosis is seen on PC-3 
cells with a decrease on bcl-2 gene levels. UA-induced apoptosis on human prostate 
epithelial cells has been suggested to involve caspase activation through downregulation of 
cellular inhibitor of apoptosis proteins (c-IAPs) family proteins and without mitochondrial 
dysfunction (Choi et al., 2000). On DU145 cells UA-induced apoptosis was reported to occur 
via JNK-mediated Bcl-2 phosphorylation and degradation (Zhang et al., 2009). Also, UA was 
found to overcome Bcl-2-mediated resistance to apoptosis in LNCaP androgen-independent 
cells (Zhang, Kong, Wang et al., 2010). UA inhibits cell invasion by downregulating matrix 
metalloproteinase-9 via inhibition of Akt in PC-3 cells (Zhang, Kong, Zeng et al., 2010). 
Boswellic acids, particularly acetyl-boswellic acids such as acetyl-β-boswellic acid (ABA) 
and acetyl-11-keto-β-boswellic acid (ABKA, Fig. 7), can be isolated to chemical homogeneity 
from the gum resins of various Boswellia species and are well-known for their anti-
inflammatory and antitumor activities (Aggarwal & Shishodia, 2006, Moussaieff & 
Mechoulam, 2009, Shah et al., 2009). It has been reported that acetyl-boswellic acids promote 
apoptosis of PC-3 cells both in vitro and in vivo by intercepting IKK activity (Syrovets et al., 
2005). In particular, AKBA has the ability to induce cell growth arrest and reduce the AR 
expression and transcriptional activity in LNCaP cells via inhibition of the Sp1 binding 
activity (Yuan et al., 2008). Both PC-3 and LNCaP cells were sensitive to AKBA-induced 
apoptosis that correlated with the activation of caspase-8 and the upregulation of death-
receptor 5 (DR5) protein most likely by induced expression of CCAAT/enhancer binding 
protein homologous protein (CHOP) protein (Lu et al., 2008). In addition, AKBA potently 
inhibits human prostate tumor growth through inhibition of angiogenesis induced by 
VEGFR2 signaling pathways (Pang et al., 2009). 
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Pristimerin (Fig. 7) is a natural compound found in the Celastraceae and Hippocrateaceae 
families that are rich in quinone-methide triterpenes (Filho et al., 2002). Pristimerin targets the 
proteasome to induce apoptosis in human PC-3 and AR-positive C4-2B cells (Yang, Landis-
Piwowar et al., 2008). Proliferation of PC-3 cells was inhibited by pristimerin (Chang et al., 
2003) with induction of apoptosis that correlated with inhibition proteasome activity (Yang, 
Landis-Piwowar et al., 2008). The IC50 value for the inhibition of purified rabbit 20S proteasome 
with pristimerin was 2.2 μM. Similarly, pristimerin also potently inhibited 26S proteasome 
chymotrypsin-like activity in a extract prepared from exponentially grown PC-3 cells, with an 
IC50 of 3.0 μM (Yang, Landis-Piwowar et al., 2008). About 40% inhibition of cellular proteasome 
activity occurred in C4-2B cells with 5 μM of pristimerin and was accompanied by AR 
suppression with consequent apoptosis induction. Computational modeling showed that 
pristimerin interacts with the catalytically active amino acid N-Thr of the proteasome β5 
subunit (Yang, Landis-Piwowar et al., 2008). Celastrol (Fig. 7), an active compound extracted 
from the root bark of the Chinese medicine ‘‘Thunder of God Vine’’ (Tripterygium wilfordii Hook 
F.), has been used for years as a natural remedy for inflammatory conditions (Kannaiyan et al., 
2011). The anti-inflammatory effects of this triterpene have been demonstrated in animal 
models of different inflammatory diseases, including arthritis, Alzheimer’s disease, asthma, 
and systemic lupus erythematosus. Celastrol has also been found to inhibit the proliferation of 
a variety of tumor cells and suppress tumor initiation, promotion and metastasis in various 
cancer models in vivo (Salminen et al., 2010, Kannaiyan et al., 2011). Celastrol potently and 
preferentially inhibits the chymotrypsin-like activity of human PC cellular 26S proteasome at 
1-5 μM (Yang et al., 2006). Inhibition of the proteasome activity by celastrol is accompanied by 
suppression of AR protein expression and induction of apoptosis. The involvement of calpain  
in AR breakdown during celastrol-induced apoptosis in PC cells has been demonstrated 
(Yang, Murthy et al., 2008). By inhibiting proteasomal activity, celastrol suppresses 
proliferation, invasion and angiogenesis by inducing the apoptotic machinery and attenuating 
constitutive NF-kB activity, both in vitro and in vivo, in androgen-independent PC cell lines 
(Dai et al., 2010). Angiogenesis-mediated tumor growth is also suppressed by celastrol by 
targeting the AKT/mTOR/P70S6K pathway, (Pang et al., 2010). Celastrol sensitizes PC-3 cells 
to radiation both in vitro and in vivo by impairing DNA damage processing and augmenting 
apoptosis (Dai et al., 2009). It also potentiated the apoptotic effects of TRAIL through down-
regulation of cell survival proteins and up-regulation of death receptors via the ROS-mediated 
up-regulation of CHOP pathway on several tumor cell lines including PC (Sung et al., 2010). 
Recent research has brought into light the effects of retigeric acid B (RAB, Fig. 7), a NP 
isolated from the lichen Lobaria kurokawae Yoshim and previously exploited for its antifungal 
activity, on PC cells (Liu et al., 2010). Thus, RB was able to suppress AR expression and 
transcriptional activity in LNCaP cells, and inhibition of PC-3 cell growth was accompanied 
by induction of the S-phase cell cycle arrest as well as apoptosis. 

