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Preface

“Advances in Prostate Cancer” is an addition to the InTech collection of three previous
books about prostate cancer and aims at providing a comprehensive overview of specific
aspects of the latest research and current knowledge relating to this tumor entity to
scientists and clinicians. For this purpose a series of research articles, clinical investigations
and reviews that deal with a wide range of relevant aspects pertinent to the epidemiology,
diagnosis, patient care, treatment and basic biology of prostate cancer were included.
Thereby this book aptly adds to the other InTech titles in the field of oncology, that describe
advances in cancer therapy, diagnosis and treatment of various cancers with reference to the
cancer stem cell concept.

The numerous participating authors of this book shared their expertise in epidemiology and
etiology, as well as supportive care, which comprises the handling of psychological
challenges and effects of physiotherapy in coping with the consequences of prostate cancer
treatment. State-of-the-art radiation therapy is moreover discussed as well as the
significance of testosterone and PSA measurements, the latter in form of a novel internet
“App” that helps to interpret the time course of the marker determinations on the outcome.
After many years of limited means to treat advanced prostate cancer several new agents
such as CYP17 inhibitors and new cytotoxic drugs, as well as a cancer vaccine, became
available, which poses new questions in regard to patient selection and appropriate choice
of medical care. These topics comprehensively discussed in several chapters are
supplemented by a review of the current state of intermittent androgen suppression versus
continuous hormone ablation. These chapters are complemented by a number of discussions
on the some characteristics of the cell biology of prostate cancer, including cancer stem cells,
inflammatory processes, roles of androgen receptor and diverse non-androgen gene
transcripts and, furthermore, cell adhesion proteins. This book is therefore destined to all
cancer researchers and therapists who intend to understand the current status of cell biology
and treatment of prostate cancer.

As editor of this book, I would like to acknowledge the significant efforts made by all of the
contributing authors for their excellent work as well as the entire Intech editorial team in
publishing of this volume. I would like to dedicate this book to the “Ludwig Boltzmann
Society” and, in particular, to Prof. Dr. Gerhard Baumgartner whose long-standing support
has allowed for the successful realization of many scientific projects. Last but not least, I
would like to thank my wife for her personal support and great patience at all times.

Gerhard Hamilton, PhD
Ludwig Boltzmann Cluster of Translational Oncology
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Chapter 1

Epidemiology of Prostate Cancer

Martin Dörr, Anne Schlesinger-Raab and Jutta Engel

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/45948

1. Introduction

This chapter presents the current state of prostate cancer epidemiology and compares data
from different regions. The data are taken from several sources:

Globocan 2008 [1] gives a glance on the worldwide situation in cancer epidemiology and
permits the comparison of more and less developed regions in every continent.

The “Surveillance, Epidemiology and End Results” Program (SEER) [2] in the USA and the
Robert Koch Institute (RKI) [3] in Germany present epidemiologic data of highly industrial‐
ized nations with maximally developed medical systems.

The Munich Cancer Registry (MCR) [4], a population-based clinical cancer registry of Upper
Bavaria, an area of 4.5 million inhabitants in the South of Germany, presents detailed analy‐
ses of clinical data, distributions of prognostic factors and therapy, and survival analyses.
Data of the MCR have also contributed to the publication “Cancer Incidence in Five Conti‐
nents, Volume IX” [5].

2. Incidence and mortality

In Table 1 absolute numbers and age-standardized rates of incidence and mortality are pre‐
sented for selected regions and countries [1]. In 2008 it was estimated that nearly every sev‐
enth case of male malignoma was prostate cancer (899 thousand new cases, 13.6% of the
total). Therefore, in men prostate cancer was the second most diagnosed cancer after lung
cancer. Approximately three quarters of these cases were diagnosed in more developed
countries. The highest incidence rates were measured in Australia, New Zealand, Northern
and Western Europe and Northern America. Moderate incidence rates were found in South

© 2013 Dörr et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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America and Eastern Europe. The lowest incidence rates were reported from South-Central
Asia.

Region

Incidence

absolute

Incidence

ASR (W)

Mortality

absolute

Mortality

ASR (W)

World 899 27.9 258 7.4

More developed regions 644 61.7 136 10.5

Less developed regions 255 11.9 121 5.6

Asia 133.2 7.2 59.6 3.2

North America 213.7 85.7 32.6 9.9

Central America 20.5 34.8 8.1 12.6

South America 84.1 50.2 29.2 16.2

Australia and New Zealand 21.0 104.2 4.0 15.4

Central and Eastern Europe 58.4 29.1 23.1 10.9

Northern Europe 64.9 73.1 17.4 15.4

Southern Europe 79.5 50.0 20.4 10.4

Western Europe 167.9 93.1 28.7 12.4

Germany 70.8 82.7 12.2 11.7

Japan 38.7 22.7 10.0 5.0

USA 186.3 83.8 28.6 9.7

Brazil 41.6 50.3 14.4 16.3

China 33.8 4.3 14.3 1.8

India 14.6 3.7 10.4 2.5

Russian Federation 22.1 26.1 9.5 10.8

SouthAfricanRepublic 7.5 59.7 2.5 20.8

Absolute numbers in thousands; ASR (W): age standardised rate per 100,000 by world standard

Table 1. Absolute numbers and age-standardised rates of incidence and mortality for selected regions and countries
[1]

Despite its high proportion of cancer diagnoses, prostate cancer is the cause of cancer specif‐
ic death in only every 16th case (258 thousand deaths, 6.1% of the total). This places prostate
cancer on the sixth position of cancer-specific causes of death, topped by lung, liver, stom‐
ach, colorectal and oesophageal cancer. These deaths occur almost equally in both, more de‐
veloped and less developed regions, thus leading to a twofold higher mortality rate in the
more developed regions.

Advances in Prostate Cancer4

2.1. Incidence and mortality trends

Table 2 shows the current incidence and mortality of the USA [2], Germany [7, 8] and the
Munich Cancer Registry [4]. These rates have changed considerably over time. Time series
of more developed countries show that the incidence rates experience a drastic rise from
1985 to 1995 and remain at this high level. In the USA incidence (by world standard per
100,000) increases slowly from 1975 until 1985 (from 50 to 65). Then it rises rapidly reaching
a peak of 135 in 1992. Then it decreased, since 1995 more slowly, but it remains on a higher
level than before the peak (around 110). In Germany incidence is rising continuously since
1988 (from 30 to 75). The main explanation for these trends is the broad use of prostate spe‐
cific antigen (PSA) testing as a screening method and performing biopsies, which started in
the mid-1980s in the USA and in the early 1990s in Germany.

USA

(SEER, NCHS)

[2, 6]

Germany

(RKI)

[7, 8]

MCR

[4]

Absolute incidence 241.7 70.8 2.9

Crude incidence 157.7 145.1

Incidence ASR (W) 106.1 82.7 76.4

Mortality ASR (W) 10.2 11.7 13.3*

Lifetime risk(%) 16.2 13.0

Median age at diagnosis(years) 67.0 69.5 67.2

Median age at death(years) 80.0 76.7

5-year overall survival(%) 77.0 79.2

5-year relative survival(%) 99.2 92.0 93.4

10-year overall survival(%) 58.2

10-year relative survival(%) 98.3 87.8

Absolute numbers in thousands

ASR (W): age standardised rate per 100,000 by world standard

Incidence and mortality from cohorts of 2008 (all regions)

Absolute incidence numbers of the USA are estimates of SEER data from 2012

* Mortality ASR (W) for singular prostate cancers is 9.9

median ages from cohorts of 2005-2009 (all regions)

5-year survival from cohorts of 2002-2008 (SEER and MCR)

10-year survival from cohorts of 1998-2008 (SEER and MCR)

Table 2. Epidemiologic basic numbers

Epidemiology of Prostate Cancer
http://dx.doi.org/10.5772/45948
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100,000) increases slowly from 1975 until 1985 (from 50 to 65). Then it rises rapidly reaching
a peak of 135 in 1992. Then it decreased, since 1995 more slowly, but it remains on a higher
level than before the peak (around 110). In Germany incidence is rising continuously since
1988 (from 30 to 75). The main explanation for these trends is the broad use of prostate spe‐
cific antigen (PSA) testing as a screening method and performing biopsies, which started in
the mid-1980s in the USA and in the early 1990s in Germany.

USA

(SEER, NCHS)

[2, 6]

Germany

(RKI)

[7, 8]

MCR

[4]

Absolute incidence 241.7 70.8 2.9

Crude incidence 157.7 145.1

Incidence ASR (W) 106.1 82.7 76.4

Mortality ASR (W) 10.2 11.7 13.3*

Lifetime risk(%) 16.2 13.0

Median age at diagnosis(years) 67.0 69.5 67.2

Median age at death(years) 80.0 76.7

5-year overall survival(%) 77.0 79.2

5-year relative survival(%) 99.2 92.0 93.4

10-year overall survival(%) 58.2

10-year relative survival(%) 98.3 87.8

Absolute numbers in thousands

ASR (W): age standardised rate per 100,000 by world standard

Incidence and mortality from cohorts of 2008 (all regions)

Absolute incidence numbers of the USA are estimates of SEER data from 2012

* Mortality ASR (W) for singular prostate cancers is 9.9

median ages from cohorts of 2005-2009 (all regions)

5-year survival from cohorts of 2002-2008 (SEER and MCR)

10-year survival from cohorts of 1998-2008 (SEER and MCR)

Table 2. Epidemiologic basic numbers
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In the USA, mortality initially increases slightly from 1975 and since 1992 it is decreasing
more rapidly (from 14 over 17 to 10). In Germany the mortality rate (by world standard per
100,000) stays stable at 13.

2.2. Age distribution and age-specific incidence and mortality rate

Nearly all patients (≈ 99%) who are diagnosed with prostate cancer have reached an age of fif‐
ty or higher. The age distribution at diagnosis describes a positively skewed unimodal distri‐
bution with its modus at the age group 65-69. This age group contributes to nearly 25% of all
prostate cancer cases. The risk of getting prostate cancer increases nearly exponentially with
increasing age. This makes prostate cancer one of the most distinctive cancers in aging popu‐
lations (Figure 1) with a ASIR of 800-1000 per 100,000 in the elderly of 70 years and older.
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Figure 1. Age distribution at diagnosis and age-specific incidence rate (ASIR) of prostate cancer (1998-2008) [4]

Nearly all patients who died of prostate cancer (singular initial malignoma) have reached an
age of fifty-five or higher. The distribution of age at death describes a negatively skewed un‐
imodal distribution with its modus at the highest age group 85+. Here the age-specific mortal‐
ity rates (ASMR) can perfectly be described by an exponential function. The risk of dying by
prostate cancer increases accelerated with increasing age (Figure 2). The ASMR reaches 450
per 100,000 for men with an age of 80-84 and already 600 per 100,000 for men older than 84.

Advances in Prostate Cancer6

0

150

300

450

600

750

0-
4

5-
9

10
-1

4

15
-1

9

20
-2

4

25
-2

9

30
-3

4

35
-3

9

40
-4

4

45
-4

9

50
-5

4

55
-5

9

60
-6

4

65
-6

9

70
-7

4

75
-7

9

80
-8

4

85
+

age at death (years)

AS
M

R
 p

er
 1

00
,0

00

0

5

10

15

20

25

ag
e 

di
st

rib
ut

io
n 

in
 %

age distribution ASMR

Figure 2. Age distribution at death and age-specific mortality rate (ASMR) of prostate cancer (1998-2009) [4]

3. Prognostic factors

According to Table 3 the conditional age distributions of the combined T categories 2 until 4
have the same shape and the modus at the age group of 65 until 69. These distributions are
shifted slightly towards higher ages with the increasing T category. This simply reflects that
it takes time to develop an advanced tumour. However, in those patients diagnosed with T1
category (clinically) the age distribution appears to be totally different. Here 80% of the men
are older than 64 (about 60% within the other T categories) and every third man is older
than 74.

Lymph node category (N), distant primary metastases (M), Gleason Score, initial PSA value
and Gleason Score are positively correlated with the combined T category: the higher the T
category, the higher the PSA value, the higher the Gleason Score and the higher the porpor‐
tion of regional or distant metastases.

A positive lymph node status is mostly diagnosed when the tumour has spread through the
prostatic capsule. Nearly 20% of those men with T3 and almost 50% with T4 tumours there‐
fore are diagnosed with lymph node metastasis.
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ity rates (ASMR) can perfectly be described by an exponential function. The risk of dying by
prostate cancer increases accelerated with increasing age (Figure 2). The ASMR reaches 450
per 100,000 for men with an age of 80-84 and already 600 per 100,000 for men older than 84.
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3. Prognostic factors

According to Table 3 the conditional age distributions of the combined T categories 2 until 4
have the same shape and the modus at the age group of 65 until 69. These distributions are
shifted slightly towards higher ages with the increasing T category. This simply reflects that
it takes time to develop an advanced tumour. However, in those patients diagnosed with T1
category (clinically) the age distribution appears to be totally different. Here 80% of the men
are older than 64 (about 60% within the other T categories) and every third man is older
than 74.

Lymph node category (N), distant primary metastases (M), Gleason Score, initial PSA value
and Gleason Score are positively correlated with the combined T category: the higher the T
category, the higher the PSA value, the higher the Gleason Score and the higher the porpor‐
tion of regional or distant metastases.

A positive lymph node status is mostly diagnosed when the tumour has spread through the
prostatic capsule. Nearly 20% of those men with T3 and almost 50% with T4 tumours there‐
fore are diagnosed with lymph node metastasis.
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T category

All

%

(n=13712

100%)

T1

%

(n=1826

13.3%)

T2

%

(n=8219

59.9%)

T3

%

(n=3164

23.0%)

T4

%

(n=503

3.7%)

Age (years)

0.5 2.3 1.4 1.8 1.8<50

50 - 54 1.5 4.5 3.5 3.0 3.8

55 - 59 3.0 11.0 10.2 11.1 9.8

60 - 64 9.7 20.2 18.2 15.1 18.2

65 - 69 20.9 31.4 32.8 26.4 30.1

70 - 74 26.1 20.2 23.1 19.7 21.7

≥75 38.3 10.4 10.8 22.9 14.7

Lymph node status

2.5 1.6 18.4 45.1 7.3N+

N0 40.6 85.2 73.5 33.6 76.2

NX 56.9 13.2 8.1 21.2 16.5

Metastasis status

97.4 98.8 95.4 72.6 96.9M0

M1 2.6 1.2 4.6 27.4 3.1

PSA value (ng/ml)

25.8 13.2 7.8 3.7 13.2< 4

4 - <10 42.0 60.7 41.5 18.9 52.4

10 - <20 17.5 18.3 24.9 15.7 19.7

≥20 14.7 7.8 25.7 61.8 14.8

Gleason Score

14.3 1.6 0.2 0.2 2.92 - 4

5 - 6 54.8 48.1 12.3 4.2 39.1

7 19.1 40.5 49.4 26.6 39.3

8 - 10 11.8 9.8 38.2 68.9 18.7

Presented numbers are column-wise percentages.

T category is a combination of cT and pT.

The disease cohort is limited to 2005-2009 to provide best current estimators.

Table 3. Prognostic factors by T category [4]

Advances in Prostate Cancer8

Although, only 2.4% of all prostate cancer cases have primary distant metastases, already
25% of the T4 patients are diagnosed with metastases.

About 50% of the men with prostate cancer have a PSA value of 4 to 10 ng/ml at initial diag‐
nosis.

According to Figure 3aa shift from capsule exceeding tumours to capsule limited tumours
took place in the 1990s. In the late 1980s about 15% of the diagnosed tumours were staged
T4, some 45% T3 and nearly 25% T2. In the 2000s only some 5% of the diagnosed tumours
were staged T4, good 20% T3 and about 60% T2. The T1 category was unaffected and oscil‐
lated around 12% during the whole time period. It seems that PSA-Screening has considera‐
bly lowered the proportion of locally advanced tumours.
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Figure 3. Distribution of T category over time (n = 35544) [4]. T category is a combination of cT and pT.

4. Therapy

Table 4 presents in detail the effects of combined T category on the choice of therapy. Guide‐
lines [9] note that radical prostatectomy, radiation therapy and hormone therapy in combi‐
nation with radiation therapy are the main primary treatment options when the tumour
remains within the prostate capsule (T2) or does not invade nearby structures other than the
seminal vesicles or the bladder neck (T3). A spreading prostate cancer should be treated
with a hormone therapy. Active surveillance (AS) and watchful waiting (WW) are only note‐
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4. Therapy

Table 4 presents in detail the effects of combined T category on the choice of therapy. Guide‐
lines [9] note that radical prostatectomy, radiation therapy and hormone therapy in combi‐
nation with radiation therapy are the main primary treatment options when the tumour
remains within the prostate capsule (T2) or does not invade nearby structures other than the
seminal vesicles or the bladder neck (T3). A spreading prostate cancer should be treated
with a hormone therapy. Active surveillance (AS) and watchful waiting (WW) are only note‐
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worthy initial therapy strategies for tumours detected in an early stage. Although these are
accepted treatment options in localised prostate cancer, they are seldom chosen compared to
radical prostatectomy and hormone therapy. Transurethral resection of the prostate is not an
appropriate surgical treatment option in prostate cancer but its proportion in T1 category
(46.7%) indicates a greater proportion of incidentally found prostate cancers during a treat‐
ment of benign hyperplasia. Without further surgical or hormone therapy, one could classi‐
fy these cases into the AS or WW groups.

T category

All

%

(n=13712

100%)

T1

%

(n=1826

13.3%)

T2

%

(n=8219

59.9%)

T3

%

(n=3164

23.0%)

T4

%

(n=503

3.7%)

Initial therapy

74.9 65.9 31.3 61.8RPE

TUR 47.2 3.2 2.5 11.4 9.0

HIFU 4.5 3.4 0.8 0.2 2.8

XRT 16.6 6.1 9.8 12.7 8.5

Hormone 23.7 11.6 20.3 44.2 16.4

AS and WW 8.0 0.8 0.7 0.2 1.6

Presented numbers are column-wise percentages.

T category is a combination of cT and pT.

The disease cohort is limited to 2005-2009 to provide best current estimators.

RPE: radical prostatectomy, TUR: transurethral resection of the prostate, HIFU: high-intensity focused ultrasound, XRT:
radiation therapy, Hormone: hormone therapy, AS: active surveillance, WW: watchful waiting

Table 4. Initial therapy by T category [4]

As Figure 4 shows impressively, initial therapy strategies have changed noticeably over the
last 20 years. In the late 1980’s radical prostatectomy was the initial therapy in about 25% of
all treatments. Its rate increased continuously and finally reaches almost 60%, making this
the most selected initial therapy per year since 1995. The curve of hormone therapy devel‐
oped oppositely. To be more precise: hormone therapy was the most selected treatment till
1994. From 65% in 1989 it continuously decreased to now 20%. Radiation therapy (XRT)
slightly increased to 10% as initial therapy. Finally, within the whole time span transurethral
resection of the prostate (TUR) remains stable at a proportion of nearly 10%.

Advances in Prostate Cancer10
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Figure 4. Distribution of initial therapy strategies over time (n = 35544) [4]. RPE: radical prostatectomy, XRT: radiation
therapy, Hormone: hormone therapy, TUR: transurethral resection of the prostate

5. Survival

The following figures mainly present the relative survival (RS) curves, an estimator for the
cancer specific survival. This is calculated by dividing the overall survival (OS) of the ob‐
served cohort by the expected survival of a normal population with the same distribution
regarding birth-date and sex.