5. Conclusion 
Outstanding contributions from Nature have paved the way in drug discovery and allowed 
the establishment of conventional therapies for the treatment of the majority of human 
diseases, including cancer. Whereas plants have been the most common source of active 
molecules throughout the centuries, the now unraveling potential of marine and microbial 
sources is bound to provide highly active compounds with a myriad of biological activities 
which may improve the therapeutic options available for many human diseases in a nearby 
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future. Many compounds from plant, marine and microbial sources have been studied on 
PC targets. Therapies which target both androgen-dependent and –independent PC cells 
and can thus circumvent the mechanisms of PC recurrence have been exhaustively 
investigated. In this setting, molecules such as AT-101, EPI-001, trabectedin, temsirolimus 
and everolimus, ixabepilone A and sagupilone, docetaxel and cabazitaxel, irofulven, PG490-
88Na, as well as several pentacyclic triterpenoids, which have been discussed herein, are 
excellent examples of NPs with an impact on PC. 
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1. Introduction 
Prostate cancer is the most commonly diagnosed cancer in men and the second leading 
cause of cancer related mortality (Byers et al., 2006; McDavid et al., 2004; Sedjo et al., 2007). 
Localized prostate cancer is treated by either radical prostatectomy or radiotherapy. For 
aggressive prostate cancer, hormonal therapy is the standard treatment however; 
approximately 30% of these tumors become hormone–independent (hormone-refractory) 
(HRPC). Furthermore, prostate cancer cells that survive chemotherapy or radiation 
treatment may be able to repair most of the radiation-induced DNA breaks (Kimura et al., 
1999; Kimura & Gelmann, 2000). Therefore, a primary goal in the diagnosis and 
management of prostate cancer is the identification of biomarkers that can reliably predict 
the degree of malignancy of the tumor and can also be used as potential molecular targets to 
improve the response to therapy. This necessity has arisen from the fact that for American 
males, prostate cancer is the most diagnosed neoplasia and the second leading cause of 
cancer-related deaths (Kendal & Mai, 2010; Sajid et al., 2011).  
Risk factors associated with increased prostate cancer incidences include both age and a 
sub-Saharan African ancestry, with African-American men having the highest reported 
incidence rates of all ethnic groups in the United States (239.8 cases/100,000) (Chu et al., 
2003; Odedina et al., 2009). Furthermore, deaths from prostate cancer following surgery are 
more than 2-fold higher in African-American men (56.3/100,000) succumbing to the disease 
compared to white men (23.9/100,000) (Abbott et al., 1998; Chornokur et al., 2011; Talcott et 
al., 2007).  Death from prostate cancer is generally due to metastatic disease that results from 
resistance to treatment such as anti-hormonal therapy. Since African American men are two-
times more likely to die of prostate cancer, identifying the mechanisms that support 
indolent against aggressive disease is an important area of research. 
Increasing evidence suggests that primary and metastatic tumors may be initiated and 
sustained by a subpopulation of low abundance cancer cells with stem-like properties 
(Clarke et al., 2006; Clevers, 2005). These cells, known as cancer stem cells (CSC) or tumor-
initiating cells (TIC), share some characteristics with normal stem cells, such as the potential 
of self-renewal, the capacity to clonally expand, and the ability of multi-lineage 
differentiation (Dalerba et al., 2007; Lang et al., 2009; Weissman et al., 2001). In addition, 
through acquired genetic and epigenetic changes, these cells can exhibit abnormal behavior 
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1. Introduction 
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cause of cancer related mortality (Byers et al., 2006; McDavid et al., 2004; Sedjo et al., 2007). 
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aggressive prostate cancer, hormonal therapy is the standard treatment however; 
approximately 30% of these tumors become hormone–independent (hormone-refractory) 
(HRPC). Furthermore, prostate cancer cells that survive chemotherapy or radiation 
treatment may be able to repair most of the radiation-induced DNA breaks (Kimura et al., 
1999; Kimura & Gelmann, 2000). Therefore, a primary goal in the diagnosis and 
management of prostate cancer is the identification of biomarkers that can reliably predict 
the degree of malignancy of the tumor and can also be used as potential molecular targets to 
improve the response to therapy. This necessity has arisen from the fact that for American 
males, prostate cancer is the most diagnosed neoplasia and the second leading cause of 
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al., 2007).  Death from prostate cancer is generally due to metastatic disease that results from 
resistance to treatment such as anti-hormonal therapy. Since African American men are two-
times more likely to die of prostate cancer, identifying the mechanisms that support 
indolent against aggressive disease is an important area of research. 
Increasing evidence suggests that primary and metastatic tumors may be initiated and 
sustained by a subpopulation of low abundance cancer cells with stem-like properties 
(Clarke et al., 2006; Clevers, 2005). These cells, known as cancer stem cells (CSC) or tumor-
initiating cells (TIC), share some characteristics with normal stem cells, such as the potential 
of self-renewal, the capacity to clonally expand, and the ability of multi-lineage 
differentiation (Dalerba et al., 2007; Lang et al., 2009; Weissman et al., 2001). In addition, 
through acquired genetic and epigenetic changes, these cells can exhibit abnormal behavior 
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like increased resistance to apoptosis, decreased senescence, and capacity to escape from 
immune surveillance. All these features can contribute to tumor dissemination, resistance to 
therapy, and disease recurrence.  
There is little doubt that identification and characterization of CSCs is of enormous interest 
because they may provide important information related to the aggressiveness of the 
disease as well as be relevant for the development of targeted drugs to treat metastatic 
tumors and reduce recurrence (Park et al., 2009; Wang, 2007). It is important to note that 
several anticancer therapies are frequently used to eliminate prostate cancer cells; however; 
a number of these cells with malignant phenotypes can survive and may eventually lead to 
tumor regrowth (Dean et al., 2005; Dingli & Michor, 2006). Therefore, the recognition of 
markers for CSC and cell proliferation during the processes of prostate tumor initiation and 
progression is of vital importance to track CSCs for the development and improvement of 
therapies. It is also important to remark that subpopulations of prostate tumor cells with 
cancer progenitor properties are thought to support refractory response to a given 
treatment, leading to prostate tumor recurrence; therefore, new approaches to identifying 
and targeting these cancer subpopulations might provide an avenue to managing metastatic 
and recurrent disease refractive to treatment (Chaffer & Weinberg, 2011; Lang et al., 2009; 
Polyak & Hahn, 2006). This chapter will discuss the potential applications of CSC markers 
that may predict risk of clinical outcome and provide a guide for appropriate therapy of 
prostate neoplasias. 

2. Stem cells in the prostate  
One of the best-accepted models to explain the origin of the different cell types that make up 
a given tissue is the stem cell model (Reya et al., 2001; Weissman et al., 2001).  In this model, 
most of the differentiated cell subtypes that give raise to the tissues can trace their origin to a 
few low-abundance progenitor cells and no longer term tissue maintenance is supported 
through normal adult stem cells that have the capacity for self-renewal and multi-lineage 
differentiation. These stem cells or progenitor cells are characterized by the high expression 
of specific embryonic markers and by a marked degree of plasticity that allows them to 
differentiate into the specific cell types required at a given point in time. According to the 
prostate stem cell model (Isaacs & Coffey, 1989), the progenitor cells reside primarily within 
the basal layer of the prostatic epithelium and have the capacity to give rise to all basal, 
luminal and neuroendocrine epithelial cells (Figure 1).  
Prostate progenitor stem cells are androgen-independent and express high levels of stem 
cell markers (Table 1) such as prominin-1 (CD133), stem cell antigen (Sca1), cluster of 
differentiation 44 (CD44), integrin alpha2beta1 (21) and nestin (Collins et al., 2005; Li et 
al., 2008). As these progenitor cells differentiate into luminal secretory cells, they acquire the 
capacity to express androgen receptor (AR), prostatic specific antigen (PSA), prostatic acid 
phosphatase (PAP), cluster of differentiation 57 (CD57), 15-lipoxygenase 2 (15-LOX2), and 
cytokeratins 8 (CK8) and 18 (CK18). When the adult stem cells commit instead to the 
generation of non-secretory basal cells, they primarily express CD44, tumor protein 63 (p63), 
cytokeratin 5 (CK5) and 14 (CK14) but not AR, PSA, and PAP (Liu et al., 1997; Signoretti et 
al., 2000). There is a cell subtype intermediate between basal and luminal that shows 
expression of the CK5, CK8 and CK18 but not CK14 (Schalken, 2005). Neuroendocrine (NE) 
cells are found dispersed throughout the epithelium and can be identified by their 
expression of chromogranin A, synaptophysin, and neuron-specific enolase (NSE) (Bonkhoff 
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et al., 1995; di Sant' Agnese, 1996). NE cells also express some peptide hormones such as 
somatostatin, calcitonin and serotonin. However, they do not express AR or PSA. The 
prostate also contains several types of stromal cell including fibroblasts, myofibroblasts, and 
smooth muscle cells that guide the growth and differentiation of the epithelium.  
 

 
Fig. 1. The prostate epithelium niche contains a low percentage of prostate stem cells that 
express embryonic markers and are capable of generating the different cellular types, which 
compose this microenvironment. Cell types that are believed to arise from the differentiation 
of prostate stem cells are the basal, NE cells, and luminal secretory cells. Intermediate cells 
are believed to be a transitional type between basal and luminal cells. 

The debate regarding the location, phenotype, number, nature, and presence of stem cells in 
the adult prostate still persist. However, consistent evidence supporting the existence of SC 
in the prostate has been reported in adult rodent prostate (English et al., 1987; Hudson, 2003; 
Miki, 2010). After several rounds of castration-induced regression and testosterone-induced 
regeneration in this animal model, a small proportion of cells (CSCs), were able to 
proliferate and also gave rise to differentiated and non-proliferative glandular epithelial 
cells. Although, the majority of luminal cells undergo apoptosis after androgen deprivation, 
the remaining androgen-independent epithelial cells contain a high proportion of basal cells 
(Montpetit et al., 1988; Webber et al., 1997a, 1997b). After regression, the remaining 
epithelial population appears to regenerate the prostate following androgen replacement.  
The cycle of prostatic involution and regeneration can be repeated many times, indicating 
that the androgen-independent stem cells survive androgen deprivation and have an 
extensive proliferative and regenerative capacity, as well as multipotency. The identification 
and utilization of different types of biological markers in different in vivo models has led to 
the hypothesis that prostate stem cells reside within the basal cell layer of the gland. Indeed, 
mice null for p63, the progenitor gene for the tumor suppressor p53 family, are born without 
prostate or mammary glands (Mills et al., 2002; Signoretti et al., 2000). Both progenitors and 
basal cells of the prostate express p63, however this protein is lost during prostate 
differentiation and is not expressed in malignant prostatic lesions (Signoretti et al., 2000).  
In humans prostate basal cells express B-cell lymphoma 2 (BCL2), an anti-apoptotic protein 
that is frequently expressed by stem cells and is inversely related to androgen stimulation 
(Lu et al., 1996). While administration of a pulse of bromodeoxyuridine (BrDU) identifies 
rapid proliferating transit-amplifying cells in the luminal compartment, a region that is close 
to the urethra, and also contains stem cells (Tsujimura et al., 2002). Because stem cells are 
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like increased resistance to apoptosis, decreased senescence, and capacity to escape from 
immune surveillance. All these features can contribute to tumor dissemination, resistance to 
therapy, and disease recurrence.  
There is little doubt that identification and characterization of CSCs is of enormous interest 
because they may provide important information related to the aggressiveness of the 
disease as well as be relevant for the development of targeted drugs to treat metastatic 
tumors and reduce recurrence (Park et al., 2009; Wang, 2007). It is important to note that 
several anticancer therapies are frequently used to eliminate prostate cancer cells; however; 
a number of these cells with malignant phenotypes can survive and may eventually lead to 
tumor regrowth (Dean et al., 2005; Dingli & Michor, 2006). Therefore, the recognition of 
markers for CSC and cell proliferation during the processes of prostate tumor initiation and 
progression is of vital importance to track CSCs for the development and improvement of 
therapies. It is also important to remark that subpopulations of prostate tumor cells with 
cancer progenitor properties are thought to support refractory response to a given 
treatment, leading to prostate tumor recurrence; therefore, new approaches to identifying 
and targeting these cancer subpopulations might provide an avenue to managing metastatic 
and recurrent disease refractive to treatment (Chaffer & Weinberg, 2011; Lang et al., 2009; 
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et al., 1995; di Sant' Agnese, 1996). NE cells also express some peptide hormones such as 
somatostatin, calcitonin and serotonin. However, they do not express AR or PSA. The 
prostate also contains several types of stromal cell including fibroblasts, myofibroblasts, and 
smooth muscle cells that guide the growth and differentiation of the epithelium.  
 

 
Fig. 1. The prostate epithelium niche contains a low percentage of prostate stem cells that 
express embryonic markers and are capable of generating the different cellular types, which 
compose this microenvironment. Cell types that are believed to arise from the differentiation 
of prostate stem cells are the basal, NE cells, and luminal secretory cells. Intermediate cells 
are believed to be a transitional type between basal and luminal cells. 
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The cycle of prostatic involution and regeneration can be repeated many times, indicating 
that the androgen-independent stem cells survive androgen deprivation and have an 
extensive proliferative and regenerative capacity, as well as multipotency. The identification 
and utilization of different types of biological markers in different in vivo models has led to 
the hypothesis that prostate stem cells reside within the basal cell layer of the gland. Indeed, 
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prostate or mammary glands (Mills et al., 2002; Signoretti et al., 2000). Both progenitors and 
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differentiation and is not expressed in malignant prostatic lesions (Signoretti et al., 2000).  
In humans prostate basal cells express B-cell lymphoma 2 (BCL2), an anti-apoptotic protein 
that is frequently expressed by stem cells and is inversely related to androgen stimulation 
(Lu et al., 1996). While administration of a pulse of bromodeoxyuridine (BrDU) identifies 
rapid proliferating transit-amplifying cells in the luminal compartment, a region that is close 
to the urethra, and also contains stem cells (Tsujimura et al., 2002). Because stem cells are 
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maintained in a quiescent state, the high expression of transforming growth factor beta 
(TGF-) by smooth muscle cells that form the proximal region of the prostatic ducts was 
proposed as a mechanism that modulates proliferation of prostatic epithelial stem cells. 
Indeed, blocking of TGF- expression in the prostate induced an excessive proliferation of 
prostatic epithelial cells in the proximal region of the prostate (Kundu et al., 2000). 
Additional observations have shown that stem cells are also located in different regions of 
the prostate, which have the ability to survive androgen ablation and can regenerate 
prostatic tissue after androgen is replaced (Goto et al., 2006). 
 

Markers expressed by prostate epithelial cells
Stem Cells 

 
CD133+ 
CD117+ 
CD49f+ 
nestin+ 
21+ 

ALDH+ 
Trop-2+ 

CK5+ 
CK8+ 

CK14+ 

CK18+ 
CK19+ 

AR- 

p63- 
PSA- 
PAP- 

Basal 
Cells 
p63+ 

CD44+ 
CD117+ 

CK5+ 
CK14+ 

AR- 
PSA- 
PAP- 

 

Neuroendocrine 
Cells 
AR- 

CK18+ 
chromogranin A+ 

synaptophysin + 
serotonin+ 

somastostatin+ 

Intermediate 
Cells 

CD133+ 
21+ 
CK5+ 
CK8+ 
CK14- 

CK18+ 

Luminal 
Cells 
AR+ 
CK8+ 
CK18+ 
CD57+ 
PSA+ 
PAP- 
p27+ 
Sca1 

Table 1. Complex expression of markers associated with different prostatic epithelial cells 

The prolonged regenerative capacity of prostate progenitor stem cells may increase their 
susceptibility to accumulate genetic or epigenetic alterations during their life cycle, events 
that may help to promote increased proliferative rates, decreased cell death, and overall 
survival advantages over prostate progenitor stem cells, contributing thus to transformation 
(Al-Hajj & Clarke, 2004; Bapat et al., 2005; Beachy et al., 2004; Miller et al., 2005; Mimeault & 
Batra, 2006b, 2007a; Odedina et al., 2009). The tumor associated stem cell compartment may 
therefore, represent a self-replicating reservoir of malignant cells, which may accumulate 
further genetic and epigenetic aberrations that can thus result in therapy-resistant, tumor 
recurrence and/or metastasis (Hsieh et al., 2007; Rajan et al., 2009; Witte, 2009). It is believed 
that tumor stem cells maintain many of the features and capabilities of their normal 
counterpart, including long-term self-renewal and multipotency. Stem-like functions of 
CSCs inherited from their normal stem cells counterparts may be critical for survival during 
long periods of time in tissues (Hsieh et al., 2007; O'Brien et al., 2010; Rajan et al., 2009; 
Rosen & Jordan, 2009; Vermeulen et al., 2008; Witte, 2009). In this regard, the generation of 
cancer cells and their success in tumor growth are probably dependent on dysregulations 
affecting cells with stem-like characteristics and have the ability to promote tumor and 
support tumor development (Dalerba et al., 2007; Lang et al., 2009; Weissman et al., 2001). In 
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fact, malignant tumors, like normal tissue, frequently contain cells at various stages of 
differentiation, a mechanism that mimics dedifferentiation of mature cell types and 
presumes a hierarchical organization (Clarke et al., 2006; Clevers, 2005). Because there is the 
possibility that CSCs share various signaling characteristics with normal stem cells, several 
methods are frequently utilized to identify putative CSCs in human prostate cancer tissues, 
human and animal cell lines, and in vivo cancer animal models. 

3. Assaying prostate cancer stem cells  
The determination of cancer stem cells in primary tumors is a difficult task, with many 
variables and potential for confounding results. CSCs constitute a minority proportion of 
the constituent cells of tumors, and therefore their analysis can only be undertaken after 
isolation and propagation in tissue culture or in vivo systems. Several methods are being 
used to identify, enrich, and propagate these tumor cells and to study their biology as 
crucial players in tumorigenesis (Table 2).  

3.1 Enrichment of CSCs from cancer cell lines and primary tumors 
Human immortalized prostate cancer cell lines have been accessible and frequently utilized 
as biological models to investigate cancer biology and to test the efficacy of potential 
anticancer drugs. Most of cancer cell lines available have been continuously cultured under 
different conditions, and only a minor percentage of cells preserve their clonal growth, 
clonogenic potential, and the ability to form tumors when transplanted in animal hosts. 
Criticisms to cancer cell lines arise due to the high potential for culture contamination by 
other cell lines (Borrell, 2010; Li et al., 2009). These cells represent highly selected subgroup 
of cells that may have accumulated additional genetic abnormalities as they adapt to an 
artificial environment. Nevertheless, the utilization of cancer cell lines is an important tool 
used by researchers to study CSCs and carry out mechanistic studies.  
Following isolation, analysis of CSCs is performed by culturing primary tumor cells in vitro, 
either as monolayers or as spheres, both of which are particularly difficult in the case of 
prostate cancer cells derived from primary tissues (Miki et al., 2007; Tokar et al., 2005). 
Indeed, most human prostate cancer cell lines utilized to dissect the events associated to 
cancer progression and metastasis has been established from metastatic lesions or from 
xenograft tumors (Sobel & Sadar, 2005a, 2005b). An efficient cell immortalization culture 
based on the inhibition of the serine/threonine kinase ROCK have been shown to reversibly 
immortalize primary human keratinocytes and to increase the cloning efficiency of murine 
prostate cells (Chapman et al., 2010). Since immortalized keratinocytes are genetically and 
functionally similar to the primary tissues they were derived from, this method is an 
advance over the traditional procedures that promote genetic changes.  Strict parameters 
defining CSCs require that upon isolation these cells exhibit certain biological characteristics 
such as self-renewal and proliferative potential, as well the capacity, under the proper 
conditions, to differentiate into other cell types. These capabilities can be determined in vitro 
through the use of colony formation assays. However, the stem-like features of these cells is 
confirmed through experimental approaches in which these cancer cells in a very low 
number have the capacity to generate tumors in in vivo systems.  
The most commonly used in vivo system used to propagate these tumorigenic cells are 
xenograft models, either subcutaneous in the renal capsule or orthotopic. For these isolated 
putative CSCs to be established as such, certain conditions must be met. Isolation of CSCs 
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maintained in a quiescent state, the high expression of transforming growth factor beta 
(TGF-) by smooth muscle cells that form the proximal region of the prostatic ducts was 
proposed as a mechanism that modulates proliferation of prostatic epithelial stem cells. 
Indeed, blocking of TGF- expression in the prostate induced an excessive proliferation of 
prostatic epithelial cells in the proximal region of the prostate (Kundu et al., 2000). 
Additional observations have shown that stem cells are also located in different regions of 
the prostate, which have the ability to survive androgen ablation and can regenerate 
prostatic tissue after androgen is replaced (Goto et al., 2006). 
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further genetic and epigenetic aberrations that can thus result in therapy-resistant, tumor 
recurrence and/or metastasis (Hsieh et al., 2007; Rajan et al., 2009; Witte, 2009). It is believed 
that tumor stem cells maintain many of the features and capabilities of their normal 
counterpart, including long-term self-renewal and multipotency. Stem-like functions of 
CSCs inherited from their normal stem cells counterparts may be critical for survival during 
long periods of time in tissues (Hsieh et al., 2007; O'Brien et al., 2010; Rajan et al., 2009; 
Rosen & Jordan, 2009; Vermeulen et al., 2008; Witte, 2009). In this regard, the generation of 
cancer cells and their success in tumor growth are probably dependent on dysregulations 
affecting cells with stem-like characteristics and have the ability to promote tumor and 
support tumor development (Dalerba et al., 2007; Lang et al., 2009; Weissman et al., 2001). In 
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fact, malignant tumors, like normal tissue, frequently contain cells at various stages of 
differentiation, a mechanism that mimics dedifferentiation of mature cell types and 
presumes a hierarchical organization (Clarke et al., 2006; Clevers, 2005). Because there is the 
possibility that CSCs share various signaling characteristics with normal stem cells, several 
methods are frequently utilized to identify putative CSCs in human prostate cancer tissues, 
human and animal cell lines, and in vivo cancer animal models. 