When looking at the influence of the year of diagnosis on the overall survival (Figure 5) or
relative survival (Figure 6) only the curve of patients with a diagnosis in the years 1998 until
1992 noticeably differs from the other ones. Here the 5- and 10-year relative survival was
85.0% and 74.3%, respectively. In the group of patients diagnosed between 1993 and 1997
the 5- and 10-year relative survival was 94.9% and 88.6% in the group of 1998-2002 the 5-
and 10-year relative survival was 94.0% and 84.1% and in the recent group of 2003-2008 the
5-year relative survival was 92.1%. Therefore, the following survival analyses are presented
for patients with a diagnosis between 1998 - 2008.
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The following figures mainly present the relative survival (RS) curves, an estimator for the
cancer specific survival. This is calculated by dividing the overall survival (OS) of the ob‐
served cohort by the expected survival of a normal population with the same distribution
regarding birth-date and sex.

When looking at the influence of the year of diagnosis on the overall survival (Figure 5) or
relative survival (Figure 6) only the curve of patients with a diagnosis in the years 1998 until
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Figure 5. Overall survival by year of diagnosis (n=30902) [4]
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Figure 6. Relative survival by year of diagnosis (n=30902) [4]. Relative survival is the quotient of overall survival and
expected survival and thus an estimator for the cancer specific survival.
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The complete cohort of prostate cancer patients with a diagnosis between 1998 and 2008
(Figure 7) shows a 5-year overall survival of 78.8% and a 10-year overall survival of 57.7%.
The relative survival is 93.6% and 84.1%, respectively. For comparison: SEER data show a 5-
year relative survival of 99.2% for patients diagnosed between 2002 and 2008 and a 10-year
relative survival of 98.3% for the cohort of 1998 – 2008.

Figure 8 presents the relative survival by the combined T category. As expected, patients
with a T2-staging perform better than patients with a T1-Staging. The 5- and 10-year relative
survival is 102.0% and 94.0% in T1, 104.9% and 108.8% in T2, 97.6% and 89.5% in T3 and
61.4% and 43.8% in T4, respectively. Relative survival can exceed 100%, because prostate
cancer patients benefit from the better treatment of comorbidities during aftercare.

Lymph node status (N category) is an important prognostic factor. As Figure 9 shows, a pos‐
itive lymph node status (N+) reduces the relative survival drastically (77.7% for 5-year and
61.9% for 10-year survival) compared to a 5- and 10-year survival of 105.5% and 107.5% in
N0. Nonetheless, prostate cancer patients benefit from radical prostatectomy in the situation
with lymph node metastases [10].
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According to Figure 10 patients with the worst Gleason Score category (8 – 10) have a much
poorer survival (73.4% for five year and 55.0% for ten year survival) than patients with a scor‐
ing of 7 and better, which does not discriminate very much (104.1% and 94.8% for Gleason
Score 2 - 4, 102.2% and 98.6% for Gleason Score 5 – 6 and 98.6% and 91.8% for Gleason Score 7).

If the tumour has metastasised or locoregional recurrence has occurred, only 18.2% of the
patients survive 5 years and 7.2% of the patients survive 10 years. The median survival is
about two years (Figure 11).
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Chapter 2

Is There an Infectious Agent Behind Prostate Cancer?

Ugo Rovigatti

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/54054

1. Introduction

This CHAPTER deals with a more defined and specified issue: whether we can already
identify, point our fingers toward a specific infectious agent or infectivity pathway most
likely targeting and lurking behind prostate cancer (PCa). This issue became quite evident in
the past 5-6 years, in view of the heated debate on the possible role of a what was consid‐
ered a novel retrovirus: Xenotropic Murine Related Virus, or XMRV, in the aetiology of PCa
and subsequently also of Chronic Fatigue Syndrome (CFS). Over two years ago, the same
issue was discussed by the author at the International Congress on Muscle Fatigue held in
Pisa in July 2010. That presentation has been now transformed in a paper, which is in press
in the journal Neuro Muscolar Disease (NMD, Springer Verlag) [1]. The reader is therefore
referred to that article -most likely already published by the time of this book printing- for
aetiological considerations on CFS [1]. In this section, I will more extensively discuss the as‐
sociation of XMRV with PCa. Such an association was the first one to be discovered and this
finding was the basis for also searching XMRV in CFS. In CFS, the potential association with
an infective agent doesn’t appear to be trivial, since “fatigue” has been widely associated
with several types of cancer in the so called Cancer Related Fatigue (CRF), also discussed
more extensively in the NMD paper [1] [2].

2. Discovery and falsification of XMRV

2.1. Linkage RNASEL – HPC-1

XMRV isolation was not a sudden or isolated finding, but it rather stemmed out of approxi‐
mately twenty years of research by several groups, with a leading role by the group of R.
Silverman [3] [4]. This work, as well, has even older roots, since it was initiated by decipher‐

© 2013 Rovigatti; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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ing the antiviral response triggered by Interferon (IFN). Robert Silverman’s work was pio‐
neering and seminal in this effort: together with Ian Kerr, he clarified the Interferon (IFN)
response to viral infection, initially by characterizing the 5’-triphosporylated, 2’,5’-linked oli‐
goadenylates or 2-5A, a second messenger in the IFN response and its synthesizing enzyme
(oligo-2’,5’-A synthethase, or OAS) and finally discovering that 2-5A is the activator of an
endogenous RNase activity, called RNase L [5] [3]. This is ubiquitously distributed but inac‐
tive inside cells, but it becomes strongly activated by binding 2-5A. By using radiolabelled
2-5A as probe, Silverman was able to identify and clone the gene RNASEL and to map later
its location on chromosome 1q25 [5]. After approximately ten years, these studies intersect‐
ed a totally different discovery path. Linkage studies on families with increased hereditary
risk of prostate cancer, identified in 2002 the prostate carcinoma susceptibility gene (Heredi‐
tary Prostate Carcinoma 1, HPC-1) on chromosome 1q25, the same of RNASEL location [6].
Different alleles on this locus were associated with higher risk of PCa, such as the R462Q
variant, which appeared to provide a 50% risk increase, while homozygosity doubled the
risk [7]. This association between a locus behaving as a Tumor Suppressor Gene (TSG) and
an Anti-Viral Response (AVR) gene is strongly suggestive of viral involvement in PCa. In
the July 2010 presentation at the International Meeting on Muscle Fatigue -which was very
critical of the XMRV identification- the sound evidence for viral involvement was empha‐
sized. A logical-inference analysis showed that –most likely- a wrong viral candidate was
chosen [1], Fig.1. Subsequent work has vindicated our first prediction (XMRV falsification),
but additional work is required to strength the association with another candidate Virus that
we propose: MFV (see later) [1]. Several studies have confirmed the RNASEL-HPC1 associa‐
tion [7] [8] [9] [4], but not all [10] [4] of them.

2.2. XMRV discovery

For another five years at the turn of the century, these discoveries on HPC-1 remained just
suggestive of a viral involvement in PCA, for a locus –RNASEL- which behaves as a Tumor
Suppressor Gene (TSG) –as already indicated by an interesting Editorial by Lengyel, in 1993
[11] and as suggested by others [12] [13]. Then Silverman with colleagues DeRisi and Ganem
utilized a micro-array approach (viro-chip) [14], in order to try identifying the responsible vi‐
rus [3, 15]. The first papers on XMRV appeared at the end of 2006/ beginning of 2007: they
showed that XMRV was present at high frequency in patients homozygous for the R462Q
allele (i.e., 8/20 or 40%) and that it is a xenotropic retrovirus with similarities with murine
leukaemia viruses (MuLV) [16] [15]. Xenotropic retroviruses are endogenous viruses, which
cannot infect cells of the original species, while ecotropic viruses do. Typically, endogenous
murine retroviruses have been divided into two large families: ecotropic and non-ecotropic
retroviruses [17] [18]. Ecotropic retroviruses -being still capable of active infection in the
same species, i.e. mouse, cells- are present in only one or just a few copies (0-6) per genome.
Their genetics is rather well clarified by several years of research [19]. The structure/genetics
of the non-ecotropic retroviruses is more complex, also in view of the fact that they are
present in a considerable (40-60) number of copies/genome. In recent years, particularly
thanks to the work of J. Coffin and J. Stoye [20], non-ecotropic retroviruses have been clari‐
fied and subdivided into three subfamilies: xenotropic (XMP), not capable of replicating in‐
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side cells of the same species, polytropic (PMV), which are capable of replicating inside cells
of several species including the original (mouse) and modified-polytropic (MPMV), which
display altered properties in terms structure/function of the env gene [21] [17] [18]. The ex‐
periments, which distinguish among different subfamilies of non-ecotropic mouse retrovi‐
ruses are: 1. infectivity/replication assays; 2. characterization of their structure by restriction
enzyme and/or Southern blotting analysis; 3. complete sequencing [20, 21]. For a more de‐
tailed overview of this fascinating but rather complex scientific area, the reader is referred to
two excellent review articles by J. Coffin and J. Stoye [17] [18].

2.3. Positive evidence

XMRV was also found integrated inside mesenchimal/stromal cells -rather than in tumour
cell genomes- in proximity of genes of cell cycle or hormonal control, which could provide a
reasonable link to carcinogenesis [16] [4]. Indeed, such mechanisms variably defined as
“promoter insertion” or “insertional mutagenesis” appear to be the most likely involved in
chronically (or non-acutely) transforming Retroviruses [22] [23]. This initial report by the
discoverer group was followed up a few months later by another PNAS paper, by Schlaberg
et al., in which XMRV was associated to approximately 23% of cases by immuno-histochem‐
istry (IHC), while detection of viral DNA by PCR was quite lower (6%) [24]. Beside this rath‐
er surprising finding (since the opposite would be typically expected), this report also
slightly contradicted the previous ones, since 1. XMRV was directly identified in the carcino‐
ma cells and not in surrounding mesenchimal/stromal cells, 2. there was no evidence of an
association between XMRV positive cases in PCa and RNAse-L involvement by mutation/
lower function, as previously described in the Urisman et al. paper [15, 24]. In that report,
40% of cases which were homozygous for the R462Q variant in RNAse-L were XMRV+ [15].
In the following months of 2010, another group from Emory University in Atalanta (GA) al‐
so reported an association between XMRV and PCa, by employing three different and com‐
plementary technologies [25]: a) a very sensitive “nested” PCR assay, b) chromosomal
fluorescence hybridisation (FISH) and c) very sensitive technology for detection of neutraliz‐
ing antibodies (the same group and others had previously developed this technique for de‐
tecting anti-HIV antibodies) [26] [27] [25]. Also in this report, the serologic assay was the
most sensitive, detecting XMRV antibodies in 27.5 % of cases (11/40), while positivity in‐
creased in carriers of the R462Q allele (8/20 –also in this study- or 40% of cases, which were
RNASEL R462Q homozygous) [25]. Finally, this report confirmed, as in the original paper
by Urisman et al., the presence of XMRV in stromal/mesenchimal and not in carcinoma cells
[25]. In the same year, another group from Baylor College in Houston (TX) also detected an
association between XMRV and PCa in 22% of cases [28]. However, virus was strangely de‐
tected in both tumour and normal cells of affected patients and there was no correlation –as
in Schlaberg et. al - with RNaseL status [28].

2.4. Negative findings

Together with the appearance of such positive reports, however, a series of studies present‐
ing negative findings started to appear in the literature. Many of these negative reports
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ing the antiviral response triggered by Interferon (IFN). Robert Silverman’s work was pio‐
neering and seminal in this effort: together with Ian Kerr, he clarified the Interferon (IFN)
response to viral infection, initially by characterizing the 5’-triphosporylated, 2’,5’-linked oli‐
goadenylates or 2-5A, a second messenger in the IFN response and its synthesizing enzyme
(oligo-2’,5’-A synthethase, or OAS) and finally discovering that 2-5A is the activator of an
endogenous RNase activity, called RNase L [5] [3]. This is ubiquitously distributed but inac‐
tive inside cells, but it becomes strongly activated by binding 2-5A. By using radiolabelled
2-5A as probe, Silverman was able to identify and clone the gene RNASEL and to map later
its location on chromosome 1q25 [5]. After approximately ten years, these studies intersect‐
ed a totally different discovery path. Linkage studies on families with increased hereditary
risk of prostate cancer, identified in 2002 the prostate carcinoma susceptibility gene (Heredi‐
tary Prostate Carcinoma 1, HPC-1) on chromosome 1q25, the same of RNASEL location [6].
Different alleles on this locus were associated with higher risk of PCa, such as the R462Q
variant, which appeared to provide a 50% risk increase, while homozygosity doubled the
risk [7]. This association between a locus behaving as a Tumor Suppressor Gene (TSG) and
an Anti-Viral Response (AVR) gene is strongly suggestive of viral involvement in PCa. In
the July 2010 presentation at the International Meeting on Muscle Fatigue -which was very
critical of the XMRV identification- the sound evidence for viral involvement was empha‐
sized. A logical-inference analysis showed that –most likely- a wrong viral candidate was
chosen [1], Fig.1. Subsequent work has vindicated our first prediction (XMRV falsification),
but additional work is required to strength the association with another candidate Virus that
we propose: MFV (see later) [1]. Several studies have confirmed the RNASEL-HPC1 associa‐
tion [7] [8] [9] [4], but not all [10] [4] of them.

2.2. XMRV discovery

For another five years at the turn of the century, these discoveries on HPC-1 remained just
suggestive of a viral involvement in PCA, for a locus –RNASEL- which behaves as a Tumor
Suppressor Gene (TSG) –as already indicated by an interesting Editorial by Lengyel, in 1993
[11] and as suggested by others [12] [13]. Then Silverman with colleagues DeRisi and Ganem
utilized a micro-array approach (viro-chip) [14], in order to try identifying the responsible vi‐
rus [3, 15]. The first papers on XMRV appeared at the end of 2006/ beginning of 2007: they
showed that XMRV was present at high frequency in patients homozygous for the R462Q
allele (i.e., 8/20 or 40%) and that it is a xenotropic retrovirus with similarities with murine
leukaemia viruses (MuLV) [16] [15]. Xenotropic retroviruses are endogenous viruses, which
cannot infect cells of the original species, while ecotropic viruses do. Typically, endogenous
murine retroviruses have been divided into two large families: ecotropic and non-ecotropic
retroviruses [17] [18]. Ecotropic retroviruses -being still capable of active infection in the
same species, i.e. mouse, cells- are present in only one or just a few copies (0-6) per genome.
Their genetics is rather well clarified by several years of research [19]. The structure/genetics
of the non-ecotropic retroviruses is more complex, also in view of the fact that they are
present in a considerable (40-60) number of copies/genome. In recent years, particularly
thanks to the work of J. Coffin and J. Stoye [20], non-ecotropic retroviruses have been clari‐
fied and subdivided into three subfamilies: xenotropic (XMP), not capable of replicating in‐
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side cells of the same species, polytropic (PMV), which are capable of replicating inside cells
of several species including the original (mouse) and modified-polytropic (MPMV), which
display altered properties in terms structure/function of the env gene [21] [17] [18]. The ex‐
periments, which distinguish among different subfamilies of non-ecotropic mouse retrovi‐
ruses are: 1. infectivity/replication assays; 2. characterization of their structure by restriction
enzyme and/or Southern blotting analysis; 3. complete sequencing [20, 21]. For a more de‐
tailed overview of this fascinating but rather complex scientific area, the reader is referred to
two excellent review articles by J. Coffin and J. Stoye [17] [18].

2.3. Positive evidence

XMRV was also found integrated inside mesenchimal/stromal cells -rather than in tumour
cell genomes- in proximity of genes of cell cycle or hormonal control, which could provide a
reasonable link to carcinogenesis [16] [4]. Indeed, such mechanisms variably defined as
“promoter insertion” or “insertional mutagenesis” appear to be the most likely involved in
chronically (or non-acutely) transforming Retroviruses [22] [23]. This initial report by the
discoverer group was followed up a few months later by another PNAS paper, by Schlaberg
et al., in which XMRV was associated to approximately 23% of cases by immuno-histochem‐
istry (IHC), while detection of viral DNA by PCR was quite lower (6%) [24]. Beside this rath‐
er surprising finding (since the opposite would be typically expected), this report also
slightly contradicted the previous ones, since 1. XMRV was directly identified in the carcino‐
ma cells and not in surrounding mesenchimal/stromal cells, 2. there was no evidence of an
association between XMRV positive cases in PCa and RNAse-L involvement by mutation/
lower function, as previously described in the Urisman et al. paper [15, 24]. In that report,
40% of cases which were homozygous for the R462Q variant in RNAse-L were XMRV+ [15].
In the following months of 2010, another group from Emory University in Atalanta (GA) al‐
so reported an association between XMRV and PCa, by employing three different and com‐
plementary technologies [25]: a) a very sensitive “nested” PCR assay, b) chromosomal
fluorescence hybridisation (FISH) and c) very sensitive technology for detection of neutraliz‐
ing antibodies (the same group and others had previously developed this technique for de‐
tecting anti-HIV antibodies) [26] [27] [25]. Also in this report, the serologic assay was the
most sensitive, detecting XMRV antibodies in 27.5 % of cases (11/40), while positivity in‐
creased in carriers of the R462Q allele (8/20 –also in this study- or 40% of cases, which were
RNASEL R462Q homozygous) [25]. Finally, this report confirmed, as in the original paper
by Urisman et al., the presence of XMRV in stromal/mesenchimal and not in carcinoma cells
[25]. In the same year, another group from Baylor College in Houston (TX) also detected an
association between XMRV and PCa in 22% of cases [28]. However, virus was strangely de‐
tected in both tumour and normal cells of affected patients and there was no correlation –as
in Schlaberg et. al - with RNaseL status [28].

2.4. Negative findings

Together with the appearance of such positive reports, however, a series of studies present‐
ing negative findings started to appear in the literature. Many of these negative reports
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came from European laboratories, although an initial negative study –often ignored- was
from Johns Hopkins University (JHU) in the US [29]: see below. While the issue of XMRV
detection in PCa was getting more controversial, another “XMRV-front” opened with the
publication in October 2009 of a paper in Science, where Lombardi et al. reported detection
of XMRV in 67% (68/101) of Chronic Fatigue Syndrome (CFS) cases [30]. While controls
showed much lower detection rates, i.e. 3.7% (8/218), such value (as well as previous ones)
was alarming, since it suggested that a few million people may be infected in the general
“healthy” population in the US and probably elsewhere [31]. The initial Lombardi et al. pa‐
per was followed by larger numbers of negative reports, appearing in the months immedi‐
ately after its publication: they will not be reviewed extensively in this chapter and the
reader is referred instead to the NMD paper [1], with only one exception. In September 2010,
Lo et al. published a PNAS paper describing rather frequent association between CFS and a
retrovirus different from XMRV: indeed this virus appeared to be polytropic (P-MLV) in‐
stead of xenotropic (X-MLV) [32]. While some scientists applauded this novel discovery [33],
the PNAS paper was accompanied by an editorial by Andrew Mason’s group, in which per‐
plexities about these very findings were expressed [34]. Indeed, despite the relationship be‐
tween the two viruses, it was extremely difficult to reconcile these findings or even to
explain the discovery of XMRV as due to presence of P-MLV instead. In fact, the two viruses
are clearly distinguishable by sequencing. Therefore, the idea presented at that time [33]:
that the real culprit in CFS would be P-MLV and that the previous detection of XMRV
should de facto be considered P-MLV detection, or that either virus could cause the same dis‐
ease, was simply wrong.