3. Assaying prostate cancer stem cells  
The determination of cancer stem cells in primary tumors is a difficult task, with many 
variables and potential for confounding results. CSCs constitute a minority proportion of 
the constituent cells of tumors, and therefore their analysis can only be undertaken after 
isolation and propagation in tissue culture or in vivo systems. Several methods are being 
used to identify, enrich, and propagate these tumor cells and to study their biology as 
crucial players in tumorigenesis (Table 2).  

3.1 Enrichment of CSCs from cancer cell lines and primary tumors 
Human immortalized prostate cancer cell lines have been accessible and frequently utilized 
as biological models to investigate cancer biology and to test the efficacy of potential 
anticancer drugs. Most of cancer cell lines available have been continuously cultured under 
different conditions, and only a minor percentage of cells preserve their clonal growth, 
clonogenic potential, and the ability to form tumors when transplanted in animal hosts. 
Criticisms to cancer cell lines arise due to the high potential for culture contamination by 
other cell lines (Borrell, 2010; Li et al., 2009). These cells represent highly selected subgroup 
of cells that may have accumulated additional genetic abnormalities as they adapt to an 
artificial environment. Nevertheless, the utilization of cancer cell lines is an important tool 
used by researchers to study CSCs and carry out mechanistic studies.  
Following isolation, analysis of CSCs is performed by culturing primary tumor cells in vitro, 
either as monolayers or as spheres, both of which are particularly difficult in the case of 
prostate cancer cells derived from primary tissues (Miki et al., 2007; Tokar et al., 2005). 
Indeed, most human prostate cancer cell lines utilized to dissect the events associated to 
cancer progression and metastasis has been established from metastatic lesions or from 
xenograft tumors (Sobel & Sadar, 2005a, 2005b). An efficient cell immortalization culture 
based on the inhibition of the serine/threonine kinase ROCK have been shown to reversibly 
immortalize primary human keratinocytes and to increase the cloning efficiency of murine 
prostate cells (Chapman et al., 2010). Since immortalized keratinocytes are genetically and 
functionally similar to the primary tissues they were derived from, this method is an 
advance over the traditional procedures that promote genetic changes.  Strict parameters 
defining CSCs require that upon isolation these cells exhibit certain biological characteristics 
such as self-renewal and proliferative potential, as well the capacity, under the proper 
conditions, to differentiate into other cell types. These capabilities can be determined in vitro 
through the use of colony formation assays. However, the stem-like features of these cells is 
confirmed through experimental approaches in which these cancer cells in a very low 
number have the capacity to generate tumors in in vivo systems.  
The most commonly used in vivo system used to propagate these tumorigenic cells are 
xenograft models, either subcutaneous in the renal capsule or orthotopic. For these isolated 
putative CSCs to be established as such, certain conditions must be met. Isolation of CSCs 
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should be capable of generating a tumor in vivo, and successful serial transplantation of 
these tumors must be possible for several generations. Importantly, a number of variables 
that can affect the outcome of these in vivo assays includes: the manner in which cells are 
isolated; whether these cells are initially propagated in vitro before transplantation, which 
can cause them to become more aggressive as a result of new acquired mutations; the 
procedure employed to inoculate the mice; the strain of mice employed, etc, that is often 
taken, in particular during the experimental planning phase and analysis process. 
 

Assaying Prostate Cancer Stem Cells 
Isolation through stem cell markers expression 
CD44+ 
Integrin 12+ 
CD133+ 
CD44+/12+ 
CD44+/CD24- 
12+/CD133+ 
CD44+/12+/CD133+ 
 
Isolation of cancer stem cells 
Established human cancer cell lines 
Fresh human surgical samples 
Culture in ultra-low attachment surface 
Isolation of holoclones 
Limiting dilution assay 
Hoechst 33342 dye and exclusion 
Rhodamine 123 
 
Methods to measure proliferation, growth rate, invasion 
Fluorescent activated cell sorting 
Matrigel invasion 
Matrigel 3-D culture 
Sphere formation anchorage independent growth protasphere  
 
Methods to identify gene signatures and/or protein expression 
Microarray 
Quantitative RT-PCR 
Sequencing 
Tissue microarray 
Flow cytometry 
Immunohistochemistry 
Immunofluorescent analysis 
Immunoblotting 

Animals models (into immunocompromised mice) 
Transplantation 
Xenografts 

Table 2. Methods utilized for the enrichment of prostatic cancer stem cells. 
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3.2 Determining the frequency of CSCs based on limiting dilution assay and 
spherogenecity 
The rarity of cancer stem cells within the tumor bulk in many cases makes the utilization of 
the limiting dilution assay (LDA) necessary. This type of analysis has the ability to estimate 
the frequency of CSCs among a population of cancer cells (Hope & Bhatia, 2011; Schroeder, 
2011). LDA can also be utilized to estimate the ability of a single tumor cell to form 
spheroids in serum-free cultures. Importantly, to reduce possible variations and calculate 
the frequency of CSCs, LDA needs to be tested in both bulk and fractionated cancer cells for 
each individual tumor (O'Brien et al., 2010). Since CSCs are a rare population with low 
numbers of cells, the injection of unsorted tumor cells into mice has been used to expand 
these cancer cells before applying LDA. It is important to consider that even if serial 
dilutions of tumor cells are injected into groups of animals, the development of a tumor in a 
recipient animal implies that the inoculum contained at least one reproductively intact cell 
(Porter & Berry, 1963). The LDA can also provide important information regarding the 
existence of cooperation among tumor cells that may be critical for the surviving and 
proliferation of cells that generate a tumor, therefore validating the existence of a single CSC 
(Hu & Smyth, 2009). 
Several experimental approaches are being utilized to study the properties of cancer stem 
cells in vitro. For example, utilizing low adherence cultures, growth in soft agar, suspension 
cultures, and the use of ultra low adherence plates. In general, a serum-free media 
containing epidermal growth factor (EGF) and fibroblast growth factor (FGF), specifically 
formulated for the culture of pure populations of stem cells, is utilized to enrich and grow 
putative CSCs (Tropepe et al., 1999). The success of these methodologies is quite relative. 
Because the cells grow in these stringent conditions cannot be kept in culture for long 
periods of time. Recent evidence has demonstrated that sphere cells with stem-like 
properties from prostate cancer cells can be generated and propagated without the addition 
of growth factors (Rybak et al., 2011). This new culturing condition also supported a long-
term culture of prostate stem-like cells, adding an important tool to investigate the biology 
and the expression of specific cell surface markers in CSCs. Similarly, inhibition of ROCK 
activity in culture (Chapman et al., 2010) enabled an 8-fold increase in in vitro prostate 
colony assay, and also significantly increased the cloning efficiency of prostate stem cells 
from mice (Zhang et al., 2011). 