The very first negative report for XMRV in PCa was from Hamburg, DE and was authored
(1st) by one of the first co-authors of the original paper by Urisman: Nicole Fischer [35]. This
suggests that very similar detection methods were employed in Germany: XMRV was de‐
tected only in one non-familiar PCa (of 87) and one control (of 70) sample. Neither one of
these cases was homozygous for the R462Q allele [35]. An even more striking negative result
was obtained by Hohn and collaborators in Berlin [36], who did not detect a single positive
case among 589 PCa patients tested: this study employed a sensitive nested PCR detection,
RT-PCR for gag sequences as well as serology for XMRV-specific antibodies [36]. A number
of patients (76) were studied for the RNASEL allele and 12.9% scored positive [36]. Similar
negative results were published in additional studies from Ireland (139 cases) [37], Holland
(74 sporadic cases) [38], Mexico (55 cases) [39], USA (over 800 patients from a collaborative
effort between Baylor, Johns Hopkins etc.) [40] and UK (437 patients from UK, Korea and
Thailand) [41]. In the last study, a few patients scored positive: for example 2 out of 6 of
Thailand’s patients were positive, potentially reaching a score of 33%. However, evidence of
contamination started emerging in this British International study: some of the amplified
DNA did not contain a 24 bp deletion which is a hallmark of XMRV and other evidence sug‐
gested instead presence of P-MLV (as in the previous paper by Lo et al. on CFS) [41] [32]. A
few assays, specific for contamination by mouse DNA, were therefore run to confirm identi‐
ty of specimens. A very sensitive assay for Intracisternal A-type particles (IAPs) and mouse
mitocondrial DNA was completely concordant with XMRV presence, clearly indicating
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presence of contamination [41]. Therefore, this 2010 paper by Robinson should have already
signalled a red-flag warning for XMRV research [41].

2.5. Strength of RNASEL – HPC-1 paradigm

At the International Congress on Muscle Fatigue in 2010, I strongly criticized the association
between PCa and XMRV, on the basis of such negative findings, most of which had been al‐
ready published in the literature (July 2010). My analysis at the congress extended to the
technology employed, thus suggesting that the viro-chip assay was –most likely- the source
of error [1]. Still, data on the RNase-L association with HPC-1 were indicative of viral in‐
volvement. Contrary to the situation in PCa, in which a few independent reports confirmed
XMRV presence, while they were contradicted by a limited number of studies, CFS associa‐
tion with this virus was essentially based upon the unique paper by Lombardi et al. in 2009,
somehow overwhelmed by a plethora of negative reports [1]. However, also in CFS, the case
for the likely presence of an infectious agent, most probably a virus, can be made. This is
particularly clear, in view of the presence of “micro-epidemics”, often associated with CFS
onset [1]. The rather strong evidence for a previous virus infection accompanied by the dra‐
matic personal histories of CFS onset in thousands of patients could explain, but certainly
NOT justify, the attachment of some patient-groups to the XMRV hypothesis, sometimes re‐
ferred in the media as mass-hysteria [224]. We will later discuss whether the viral hypothe‐
sis should be completely dismissed in view of XMRV falsification or whether additional
viral candidates should be investigated (see section 3).

2.6. XMRV controversy: looking back through 3 major Editorials

After 2010, the majority of XMRV reports documented negative results either in PCa or in
CFS cases. Yet, the heated debate could have continued much longer, with some extreme de‐
fence of the XMRV hypothesis (J. Mikovitz) and with a more balanced overview of the criti‐
cisms by R. Silverman (see for example, his excellent review in Nature Reviews of Urology,
extensively discussing criticisms) [4]. Examples of debates on possible infectious agents
present in human cancers are abundant in the literature: for PCa, HPVs are still extensively
discussed as potential etiological agents or onset-cofactors see discussion in Sections 4.3 (3)
and 4.3.1 (c). What or who was capable of rescinding the “Gordian Knot” of XMRV
cancer/CFS association ? If we want to name a single scientist this is certainly John Coffin,
although he extensively collaborated with other groups, especially with the group of S. Pa‐
thak. And yet, Coffin himself had written with J. Stoye in Science, accompanying one of the
first papers on XMRV discovery -that of Lombardi et al. on the CFS association [30]- a posi‐
tive editorial comment, which emphasized the future potential of such discovery [31].

i. It may be instructive in this respect to re-analyse –so to speak: after the facts- the
three major editorials, which accompanied the three major discovery-articles asso‐
ciated with XMRV. The first is the article by Dong et al. in PNAS at the beginning
of 2007 [16], therefore immediately after publication of the Urisman et al. paper
(December 2006). This article really gave credibility to the XMRV hypothesis, by
showing that the virus was: 1. capable of replication in human cells, once a com‐
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came from European laboratories, although an initial negative study –often ignored- was
from Johns Hopkins University (JHU) in the US [29]: see below. While the issue of XMRV
detection in PCa was getting more controversial, another “XMRV-front” opened with the
publication in October 2009 of a paper in Science, where Lombardi et al. reported detection
of XMRV in 67% (68/101) of Chronic Fatigue Syndrome (CFS) cases [30]. While controls
showed much lower detection rates, i.e. 3.7% (8/218), such value (as well as previous ones)
was alarming, since it suggested that a few million people may be infected in the general
“healthy” population in the US and probably elsewhere [31]. The initial Lombardi et al. pa‐
per was followed by larger numbers of negative reports, appearing in the months immedi‐
ately after its publication: they will not be reviewed extensively in this chapter and the
reader is referred instead to the NMD paper [1], with only one exception. In September 2010,
Lo et al. published a PNAS paper describing rather frequent association between CFS and a
retrovirus different from XMRV: indeed this virus appeared to be polytropic (P-MLV) in‐
stead of xenotropic (X-MLV) [32]. While some scientists applauded this novel discovery [33],
the PNAS paper was accompanied by an editorial by Andrew Mason’s group, in which per‐
plexities about these very findings were expressed [34]. Indeed, despite the relationship be‐
tween the two viruses, it was extremely difficult to reconcile these findings or even to
explain the discovery of XMRV as due to presence of P-MLV instead. In fact, the two viruses
are clearly distinguishable by sequencing. Therefore, the idea presented at that time [33]:
that the real culprit in CFS would be P-MLV and that the previous detection of XMRV
should de facto be considered P-MLV detection, or that either virus could cause the same dis‐
ease, was simply wrong.

The very first negative report for XMRV in PCa was from Hamburg, DE and was authored
(1st) by one of the first co-authors of the original paper by Urisman: Nicole Fischer [35]. This
suggests that very similar detection methods were employed in Germany: XMRV was de‐
tected only in one non-familiar PCa (of 87) and one control (of 70) sample. Neither one of
these cases was homozygous for the R462Q allele [35]. An even more striking negative result
was obtained by Hohn and collaborators in Berlin [36], who did not detect a single positive
case among 589 PCa patients tested: this study employed a sensitive nested PCR detection,
RT-PCR for gag sequences as well as serology for XMRV-specific antibodies [36]. A number
of patients (76) were studied for the RNASEL allele and 12.9% scored positive [36]. Similar
negative results were published in additional studies from Ireland (139 cases) [37], Holland
(74 sporadic cases) [38], Mexico (55 cases) [39], USA (over 800 patients from a collaborative
effort between Baylor, Johns Hopkins etc.) [40] and UK (437 patients from UK, Korea and
Thailand) [41]. In the last study, a few patients scored positive: for example 2 out of 6 of
Thailand’s patients were positive, potentially reaching a score of 33%. However, evidence of
contamination started emerging in this British International study: some of the amplified
DNA did not contain a 24 bp deletion which is a hallmark of XMRV and other evidence sug‐
gested instead presence of P-MLV (as in the previous paper by Lo et al. on CFS) [41] [32]. A
few assays, specific for contamination by mouse DNA, were therefore run to confirm identi‐
ty of specimens. A very sensitive assay for Intracisternal A-type particles (IAPs) and mouse
mitocondrial DNA was completely concordant with XMRV presence, clearly indicating
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presence of contamination [41]. Therefore, this 2010 paper by Robinson should have already
signalled a red-flag warning for XMRV research [41].

2.5. Strength of RNASEL – HPC-1 paradigm

At the International Congress on Muscle Fatigue in 2010, I strongly criticized the association
between PCa and XMRV, on the basis of such negative findings, most of which had been al‐
ready published in the literature (July 2010). My analysis at the congress extended to the
technology employed, thus suggesting that the viro-chip assay was –most likely- the source
of error [1]. Still, data on the RNase-L association with HPC-1 were indicative of viral in‐
volvement. Contrary to the situation in PCa, in which a few independent reports confirmed
XMRV presence, while they were contradicted by a limited number of studies, CFS associa‐
tion with this virus was essentially based upon the unique paper by Lombardi et al. in 2009,
somehow overwhelmed by a plethora of negative reports [1]. However, also in CFS, the case
for the likely presence of an infectious agent, most probably a virus, can be made. This is
particularly clear, in view of the presence of “micro-epidemics”, often associated with CFS
onset [1]. The rather strong evidence for a previous virus infection accompanied by the dra‐
matic personal histories of CFS onset in thousands of patients could explain, but certainly
NOT justify, the attachment of some patient-groups to the XMRV hypothesis, sometimes re‐
ferred in the media as mass-hysteria [224]. We will later discuss whether the viral hypothe‐
sis should be completely dismissed in view of XMRV falsification or whether additional
viral candidates should be investigated (see section 3).

2.6. XMRV controversy: looking back through 3 major Editorials

After 2010, the majority of XMRV reports documented negative results either in PCa or in
CFS cases. Yet, the heated debate could have continued much longer, with some extreme de‐
fence of the XMRV hypothesis (J. Mikovitz) and with a more balanced overview of the criti‐
cisms by R. Silverman (see for example, his excellent review in Nature Reviews of Urology,
extensively discussing criticisms) [4]. Examples of debates on possible infectious agents
present in human cancers are abundant in the literature: for PCa, HPVs are still extensively
discussed as potential etiological agents or onset-cofactors see discussion in Sections 4.3 (3)
and 4.3.1 (c). What or who was capable of rescinding the “Gordian Knot” of XMRV
cancer/CFS association ? If we want to name a single scientist this is certainly John Coffin,
although he extensively collaborated with other groups, especially with the group of S. Pa‐
thak. And yet, Coffin himself had written with J. Stoye in Science, accompanying one of the
first papers on XMRV discovery -that of Lombardi et al. on the CFS association [30]- a posi‐
tive editorial comment, which emphasized the future potential of such discovery [31].

i. It may be instructive in this respect to re-analyse –so to speak: after the facts- the
three major editorials, which accompanied the three major discovery-articles asso‐
ciated with XMRV. The first is the article by Dong et al. in PNAS at the beginning
of 2007 [16], therefore immediately after publication of the Urisman et al. paper
(December 2006). This article really gave credibility to the XMRV hypothesis, by
showing that the virus was: 1. capable of replication in human cells, once a com‐
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plete copy of the provirus was cloned and reconstructed; 2. responsive to the IFN
pathway, as it had been predicted in view of the RNase L mutations; 3. uses a spe‐
cific receptor, XPR-1 (therefore capable of mediating entrance for both xenotropic
and polytropic retroviruses) for infecting human cells; 4. in three cases analysed,
XMRV was integrated in tumour cells in regions surrounding potentially interest‐
ing/important genes, in two cases next to transcription factor genes (CREB and
NFAT) and in the third, next to a hormone response gene, causing inhibition of an‐
drogen receptor trans-activation (APPB2/PAT1/ARA67). The accompanying edito‐
rial, by retro-virologist Hung Fan, is certainly the most cautious and critical of the
three editorials [43]. Although underlying the potential importance of these find‐
ings, Fan clearly indicated that they were generating more questions than answers
and that only by answering such questions could the XMRV hypothesis be
strengthened or proven [43]. In one sentence, his cautionary criticism was particu‐
larly evident: “However, another possibility is that XMRV is not causal to PC, but reflec‐
tive of the reduced antiviral status of RNase L QQ individuals; another novel virus whose
sequences were not detectd by the ViroChip might be the relevant agent” (bold characters
are my additions) [43].

ii. The second fundamental paper for the XMRV hypothesis was the one by Lombardi
et al. (2009), in which an astonishing 67% XMRV presence was documented in
Chronic Fatigue Syndrome samples [30]. The paper was already briefly described,
as well as the strong critical reaction it has generated, although this section is cov‐
ered in more depth in the NMD review (see [1]) [30]. Surprisingly, the accompany‐
ing editorial written by John Coffin and Jonathan Stoye, appears to emphasize the
positive aspects of these findings, rather than caution the readers about potential
pitfalls, such as contaminations/artefacts [31]. It is apparent that the two Editorial‐
ists, among the major experts in mouse retro-virology, believed in 2009 that XMRV
had strong connection to CFS, although it should be reminded that other viral in‐
fections have been previously associated with CFS (EBV, HHSV-6, HTLV etc., see
[1]) [31]. And yet Coffin’s with Pathak’s groups eventually “put the nails into the
XMRV coffin one by one” [44]. Far from being a “changing party” episode, reassess‐
ment of scientific data and even of personal believes is an essential and intrinsic
process of scientific endeavour. One of the greatest epistemologists of past century,
Karl Popper, has identified in the process of empirical falsification one of the essen‐
tial logical characters of science in western world. In his “All Life is Problem Solving”
Popper suggests that our scientific theories develop as an evolutionary (almost
Darwinian) process, in which it is however falsification rather than verification the
discriminating instrument (Occam’s razor). Therefore, it is just natural and physio‐
logical that today in science, hypotheses and theories are continuously re-evaluated
and reassessed, although in this process strong intellectual honesty and courage are
also needed. Most likely, in 2009 Coffin/Stoye positively reacted and were con‐
vinced by 1. the fact that XMRV demonstrated a clear homology to MLV endoge‐
nous sequences, but different enough and with constant/homologous difference
(approximately 10% throughout the viral genome) to let us believe that this was a
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totally new isolate. 2. The fact that all XMRV isolates detected showed strong ho‐
mology among each other (less than 30 nucleotide variations in a genome of over
8000 bp.s), could be again evidence of an exogenous infecting agent (but also a con‐
taminating virus). 3. Somehow, the general homology of XMRV with endogenous
MLVs of approx. 90% may have been misleading still in 2009, since it might have
suggested a mechanism of constant mutation accrual, as in phylogenetic analysis,
of which the two editorialists are great experts [31]. In XMRV, however, recombi‐
nation plays a major and determining role, as it was initially suggested in a PNAS
editorial one year later, by Andrew Mason and colleagues (accompanying the third
XMRV/MLV paper by Lo et al.) [34] [32].

iii. Lo’s paper initially appeared (or it was presented as) confirmatory of the infection
hypothesis in CFS, since a murine retroviral sequence was detected in 86.5% of cas‐
es and only 7% of controls [32] [34]. The viral sequences however were not identi‐
cal or very similar to XMRV, as previously reported, and appeared to be related to
endogenous Polytropic retroviruses (PMLV). This generated some scepticism, as in
previous work the viral sequences had little difference from the prototype retrovi‐
rus -XMRV. In his editorial, Mason underlines some discrepancies and yet does not
clearly indicate that the finding of one xenotropic and one polytropic retroviruses
are incompatible [34]. In other words, a general misconception could be –and appa‐
rently was- generated: there is an endogenous-like mouse retrovirus infecting cells
in prostate carcinoma and CFS. In this scenario, apparently it didn’t really matter
whether it was marked with a P or with a X (for Polytropic and Xenotropic): the
relevant and important point was that some type of murine endogenous-like retro‐
virus was infecting Homo sapiens in such disorders [34]. The paper by Ila Singh was
also in line with such (mis-)interpretation [33]. On the other hand, as also pointed
out in the previous editorial by Coffin and Stoye, the strength of the original XMRV
hypothesis laid in the fact that all the isolates were similar to each other, although
the prototype of XMRV appeared to be unique, different from any retrovirus
known at that time [31]. Furthermore, Mason group’s editorial suggested that,
while the issue of which retrovirus exactly is present in PCa and/or CFS was being
solved, a realistic and effective strategy could have been to test already potential
therapeutic approaches with antiretroviral agents [34]. Again, such attitude is logi‐
cally biased by the caveat that there was no firm evidence at that time for the real
involvement of a retrovirus in both human conditions: this has been completely
confirmed now by XMRV falsification. In fact, the paper by Lo et al. was rather
good evidence against involvement of a retrovirus in both human conditions, since
it suggested that contamination could be the cause [32]. Contamination, although
denied in Lo’s paper by a series of counter evidences, could explain the association
with an endogenous murine polytropic retrovirus and, by extension, also with
XMRV [32]. Andrew Mason group’s editorial also emphasized the fact XMRV se‐
quences appeared to be the result of recombinatory events [34]. They observed that
in XMRV, while the 5’ portion of its genome shares great homology to polytropic
murine retroviruses, the 3’ end is most similar to endogenous xenotropic MLV [34].
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plete copy of the provirus was cloned and reconstructed; 2. responsive to the IFN
pathway, as it had been predicted in view of the RNase L mutations; 3. uses a spe‐
cific receptor, XPR-1 (therefore capable of mediating entrance for both xenotropic
and polytropic retroviruses) for infecting human cells; 4. in three cases analysed,
XMRV was integrated in tumour cells in regions surrounding potentially interest‐
ing/important genes, in two cases next to transcription factor genes (CREB and
NFAT) and in the third, next to a hormone response gene, causing inhibition of an‐
drogen receptor trans-activation (APPB2/PAT1/ARA67). The accompanying edito‐
rial, by retro-virologist Hung Fan, is certainly the most cautious and critical of the
three editorials [43]. Although underlying the potential importance of these find‐
ings, Fan clearly indicated that they were generating more questions than answers
and that only by answering such questions could the XMRV hypothesis be
strengthened or proven [43]. In one sentence, his cautionary criticism was particu‐
larly evident: “However, another possibility is that XMRV is not causal to PC, but reflec‐
tive of the reduced antiviral status of RNase L QQ individuals; another novel virus whose
sequences were not detectd by the ViroChip might be the relevant agent” (bold characters
are my additions) [43].

ii. The second fundamental paper for the XMRV hypothesis was the one by Lombardi
et al. (2009), in which an astonishing 67% XMRV presence was documented in
Chronic Fatigue Syndrome samples [30]. The paper was already briefly described,
as well as the strong critical reaction it has generated, although this section is cov‐
ered in more depth in the NMD review (see [1]) [30]. Surprisingly, the accompany‐
ing editorial written by John Coffin and Jonathan Stoye, appears to emphasize the
positive aspects of these findings, rather than caution the readers about potential
pitfalls, such as contaminations/artefacts [31]. It is apparent that the two Editorial‐
ists, among the major experts in mouse retro-virology, believed in 2009 that XMRV
had strong connection to CFS, although it should be reminded that other viral in‐
fections have been previously associated with CFS (EBV, HHSV-6, HTLV etc., see
[1]) [31]. And yet Coffin’s with Pathak’s groups eventually “put the nails into the
XMRV coffin one by one” [44]. Far from being a “changing party” episode, reassess‐
ment of scientific data and even of personal believes is an essential and intrinsic
process of scientific endeavour. One of the greatest epistemologists of past century,
Karl Popper, has identified in the process of empirical falsification one of the essen‐
tial logical characters of science in western world. In his “All Life is Problem Solving”
Popper suggests that our scientific theories develop as an evolutionary (almost
Darwinian) process, in which it is however falsification rather than verification the
discriminating instrument (Occam’s razor). Therefore, it is just natural and physio‐
logical that today in science, hypotheses and theories are continuously re-evaluated
and reassessed, although in this process strong intellectual honesty and courage are
also needed. Most likely, in 2009 Coffin/Stoye positively reacted and were con‐
vinced by 1. the fact that XMRV demonstrated a clear homology to MLV endoge‐
nous sequences, but different enough and with constant/homologous difference
(approximately 10% throughout the viral genome) to let us believe that this was a
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totally new isolate. 2. The fact that all XMRV isolates detected showed strong ho‐
mology among each other (less than 30 nucleotide variations in a genome of over
8000 bp.s), could be again evidence of an exogenous infecting agent (but also a con‐
taminating virus). 3. Somehow, the general homology of XMRV with endogenous
MLVs of approx. 90% may have been misleading still in 2009, since it might have
suggested a mechanism of constant mutation accrual, as in phylogenetic analysis,
of which the two editorialists are great experts [31]. In XMRV, however, recombi‐
nation plays a major and determining role, as it was initially suggested in a PNAS
editorial one year later, by Andrew Mason and colleagues (accompanying the third
XMRV/MLV paper by Lo et al.) [34] [32].