3.3 Protaspheres 
The utilization of spheres assay is an important tool for the in serial in vivo transplantation 
to verify self-renewal potential. Although, sphere cells are generated, serially passaged, and 
maintained in undifferentiated phenotype under appropriate cell culture conditions, they 
need to be inoculated into animal models to confirm their ability to generate tumor growth. 
In this regard, it is necessary to ensure the best animal model available in order to reproduce 
tumor CSCs biology as it occurs in humans. It is important to note that variation on 
experimental conditions would certainly influence frequency estimates. In fact, it was 
suggested that limiting dilution data might be dramatically affected by the duration of data 
analysis (Yamazaki et al., 2009) or by modification of xenotransplantation assay in non-
obese diabetic severe combined immunodeficient (NOD/SCID) mice (Quintana et al., 2008). 
Therefore, a main concern for the application of this methodology is that sometimes, the 
animal models overstate the biology of cancer formation in humans. 
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Prostate cancer cell lines are frequently used to investigate the mechanisms that modulate 
protaspheres in non-adherent cultures. Several reports have shown that most of these cells 
have the ability to form spheres; however, the frequency of cells that form spheres is very 
heterogeneous across all cell lines. It is possible that adaptation of these cells to non-
adherent culture conditions may be a determinant in forming spheres (Bisson & Prowse, 
2009). It has also been shown that holoclone-forming cells, cells whose progeny forms 
almost exclusively growing colonies, in prostate cancer specimens with the highest 
clonogenic potential were associated with stem cell phenotypes (Patrawala et al., 2007). 
More, the presence of large holoclones was also consistently observed in prostate cancer cell 
protaspheres (Li et al., 2008; Zhang & Waxman, 2010), suggesting that spheres with stem 
cell-like features have a higher proliferative potential. Indeed, protaspheres were capable of 
forming new generations of protaspheres and retained proliferative capacity as well as 
clonogenic potential after serial passages (Guzman-Ramirez et al., 2009).  

3.4 Identification of cancer stem cell signatures using microarray technology 
The utilization of microarray analysis has allowed for screening the expression profile of 
numerous genes in prostate tumors (Glinsky, 2007; Mendes et al., 2008; Witte, 2009). By 
using gene expression microarray technology, the expression levels of thousands of genes 
are analyzed in a single experiment and evidences of certain degree of relevance to cancer 
progression may be also obtained (Borst & Wessels, 2010; Witte, 2009; Zieger, 2008). 
Because cancer cells and somatic stem cells share the biological characteristics of self-
renewal and proliferation, the principles of stem cell biology can be applied to improve 
our understanding of cancer biology (Liang et al., 2009). Although several cell surface 
markers have been utilized for the isolation of putative cancer stem cells, the 
identification of key molecules and pathways that play pivotal roles in prostate cancer 
progression towards an aggressive stage is crucial for a more precise prognosis in patients 
with prostate cancer (Ladanyi, 2008; Rubin, 2008). As a matter of fact, the identification of 
molecular signatures has allowed the identification of androgen subtypes of cancers that 
have not been distinguished by pathological criteria (Alizadeh et al., 2009; Goodison et al., 
2010; Perou et al., 2010; Wegiel et al., 2010; Yang et al., 2010) and in prostate tumors, the 
microarray technology has identified androgen-regulated genes in prostate tumor models 
(Elek et al., 2000).  
Laboratory animals have been used to mimic natural aspects of human prostate cancer 
development. The evaluation of gene expression in samples derived from these animal 
models has  provided for the identification of gene signatures, which are represented in the 
altered expression in a large group of genes (Ladanyi, 2008; Mendes et al., 2008; Witte, 2009). 
These data can be useful to compare in vitro results with intact animal expression changes 
and the different signatures that may eventually be predictors of cancer progression. More 
recently, a major effort towards this end addresses global analyses of gene expression 
profiles. However, the large body of data sometimes does not provide clear information 
about the specific genes that may be associated with the aggressive growth of prostate 
tumors. In this regard, the identification of poor prognosis using an interspecies comparison 
of prostate cancer gene-expression profiles has been a valuable tool to predict the 
association of potential oncogenic events to an aggressive phenotype of prostate cancer 
(Kela et al., 2009).  
Because gene expression is a complex process characterized by a high degree of regulation, 
studying which genes are active and which are inactive during tumor progression helps to 
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understand both how these cells may function normally and how they are affected when 
several genes do not perform properly. In addition, gene expression profiles can provide key 
information in the identification of a signature that can be used to assess corresponding 
biological responses in other potential candidate(s), which may be indicative of cancer 
progression effects and pathological endpoints (Goodison et al., 2010; Hsieh et al., 2007; 
Mendes et al., 2008). Therefore, there is no doubt that microarray technology is a new tool for 
the clinical lab and also can improve the accuracy of classical diagnostic techniques by 
identifying potential novel tumor specific markers. Therefore, it is important that microarray 
data be publicly available. The establishment of specific criteria is important to identify genes 
associated to diseases. This may facilitate the classification by the identification of only 
relevant genes, improving the tumor classification accuracy and reducing the 
dimensionality of the data set (Wang et al., 2005). 