iii. Lo’s paper initially appeared (or it was presented as) confirmatory of the infection
hypothesis in CFS, since a murine retroviral sequence was detected in 86.5% of cas‐
es and only 7% of controls [32] [34]. The viral sequences however were not identi‐
cal or very similar to XMRV, as previously reported, and appeared to be related to
endogenous Polytropic retroviruses (PMLV). This generated some scepticism, as in
previous work the viral sequences had little difference from the prototype retrovi‐
rus -XMRV. In his editorial, Mason underlines some discrepancies and yet does not
clearly indicate that the finding of one xenotropic and one polytropic retroviruses
are incompatible [34]. In other words, a general misconception could be –and appa‐
rently was- generated: there is an endogenous-like mouse retrovirus infecting cells
in prostate carcinoma and CFS. In this scenario, apparently it didn’t really matter
whether it was marked with a P or with a X (for Polytropic and Xenotropic): the
relevant and important point was that some type of murine endogenous-like retro‐
virus was infecting Homo sapiens in such disorders [34]. The paper by Ila Singh was
also in line with such (mis-)interpretation [33]. On the other hand, as also pointed
out in the previous editorial by Coffin and Stoye, the strength of the original XMRV
hypothesis laid in the fact that all the isolates were similar to each other, although
the prototype of XMRV appeared to be unique, different from any retrovirus
known at that time [31]. Furthermore, Mason group’s editorial suggested that,
while the issue of which retrovirus exactly is present in PCa and/or CFS was being
solved, a realistic and effective strategy could have been to test already potential
therapeutic approaches with antiretroviral agents [34]. Again, such attitude is logi‐
cally biased by the caveat that there was no firm evidence at that time for the real
involvement of a retrovirus in both human conditions: this has been completely
confirmed now by XMRV falsification. In fact, the paper by Lo et al. was rather
good evidence against involvement of a retrovirus in both human conditions, since
it suggested that contamination could be the cause [32]. Contamination, although
denied in Lo’s paper by a series of counter evidences, could explain the association
with an endogenous murine polytropic retrovirus and, by extension, also with
XMRV [32]. Andrew Mason group’s editorial also emphasized the fact XMRV se‐
quences appeared to be the result of recombinatory events [34]. They observed that
in XMRV, while the 5’ portion of its genome shares great homology to polytropic
murine retroviruses, the 3’ end is most similar to endogenous xenotropic MLV [34].
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2.7. XMRV falsification

This observation, that inescapably leads to presence of recombination, was further devel‐
oped approximately one year later in a seminal article by the groups of J. Coffin and S. Pa‐
thak [45]. In this Science paper in May 2011, Paprotka et al. convincingly showed that XMRV
was generated by recombination during passage of the original tumor cells in nude mice
[45]. The creation of human cell line 22 Rv1 was reported in 1999 after several passages by
xenotransplantation, starting from 1993. The late passages /established cell line display pres‐
ence of several copies of integrated XMRV provirus as well as high titers of virus production
(1010-1011 PFU/ml). However, Paprotka et al. established a few essential and undermining
criticisms: 1. First of all, fully infectious XMRV could not be detected in the original tumor
explant (less than 1 copy/200 cells). 2. Second, two regions of strong homology with endoge‐
nous viruses could be detected: the 5’-end (called preXMRV-2) displays strong homology to
PMLV endogenous sequences, while the 3’-end region (called PreXMRV-1) is most similar
to an endogenous xenotropic retrovirus (XMLV). 3. Third, highly infectious “recombinant”
XMRV started to appear in xenografts passaged in nude mice since 1996, i.e., three years af‐
ter initial establishment of this tumour xenografts. This strongly suggests that infectious
XMRV was created or has infected these cells between 1993 and 1996. 4. Fourth, the original
nude mice strains utilized in xenotransplantation experiments did contain as endogenous
viruses both the endogenous xenotropic virus (pre-XMRV-1, present in 6 out of 48 tested
and typical of European mouse strains) as well as the endogenous PMLV (preXMRV-2,
present in 25 out of 48 tested and typical of Asian mouse strains). 5. Fifth, the overall struc‐
ture of the infectious XMRV could be explained by six recombinatory events between the
two viruses: preXMRV-2 and preXMRV-1. Indeed, recombination is known to frequently oc‐
cur during retrovirus replication, due to a polymerase (i.e., reverse transcriptase) switching
between two different templates, therefore a mechanism of “copy-choice” as compared to the
classical mechanism of “cut-and-paste” typical of general recombination [45] [46]. 6. Finally,
the presence of a unique XMRV structure after so many recombinatory events strongly indi‐
cates that this “creation” occurred only once, most likely during xenograft passaging into
nude mice [45]. The paper by Poprotka et al. therefore concluded the “XMRV Odyssey”
with a most logical and well proven explanation and XMRV-falsification [45].

Additional evidence against XMRV as an exogenous virus infecting the human species were
also obtained by the group of Jay Levy, who analysed some of the same CFS samples initial‐
ly studies by Lombardi et al. Since these patients, initially reported as XMRV-positive, were
found devoid of this retrovirus, this finding once more strengthened the evidence for con‐
tamination in positive samples [47]. A series of subsequent papers then reported evidence
for contamination [45] [44] [48] [49] [50] in: 1. PCR reagents (even Taq polymerase) em‐
ployed for XMRV detection; 2. microtomes or blades for tumours sections (even one year af‐
ter the initial experiment); 3. contamination of several cell lines, beside the original 22Rv1.
Prostate carcinoma cells lack the APOBEK-GA3 activity and are therefore susceptible to
XMRV infection, while other human cells –for example human lymphocytes- appear to be
highly resistant in view of the strong mutagenic activity of APOBEK-GA3.
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3. MFV as potential candidate in PCa

Together with criticism of XMRV as potential candidate for CFS, we presented data in July
2010 [1] related to a novel viral candidate for both PCa and CFS: Micro-Foci inducing Virus
or MFV. While the more specific aspects related to CFS association are presented elsewhere
[1], MFV properties which link this virus to PCa will be here described.

3.1. Cancer Cluster Genetic Data

Micro-Foci inducing Virus was initially discovered in a paediatric tumor diagnoses-associa‐
tion generally defined as “Cancer-Cluster” (CC). A CC of neuroblastoma (NB) cases was di‐
agnosed in Southern Louisiana in 1987-88 in the small town of Morgan City, while also the
surrounding area appeared to be affected. A 12 fold increased NB incidence was recorded
for a period of 18 months, while diagnoses then decreased to none [51]. This is a typical epi‐
demiological behaviour of CCs, as it has been also recorded in other instances, such as
paediatric leukaemia/lymphoma clusters [52]. Most of the tumours of this CC were con‐
veyed to the Ochsner Foundation Research Center for further genetic analysis. The majority
of them (66%) displayed elevated MYCN amplification, a well-known marker of aggressive
NB. In one tumour with extremely elevated MYCN amplification (1000X the diploid value
of controls), we started witnessing an elevated genetic instability in cultured tumor cells (see
Fig. 1) [51]. This was accompanied by appearance of very small foci (Micro-Foci, MF) of
rounded and refractile cells growing on top of the mesenchimal cells which typically grew
up slowly and as monolayer in the initial tumor cultures (1ary cultures) [51] [53]. Further‐
more, the initial dramatic amplification of MYCN seemed to disappear in growing primary
cultures, apparently diluted out by the growth of mesenchimal flat cells (Fig. 1).

3.2. Isolation of MFV/MFRVs, partial cloning/sequencing

In order to find an explanation for this  phenomenon, it  was also noticed that the num‐
ber of MFs was extremely variable, with some cultures having hundreds while others be‐
ing  devoid  of  them.  An assay  was  therefore  established by  utilizing  supernatants  from
cultures with hundreds MFs, with which we infected cells devoid of them. Since MF for‐
mation could be reproducibly transmitted even after ultra-filtration of such supernatants
(through 100 μm filters),  presence of  a  virus  was hypothesized and confirmed by Elec‐
tron Microscopy (EM).  Transmission EM detected cytoplasmic  particles  of  65-73  nm for
MFV (Fig. 2), while similar particles of larger size (85-92 nm) were identified in samples
of paediatric lymphoma cases (MFV related Virus or MFRV), studied a few years later in
Switzerland [51] [53] (Fig. 3).

Molecular cloning and partial sequencing of MFV/MFRV genome convincingly demonstrat‐
ed that they share strong homology with members of the Reoviridae family, particularly Re‐
ovirus-3 (Dearing Strain) (Fig. 4).
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Figure 1. Top-left: Southern-blotting analysis shows high level of MYCN amplification in the original NB tumour from
a Cancer-Cluster in Southern Louisiana. Lanes 1-3 contain DNA extracted from the original NB tumour, while lanes 4-5
two control DNAs (patient and normal blood donor peripheral leukocytes). Amplification was evaluated as 1000X fold
by dilution experiments (not shown). Top-right: Southern-blotting analysis of DNA from the original tumour (lane 2)
and from tumour cells passaged in culture for 2 weeks (lane 3) and 4 weeks (lanes 4-5). Bottom left: two microfoci,
composed by small, rounded neuronal cells growing on top of a monolayer of large flat mesenchimal cells with
Schwann cell markers. Lower magnification (40 X). Microfocus shown at higher magnification (100X).
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Figure 2. Electron Microscopy of MFV particles. 2A: negative staining of MFV particles (magnification = 100.000X). 2B
and 2C: MFV viral “factories” in the cytoplasms of infected and transforming cells (magnifications: 15.000 and 10.000
respectively). 2D: Negative staining of MFV highest magnification (350.000X).

Figure 3. Electron Microscopy of MFV and MFRV particles. In 3A: MFV particles display a more localized pattern (15K X
magnification), while in 3B, MFRV are spread through cell cytoplasm (5K X magnification). Fig.s 3C displays MFV at
350K X magnification (as in 2D) and Fig.s 3D-E MFRVs at 300K X and 175K magnification, respectively).
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Figure 4. Comparison of sequences for Micron-NS –µNS- gene from MFV, a classical Reoviridae (Reovirus-3) and one
isolate from Burkitt’s Lymphoma (BL). Divergence from Reo-3 is approximately 20%.

3.3. MFV-transformed cells growth in vitro and in vivo

Furthermore, extensive work in vitro and in vivo has convincingly shown that MFV causes
malignant transformation in vitro and tumours in animals (see Fig.s 5-8) [51] [53].  
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Figure 5. As shown in Fig. 5A normal, quasi-diploid SK-N-SH cells grow as mesenchimal cell (or Schwann-Cells) mono‐
layers, but after MFV infection they transform (Fig. 5B) into aggressively growing NB cells. Transformed cells extensive‐
ly grow in these in vitro conditions in the presence of low serum (2%), forming masses of rounded, small and packed
cells (similar to MFs), which are loosely attached to the mesenchimal cell monolayer, othen floating in the medium
supernatant.

Fig. 5 shows the different patterns of growth of uninfected neuroblastic SK-N-SH cells (a)
and MFV-infected/transformed SK-N-SH (b). While the original SK-N-SH cells grow slowly
in low serum conditions (Fig. 6), MFV-transformed cells are undistinguishable in their
growth properties from cells obtained from aggressive NB tumours -for example, SK-N-BE
cells (Fig. 6).

3.4. Carcinogenesis Mechanism(s)

The molecular mechanism of carcinogenesis induced by MFV has been partially clarified
when it became evident that normal non-tumorigenic diploid neuroblasts are rapidly de‐
stroyed by MFV infection: most monolayers are “wiped-out” in 36-72 hrs [54] [53] [55]. The
only cells, which appear to sustain MFV infection without extensive apoptosis, have ampli‐
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fied the MYCN locus [54]. In Fig. 7, in the left panel, Southern blotting analysis (employing a
MYCN specific probe) of the cell line SK-N-AS shows that the MYCN is diploid in mock-in‐
fected cells (-), but becomes highly amplified (approx. 100X) upon MFV infection and rela‐
tive transformation (line 2: SK-N-AS +). A similar result was obtained with cell line VA-N-BR
(3rd lane) [51]. Similar results were also obtained with cell line SK-N-SH (which is also initial‐
ly diploid and non-tumorigenic in nude mice) by Q-PCR analysis. Upon MFV infection,
these cells acquire a MYCN DNA level intermediate between the mock-infected cells (yel‐
low, green lines) and cell line IMR-32 (MYCN amplification approx. 20X: black line): SH-10
cells (i.e., MFV-infected SK-N-SH) display an amplification level –by comparison- of approx‐
imately 10X (blue line).

Figure 6. All cells were grown in Dulbecco’s Modified MEM with the addition of 2 % Foetal Bovine Serum (FBS). NM-1
and SH-10 are two different clones of MFV- transformed SK-N-SH cells, while SK-N-BE is a a Neuroblastoma cell line
established from an aggressive tumour with MYCN amplification.

The same MFV-infected/transformed SK-N-SH cells -, shown in previous page [53]- were al‐
so employed in in vivo experiments of nude mice inoculation and relative tumour growth.
Inoculation of MFV-transformed SK-N-SH cells into the left flank of a nude mouse causes
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the appearance of large tumoral masses of NB cells (uninfected SK-N-SH cells were injected
in the contra-lateral flank as control, Fig. 8).

 

 

 

 

 

 

Figure 7. Southern Blotting and Q-PCR analysis of genomic DNA from cells infected/transformed by MFV. Left panel:
Southern blotting analysis of cell line SK-N-AS before (lane 1) and after (lane 2) MFV infection; in lane 3, cell line SK-N-
VR after infection/transformation with MFV (see also text description). Right panel: Q-PCR analysis of SK-N-SH cell
DNA, DNA from SH-10 (the same line infected/transformed by MFV) and DNA from IMR-32 a cell line from aggressive
neuroblastoma with MYCN amplification (approximately 20X). The relative level of MYCN amplification in SH-10 cells
is estimated –by comparison- in the order of 10X.

4. Evidence for the association between MFV/MFRVs and prostate cancer

4.1. The Interferon (IFN) pathway

Evidence presented so far indicate that 1. in prostate carcinoma, an interferon-sensitive
pathway appears to be affected. Attempts to identify an infectious agent (also on the basis of
these observations), had led to identification of XMRV, a candidate virus, which has been
eventually falsified by several groups (see part 1). However, as it has been emphasized in
this chapter, evidence for viral involvement in PCa are rather strong and independent from
the particular isolate XMRV. Indeed, as previously underlined, XMRV isolation is based
upon usage of viro-chip technology and logical inference analysis predicts that this step is
most error-prone [1]. In order to list and underline numerous elements indicating MFV as a
strong candidate, the general IFN pathway is here considered and RNase-L as next point.
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Although RNase-L is also an essential part of IFN pathway, it will be discussed separately,
since it is prominent in view of numerous evidence and studies performed in PCa and other
pathologies. Furthermore, the fact that transgenic animals knockouts for RNASEL gene do not
develop tumours at higher frequency, suggests that additional elements in the IFN pathway
may also be relevant [56] [57]. Since several years ago, the IFN pathways has been extensive‐
ly dissected: beside RNase-L, two additional pathways are prominent: a) the PKR signal
transduction and b) the Adenosine-Deaminase of RNA (ADAR) mechanism.

Figure 8. Tumorigenesis in nude-mice of SK-N-SH cells infected/transformed by MFV. Injection of 107 SK-N-SH cells
(right flank) or SH-10 clone (left flank) with the same number of MFV-transformed SK-N-SH cells shows the out-
growth 3 weeks later of large tumoral masses in the case of MFV-infected/transformed cells (SH-10). Histological anal‐
ysis confirmed the presence of human neuroblastoma cells after xenotransplantation [53].

4.1.1. PKR

PKR was one of the best characterized pathways in the IFN signal transduction, starting
from pioneering work of Isaacs and Lindenman, who initially characterized the IFN activity
[58] [59]. One of the first enzymatic activities induced by IFN and its inducers (i.e., dsRNAs)
is the dsRNA dependent Protein Kinase or PKR. PKR conveys the IFN message in several
ways but especially by phosphorylation of: 1. PKR itself (autocatalysis); 2. the α subunit of
eIF-2a ; 3. the inhibitor of transcription factor NFkB, IkB, thus releasing such inhibition; 4.
the TAT transcription factor, essential activator of HIV; 5. the NFAT protein and 6. the phos‐
phoprotein MPP4, which binds dsRNA and is activated during the M phase of cell cycle [58]
[59] [60]. Among the different activities elicited by PKR activation, the best studied and
known is certainly the inhibitory effect on protein synthesis (eIF-2a) [61]. Ser-51 Phosphory‐
lation in this case blocks initiation of protein synthesis, by inhibiting the exchange of gua‐
nine nucleotide [61] [62] [63]. There are some discussions and discrepancies on the
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the appearance of large tumoral masses of NB cells (uninfected SK-N-SH cells were injected
in the contra-lateral flank as control, Fig. 8).

 

 

 

 

 

 

Figure 7. Southern Blotting and Q-PCR analysis of genomic DNA from cells infected/transformed by MFV. Left panel:
Southern blotting analysis of cell line SK-N-AS before (lane 1) and after (lane 2) MFV infection; in lane 3, cell line SK-N-
VR after infection/transformation with MFV (see also text description). Right panel: Q-PCR analysis of SK-N-SH cell
DNA, DNA from SH-10 (the same line infected/transformed by MFV) and DNA from IMR-32 a cell line from aggressive
neuroblastoma with MYCN amplification (approximately 20X). The relative level of MYCN amplification in SH-10 cells
is estimated –by comparison- in the order of 10X.

4. Evidence for the association between MFV/MFRVs and prostate cancer

4.1. The Interferon (IFN) pathway

Evidence presented so far indicate that 1. in prostate carcinoma, an interferon-sensitive
pathway appears to be affected. Attempts to identify an infectious agent (also on the basis of
these observations), had led to identification of XMRV, a candidate virus, which has been
eventually falsified by several groups (see part 1). However, as it has been emphasized in
this chapter, evidence for viral involvement in PCa are rather strong and independent from
the particular isolate XMRV. Indeed, as previously underlined, XMRV isolation is based
upon usage of viro-chip technology and logical inference analysis predicts that this step is
most error-prone [1]. In order to list and underline numerous elements indicating MFV as a
strong candidate, the general IFN pathway is here considered and RNase-L as next point.
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Although RNase-L is also an essential part of IFN pathway, it will be discussed separately,
since it is prominent in view of numerous evidence and studies performed in PCa and other
pathologies. Furthermore, the fact that transgenic animals knockouts for RNASEL gene do not
develop tumours at higher frequency, suggests that additional elements in the IFN pathway
may also be relevant [56] [57]. Since several years ago, the IFN pathways has been extensive‐
ly dissected: beside RNase-L, two additional pathways are prominent: a) the PKR signal
transduction and b) the Adenosine-Deaminase of RNA (ADAR) mechanism.

Figure 8. Tumorigenesis in nude-mice of SK-N-SH cells infected/transformed by MFV. Injection of 107 SK-N-SH cells
(right flank) or SH-10 clone (left flank) with the same number of MFV-transformed SK-N-SH cells shows the out-
growth 3 weeks later of large tumoral masses in the case of MFV-infected/transformed cells (SH-10). Histological anal‐
ysis confirmed the presence of human neuroblastoma cells after xenotransplantation [53].

4.1.1. PKR

PKR was one of the best characterized pathways in the IFN signal transduction, starting
from pioneering work of Isaacs and Lindenman, who initially characterized the IFN activity
[58] [59]. One of the first enzymatic activities induced by IFN and its inducers (i.e., dsRNAs)
is the dsRNA dependent Protein Kinase or PKR. PKR conveys the IFN message in several
ways but especially by phosphorylation of: 1. PKR itself (autocatalysis); 2. the α subunit of
eIF-2a ; 3. the inhibitor of transcription factor NFkB, IkB, thus releasing such inhibition; 4.
the TAT transcription factor, essential activator of HIV; 5. the NFAT protein and 6. the phos‐
phoprotein MPP4, which binds dsRNA and is activated during the M phase of cell cycle [58]
[59] [60]. Among the different activities elicited by PKR activation, the best studied and
known is certainly the inhibitory effect on protein synthesis (eIF-2a) [61]. Ser-51 Phosphory‐
lation in this case blocks initiation of protein synthesis, by inhibiting the exchange of gua‐
nine nucleotide [61] [62] [63]. There are some discussions and discrepancies on the
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regulation of PKR from different portions of the gene/structure: two knockout transgenic
mice were generated by the groups of Karomillas/Bell [64] and Ch. Weissmann [65] [66].

The first one has been targeted in the carboxy-terminal of PKR, where is present the kinase
activity, and doesn’t show impairment of antiviral response or TNF-α responses, thus indi‐
cating the redundant role of PK activity [60, 64]. To the contrary, Weissmann’s lab ko mouse
and its MEFs are strongly inhibited in view of the deletion of the NH2- portion of the pro‐
tein, where the dsRNA-binding domain of PKR resides [65] [66] [60]. Effectors of PKR are
several types of dsRNA molecules, both artificial and natural [67]. In this respect, the ge‐
nome of MFV is a strong/ideal inducer of PKR in acutely infected cells, as we have docu‐
mented in both mouse and human cells. Most likely, PKR induction also contributes to the
strong apoptotic effects we have documented 36-72 hours post-infection [53]. In particular,
MFV-infected cells completely block protein synthesis and strongly impair rRNA produc‐
tion (see later) and these effects seem to be mediated by PKR and RNase-L respectively. In
prostate cancer, the same pathway of PKR appears to be downstream of another essential
regulator and also Tumor Suppressor function of prostate cells: PTEN [68]. Therefore, typi‐
cally the deletion of PTEN (which is extremely common in prostate cancer [69]) will lead to
ablation of the TSG function of PKR by phosphorylation of eIF-2a and block of protein syn‐
thesis [68] [69]. In view of the MFV/MFRV connection hypothesis, it is speculated that infec‐
tion by this family of viruses will eventually cause/select for PTEN deletion, as this will
inhibit cellular apoptosis, which would otherwise be inescapable [53] [55] [69].

4.1.2. ADAR

The additional and last form of IFN response here considered is the RNA-specific Adeno‐
sine Deaminase or ADAR, which is strongly induced after viral infection [70] [71]. Although
such RNA editing was initially considered a rare phenomenon, almost a curiosity of RNA
regulation and fine tuning, extensive genomic sequencing by NGS and high-throughput
technologies have allowed to discern considerable editing in several DNA genomic sequen‐
ces by a related Deaminase activity which targets DNA, called APOBEC, as well as ADAR
activity on expressed mRNAs [72] [73] [74]. It is still not clear how efficient such mechanism
may be at the RNA level, since ADAR activity may protect cells but also favour virus ag‐
gression or persistence inside infected cells [70]. DNA deaminase activity as well is still
poorly understood, but new phenomena discovered in human cancer cells through Next
Generation Sequencing (NGS) technology suggest that genome modulation and plasticity by
APOBEC could also play a major role in carcinogenesis [73] [75].

Could the ADAR activity induced by Interferon (ADAR-1) be responsible for important an‐
tiviral effects in human and other cells ? Although the question is still open and there are
also examples of opposite regulation as previously mentioned –for example in Hepatitis
Delta Virus (HDV) [70]-, important inhibitory effects were documented, with Measles Virus
[76] [77] and with Influenza Virus in mouse cells [78]. Furthermore, a specific gene of the
Adenovirus genome is responsible for counteracting the RNA-editing activity of ADAR: the
VAI gene [79]. In the case of Reoviridae, little is still known but there is at least one animal
model in which ADAR was induced by both artificial dsRNA and reoviridae genome
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(which obviously is dsRNA), although the response modality of ADAR appeared quite dif‐
ferent [80] [81].

Among human cancer as well very little is known, particularly in the case of prostate carci‐
noma [82] [73]. More data have been obtained in the case of brain tumours, since ADAR is
known to effect important editing in brain neurons. In at least two tumour examples, hypoe‐
diting seems to characterize cancer cells. In glioblastoma multiforme, rectification of a mutated
permeable glutamate receptor to Ca++-impermeable receptor suppressed proliferation [83]
[84], while in hypo-editing astrocytoma cells, re-balancing editing expression induced re‐
gression [85]. Additional work on ADAR/APOBEC in prostatic cancer and reoviridae is cer‐
tainly warranted.

4.2. RNase-L, an essential pathway

The clearest evidence for viral involvement in prostate carcinoma and in human cancer in
general was obtained through studies of the IFN response leading to RNase-L activation.
The general scheme of IFN genes activation has been clarified through years of intense stud‐
ies with several models, cell lines, laboratory and transgenic animals, in vitro assays and
molecular/biochemical systems [60] [86]. Without getting into too many details –and refer‐
ring instead the readers to some excellent review articles on this subject [60] [86] [87] [88] -
two general types of IFN molecules are known: viral IFN and immune IFN. Both IFN-α and
IFN- β (as well as IFN-omega) belong to the viral form, induced by viral infection [60], while
the immune form is essentially composed by IFN−γ and is induced by immune stimulation.
Focusing on viral genes, this is a rather large family in humans, since 13 genes for IFN-α, 1
for IFN-β and one for IFN-omega were mapped on the short arm of human chromosome 9
[89] [90]. None of these genes contains introns, while the only IFN gene with introns is the
IFN-γ form with 3, on the long arm of chromosome 12. Two types of IFN receptors, IF‐
NAR-1 and IFNAR-2 are known on human chromosome 21: they must heterodimerize for
activation by IFN-α/β [91] [92] [93]. The following signalling is today understood mostly in
the JAK-STAT transduction pathway, thanks to the work of several molecular biologists,
first and foremost the group of Jim Darnell at Rockefeller University [94] [95] [96]. STATs
are “signal transducers and activator of transcription” molecules: at least seven of them are
known, i.e. Stat-1, Stat-2, Stat-3, Stat-4, Stat-5a, Stat-5b and Sta-6. STATs are activated by
members of the Janus family of Tyrosine kinases (JAKs), of which 4 members are known, i.e.
Jak-1, Jak-2, Jak-3 and Tyk-2. Various combinations of Jak’s and Stat’s elements are active in
transducing both viral and immune IFN signalling [87] [88]. Additional important elements
are the IRFs, (IFN Regulatory Factor) family [97], which cooperate in the activation of IFN-
responsive genes. These are characterized by presence of regulatory elements: ISRE or IFN-
stimulated Response elements [98], usually for viral IFNs and the GAS (gamma IFN
activation sites) [99]. In conjunction with Stat’s, IRFs constitute the so called ISGF (IFN
stimulated gene factor’s) [100]. Having clarified this terminology, ds-RNA activation of IFN
pathway does not always or only use Jak-Stat elements. The transcription factor IRF-3 (IFN
response Factor 3) acts as subunit of a complex called ds-RNA activated transcription factor
complex (DRAF) by sereine/threonine phosphorylation, translocation to the nucleus, associ‐
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regulation of PKR from different portions of the gene/structure: two knockout transgenic
mice were generated by the groups of Karomillas/Bell [64] and Ch. Weissmann [65] [66].

The first one has been targeted in the carboxy-terminal of PKR, where is present the kinase
activity, and doesn’t show impairment of antiviral response or TNF-α responses, thus indi‐
cating the redundant role of PK activity [60, 64]. To the contrary, Weissmann’s lab ko mouse
and its MEFs are strongly inhibited in view of the deletion of the NH2- portion of the pro‐
tein, where the dsRNA-binding domain of PKR resides [65] [66] [60]. Effectors of PKR are
several types of dsRNA molecules, both artificial and natural [67]. In this respect, the ge‐
nome of MFV is a strong/ideal inducer of PKR in acutely infected cells, as we have docu‐
mented in both mouse and human cells. Most likely, PKR induction also contributes to the
strong apoptotic effects we have documented 36-72 hours post-infection [53]. In particular,
MFV-infected cells completely block protein synthesis and strongly impair rRNA produc‐
tion (see later) and these effects seem to be mediated by PKR and RNase-L respectively. In
prostate cancer, the same pathway of PKR appears to be downstream of another essential
regulator and also Tumor Suppressor function of prostate cells: PTEN [68]. Therefore, typi‐
cally the deletion of PTEN (which is extremely common in prostate cancer [69]) will lead to
ablation of the TSG function of PKR by phosphorylation of eIF-2a and block of protein syn‐
thesis [68] [69]. In view of the MFV/MFRV connection hypothesis, it is speculated that infec‐
tion by this family of viruses will eventually cause/select for PTEN deletion, as this will
inhibit cellular apoptosis, which would otherwise be inescapable [53] [55] [69].

4.1.2. ADAR

The additional and last form of IFN response here considered is the RNA-specific Adeno‐
sine Deaminase or ADAR, which is strongly induced after viral infection [70] [71]. Although
such RNA editing was initially considered a rare phenomenon, almost a curiosity of RNA
regulation and fine tuning, extensive genomic sequencing by NGS and high-throughput
technologies have allowed to discern considerable editing in several DNA genomic sequen‐
ces by a related Deaminase activity which targets DNA, called APOBEC, as well as ADAR
activity on expressed mRNAs [72] [73] [74]. It is still not clear how efficient such mechanism
may be at the RNA level, since ADAR activity may protect cells but also favour virus ag‐
gression or persistence inside infected cells [70]. DNA deaminase activity as well is still
poorly understood, but new phenomena discovered in human cancer cells through Next
Generation Sequencing (NGS) technology suggest that genome modulation and plasticity by
APOBEC could also play a major role in carcinogenesis [73] [75].

Could the ADAR activity induced by Interferon (ADAR-1) be responsible for important an‐
tiviral effects in human and other cells ? Although the question is still open and there are
also examples of opposite regulation as previously mentioned –for example in Hepatitis
Delta Virus (HDV) [70]-, important inhibitory effects were documented, with Measles Virus
[76] [77] and with Influenza Virus in mouse cells [78]. Furthermore, a specific gene of the
Adenovirus genome is responsible for counteracting the RNA-editing activity of ADAR: the
VAI gene [79]. In the case of Reoviridae, little is still known but there is at least one animal
model in which ADAR was induced by both artificial dsRNA and reoviridae genome
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(which obviously is dsRNA), although the response modality of ADAR appeared quite dif‐
ferent [80] [81].

Among human cancer as well very little is known, particularly in the case of prostate carci‐
noma [82] [73]. More data have been obtained in the case of brain tumours, since ADAR is
known to effect important editing in brain neurons. In at least two tumour examples, hypoe‐
diting seems to characterize cancer cells. In glioblastoma multiforme, rectification of a mutated
permeable glutamate receptor to Ca++-impermeable receptor suppressed proliferation [83]
[84], while in hypo-editing astrocytoma cells, re-balancing editing expression induced re‐
gression [85]. Additional work on ADAR/APOBEC in prostatic cancer and reoviridae is cer‐
tainly warranted.

4.2. RNase-L, an essential pathway

The clearest evidence for viral involvement in prostate carcinoma and in human cancer in
general was obtained through studies of the IFN response leading to RNase-L activation.
The general scheme of IFN genes activation has been clarified through years of intense stud‐
ies with several models, cell lines, laboratory and transgenic animals, in vitro assays and
molecular/biochemical systems [60] [86]. Without getting into too many details –and refer‐
ring instead the readers to some excellent review articles on this subject [60] [86] [87] [88] -
two general types of IFN molecules are known: viral IFN and immune IFN. Both IFN-α and
IFN- β (as well as IFN-omega) belong to the viral form, induced by viral infection [60], while
the immune form is essentially composed by IFN−γ and is induced by immune stimulation.
Focusing on viral genes, this is a rather large family in humans, since 13 genes for IFN-α, 1
for IFN-β and one for IFN-omega were mapped on the short arm of human chromosome 9
[89] [90]. None of these genes contains introns, while the only IFN gene with introns is the
IFN-γ form with 3, on the long arm of chromosome 12. Two types of IFN receptors, IF‐
NAR-1 and IFNAR-2 are known on human chromosome 21: they must heterodimerize for
activation by IFN-α/β [91] [92] [93]. The following signalling is today understood mostly in
the JAK-STAT transduction pathway, thanks to the work of several molecular biologists,
first and foremost the group of Jim Darnell at Rockefeller University [94] [95] [96]. STATs
are “signal transducers and activator of transcription” molecules: at least seven of them are
known, i.e. Stat-1, Stat-2, Stat-3, Stat-4, Stat-5a, Stat-5b and Sta-6. STATs are activated by
members of the Janus family of Tyrosine kinases (JAKs), of which 4 members are known, i.e.
Jak-1, Jak-2, Jak-3 and Tyk-2. Various combinations of Jak’s and Stat’s elements are active in
transducing both viral and immune IFN signalling [87] [88]. Additional important elements
are the IRFs, (IFN Regulatory Factor) family [97], which cooperate in the activation of IFN-
responsive genes. These are characterized by presence of regulatory elements: ISRE or IFN-
stimulated Response elements [98], usually for viral IFNs and the GAS (gamma IFN
activation sites) [99]. In conjunction with Stat’s, IRFs constitute the so called ISGF (IFN
stimulated gene factor’s) [100]. Having clarified this terminology, ds-RNA activation of IFN
pathway does not always or only use Jak-Stat elements. The transcription factor IRF-3 (IFN
response Factor 3) acts as subunit of a complex called ds-RNA activated transcription factor
complex (DRAF) by sereine/threonine phosphorylation, translocation to the nucleus, associ‐

Is There an Infectious Agent Behind Prostate Cancer?
http://dx.doi.org/10.5772/54054

35



ation with p300/CBP and gene activation [101]. Among the activated genes, the Oligo Ade‐
nylate Synthetase gene family, or OAS, is one of the most important, because it conveys the
anti-viral signal to the next and final effector: RNase-L. In humans, three OAS genes of dif‐
ferent sizes (proteins of 40-46 kDa -OAS1-, of 69 kDa –OAS2- and of 100 kDa -OAS3-) have
been mapped on the long arm of chromosome 12 (12q24.2), thus suggesting genome dupli‐
cations in H. sapiens [102]. Similarly to the effectors previously considered –PKR and
ADAR-, OAS proteins do contain regions for binding dsRNA, the signalling and activating
effector [103] [104] [105]. However, all three effectors contain separate regions with peculiar
enzymatic activities: kinase, deaminase, synthethase [60]. The exact nature of dsRNA activa‐
tors is not always completely clear, but hypothesized to be formed by or to contain dsRNA
elements. In the case of interest, i.e. MFV/MFRVs infection, since these belong to Reoviridae
family, it is clearly fragments or segments of viral genome (dsRNA) [53] [55]. Great variation
has been documented in the extent/level of OAS activation and 2-5 A production [80].

Last  element,  RNase-L,  is  activated by 2-5  A signal  molecules,  typically  oligomers  with
>2  elements  for  optimal  induction,  while  RNase-L  must  dimerize  for  activation  [106]
[107]. This endoribonuclease is typically present as monomer in a latent form, essentially
in every cell (tested so far), but -after 2-5 A interaction- it homodimerizes and is activat‐
ed [107],  although heterodimers with RLI (RNase-L inhibitor)  have been also described.
As previously mentioned, RNase-L gene, called RNS4, has been mapped on the long arm
of  chromosome  1  (1q25),  on  a  location  corresponding  to  the  chromosomal  site  for  the
Human Prostate Carcinoma susceptibility (HPC-1) [108], as mapped with linkage studies
by Jeff Trent and others [108] [6].

In view of the coincident chromosomal location of RNASEL and HPC-1 [6] [108] and the
initial speculations by Lengyel and others that this gene may behave as a bona fide Tu‐
mor Suppressor [109] [12] [13], Silverman with DeRisi and Ganem undertook the descri‐
bed  viro-chip  high-throughput  search  for  potential  viral  candidates,  leading  to  XMRV
isolation  [15].  As  previously  described and discussed in  Section  1,  XMRV identification
has been clearly falsified as a recombination artefact  arising during xenograft  transplan‐
tation in nude mice [45].

In view of the coincidental chromosomal localization of HPC-1 and RNASEL, what are the
evidence for RNase-L involvement after MFV/MFRV infection ? The acute phase of infection
by these viruses is accompanied by a very high activation of RNase-L [53]. An assay, detect‐
ing ribosomal RNA (rRNA) degradation in infected and transforming cells was developed
(U. Rovigatti, unpublished), thus confirming the extremely high levels of RNase-L induc‐
tion, often leading to block of cell proliferation and apoptosis [53] [55]. In the past several
years, groups in USA, France and Belgium have also documented a strong deregulation of
this endoribonuclease in patients affectd by Chronic Fatigue Syndrome. Pioneering work by
Suhadolnick et al at Temple Univ. initially disclosed that 2-5 A activated RNase-L is upregu‐
lated in CFS patients [110] [111] [112]. This finding was followed up by description of a low‐
er molecular weight form (37 kDa) of the same enzyme in CFS patients by the same group
[113]. The French-Belgian group of De Meirleir et al. then showed that the 37 kDa fragment
is proteolytically cleaved from the original enzyme of 87 kDa, by human elastase and/or cal‐
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pain [114]. The same authors also speculated that the levels of 2–5 A molecules with struc‐
tures larger than dimers (trimers/tetramers) protect the 83 kD moiety from degradation [115]
[116]. Presence of the 37 kD RNase-L could also explain the higher enzymatic activity (asso‐
ciated with the low MW form) and the ratio between the two forms was proposed as poten‐
tial marker for CFS [117] [111] [118].

In conclusion, the extremely elevated levels of RNase-L in every cell type infected by MFV
indicate that this could be an important parameter to be evaluated. Analysis is being per‐
formed for addressing the question of whether cells with impaired/mutated alleles of
RNase-L (such as the R462Q allele) may be more resistant to the apoptogenic effect(s) of
MFV/MFRV and could become better targets for carcinogenesis [53] [55] [1].