3.5 The side population dilemma to isolate CSCs 
An innovative approach frequently utilized to isolate stem cells is the side population (SP) 
assay (Goodell et al., 1996). This controversial technique had generated excitement because 
of its enormous potential to isolate putative CSCs. Cells with and SP phenotype, which is 
associated with primitive and undifferentiated stem cells characteristic are enriched based 
on their highest efflux activity to dyes such as Hoechst 33342 or Rhodamine 123. This 
approach had allowed the identification of a small subset of quiescent and replicating 
Hoechst-staining CD34-negative in murine cells that efflux the dye, allowing defined 
separation of this subset from the rest of the bone marrow (Goodell et al., 1996). This subset 
presented a very homogeneous pattern compared to cell surface markers. Using this 
approach, a subset of cells with similar phenotype to mouse was also identified in human 
bone marrow. This conserved SP phenotype was proposed as a common molecular feature 
for stem cells possessing multi-organ plasticity. The assessment of the molecular basis for SP 
phenotype found that the ATP-binding cassette (ABC) protein breast cancer resistant 
protein (Bcrp1) transporter expression is highly conserved in primitive stem cells from 
murine bone marrow, skeletal muscle, and cultured ES cells. While Bcrp1 expression is 
exclusive of the primitive subset CD34+ and was developmentally regulated, enforced 
expression of Bcrp-1 expanded the SP phenotype in bone-marrow cells (Zhou et al., 2001).  
Other ABC transporters, including the multidrug resistance 1 (Mdr1a/1b, mouse; MDR1, 
human) and the multidrug resistant protein (MRP) are also able to efflux Hoechst 33342, 
which have been indicated as contributors for multidrug resistance of tumor cells (Schinkel 
et al., 1997). However, in the Mdr1a/b/Bcrp1 triple knockout mice model, some bone 
marrow cells still retained the SP phenotype. This redundancy suggested that the influence of 
transporters in the SP phenotype is probably not exclusive on the expression of ABC 
transporter proteins. Latter experiments using knock down of the Bcrp1 gene expression 
animal model proved that the Bcrp1 gene, and not Mdr1a/1b, drastically reduced the number 
of SP cells in the bone marrow and in skeletal muscle. This study also evidenced that Bcrp1 
expression is crucial in protecting early hematopoietic cells against chemotherapeutic drugs 
such as topotecan, mitoxantrone, or 5-fluorouracil (5-FU) (Zhou et al., 2002).  
It has been proposed that the lower affinity of MDR-1-encoded transporter rather than the 
ATP-binding cassette, sub-family G (WHITE), member 2 (ABCG2) transporter for the 
Hoechst dye may explain its reduced effect in the SP phenotype. Indeed, enforced 
expression of a MDR1 retroviral vector in murine bone marrow cells in vitro increased SP 
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Prostate cancer cell lines are frequently used to investigate the mechanisms that modulate 
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about the specific genes that may be associated with the aggressive growth of prostate 
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association of potential oncogenic events to an aggressive phenotype of prostate cancer 
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associated to diseases. This may facilitate the classification by the identification of only 
relevant genes, improving the tumor classification accuracy and reducing the 
dimensionality of the data set (Wang et al., 2005). 
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of its enormous potential to isolate putative CSCs. Cells with and SP phenotype, which is 
associated with primitive and undifferentiated stem cells characteristic are enriched based 
on their highest efflux activity to dyes such as Hoechst 33342 or Rhodamine 123. This 
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separation of this subset from the rest of the bone marrow (Goodell et al., 1996). This subset 
presented a very homogeneous pattern compared to cell surface markers. Using this 
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for stem cells possessing multi-organ plasticity. The assessment of the molecular basis for SP 
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which have been indicated as contributors for multidrug resistance of tumor cells (Schinkel 
et al., 1997). However, in the Mdr1a/b/Bcrp1 triple knockout mice model, some bone 
marrow cells still retained the SP phenotype. This redundancy suggested that the influence of 
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transporter proteins. Latter experiments using knock down of the Bcrp1 gene expression 
animal model proved that the Bcrp1 gene, and not Mdr1a/1b, drastically reduced the number 
of SP cells in the bone marrow and in skeletal muscle. This study also evidenced that Bcrp1 
expression is crucial in protecting early hematopoietic cells against chemotherapeutic drugs 
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It has been proposed that the lower affinity of MDR-1-encoded transporter rather than the 
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Hoechst dye may explain its reduced effect in the SP phenotype. Indeed, enforced 
expression of a MDR1 retroviral vector in murine bone marrow cells in vitro increased SP 
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cells only to 3.6% of the total population (Bunting et al., 2000), a very low percentage 
compared with the impressive levels provided when the ABCG2 vector (62.5% SP cells) was 
utilized (Zhou et al., 2001). In fact, SP cells isolated from normal prostate tissues isolated 
from radical prostatectomy were enriched in ABCG2 expression. The gene expression 
signature of the ABCG2 subpopulation showed a consistent number of markers associated 
with stem-like phenotype (Pascal et al., 2007), suggesting the feasibility of the SP assay to 
identify and isolate cells with stem-like phenotype in the prostate. 
Reports associating SP cells with tumorigenicity and/or aggressiveness have also been 
established in many tissues including breast, colorectal, glioma, medulloblastoma, ovarian, 
and thyroid (Chiba et al., 2006; Hirschmann-Jax et al., 2004; Kondo et al., 2004; Mitsutake et 
al., 2007; Szotek et al., 2006). In prostate tumor cell lines and human tissues, the utilization of 
the SP assay has also allowed the enrichment of cells with stem-like characteristics, which 
expressed high levels of different types of transporters such as ABCG2, ATP-binding 
cassette, sub-family A (ABC1), member 2 (ABCA2), MDR-1 and MRP-1 (Mathew et al., 2009; 
Oates et al., 2009; Patrawala et al., 2005). The prostate cancer SP phenotype possessed self-
renewal capacities in vitro and in vivo intrinsic properties of stem cells as evidence by the 
activity of Wnt and Hedgehog signaling pathways, high proliferation rate, and tumorigenic 
potential ((Bhatt et al., 2003; Brown et al., 2007; Patrawala et al., 2005). These findings 
implied that the SP subpopulation is enriched with tumorigenic stem-like cancer cells that 
may be resistant against therapies.  
Cells with stem-like characteristics have also been enriched in SP subsets but were not 
exclusive for breast, thyroid, and breast cancer cell lines in which some of the non-SP cells 
had the ability to generate cells with SP phenotypes (Mitsutake et al., 2007; Patrawala et al., 
2005). Interestingly, non-SP cells also preserved their tumorigenic potential. Although 
contamination might be responsible for these unexpected results, a critical concern in this 
endeavor is that SP assay does not isolate cells by a definitive cell surface profile; because of 
that, the population being isolated is very heterogeneous (Challen & Little, 2006). It was also 
reported that both SP and non-SP fractions from malignant mesothelioma and lung 
adenocarcinomas cell lines were also equally able to form spheres, have a high tumorigenic 
potential, and are resistant to chemotherapeutic agents (Pan et al., 2010). More intriguing 
was the fact that no evidence of stem-like characteristics was found in gastrointestinal 
cancer cell lines in which lifespan in tissue culture and tumorigenesis potential are not 
exclusively associated with the SP phenotype (Haraguchi et al., 2006). This leads to the next 
question: are other types of cells also involved in key events during cancer evolution? These 
results also indicate that the SP assay is not appropriate for the identification and 
enrichment of putative CSCs in lung tumors (Kai et al., 2010).  
Together, these results raise the inevitable question: is it correct to affirm that SP enriches a 
subpopulation with potential stem-like characteristics? One potential explanation for these 
conflicting results was provided by the kinetic analysis of Hoechst 33342 on bone marrow 
over a dye incubation period (Ibrahim et al., 2007). This approach demonstrated that bone 
marrow nuclear cells evidenced an identical staining pattern at varying rates, even under 
conditions where SP fraction was depleted, suggesting that the SP phenotype is not unique 
to stem cells. These data may be indicative of a transient feature of marrow cells when 
exposed to Hoechst 33342 for varying amounts of time. It is also possible that cells not 
exhibiting SP phenotype may have their membrane pumps overwhelmed or perhaps the 
dye efflux mechanism is inactivated. 

 
The Potential Target Therapy of Prostate Cancer Stem Cells 

 

503 

All the biological assays discussed above may have important clinical implications. Indeed, 
proliferation assays could be included in the routine assays of pathologists to provide the most 
accurate diagnosis to patients with prostate cancer. As a matter of fact, the grading of prostate 
tumors (low versus high) is analyzed based on tubule formation, nuclear grade, and mitotic 
count. The mitosis cell evaluation is carried out basically by scoring the number of mitotic cells 
present within a giving sample. Considering that the worst histologic grade dictates the 
biologic behavior of prostate cancer (Chan et al., 2000; Harnden et al., 2007; Hattab et al., 2006; 
Pan et al., 2000; Sim et al., 2008), the inclusion of appropriate assays to identify proliferative 
signatures may improve the clinical diagnosis/prognosis of prostate cancer that may help to 
reduce misdiagnosis, missed diagnosis, or decrease the rates of overdiagnosis.  

4. Prostatic cancer stem cells 
A challenge in studying solid neoplasias is the heterogeneity observed in the tumor bulk 
where multiple cell types coexist, each exhibiting unique proliferation rates, invasion, and 
metastatic potential. This is the result of diverse combinations of genetic and epigenetic 
aberrations that arise from stressors such as inflammation, oxidative stress, aging and 
environmental influence. 
Although several commonly mutated genes involved in the tumorigenesis process have 
been identified, there is no clear evidence that the transformed cells specifically responsible 
for tumor initiation and maintenance of solid malignant neoplasias have been clearly 
identified or isolated thus far. Therefore, it is crucial for the understanding of cancer 
evolution to provide new insights into the molecular mechanisms by which CSCs modulate 
cancer development. In this respect, efforts are being made toward the identification of 
reliable biomarkers (Keysar & Jimeno, 2010; Marhaba et al., 2008; Zoller, 2011) for the 
accurate identification of malignant progenitor tumor cells and also to use them as possible 
molecular targets to improve response to therapy. These potential markers of stem cells or 
CSC markers obviously preserve specific biological functions, but these have yet to be 
discovered as only limited research has been conducted to explore the process of their roles 
in tumor initiation and progression. Moreover, the limited number of cancer stem cells 
within the tumor, the heterogeneity of androgen receptors, the phenotypic characteristics of 
the tumor bulk and different genetic signatures are also important aspects that restrict the 
identification of this unique subset of cancer cells in prostatic cancer. 
Numerous reports have described several types of tumors including prostate cancers, 
biological markers that can recognize a small population of cancer cells in the tumor bulk 
with stem-like characteristics (Miki et al., 2007; Patrawala et al., 2006; Patrawala et al., 2007; 
Vander Griend et al., 2008). Many of these markers associated with stem cells are cell surface 
proteins (i.e., CD44, CD133, CD166, etc), which is facilitating the identification of tumor 
subpopulations with stem-like phenotypes. In addition, signaling pathways activated by the 
core pluripotent transcription factors Nanog, Oct4, and Sox2, which are very important 
components of the machinery that modulates cell-renewal and maintains pluripotency in 
both embryos and stem cells, are also frequently overexpressed in poorly differentiated 
tumor cells (Jeter et al., 2009; Jeter et al., 2011). However, the nuclear localization of these 
transcription factors precludes their utilization for the enrichment of CSC. 
Cancer stem cells have been enriched from human cancer prostate based on the expression of 
21 integrin or CD133 (Collins et al., 2005). In addition, holoclones from the prostatic cell line 
PC3 that were tumorigenic in xenograft assays showed increased expression of 21, -
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cells only to 3.6% of the total population (Bunting et al., 2000), a very low percentage 
compared with the impressive levels provided when the ABCG2 vector (62.5% SP cells) was 
utilized (Zhou et al., 2001). In fact, SP cells isolated from normal prostate tissues isolated 
from radical prostatectomy were enriched in ABCG2 expression. The gene expression 
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Cells with stem-like characteristics have also been enriched in SP subsets but were not 
exclusive for breast, thyroid, and breast cancer cell lines in which some of the non-SP cells 
had the ability to generate cells with SP phenotypes (Mitsutake et al., 2007; Patrawala et al., 
2005). Interestingly, non-SP cells also preserved their tumorigenic potential. Although 
contamination might be responsible for these unexpected results, a critical concern in this 
endeavor is that SP assay does not isolate cells by a definitive cell surface profile; because of 
that, the population being isolated is very heterogeneous (Challen & Little, 2006). It was also 
reported that both SP and non-SP fractions from malignant mesothelioma and lung 
adenocarcinomas cell lines were also equally able to form spheres, have a high tumorigenic 
potential, and are resistant to chemotherapeutic agents (Pan et al., 2010). More intriguing 
was the fact that no evidence of stem-like characteristics was found in gastrointestinal 
cancer cell lines in which lifespan in tissue culture and tumorigenesis potential are not 
exclusively associated with the SP phenotype (Haraguchi et al., 2006). This leads to the next 
question: are other types of cells also involved in key events during cancer evolution? These 
results also indicate that the SP assay is not appropriate for the identification and 
enrichment of putative CSCs in lung tumors (Kai et al., 2010).  
Together, these results raise the inevitable question: is it correct to affirm that SP enriches a 
subpopulation with potential stem-like characteristics? One potential explanation for these 
conflicting results was provided by the kinetic analysis of Hoechst 33342 on bone marrow 
over a dye incubation period (Ibrahim et al., 2007). This approach demonstrated that bone 
marrow nuclear cells evidenced an identical staining pattern at varying rates, even under 
conditions where SP fraction was depleted, suggesting that the SP phenotype is not unique 
to stem cells. These data may be indicative of a transient feature of marrow cells when 
exposed to Hoechst 33342 for varying amounts of time. It is also possible that cells not 
exhibiting SP phenotype may have their membrane pumps overwhelmed or perhaps the 
dye efflux mechanism is inactivated. 
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in tumor initiation and progression. Moreover, the limited number of cancer stem cells 
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components of the machinery that modulates cell-renewal and maintains pluripotency in 
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catenin, and CD44 (Li et al., 2008). Although CD44 expression was also associated with 
enrichment of cancer stem cells in other prostatic epithelial cell lines, this subset of cells 
displayed low efficiency in formation of xenograft tumors (Hurt et al., 2008; Patrawala et al., 
2007). Prostate tumor cells expressing the CD133 isolated from 21hi cells were capable of 
expanding in culture. These prostatic putative stem cells were able to drive the reconstitution 
of prostatic-like acini in immunocompromised male nude mice (Richardson et al., 2004). Even 
when controversial reports have challenged the role of CD133 as a cancer stem cell marker, 
several evidences have supported that CD133 expression is generally detected in prostate 
cancers (Guzman-Ramirez et al., 2009). In fact, this subset of cells had the ability to form 
protaspheres from single cells. However, protaspheres generated from freshly isolated cancer 
prostate cells that were either CD133+ or CD133-, suggested that neoplastic transformation can 
confer self-renewal potential also to CD133- progenitor cells (Tang et al., 2007).  
A comparison of clonogenic cells isolated from primary prostate cancer populations 
identified only tumor-derived 21high/CD133+/CD44+. This cellular subpopulation also 
presented a phenotype similar to normal prostate stem cells and was also capable of self-
renewal and extensive proliferation compared to more differentiated cells did not form in 
vitro secondary colonies (Collins et al., 2005). The differentiation of this subpopulation with 
serum and dihydrotestosterone to an androgen receptor-positive phenotype promoted in 
these cells the expression of AR+/PAP+/CK18+, which suggests that they were derived from 
a more primitive multipotent population of CSCs. In support for these findings, Patrawala 
et al., (Patrawala et al., 2006) reported that a highly purified CD44+ prostate cancer subset 
from xenografts of a human tumor, as well as from multiple cultured cell lines are enriched 
in tumorigenic and metastatic progenitor cells. The CD44+ subpopulation was more invasive 
than CD44- cells and also expressed high levels of several stem-like genes such as Oct3/4, 
Bmi, and -catenin.  
In addition, clonally derived human prostate cancer specimens from epithelial cell lines 
expressing the embryonic stem markers Nanog, Oct4, and Sox2 as well as other early 
progenitor cell markers such as CD44, CD133, c-kit, and Nestin were able to recapitulate 
human prostate tumors in SCID mice and were also categorized according to Gleason score 
(Gu et al., 2007). In fact, these cell lines formed tumors that contained basal, luminal, and NE 
epithelial cell lineage of the prostate, and retained their capacity of proliferation through 
serial transplantations. This is consistent with studies showing that high levels of Nanog is 
expressed in human primary prostate cancers cells and it also have a functional role for 
tumor growth (Jeter et al., 2009; Jeter et al., 2011). Interestingly, the putative prostate cancer 
stem cells do not express AR and p63, similar to that reported for prostate stem cells 
(Barbieri & Pietenpol, 2006; Rizzo et al., 2005). In support of these findings, increased 
expression of CD133 and the stromal cell-derived factor-1 receptor (CXCR4) were detected 
in a subpopulation of clinical prostate specimens that do not express AR (Miki et al., 2007). It 
is therefore conceivable to predict that the heterogeneous nature of prostate cancer, a 
common characteristics of this disease may have a stem cell compartment. Therefore, it is 
unlikely that a single marker can be used for the identification of cancer stem cells’ 
subpopulations within the tumor mass.  