4.3. Inflammation - ubiquitous in PCa

Inflammation has been estimated as being somehow responsible for 20% of human cancers:
these are typically linked to infectious agents, causing chronic infections as well as by other
environmental factors [119] [120] [121]. While it appears to be an essential component of car‐
cinogenesis –being defined as “the seventh hallmark of cancer” [122]– inflammatory proc‐
eses are particularly prominent in PCa [121] [119]. Furthermore, inflammation in PCa adds
an enigmatic component, which could be or become one of the best clue for deciphering its
aetiology [55]. This enigmatic nature is however rather complex, as it can be distinguished
by several elements:

1. The paradox of a rather common disease (most common cancer among men), afflicting
this year over 300.000 people and killing more than 33.000 patients, only in the US [123].
For comparison, it has been observed that there is just a handful of cases described in
the literature for Primary Seminal Vesicle Carcinoma, essentially in the same anatomi‐
cal location [124]. This shows a peculiar and striking difference between two very close
histological sites: PCa is diagnosed only in the prostate peripheral zone, rarely in the
transition zone and almost never in the central zone [125]. This pattern is accompanied
by typical phenomena of inflammation which is almost never of acute type (at time of
diagnosis) and is characterized in the described zones by: a. chronic inflammation, b.
benign prostatic hyperplasia (BPH), d. focal atrophy, e. a new type of inflammatory re‐
sponse defined as prostatic inflammatory atrophy (PIA) and finally developing into f.
prostatic intraepithelial neoplasia (PIN) and/or g. prostatic carcinoma (PCa) [125] [126]
[127] [128]. This pattern associates with an extremely common disease, the most com‐
mon form of cancer in men, again suggesting a rather “common” causality [55]. As we
will also consider other clues (see 2,3,4), the best explicatory mechanism is that of a
common infection, in particular an infectious agent which is “endogenous” or “persi‐
tent” in H. sapiens and apparently much more frequent in certain human populations or
races [129] [130] (see below)

2. Variation in epidemiological data for Chinese, Japanese or Arab men in comparison
with the male population in Western Countries: for example, men born in South East
Asia who then migrated to the US acquire a higher incidence within the first two gener‐
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ation with p300/CBP and gene activation [101]. Among the activated genes, the Oligo Ade‐
nylate Synthetase gene family, or OAS, is one of the most important, because it conveys the
anti-viral signal to the next and final effector: RNase-L. In humans, three OAS genes of dif‐
ferent sizes (proteins of 40-46 kDa -OAS1-, of 69 kDa –OAS2- and of 100 kDa -OAS3-) have
been mapped on the long arm of chromosome 12 (12q24.2), thus suggesting genome dupli‐
cations in H. sapiens [102]. Similarly to the effectors previously considered –PKR and
ADAR-, OAS proteins do contain regions for binding dsRNA, the signalling and activating
effector [103] [104] [105]. However, all three effectors contain separate regions with peculiar
enzymatic activities: kinase, deaminase, synthethase [60]. The exact nature of dsRNA activa‐
tors is not always completely clear, but hypothesized to be formed by or to contain dsRNA
elements. In the case of interest, i.e. MFV/MFRVs infection, since these belong to Reoviridae
family, it is clearly fragments or segments of viral genome (dsRNA) [53] [55]. Great variation
has been documented in the extent/level of OAS activation and 2-5 A production [80].

Last  element,  RNase-L,  is  activated by 2-5  A signal  molecules,  typically  oligomers  with
>2  elements  for  optimal  induction,  while  RNase-L  must  dimerize  for  activation  [106]
[107]. This endoribonuclease is typically present as monomer in a latent form, essentially
in every cell (tested so far), but -after 2-5 A interaction- it homodimerizes and is activat‐
ed [107],  although heterodimers with RLI (RNase-L inhibitor)  have been also described.
As previously mentioned, RNase-L gene, called RNS4, has been mapped on the long arm
of  chromosome  1  (1q25),  on  a  location  corresponding  to  the  chromosomal  site  for  the
Human Prostate Carcinoma susceptibility (HPC-1) [108], as mapped with linkage studies
by Jeff Trent and others [108] [6].

In view of the coincident chromosomal location of RNASEL and HPC-1 [6] [108] and the
initial speculations by Lengyel and others that this gene may behave as a bona fide Tu‐
mor Suppressor [109] [12] [13], Silverman with DeRisi and Ganem undertook the descri‐
bed  viro-chip  high-throughput  search  for  potential  viral  candidates,  leading  to  XMRV
isolation  [15].  As  previously  described and discussed in  Section  1,  XMRV identification
has been clearly falsified as a recombination artefact  arising during xenograft  transplan‐
tation in nude mice [45].

In view of the coincidental chromosomal localization of HPC-1 and RNASEL, what are the
evidence for RNase-L involvement after MFV/MFRV infection ? The acute phase of infection
by these viruses is accompanied by a very high activation of RNase-L [53]. An assay, detect‐
ing ribosomal RNA (rRNA) degradation in infected and transforming cells was developed
(U. Rovigatti, unpublished), thus confirming the extremely high levels of RNase-L induc‐
tion, often leading to block of cell proliferation and apoptosis [53] [55]. In the past several
years, groups in USA, France and Belgium have also documented a strong deregulation of
this endoribonuclease in patients affectd by Chronic Fatigue Syndrome. Pioneering work by
Suhadolnick et al at Temple Univ. initially disclosed that 2-5 A activated RNase-L is upregu‐
lated in CFS patients [110] [111] [112]. This finding was followed up by description of a low‐
er molecular weight form (37 kDa) of the same enzyme in CFS patients by the same group
[113]. The French-Belgian group of De Meirleir et al. then showed that the 37 kDa fragment
is proteolytically cleaved from the original enzyme of 87 kDa, by human elastase and/or cal‐
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pain [114]. The same authors also speculated that the levels of 2–5 A molecules with struc‐
tures larger than dimers (trimers/tetramers) protect the 83 kD moiety from degradation [115]
[116]. Presence of the 37 kD RNase-L could also explain the higher enzymatic activity (asso‐
ciated with the low MW form) and the ratio between the two forms was proposed as poten‐
tial marker for CFS [117] [111] [118].

In conclusion, the extremely elevated levels of RNase-L in every cell type infected by MFV
indicate that this could be an important parameter to be evaluated. Analysis is being per‐
formed for addressing the question of whether cells with impaired/mutated alleles of
RNase-L (such as the R462Q allele) may be more resistant to the apoptogenic effect(s) of
MFV/MFRV and could become better targets for carcinogenesis [53] [55] [1].

4.3. Inflammation - ubiquitous in PCa

Inflammation has been estimated as being somehow responsible for 20% of human cancers:
these are typically linked to infectious agents, causing chronic infections as well as by other
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cinogenesis –being defined as “the seventh hallmark of cancer” [122]– inflammatory proc‐
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aetiology [55]. This enigmatic nature is however rather complex, as it can be distinguished
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this year over 300.000 people and killing more than 33.000 patients, only in the US [123].
For comparison, it has been observed that there is just a handful of cases described in
the literature for Primary Seminal Vesicle Carcinoma, essentially in the same anatomi‐
cal location [124]. This shows a peculiar and striking difference between two very close
histological sites: PCa is diagnosed only in the prostate peripheral zone, rarely in the
transition zone and almost never in the central zone [125]. This pattern is accompanied
by typical phenomena of inflammation which is almost never of acute type (at time of
diagnosis) and is characterized in the described zones by: a. chronic inflammation, b.
benign prostatic hyperplasia (BPH), d. focal atrophy, e. a new type of inflammatory re‐
sponse defined as prostatic inflammatory atrophy (PIA) and finally developing into f.
prostatic intraepithelial neoplasia (PIN) and/or g. prostatic carcinoma (PCa) [125] [126]
[127] [128]. This pattern associates with an extremely common disease, the most com‐
mon form of cancer in men, again suggesting a rather “common” causality [55]. As we
will also consider other clues (see 2,3,4), the best explicatory mechanism is that of a
common infection, in particular an infectious agent which is “endogenous” or “persi‐
tent” in H. sapiens and apparently much more frequent in certain human populations or
races [129] [130] (see below)

2. Variation in epidemiological data for Chinese, Japanese or Arab men in comparison
with the male population in Western Countries: for example, men born in South East
Asia who then migrated to the US acquire a higher incidence within the first two gener‐
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ations [130] [131] [132]. In Shri-Lanka men, the incidence was recently assessed as 5.7
per 100.000 males, while such incidence rose up by twenty folds in immigrants to the
Western Countries (for example, UK) [133]. This is again indicative of “life-style” rather
than genetic factors being responsible for prostate carcinogenesis. Similar data are also
present in Japanese men who migrate to the US [134]. Using similar epidemiological ap‐
proaches, Hsing has recently divided different nations into three risk groups for inci‐
dence and mortality of PCa. The high risk group includes USA and several European
Countries; to medium risk group belong European Nations such as UK, Italy and Spain,
while Asian Countries are mostly included in the third, low risk group [130]. There is a
general trend of increasing incidence, which the authors attribute to westernisation of
life-style in the low-risk nations, but to TUR (trans-uretral resection) and PSA-testing in
the high risk Nations [130, 134]. Interestingly, the incidence in US black males is 50-60
fold higher that that in Shanghai, China [130] [135]. The data by Julian Peto and others
have confirmed these trends and the rapid changes in incidence/mortality in migrant
populations (often within the first generation), thus emphasizing the concept that fac‐
tors different from genetics (i.e. environmental, such as infectious agents) may be re‐
sponsible [129].

3. The fact that inflammation, BPH and PCa typically occur in the prostate peripheral
area, with almost no tumours in the central zone. This led initially LM Franks to hy‐
pothesize that in prostate cancer, the inflammatory effects are always accompanied by
hyperproliferation and/or atrophy/necrosis [126]. Later, McNeal et al. have elaborated
the same concept, by noticing in 1988 that in the whole gland, there is a clear-cut zonal
distribution [125]. Out of 88 tumours studied, the majority (68%) arose in the peripheral
gland, while 24% in the transitional zone and only 8% in the central gland zone. As
mentioned, this suggests that infection through ascending urethra could be a responsi‐
ble/associated factor [125] [136] [119]. Although bacteria have been initially suspected as
responsible for inflammatory phenomena and as causes of carcinogenesis (Neisseria
Gonorrhoeae, Clamydia Trachomatis, Trichomonas Vaginalis, and Treponema Pallidum), such
intepretation has been reconsidered in post-antibiotics era, since prostatic persistant
bacterial infections have dramatically dropped [137]. Still, bacteria can be often grown
even from expressed fluids of asymptomatic men [138]. The possible causality by virus‐
es is still an open question, as extensively discussed in the first section on XMRV dis‐
covery and refusal. Among viruses, several have been extensively investigated
throughout the years and particularly: i. Cytomegalovirus (CMV) has been investigated
in view of its association with malignant transformation in vitro. Seven studies on tis‐
sues and 2 on serology do not support an association with PCa. [139] [140, 141] ii.Epsten
Barr Virus (EBV) levels were shown to be not significantly different in PCa/BPH by Ab’s,
PCR and IHC; [142] iii. HHV-8 was initially detected by Chang and Moore in Kaposi Sar‐
coma (KS) by subtractive hybridisation [143]. Initial positive results in PCa by Monini et
al. [144] were later explained by infiltration with lymphocytes, most likely in HIV-1 pos‐
itive (and therefore HHV-8+) patients [145, 146]. Also, the strongly positive findings by
Hoffman in men from Trinidad and Tobago can be probably explained by bias of select‐
ed controls [147] [148]. iv. Polyoma Viruses have been also associated with PCa: an ini‐
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tial report by Monini et al. [149] was followed by an interesting paper by Das et al.,
since they found BKV DNA positivity more frequently in malignant tissue [150]. How‐
ever, also these studies were not confirmed [151] [152]. v. Human Papilloma Viruses
(HPVs) : Extensive work has focused on these viruses throughout the years. Their rele‐
vance was also surmised from studies on women cervical/uterine cancer –pioneered by
Harald zur Hausen (Nobel Prize for Medicine in 2008)- where HPVs are clearly in‐
volved in >90% of cases [153]. However: i) even Zur Hausen in reviewing this subject in
his Nobel lecture dismisses the role of HPVs in PCa: in this sense, men would be some
kind of “healthy carriers” of the viral carcinogen [154]; ii) Several studies have been
published, some of which with positive results (for example, in an Argentinean study,
42% PCa were positive versus 0% BPH samples) [155]. However, in 24 studies from oth‐
er Countries, there is no evidence of different HPV involvement between cancer speci‐
mens and controls [156]. Furthermore, the most recent meta-analysis didn’t show
significant OR for PCa associated with HPV-16 (OR = 1.09) or with HPV-18 (OR = 1.08)
infections [157]. Similar results were obtained by a recent review article (in press) [156].
iii) Another element which does not fit HPVs as potential carcinogens in PCa is the ob‐
servation –initially made by Woodsworth [158] - that HPV infections do not elicit high
inflammation or inflammation at all ([158], see also later discussion). As already men‐
tioned, inflammation –most likely associated with a prostatic infection- is one of the
Hallmarks of Cancer, particularly in this tumor type, PCa [122] [121].

4. Several reports (Platz; Mahmoud; Chan; Jacobs) have documented that assumption of
aspirin or Non-Steroidal Anti-Inflammatory Drugs (NSAIDs) for different periods
could considerably lower PCa risk [159] [160] [161] [162]. These studies have been ex‐
panded in recent years, particularly by the work of Mahmud with several Meta-Analy‐
ses [163] [164, 165] [166] [167]. A positive correlation has been detected for aspirin usage
(protection) with OR in the range of 0.81- 0.83 and this is confirming what was already
known from animal studies, which typically display stronger and clear-cut protective
effects (also with NSAID). In the case of NSAID, the effect is less apparent, or maybe
diluted out [166]. In most recent nested case-control studies, Mahmud has confirmed a
modest but significant effect with all propionates, ie. Ibuprofen, Naproxen etc., but not
with other NSAIDs [167]. The question is somehow connected also to the relationship
between BPH and PCa, since the former has been often considered a precursor and ini‐
tial inflammatory response leading to the latter [168] [169] [170]. Additional findings
hower do not lend support to this hypothesis [171] [172]. Finally, a very recent study by
Sutcliffe and others also does not show any effect for NSAID treatment in BPH as well
as LUTS (Low Urinary Tract Symptoms) [173]. In either cases and also in view of the
Mahmud meta-analyses, there may be a positive (protective) effect, but too small and/or
diluted out [173].

4.3.1. How can this Inflammation-Scenario fit the proposed role of MFV/MFRVs

a. First of all, this family of viruses infects the human population in the first years of life.
By age 5, >95% of human population displays antibodies against Reoviridae and this
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ations [130] [131] [132]. In Shri-Lanka men, the incidence was recently assessed as 5.7
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general trend of increasing incidence, which the authors attribute to westernisation of
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the high risk Nations [130, 134]. Interestingly, the incidence in US black males is 50-60
fold higher that that in Shanghai, China [130] [135]. The data by Julian Peto and others
have confirmed these trends and the rapid changes in incidence/mortality in migrant
populations (often within the first generation), thus emphasizing the concept that fac‐
tors different from genetics (i.e. environmental, such as infectious agents) may be re‐
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3. The fact that inflammation, BPH and PCa typically occur in the prostate peripheral
area, with almost no tumours in the central zone. This led initially LM Franks to hy‐
pothesize that in prostate cancer, the inflammatory effects are always accompanied by
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intepretation has been reconsidered in post-antibiotics era, since prostatic persistant
bacterial infections have dramatically dropped [137]. Still, bacteria can be often grown
even from expressed fluids of asymptomatic men [138]. The possible causality by virus‐
es is still an open question, as extensively discussed in the first section on XMRV dis‐
covery and refusal. Among viruses, several have been extensively investigated
throughout the years and particularly: i. Cytomegalovirus (CMV) has been investigated
in view of its association with malignant transformation in vitro. Seven studies on tis‐
sues and 2 on serology do not support an association with PCa. [139] [140, 141] ii.Epsten
Barr Virus (EBV) levels were shown to be not significantly different in PCa/BPH by Ab’s,
PCR and IHC; [142] iii. HHV-8 was initially detected by Chang and Moore in Kaposi Sar‐
coma (KS) by subtractive hybridisation [143]. Initial positive results in PCa by Monini et
al. [144] were later explained by infiltration with lymphocytes, most likely in HIV-1 pos‐
itive (and therefore HHV-8+) patients [145, 146]. Also, the strongly positive findings by
Hoffman in men from Trinidad and Tobago can be probably explained by bias of select‐
ed controls [147] [148]. iv. Polyoma Viruses have been also associated with PCa: an ini‐
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tial report by Monini et al. [149] was followed by an interesting paper by Das et al.,
since they found BKV DNA positivity more frequently in malignant tissue [150]. How‐
ever, also these studies were not confirmed [151] [152]. v. Human Papilloma Viruses
(HPVs) : Extensive work has focused on these viruses throughout the years. Their rele‐
vance was also surmised from studies on women cervical/uterine cancer –pioneered by
Harald zur Hausen (Nobel Prize for Medicine in 2008)- where HPVs are clearly in‐
volved in >90% of cases [153]. However: i) even Zur Hausen in reviewing this subject in
his Nobel lecture dismisses the role of HPVs in PCa: in this sense, men would be some
kind of “healthy carriers” of the viral carcinogen [154]; ii) Several studies have been
published, some of which with positive results (for example, in an Argentinean study,
42% PCa were positive versus 0% BPH samples) [155]. However, in 24 studies from oth‐
er Countries, there is no evidence of different HPV involvement between cancer speci‐
mens and controls [156]. Furthermore, the most recent meta-analysis didn’t show
significant OR for PCa associated with HPV-16 (OR = 1.09) or with HPV-18 (OR = 1.08)
infections [157]. Similar results were obtained by a recent review article (in press) [156].
iii) Another element which does not fit HPVs as potential carcinogens in PCa is the ob‐
servation –initially made by Woodsworth [158] - that HPV infections do not elicit high
inflammation or inflammation at all ([158], see also later discussion). As already men‐
tioned, inflammation –most likely associated with a prostatic infection- is one of the
Hallmarks of Cancer, particularly in this tumor type, PCa [122] [121].

4. Several reports (Platz; Mahmoud; Chan; Jacobs) have documented that assumption of
aspirin or Non-Steroidal Anti-Inflammatory Drugs (NSAIDs) for different periods
could considerably lower PCa risk [159] [160] [161] [162]. These studies have been ex‐
panded in recent years, particularly by the work of Mahmud with several Meta-Analy‐
ses [163] [164, 165] [166] [167]. A positive correlation has been detected for aspirin usage
(protection) with OR in the range of 0.81- 0.83 and this is confirming what was already
known from animal studies, which typically display stronger and clear-cut protective
effects (also with NSAID). In the case of NSAID, the effect is less apparent, or maybe
diluted out [166]. In most recent nested case-control studies, Mahmud has confirmed a
modest but significant effect with all propionates, ie. Ibuprofen, Naproxen etc., but not
with other NSAIDs [167]. The question is somehow connected also to the relationship
between BPH and PCa, since the former has been often considered a precursor and ini‐
tial inflammatory response leading to the latter [168] [169] [170]. Additional findings
hower do not lend support to this hypothesis [171] [172]. Finally, a very recent study by
Sutcliffe and others also does not show any effect for NSAID treatment in BPH as well
as LUTS (Low Urinary Tract Symptoms) [173]. In either cases and also in view of the
Mahmud meta-analyses, there may be a positive (protective) effect, but too small and/or
diluted out [173].