5. Therapy targeting prostate cancer stem cells 
The dysregulation of the cell cycle regulatory machinery that impact tumor cell proliferation 
also participates in the accelerated growth observed in most malignant tumors. Although 
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the exact genes that comprise the proliferation status may differ in different type of tumors, 
evidence has demonstrated that the cell cycle regulation is frequently altered in prostate 
cancers, in part, by the interplay of activation of oncogenic cascades with diverse hormones, 
growth factors, and cytokines. These events may eventually lead to a more poorly 
differentiated and aggressive tumor behavior, leading to overall higher rates of progression 
and worse prognosis, irrespective of the size of the lesion (Flavin et al., 2010, 2011; Niu et al., 
2010; Saeki et al., 2010). Therefore, inhibitors of cell cycle regulatory proteins has become an 
area of increased interest in targeting both cancer cells per se and CSCs (Malumbres & 
Barbacid, 2009). For example, we have recently demonstrated the efficacy of a novel 
dansylated VMY-1-103, a CDK1, CDK2 inhibitor, based on purvalanol B (Ringer et al., 2010), 
at very low concentrations in inhibiting Erb-2/Erb-3/heregulin-induced cell proliferation in 
LNCaP prostate cancer cells. It was also observed that VMY-1-103 induced apoptosis via 
decreased mitochondrial membrane polarity, induced p53 phosphorylation, caspase-3 
activation, and PARP cleavage in these prostatic tumor cells, which express p53 wild type. 
More, VMY-1-103 was also effective inducing cell cycle arrest in prostate cancer cell lines 
compromised for p53 function, however, VMY-1-103 failed to induce apoptosis in p53-null 
prostate cell lines PC3 (Ringer et al., 2010). These results, strongly suggest that VMY-1-103 may 
be an effective therapeutic, either alone or in combinations with other drugs, in treating 
prostate cancer. Importantly, we have also found that VMY-1-103 is also effective in inducing 
apoptosis in spheroid cultures (Ringer et al., unpublished data). Given the critical role of CDK1 
in proper timing of mitosis in all cells, VMY-1-103 may also be able to efficiently target CSC’s, 
and this exciting possibility is being addressed both in vitro and in vivo. 
Cancer usually treated using chemotherapy, radiotherapy, or surgery had limited effect on 
most primary tumors, which have already spread to other organs, leading to recurrent 
disease in the majority of patients. The reduced number of individuals that benefit of 
standard therapies may be improved with targeted clinical trials (Simon & Maitournam, 
2004). In this respect, the identification of potential biological markers by microarray or 
sequencing technologies would help to restrict the number of patients that might response 
to a specific drug. However, the limited knowledge in tumor cell biology, in which 
multiples abnormalities need to be targeted simultaneously make difficult to predict which 
patients are most likely to respond to a given regimen (Sparreboom & Verweij, 2009; 
Woodward & Sulman, 2008). For instance, the significant therapeutic advances in patients 
with diverse types of localized cancers have been limited by relapse due to the persistence of 
cancer cells in primary tumors and micrometastases that may have intrinsic or acquisition of 
a resistant phenotype to current therapies available (Gray-Schopfer et al., 2007; Mimeault & 
Batra, 2006a, 2007b; Mimeault et al., 2007; van Leenders et al., 2001; Yang et al., 2010). 
Despite recent therapeutic approaches that have significantly increased survival, most 
prostate aggressive tumors become resistant to current treatment protocols and the 
proportion of cancers that progress is significantly higher in the African American 
population (Chornokur et al., 2011; Gurel et al., 2008). Prostate cancers that initially respond 
to standard chemotherapy often recur with selective outgrowth of tumor cell 
subpopulations that are resistant not only to the original chemotherapeutic agents but also 
to other therapeutics. Thus, for example, most patients that relapses with castration-resistant 
cancer metastatic tumors for which there are no curative treatment. In this regard, it has 
been suggested that the cancer stem cell model may be responsible for the degree of 
sensitivity to anti-androgen therapy (Schalken, 2005). Although different cellular events 
involving pathways may effectively activate a different path to androgen independence 
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catenin, and CD44 (Li et al., 2008). Although CD44 expression was also associated with 
enrichment of cancer stem cells in other prostatic epithelial cell lines, this subset of cells 
displayed low efficiency in formation of xenograft tumors (Hurt et al., 2008; Patrawala et al., 
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the exact genes that comprise the proliferation status may differ in different type of tumors, 
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at very low concentrations in inhibiting Erb-2/Erb-3/heregulin-induced cell proliferation in 
LNCaP prostate cancer cells. It was also observed that VMY-1-103 induced apoptosis via 
decreased mitochondrial membrane polarity, induced p53 phosphorylation, caspase-3 
activation, and PARP cleavage in these prostatic tumor cells, which express p53 wild type. 
More, VMY-1-103 was also effective inducing cell cycle arrest in prostate cancer cell lines 
compromised for p53 function, however, VMY-1-103 failed to induce apoptosis in p53-null 
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be an effective therapeutic, either alone or in combinations with other drugs, in treating 
prostate cancer. Importantly, we have also found that VMY-1-103 is also effective in inducing 
apoptosis in spheroid cultures (Ringer et al., unpublished data). Given the critical role of CDK1 
in proper timing of mitosis in all cells, VMY-1-103 may also be able to efficiently target CSC’s, 
and this exciting possibility is being addressed both in vitro and in vivo. 
Cancer usually treated using chemotherapy, radiotherapy, or surgery had limited effect on 
most primary tumors, which have already spread to other organs, leading to recurrent 
disease in the majority of patients. The reduced number of individuals that benefit of 
standard therapies may be improved with targeted clinical trials (Simon & Maitournam, 
2004). In this respect, the identification of potential biological markers by microarray or 
sequencing technologies would help to restrict the number of patients that might response 
to a specific drug. However, the limited knowledge in tumor cell biology, in which 
multiples abnormalities need to be targeted simultaneously make difficult to predict which 
patients are most likely to respond to a given regimen (Sparreboom & Verweij, 2009; 
Woodward & Sulman, 2008). For instance, the significant therapeutic advances in patients 
with diverse types of localized cancers have been limited by relapse due to the persistence of 
cancer cells in primary tumors and micrometastases that may have intrinsic or acquisition of 
a resistant phenotype to current therapies available (Gray-Schopfer et al., 2007; Mimeault & 
Batra, 2006a, 2007b; Mimeault et al., 2007; van Leenders et al., 2001; Yang et al., 2010). 
Despite recent therapeutic approaches that have significantly increased survival, most 
prostate aggressive tumors become resistant to current treatment protocols and the 
proportion of cancers that progress is significantly higher in the African American 
population (Chornokur et al., 2011; Gurel et al., 2008). Prostate cancers that initially respond 
to standard chemotherapy often recur with selective outgrowth of tumor cell 
subpopulations that are resistant not only to the original chemotherapeutic agents but also 
to other therapeutics. Thus, for example, most patients that relapses with castration-resistant 
cancer metastatic tumors for which there are no curative treatment. In this regard, it has 
been suggested that the cancer stem cell model may be responsible for the degree of 
sensitivity to anti-androgen therapy (Schalken, 2005). Although different cellular events 
involving pathways may effectively activate a different path to androgen independence 
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probably through a paracrine androgen-independent pathway, the multifocality and 
heterogeneity of prostate cancer may also account for hormone therapy resistance. In a 
human prostate cancer progression xenograft model, most of androgen-responsive genes 
that were initially downregulated under conditions of androgen deprivation were later re-
expressed in recurrence tumors, indicating failure of androgen-derivation therapy as well as 
acceleration of tumor progression (Mousses et al., 2001). Another microarray-based profiling 
found that increase in AR transcript, as well as protein levels are essential for accruing 
resistance to anti-androgen therapy (Chen et al., 2004). Indeed, multiple cellular signaling 
pathways including AR, Akt, mitogen-activated protein kinase (MAPK), the nuclear factor 
kappa B (NF-B), TGF-, vascular endothelial growth factor (VEGF), and Wnt have been 
shown to enhance AR signaling and confer development of hormone-
independent/castration-resistance in preclinical models (Mellado et al., 2009; Wegiel et al., 
2010). More recently, it has been reported that Nanog induction promoted castration-
resistant tumor phenotype and tumor regeneration in the human tumor cell line LNCaP. 
These findings support the notion that AR expression in prostate tumors is modulated by 
CSCs (Maitland & Collins, 2008). 
The most challenging problem in prostate cancer is the identification of which cell or cells 
are transformed and initiate carcinogenesis. In addition, tumor heterogeneity appears to 
mask a minor tumor population (CSCs) that have the ability to self-renew and form a tumor 
but are typically in a quiescent state. This has been suggested as a critical mechanism by 
which CSCs are resistant to conventional chemotherapy or radiation treatments. Thus, 
prostate CSCs are likely to modulate resistant to androgen deprivation therapy and promote 
recurrence as hormone-refractory tumors and metastatic lesions. Even though prostatic 
CSCs do not express AR or PSA (Lawson & Witte, 2007; Tang et al., 2007), it appears 
contradictive to propose that these cells are the modulators of tumor progression in castrate 
resistance. Nevertheless, three potential mechanisms have been proposed to explain poor 
outcome in prostate cancer patients (Sharifi et al., 2006): 1) Clonal selection to anti-androgen 
therapy may occur in transit-amplifying cells, which arise from the stem cells and divide a 
finite number of times until they become differentiated. Because of the limited growth of 
transit-amplifying cells, it is possible that CSCs may produce them in response to castration 
therapy; 2) Growth factor released by surrounding AR responsive cells may provide the 
resistance response to this type of therapy; and 3) CSCs produce cells that have a more 
differentiated morphology and express AR. 
The diagnosis and treatment of prostate cancer are currently based on clinical stage, biopsy 
Gleason grade, and serum PSA levels, which do not provide accurate information about the 
status of the tumor.  Several studies have identified by microarray, genetic signatures of 
prostate cancer that appear to provide a more accurate pathological distinction based on 
different degrees of severity (Lapointe et al., 2004; Singh et al., 2002). The identification of 
relevant cell signaling pathways signatures that are overexpressed in subpopulation with 
stem-like characteristics may also provide mechanistic information regarding their roles in 
tumor progression and metastasis (Birnie et al., 2008; Sharad et al., 2011). Therefore, it has 
been suggested that sophisticated therapy approaches involving specific DNA damaging 
agents in combination with DNA repair inhibitors may also improve available therapies 
against prostate cancer (Berry et al., 2008; Cano et al., 2007).  In addition, the combination of 
targeting cancer stem cells and androgen ablation may kill tumor cells and disrupt those 
cells that support tumor growth and survival (Berry et al., 2008). 
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6. Conclusions 
CSCs are believed to be a subpopulation of cancer cells that modulate malignancy and 
resistance to current anticancer treatments and, therefore, indicators of inferior prognosis. 
Although some of the mutated target genes have been identified, there is no clear evidence 
regarding the identification and isolation of cells that initiate tumor formation in solid 
malignant neoplasias. Therefore, even the role of CSC in tumorigenesis has been very well 
accepted, thought it remains controversial whether cancer mass arises specifically from stem 
cells. It is believed that in tumor bulk, there are particular subsets of cells (CSC) that may 
have the potential to promote tumor progression and resistance to conventional therapies. 
After completion of a treatment, the surviving tumor cells may have acquired even more 
mutations during the drug treatment. The additional genetic changes in this particular 
tumor subpopulation may explain why the conventional therapies fail in eradicating the 
cancer, a frequent concern in the diagnosis of prostate cancer and the rapid regrowth of the 
tumor but this time with a more aggressive phenotype. Since standard therapies applied to 
cancer are usually based on radiologic documentation of tumor shrinkage, the presence of 
CSCs may explain failure of tumor eradication. Thus, there is still an immediate priority for 
the identification of robust prognostic biomarkers to optimize cancer therapies to effectively 
target CSCs and their environment to improve prostate cancer treatment.  
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are transformed and initiate carcinogenesis. In addition, tumor heterogeneity appears to 
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but are typically in a quiescent state. This has been suggested as a critical mechanism by 
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status of the tumor.  Several studies have identified by microarray, genetic signatures of 
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been suggested that sophisticated therapy approaches involving specific DNA damaging 
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against prostate cancer (Berry et al., 2008; Cano et al., 2007).  In addition, the combination of 
targeting cancer stem cells and androgen ablation may kill tumor cells and disrupt those 
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