4.3.1. How can this Inflammation-Scenario fit the proposed role of MFV/MFRVs

a. First of all, this family of viruses infects the human population in the first years of life.
By age 5, >95% of human population displays antibodies against Reoviridae and this
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type of viruses have been shown to be capable of persisting in infected patients and ani‐
mals for several months/years [174]. Furthermore and as discussed in the next section,
MFV/MFRVs display all the features of a “Stem Cell Virus” (SCV), with features of in‐
teraction in early childhood with a developing immune system [53, 175]. That a prostate
cancer stem cell may be present in PCa and targeted in the first phase of carcinogenesis
has been longly hypothesized and recently confirmed [176] [177] [178]. Further studies
are certainly warranted in order to assess presence of MFV/MFRVs in early childhood
and during ontogeny [55].

b. Different levels/types of MFV/MFRVs appear to be present in different human popula‐
tions worldwide. However, a clear picture of the specific subtypes involved is still miss‐
ing, particularly for what concerns MFV/MFRVs. This should be clarified
experimentally (by viral nucleic acid and specific protein detection, presence of antibod‐
ies etc.) [174]. Furthermore, essential aspects of these viruses features are still missing as
we do not have full knowledge of these viruses genome sequence/structure [53]. Pat‐
terns of infections and micro/mini-epidemics in different populations could be deduced
and mirrored by what is happening with Rotaviruses (another member of Reoviridae)
in the paediatric population, where dominance of one particular genotype was shown
to dramatically change from year to year, at least in Central and Eastern Europe [179].

c. The question of inflammation in PCa leads to the search of a causing agent in both af‐
fected patients and experimental systems. This chapter has dwelled trough different as‐
pects of this essential question. The presented appraisal of potential responsible agents
clearly indicates today a lack of credible candidates among bacterial infections. Even for
viral candidates, the previous discussion showed that Herpes Viruses (CMV, EBV, and
HHV-8), Polyoma Viruses and Papilloma Viruses lack some of the essential features as
triggering agents [157] [156]. For all these viruses, extensive detection studies were per‐
formed for years without reaching any consensus nor obtaining evidence for their pres‐
ence but in a limited percentage of cases [157] [156]. Same negative result was finally
obtained for a Retrovirus, XMRV, after much controversy and discussion [4] [45] [44]
[48] [49] [180], while a previously retroviral candidate (HTLV-II) had been previously
falsified in the case of CFS [181] [1]. It must be stressed that the essential feature dis‐
cussed here is inflammation and the two most likely candidates in the previous list, i.e.
Retroviruses and Papillomaviruses do not appear to induce inflammation as expected
from analysis of PCa: I) Retroviruses are known to be capable of replicating inside cells,
even without causing cytopathic effects or transformation for that matter [182]; II) for
HPVs, the quoted work by Woodworth has clarified this point. He wrote [158]: “A hall‐
mark of HPV infection is absence of an inflammatory response. Basal cells express low levels of
HPV early proteins, they don’t undergo lysis, and they are not rapidly recognized and destroyed
by resident leukocytes such as NK cells and tissue macrophages..…HPV infections can persist
and remain latent for long periods and may induce tolerance to HPV antigens..”

To the contrary and as described in Section II, MFV/MFRVs are strongly apoptogenic and
capable of inducing strong/very strong inflammatory responses in several experimental sys‐
tems [53] [1]. In preliminary experiments, we have established primary cultures from ap‐
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proximately 20 cases of PCa. In the majority of cases, cultured cells displayed extensive
cytopathic effects and did not survive for extensive passages, with three exceptions. While
these results confirm previous descriptions by Frank, McNeal and by De Marzo’s group
[125] [126] [127] [128], they also suggest that whatever factor elicited strong inflammatory
mechanisms in the prostate, with cycles of hyperplasia and of necrosis, the same factor may
increase its effects during in vitro culturing [55]. We are presently testing this set of PCa tu‐
mors and relative cultures (different passages) for presence of MFV/FMRVs.

d. Although never specifically tested, sialycilic acid and similar salts have been shown to
be effective for the containment/ replication-inhibition of this family of viruses (reoviri‐
dae) [183] [184]. Any strategy or molecule capable of reducing their inflammatory re‐
sponses would probably elicit similar results.

4.4. Stemness in PCa: MFV as a “Stem Cell Virus”

4.4.1. Prostate Cancer stem Cell or Cells ?

Essential aspects of PCa have been here discussed with emphasis on viral models [55] [1]. In
this last section of the chapter and also in dealing with peculiar aspects of PCa carcinogene‐
sis in connection with an infecting virus (with MFV/MFRVs as potential candidates), the is‐
sue of Cancer Stem Cells (CSC) or stemness will be discussed. The concept of Cancer Stem
Cell dates back to much ground work in the past two centuries, with several pioneers such
as Julius Cohnheim and Rudolf Virkow already in the 19th century: they predicted the exis‐
tence of “embryonic rests” at the origin of tumor formation [185] [186]. At the beginning of
XXth century, Pappenheim hypothesized the existence of embryonic stem cells, but it was
only in the second half of ‘900 that experimental evidence was provided for them [187]. In
Toronto, in the ‘60s and ‘70s, the research of Ernest McCulloch and James Till demonstrated
that only a minute fraction of myeloma cells grew in in vitro assays in order to form colonies
in semisolid media [188, 189]. The Toronto school settled the basis for further work by John
Dick (see later). In the same years, similar work was carried on by Robert Bruce, showing
that only 1-4% of lymphoma cells did transplant into recipients [190], and by Jim Griffin,
who demonstrated low clonogenic potential for Acute Myelogenous Leukaemia cells grow‐
ing in methylcellulose [191]. Three additional lines of research paved the way for the final
development of CSC hypothesis. 1. Mutations or translocations were discovered in cells at
birth, which became markers of leukaemia-precursor cells (i.e., TEL-AML1, MLL-AF4,
AML-ETO, OTT-MAL): these cells behave as leukaemia stem cells, since they could differen‐
tiate into several lineages/compartments, while additional mutations were required for ach‐
ievment of full-leukemogenesis [192] [193] [194] [52], 2. the work of Peter Fialkow clearly
indicated clonal expansions of leukaemia stem cells in specific diseases such as CML, AML
and Myelodisplastic Syndromes (MDS) [195] [196]. Most of this work was carried on using
genetic markers such as G6PD, present on the X chromosomes: in females, one of the X is
silenced by the so-called lyonization phenomenon (from Mary Lyon’s work) [197], thus al‐
lowing to distinguish the expansion of individual clones in cases of heterozygosity (for ex.,
A/B alleles for G6PD) [198] [199]; 3. The work of A. Hamburger and S. Salmon in Tucson,
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mals for several months/years [174]. Furthermore and as discussed in the next section,
MFV/MFRVs display all the features of a “Stem Cell Virus” (SCV), with features of in‐
teraction in early childhood with a developing immune system [53, 175]. That a prostate
cancer stem cell may be present in PCa and targeted in the first phase of carcinogenesis
has been longly hypothesized and recently confirmed [176] [177] [178]. Further studies
are certainly warranted in order to assess presence of MFV/MFRVs in early childhood
and during ontogeny [55].

b. Different levels/types of MFV/MFRVs appear to be present in different human popula‐
tions worldwide. However, a clear picture of the specific subtypes involved is still miss‐
ing, particularly for what concerns MFV/MFRVs. This should be clarified
experimentally (by viral nucleic acid and specific protein detection, presence of antibod‐
ies etc.) [174]. Furthermore, essential aspects of these viruses features are still missing as
we do not have full knowledge of these viruses genome sequence/structure [53]. Pat‐
terns of infections and micro/mini-epidemics in different populations could be deduced
and mirrored by what is happening with Rotaviruses (another member of Reoviridae)
in the paediatric population, where dominance of one particular genotype was shown
to dramatically change from year to year, at least in Central and Eastern Europe [179].

c. The question of inflammation in PCa leads to the search of a causing agent in both af‐
fected patients and experimental systems. This chapter has dwelled trough different as‐
pects of this essential question. The presented appraisal of potential responsible agents
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triggering agents [157] [156]. For all these viruses, extensive detection studies were per‐
formed for years without reaching any consensus nor obtaining evidence for their pres‐
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even without causing cytopathic effects or transformation for that matter [182]; II) for
HPVs, the quoted work by Woodworth has clarified this point. He wrote [158]: “A hall‐
mark of HPV infection is absence of an inflammatory response. Basal cells express low levels of
HPV early proteins, they don’t undergo lysis, and they are not rapidly recognized and destroyed
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proximately 20 cases of PCa. In the majority of cases, cultured cells displayed extensive
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[125] [126] [127] [128], they also suggest that whatever factor elicited strong inflammatory
mechanisms in the prostate, with cycles of hyperplasia and of necrosis, the same factor may
increase its effects during in vitro culturing [55]. We are presently testing this set of PCa tu‐
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that only a minute fraction of myeloma cells grew in in vitro assays in order to form colonies
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that only 1-4% of lymphoma cells did transplant into recipients [190], and by Jim Griffin,
who demonstrated low clonogenic potential for Acute Myelogenous Leukaemia cells grow‐
ing in methylcellulose [191]. Three additional lines of research paved the way for the final
development of CSC hypothesis. 1. Mutations or translocations were discovered in cells at
birth, which became markers of leukaemia-precursor cells (i.e., TEL-AML1, MLL-AF4,
AML-ETO, OTT-MAL): these cells behave as leukaemia stem cells, since they could differen‐
tiate into several lineages/compartments, while additional mutations were required for ach‐
ievment of full-leukemogenesis [192] [193] [194] [52], 2. the work of Peter Fialkow clearly
indicated clonal expansions of leukaemia stem cells in specific diseases such as CML, AML
and Myelodisplastic Syndromes (MDS) [195] [196]. Most of this work was carried on using
genetic markers such as G6PD, present on the X chromosomes: in females, one of the X is
silenced by the so-called lyonization phenomenon (from Mary Lyon’s work) [197], thus al‐
lowing to distinguish the expansion of individual clones in cases of heterozygosity (for ex.,
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AZ, who also showed low frequency (1/10-3 to 1/10-4) of colony formation from solid tu‐
mours [200, 201]. These experiments were, however only partly convincing or reproducible
(for example, in S. Salmon’s work) and further ethical questions and concern were raised by
experiments of C. Sautham and A. Brunschwig who injected harvested cancer cells into the
same cancer patients, again discovering that only large numbers (i.e., 106) were capable of
tumor iniriation [42]. Only at the end of the 80’s and with the advent of authomated high-
speed Flurescence Activated Cell Sorting (FACS) [202], the group of John Dick in Toronto
was capable of convincingly and reproducibly demonstrating the existence of Leukemic
Stem Cells (LSCs). This was accomplished by xenotransplantation assays, in which LSCs
from AML were transplanted into Severe Combined Immunodeficient (SCID) mice, often
crossed with Non-Obese Diabetic (NOD) mice, in which also the natural immune response
(NK cells) is defective [203] [204]. In order to demonstrate stemness, these experiments had
to prove the three essential features of stem cells, i.e. a. their capability of remaining dor‐
mant, b. their pluripotency, being capable of reproducing the full spectrum of cancer (i.e.
leukaemia) phenotype; c. their capability of self-renewal by asymmetric division, thus, giv‐
ing rise to both bulk tumour cells and their immature precursors [205] [206]. The paper by
Bonnet and Dick in 1997 is considered the first clear-cut demonstration of the LSC concept
by xenotransplantation [207]. Subsequently, the same concept (Cancer Stem Cell or CSC)
was also proven in solid tumours, initially in breast cancer by Al-Hajj et al. in 2003, where
the CSC was shown to be CD44+CD24-/low lineage [208]. However, additional markers
were subsequently identified in breast cancer, one of the most interesting ones being Alde‐
hyde Dehydrogenase (ALDH), which appears to affect the phenotype of cancer cells, being
associated to capacity of detoxification and a more aggressive behaviour also in other types
of CSC [209] [210]. ALDH however doesn’t seem to be an universal marker, as it is not, for
example, associated with a more aggressive phenotype in melanoma cells [211]. Another
controversial issue in recent years has concerned the frequency of Cancer Stem Cells (CSC)
in different tumours. For example, a recent paper by Quintana et al. calculated that with an
assay employing NOD/SCID IL2Rg mice, up to 25% of melanoma cells were tumorigenic
[212]. Similar controversies are also present for the identification of prostate CSC [176] [177]
[178]. In fact, two different populations of SC and prospective CSC were isolated in PCa
[213] [214]. An initial paper in Nature described regeneration of the whole prostate from a
single basal cell, which in addition to classical markers of prostate cell differentiation
(Sca-1+, CD133+, CD44+) also displayed presence of c-KIT receptor (CD117+) [215]. Howev‐
er, a subsequent paper by the group of Michael Shen convincingly showed that among lumi‐
nal cells, rare precursors exist which display presence of the homeobox gene NKx3-1 in
absence of androgens and are therefore called castration-resistant Nkx3-1 expressing cells
(CARNs) [216]. These cells can reconstitute prostate ducts after transplantation and, upon
deletion of the suppressor gene PTEN, rapidly form carcinomas in vivo [216]. Finally, the
group of Owen Witte has recently shown that it is also a basal cell which can initiate tumori‐
genesis in nude mice through cooperation of AKT, ERG and androgen receptor [217]. It is
therefore possible that more than one precursor stem cell is the target of malignant transfor‐
mation in prostate cancer. Furthermore, this could also fit with the described PCa carcino‐
genesis, in which a rather diffuse “field effect” has been known for some time [218] [219].
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4.4.2. Evidence for MFV as Stem Cell Virus, possibly involved in PCa Carcinogenesis.

a. In initial preliminary experiments, we have shown that dilutions of MFV/MFRVs for
several log.s (from 10-2 to 10-8 FFU/ml) will cause a similar number of transformants,
thus indicating that the limiting factor was not the virus itself, but rather its target.
Since an equal number of precursor stem cells are believed to be present in such cul‐
tures, it is hypothesized that the target is indeed a SC [1].

b. The Micro-Foci induced by MFV have several features of deranged stem cells, in which
genetic aberrations took place, such as MYCN amplification in neuroblasts and t(8;14) /
t(2;8) in paediatric lymphomas (BL-type). Even the so-called organoids or tumorspheres
of PCa (prostaspheres) have similar fetures of MFs: we are now performing experi‐
ments in order to convert normal prostate tissue/cell lines into prostaspheres by MFV
infection [53].

c. As mentioned, PCa is characterized by an initial oligoclonality, which underlines carci‐
nogenesis through a “field-effect” (FE). Evidence of oligoclonality were also obtained
by molecular biology studies (see next point). However a molecular explanation for FEs
is still lacking [218] [219]: MFV/MFRVs could explain FE alterations in view of the slow‐
ly progressing infection, mostly through cell-to-cell contacts [53] [55].

d. In approximately 50% of PCa, peculiar translocations TMPRSS2-ERG have been detect‐
ed, which join together an androgen regulated gene: the transmembrane protease serine
2 gene, TMPRSS2, with at least 26 different genes for transcription factors [220] [221,
222]. Although data on association of translocations with PCa aggressiveness are con‐
troversial, the translocation is an excellent marker of clonality (individual breakpoints):
they have shown initial existence of oligoclonal disease, further evolving into mono‐
clonality during metastatic disease [223].

e. We have shown in several experiments –and previously discussed in section 2- that
MFV/MFRVs infection is associated or causing peculiar genetic aberrations such as
MYCN amplification (I.E., Fig. 7) or t(8;14) / t(2;8) translocations in paediatric lympho‐
ma [53]. Similarly, we hypothesize that the associated translocations induced by MFV/
MFRVs in prostate cells are TMPRSS2-ERG translocations, which would confer resist‐
ance to virus-induced apoptosis [55]. Experiments are being carried out in several PCa
biopsies already characterized for presence of translocations (in 25% of cases).

5. Summary and conclusion

In this chapter, a review of general literature, as well as data previously published or un‐
published by the author, was presented with the specific aim of fostering an ongoing debate
on prostate cancer aetiology. This debate was particularly spurred in the past six years by
the controversy arising after isolation of a new retrovirus, highly homologous to endoge‐
nous xenotropic and polytropic murine retroviruses, called XMRV [55] [1].
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The first part of the chapter has focused on XMRV, its isolation and eventual falsification,
also as a “parable” of scientific trajectories and behaviours in science. The most heated epi‐
sodes are probably missing (but the reader could easily find them in some well-written edi‐
torials, for example the one in Science: False Positive, [224]), but the scientific rationale should
be easily followed from isolation to falsification. In this first section, I underlined the differ‐
ence between RNASEL – HPC-1 association and XMRV identification. While the first is rath‐
er logically strong and corroborated by several evidence and years of research, the second
was essentially based on just one high-throughput technology –kind of shot-in-the-dark- ex‐
periment. It is easily biased and prone to artefacts, as it happened in this instance. However,
the idea of an infecting agent in PCa is strengthened by several other elements, of which
RNASEL involvement is only one (also: IFN, PKR, etc are affected; presence of inflamma‐
tion, involvement of peripheral prostate, field cancerization effects, etc.).

In the second part, the candidate MFV virus was presented, in view of its affinity with PCa
(IFN involvement, RNase-L strong induction, generation of inflammatory mechanisms). For
RNase-L, evidence was also coming from CFS studies, again pointing toward similarities be‐
tween the two conditions (and cancer related fatigue –CRF ? [2] [1]). Furthermore, MFV was
isolated from a cancer-cluster (NOT through PCR enrichment) in view of its strong/power‐
ful biological activity. This is exemplified by its very strong apoptogenic mechanisms (entire
cultures wiped-out in 36-72 hours) or its capability of inducing strong genetic instability,
leading to genomic aberrations, such as MYCN amplification and t(8;14) or t(2;14) [53].

Finally, in the third section, the elements of PCa carcinogenesis, where MFV/MFRVs could
show more clearly its effects, were underlined: they included IFN pathways, RNASEL, in‐
flammation and MFV capability of infecting/transforming stem-like cells [53] [55].

What are then the MFV/MFRVs properties which should be emphasized or taken home as
messages? Or how we should rationalize them in this ongoing debate on PCa carcinogene‐
sis ? As mentioned, the RNASEL – HPC-1 paradigm is logically strong and also in CFS nu‐
merous evidence point toward infections (micro-epidemics, virus-infection symptoms, IFN
pathway etc.) [3] [1].

One essential property of MFV/MFRVs is its biological power, which could lead to strong
and persistent infections and long-lasting inflammations in affected hosts. This could easily
explain cycles of necrosis/regeneration, which we witness in BPH, PIA, PCa [53] [119].

A second important question -not addressed by this review for limited space- regards the
nature of these viruses and whether they have been isolated before. In view of the persis‐
tent/ long-lasting infections they can initiate, an easy comparison/association is with EBV,
which infects H. sapiens in early childhood/youth (depending from geographic areas), then
remaining latent, and has been also associated with lymphomagenesis and other human
cancers. Indeed, in the hospital-safari’s expeditions of Dennis Burkitt, there was a second type
and non-Herpes virus (not EBV) constantly isolated [225] [226] [227] [228] [229] [230] [231]
[232] (also: Jay Levy/ Thomas Bell, personal communications). All the data available today
point toward a virus similar to MFV/MFRVs: in this sense and in view of our MFRVs data,
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these viruses could be the missing link to malignancy in BL (EBV does not cause malignan‐
cy, it just immortalizes lymphoblasts) [53] [233].

A final question, in view of the close relationship of these viruses in terms of persistence in
the human population, is what justifies this proximity, which –at least for its “cousin EBV”-
resembles parasitism. Several authors and M. Greaves among them, have introduced ele‐
ments of “Darwinian-medicine” analysis in our interpretation of carcinogenesis [234] [235]
[52] [175] [236] [237] [53] [55] [1]. The take-and-give of MFV/MFRVs with H. sapiens infections
could certainly be associated to some of their properties. For example, to their strong apop‐
togenic effects, leading to inflammatory reactions in BPH/PIA/PCa, but also possibly to use‐
ful tissue modelling/reshaping in other instances. The described strong relationship of these
viruses with stem-like cells further suggests a closer partnership of MFV/MFRVs with H. sa‐
piens in Darwinian-medicine terms. With all possible consequences.
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1. Introduction

Prostate  cancer  is  the  most  common  form  of  cancer  in  men  in  the  United  Kingdom
(UK).  A  quarter  of  all  new  cases  of  cancer  diagnosed  in  men  are  prostate  cancers.  In
2009,  over  40,000  cases  of  prostate  cancer  were  reported  in  the  UK  and  more  than
10,000  men die  from the  disease  each  year  [1].  Prostate  cancer  is  also  a  major  concern
worldwide.  Its  highest  incidence  rates  are  found  in  Australia  and  New  Zealand  with
its lowest in South-Central  Asia [2].

The  rate  of  men  being  diagnosed  with  prostate  cancer  has  significantly  increased
worldwide  in  recent  decades  [3].  This  is  likely  due  to  the  prostate-specific  antigen  test
being performed among younger men and resulting in the majority of  men being diag‐
nosed  with  localised  prostate  cancer  (LPCa)  [4,  5].  These  men  are  usually  presented
with  treatment  options,  which  most  commonly  include:  (1)  active  surveillance  (i.  e.  ,
regular  monitoring of  disease  activity  for  those  intended to  be  treated with  subsequent
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(4)  brachytherapy,  and  are  asked  to  consider  and  select  their  preferred  treatment.  The
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2. Treatment side-effects and their psychological impact

Men confronted with this treatment decision often need to take into consideration a range of
factors, including the potential physical side effects of treatments and their psychological,
social and emotional consequences. For example, patients being treated with radical thera‐
pies can experience severe side-effects, such as urinary incontinence (UI) and erectile dys‐
function (ED), as a result of treatment. UI symptoms can persist years after treatment [8] and
this can have an impact on all aspects of an individual’s functioning. Men with UI often
avoid social situations due to the risk of their incontinence becoming apparent to other peo‐
ple. They can feel embarrassed by their inability to self-control their bodily functions and by
the lack of empathy from other people within social situations [9].

Relatively little research has been conducted to examine the relationship between ED and
psychological morbidity among men with prostate cancer. Nevertheless, ED has been re‐
ported to have a profound effect on a patient’s quality of life post-treatment. Nelson et al.
[10] examined the relationship between depressive symptoms and erectile function. A group
of men, who did not receive any treatment for their prostate cancer, completed self-report
questionnaires measuring anxiety and depression symptoms and erectile function approxi‐
mately 4-years post-diagnosis. Erectile dysfunction was found to be a significant predictor
of depression independent of other influential factors of depression, such as anxiety and
marital status. This finding suggests that men can experience lasting psychological effects
from their disease. Another study by Nelson et al. [11] examined men’s responses to ED af‐
fecting their sexual function and their adjustment to diminished erections after having un‐
dergone a radical prostatectomy. These men completed self-report questionnaires
measuring erectile function and sexual satisfaction pre-operatively, 12 and 24 months post-
operatively. The findings revealed that sexual satisfaction decreased after surgery with pa‐
tients feeling ashamed and embarrassed by their difficulty to perform sexually with their
partners. Sexual dissatisfaction persisted over the period of 24-months, even in men who re‐
ported good erectile function post-operatively. Thus, it appears that men do not seem to ad‐
just well to the consequences of their treatment.

ED is a condition which not only affects the individual but also affects couples. There have
been differences in the perceptions held by men with ED due to treatment for prostate can‐
cer and their partners. Men with ED have reported an “all or nothing” approach to their sex‐
ual relationship with their partner; in that if they are unable to ‘perform’ sexually then it is
pointless to engage in sexual contact. This can lead to men withdrawing from intimate con‐
tact with their partners causing strain on the relationship [12]. Women partners have report‐
ed to be less concerned about treatments to help the physical functioning of their partners
with ED, and are more focused on finding alternative ways to maintain intimacy and sexual
stimulation [13].

The option of active surveillance as a management plan for LPCa can also affect the quali‐
ty  of  life  of  men diagnosed with the  disease.  Although no active  treatment  is  adminis‐
tered,  active  surveillance  can  have  a  psychological  impact.  Qualitative  studies  have
provided some insight  into  the  experiences  of  living with prostate  cancer.  For  instance,
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Hedestig et al. [14] conducted interviews with patient with untreated LPCa and analysed
the interview transcripts  using in-depth qualitative narrative analysis.  Their  findings re‐
vealed that men perceived their disease as life-threatening, experienced uncertainty, fear
and worry about their cancer progression, and a repressed sense of manhood due to sexu‐
al dysfunctions.

3. Personal beliefs and treatment selection

The decision on a treatment modality for LPCa could, therefore,  be described as a chal‐
lenging  one  requiring  patients  to  weigh  up  a  range  of  physical  and psychological  out‐
comes  of  treatments.  Indeed,  it  has  been  shown  that  patients  can  experience  decision-
related  distress  at  diagnosis,  which  can  persist  over  time  and  lead  to  poorly  informed
treatment decisions [15]. The difficulties associated with making a treatment choice can be
further  magnified  by  patients  making  their  decisions  based  on  their  personal  beliefs.
These personal beliefs can help patients construct a mental representation about their dis‐
ease and its treatment, which can guide their adjustment to their disease. Such beliefs are
of particular importance to treatment decisions when there is great uncertainty around the
long-term effects of treatment.

Extensive research has found that personal beliefs can predict a range of outcomes, includ‐
ing quality of life, help-seeking behaviour and treatment adherence [16-18]. These beliefs
have also been shown to affect treatment choice, mainly by way of selecting between con‐
ventional treatment and complementary and alternative medicines (CAM) for conditions,
such as chronic pain, hypertension, and both localised and advanced prostate cancer [19-22].
These studies reported that patients who used CAM were more likely to hold negative be‐
liefs about their illness (i. e. , that their illness was chronic and that they had little personal
control over its management); and about conventional treatments (i. e. , believed the treat‐
ments would result in significant undesirable side-effects). In contrast, patients who were
less likely to favour CAM held positive beliefs about their illness and its treatment (i. e. , be‐
lieved the condition was not severe and would easily be controlled with conventional treat‐
ment). Indeed, patients’ positive beliefs about their illness were also shown to increase the
likelihood of choosing generic rather than branded medicines, as well as reduce the amount
of drugs they consumed to manage their conditions [20, 23].

It is not well-understood how patients, who are diagnosed with LPCa and offered conven‐
tional treatments, make sense of their disease and their treatment decisions through examin‐
ing personal beliefs. Patients with LPCa can make treatment decisions that may not
necessarily be in accordance with the treatment-related information provided by urologists
[24]. Thus, patients may choose a treatment based on confounding information derived from
their own experience and from other sources available to them. By gaining a better under‐
standing of patients’ personal beliefs may help both patients and urologists make more in‐
formed decisions about treatments.
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4. A systematic review of the literature

An initial scope for existing literature reviews in prostate cancer research yielded two re‐
views [25, 26]. The more recent review [26] was conducted five years ago and restricted its
search period to a 14 year time span, used a small number of literature databases and only
searched for original, peer-reviewed studies to explore broadly the personal (not just beliefs
specifically) and external factors pertaining to the decision-making process of patients. It
concluded that there is a general lack of understanding about the role of patients’ beliefs in
treatment selection and that this was an area worthy of enquiry. Our aim was, therefore, to
provide an updated review on factors influencing treatment selection for LPCa, as well as
specifically examine the literature pertaining to patients’ personal beliefs about LPCa and/or
its treatments.

A systematic search of the literature was conducted in electronic databases to retrieve rele‐
vant published papers from 1980 – 2010, which included: MEDLINE (1950-present); CI‐
NAHL; ScienceDirect and CancerLIT (PubMed). Searches were conducted by exploding and
combining the medical subject term ‘prostate cancer’ and free-text words, such as ‘beliefs,
cognitions, choices, treatment options’. A language restriction was not set whilst searching
for the papers.

Non-scholarly literature was searched using the following charity databases: The Prostate
Cancer Charity (Jan-April 2010) and Cancer Research UK. The following Government web‐
sites were also searched: World Health Organisation (WHO) and the National Institute of
Health and Clinical Excellence (NICE). The Networked Digital Library of Theses and Disser‐
tations was searched for theses discussing relevant work and studies.

The reference lists of literature reviews were hand-searched and key authors identified from
the search procedure were contacted for any other relevant studies.

The studies retrieved from the literature searches were screened against the inclusion crite‐
ria, which included: (i) samples of men diagnosed with, and being treated for, LPCa, and (ii)
studies examining patients’ beliefs about their LPCa and treatment options. All study de‐
signs except reviews, opinion papers and single case studies, were considered for inclusion
into the present review.

The titles and abstracts of the references yielded from the search procedure were screened
against the inclusion criteria. The full text of the potentially relevant papers were retrieved
and read for consideration into the review. The papers that met the inclusion criteria were
assessed for their methodological quality.

5. Synthesis of findings

The search procedure yielded ten papers, which are summarised in Tables 1 and 2. It was
inappropriate to combine findings statistically to produce meaningful outcomes. This was
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partly due to the small number of quantitative studies identified for inclusion into the re‐
view. Primarily, the assessment of the included studies revealed there to be many meth‐
odological  differences  that  existed  between  the  studies.  This  made  it  difficult  to  pool
studies to determine the effect of perceptions on treatment selection. Therefore, a qualita‐
tive synthesis of  the findings was undertaking with studies being grouped according to
treatment modality and those factors  affecting decision-making.  Statistical  findings from
the quantitative studies were used to support the observed findings from the qualitative
studies.

5.1. Beliefs underpinning treatment selection for localised prostate cancer

5.1.1. Radical prostatectomy

Patients’ beliefs and other influences in selecting to undergo a radical prostatectomy were
clearly reported in nine of the studies [27-35]. Many of the patients perceived their cancer as
a localised problem and that the most tangible and definitive method of curing or prevent‐
ing the disease from spreading was to remove the tumour [27-29, 31, 35]. These findings
were also replicated in three of the quantitative studies, which reported that beliefs about
the effectiveness of surgery and complete tumour removal were statistically associated with
selecting surgery [33-35]. Surgery would also allow for surgeons to be more informed about
the nature and extent of the cancer and would provide the patients with more information
about their disease [27, 28]. Surgery was considered to have the best evidence base in terms
of its efficacy in combating cancer compared to other curative treatment options [31, 32].
Overall, patients believed surgery to be the best and most effective form of treatment. This
corresponds with current treatment rates, which show that the majority of patients with
LPCa opt for surgery [36].

5.1.2. External beam radiation therapy and brachytherapy

External beam radiation therapy (EBRT) was regarded by most patients as being an inferior
treatment option to a radical prostatectomy. This was based on their belief that EBRT pro‐
vided uncertainty surrounding its ability to cure their cancer [27, 28, 30, 31] through treat‐
ment administered externally to the body. Unlike a radical prostatectomy, EBRT was
believed to disadvantage the patient by being time-consuming and disruptive to daily life
with severe consequential side-effects [27, 28]. Interestingly, some of these side-effects were
mistaken for side-effects associated with chemotherapy (e. g. , hair loss, weight loss, vomit‐
ing) [27, 28, 30]. It appeared that when patients selected EBRT as their preferred treatment, it
was to avoid the negative effects of surgery, i. e. , being less invasive and resulting in fewer
side-effects [31, 35]. These beliefs were similar to those held by patients who selected bra‐
chytherapy as their preferred treatment. However, like a radical prostatectomy, brachyther‐
apy was believed to provide a ‘direct’ and, therefore, more effective and convenient form of
treatment to cure their cancer [31, 34].
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5.1.3. Active surveillance / watchful waiting

The terms ‘watchful waiting’ were used in some of the papers along with the other ac‐
tive  treatment  options.  Watchful  waiting  usually  refers  to  a  less  intense  management
plan where palliative care is  usually provided. These options were rarely considered by
patients as a management option for their cancer. They were typically rejected due to pa‐
tients’  fear  about the cancer spreading [31,  33]  and their  need to be “doing something”
active to combat their prostate cancer [28, 31]. Holmboe and Concato [31] suggested that
other possible explanations for patients rejecting watchful waiting included fear of death
or the inability to monitor cancer progression. Patients who opted for active surveillance
perceived  their  cancer  as  ‘a  very  small  growth’  and a  common disease  among men as
they  get  older.  These  men were  accepting  of  the  uncertainty  surrounding  their  disease
progression  and believed it  would  be  best  to  endure  the  severe  side-effects  of  curative
treatment only when it was evident that treatment was required [37]. However, this will‐
ingness to accept active surveillance as a management option appeared to occur in men
whose urologists  advocated the  view that  the  disease  was  not  severe  and would prog‐
ress slowly [37].

Study

Ref

Authors, year, & study

location

Design Characteristics of

sample

Major findings

[27] Denberg et al. (2006)

Denver, USA

Perspective cohort

(follow-up 6-8 months)

using semi-structured

interviews

20 men newly

diagnosed with LPCa

considering treatment

options

Age range 53-80 years

70% (white); 25%

(African American); 5%

(Latino)

40% perceived surgery as a

definitive treatment

Surgery offered crucial

knowledge about tumour

55% perceived surgery as

undesirable regarding

invasiveness

[28] O’Rourke (1999)

North Carolina, USA

Perspective cohort

(follow-up 3 & 12

months) using couple &

individual semi-

structured interviews

18 men newly

diagnosed with LPCa

who have made a

treatment decision

18 spouses recruited

Mean age 67.6 (range

52-78 years) (patient)

Mean age 62.1 (range

49-74 years) (partner)

13% white (patient),

5% African American;

72% white, 28% African

American (spouse)

Couples believed cancer is

only curable through

surgery

Perceived uncertainty

about radiotherapy

regarding efficacy &

outcome

Men more concerned

about side-effects than

wives
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Study

Ref

Authors, year, & study

location

Design Characteristics of

sample

Major findings

[29] O’Rourke & Germino. (1998)

North Carolina, USA

Retrospective cross-

sectional study using

unstructured focus

groups

11 men diagnosed with

LPCa, who have made a

treatment decision

6 spouses recruited

Age range 58-72 years

(patients)

Age range 51-64 years

(spouses)

99% white; 1% African

American

Surgery perceived as a first

line choice

Prior bias toward surgery

due to perceived

association with cure

Radiotherapy perceived

inferior to surgery due to its

efficacy & side-effects

[30] Steginga et al. (2002)

Queensland, Australia

Cross-sectional study

using semi-structured

interviews

108 men diagnosed

with LPCa considering

curative treatment

options

Mean age 62 years

(range 39-80 years)

Ethnicity not specified

47% described other

patients’ treatment

experiences used in their

decision-making

34% held lay belief that

surgery was the best way to

cure their cancer

12% were uncertain about

radiotherapy as a way to

cure their cancer
[31] Holmboe & Concato. (2000)

New Haven, USA

Cross-sectional study

using interviews with

open-ended questions

102 men newly

diagnosed with LPCa,

who have made a

treatment decision

Mean age 66.4 years

Majority white (89%)

Majority influenced by

external information (i.e.,

30% for physician

recommendation)

Classified likes & dislikes of

treatments

Removal of tumour &

evidence of efficacy as main

likes for surgery

Fear of future

consequences was the most

common reason to reject

watchful waiting
[37] Davison et al. (2009)

Vancouver, Canada

Retrospective cross-

sectional study using

interviews with semi-

structured interviews

25 men with low-risk

prostate cancer on

active surveillance

Mean age 66 years

(range 48-77 years)

Majority white (92%);

8% South Asian

Men perceived their cancer

as a common disease &

exaggerated the potential

incidence

Realised treatment might

be necessary, but viewed as

“a grey zone"

Table 1. Description of the Qualitative Studies included in the Systematic Review
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Study ID

reference

Authors, year, &

study location

Design Characteristics of sample Major findings

[32] Hall et al. (2003)

Virginia, USA

Retrospective cross-

sectional study using self-

report questionnaires

developed from literature

review & clinical

impressions

351 men with LPCa treated with

surgery or brachytherapy

Mean age 62±5 years (radical

prostatectomy); 66±8 years

(brachytherapy); 70±7 years

(combination of brachytherapy &

radiotherapy)

Ethnicity not specified

42.9% brachytherapy patients &

97.5% radical prostatectomy

patients chose treatment based on

evidence shown to cure the cancer

Side-effects were an important

motivator

Urologists were the most

important source of information

and a major factor in decision-

making process

[33] Zeliadt et al. (2010)

USA

Cross-sectional study

using self-report

questionnaires developed

from preliminary focus

groups & cognitive

interviews

198 newly diagnosed patients

considering surgery only &

patients considering other

treatment options

Mean age 63 years

72% white, 11% black, 16%

Hispanic/Asian (surgery); 68%

white, 26% Black, 6% Hispanic/

Asian (other options)

Treatment efficacy influenced

preference for surgery

Personal burden influenced

nonsurgical options

[34] Gwede et al. (2005)

Florida, USA

Cross-sectional study

using questions derived

from previous study

69 men diagnosed with LPCa,

who have made a decision about

treatment

Mean age: 57.7 years (range

39.6-71.1) (surgery); 65.2 years

(range 45.7-89.2)

(brachytherapy)

86.5% (surgery); 97%

(brachytherapy) white

Cure and complete tumour

removal were the main

motivations for surgery (74%)

Brachytherapy related to quality-

of-life issues

[35] Teramoto et al. 2006

Kamogawa, Japan

Cross-sectional study

using self-report

questionnaires

51 men diagnosed with LPCa

treated with radical

prostatectomy or external beam

radiation therapy

Overall mean age: 68.2 (range

56–75 years)

Japanese sample

Physician was the major factor

influencing treatment decisions in

both treatment groups (>90%)

Family and others was a more

important factor for patients

undergoing surgery than patients

undergoing radiation therapy

Surgery was desired for cancer

control

Radiation therapy favoured

concerning side-effects

Table 2. Description of the Quantitative Studies included in the Systematic Review
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5.1.4. The role of urologists and partners in informing patient beliefs

The recommendations made by urologists emerged in many of the papers [28, 29, 31-33,
37]  as  being  influential  in  shaping  patients’  beliefs  regarding  their  treatment  choice.  A
high percentage of patients (48-65%) said they would selected the treatments recommend‐
ed by their  urologist  [30,  32].  Consequently,  seeking a  second opinion was unnecessary
serving only to delay treatment and provide potentially more conflicting information to
process [27, 28].

Partners, who often experience considerable emotional distress themselves on hearing the
diagnosis [25, 38], have also been found to exert an important influence on patients’ beliefs.
Three studies reported the role of the partners to be a source of information or a mediator in
helping men to process their treatment information [27, 32, 34]. However, it was also report‐
ed in two studies that, ultimately, it is the patients themselves who reported ownership of
their treatment decision [29, 37].

5.1.5. The role of patients’ information seeking behavior in informing beliefs

Another major factor influencing patients’ beliefs was their own information-seeking behav‐
iour. Patients and their partners are often actively engaged in learning about their treatment
options, side-effects and the background of their urologists [29]. The evidence suggested
that they made use of a variety of resources, including health care professions (HCPs) (i. e. ,
urologists, radiation oncologist), the internet, books, magazines, friends and family [27, 29,
30, 32, 34, 37]. Processing such large amounts of advice and potential contradictory informa‐
tion was suggested to be an explanation for the misconceptions about treatments reported
by the patients (i. e. , associating the effects of chemotherapy with radiotherapy) [27, 30].

5.1.6. The role of other patients’ treatment experiences in informing patient beliefs

In four studies, there was evidence that patients [27, 28, 30, 33] and their partners used the
experiences of other people with cancer in their decisions about treatment. Denberg et al.
[27] described that these experiences influenced patients’ beliefs regarding LPCa, its treat‐
ment and treatment side-effects. Steginga et al. [30] reported that 47% of men described con‐
sidering other people they knew (not just those with prostate cancer), who had negative
experiences with cancer or cancer treatment, in their decision-making. O’Rourke [28] report‐
ed that comparisons with other patients, who had a positive outcome from treatment, were
mostly related to surgery and that comparisons were usually made between friends and
family members, who had undergone surgery and were making a good recovery. It has
been suggested that patients may pay more attention to the experiences of other patients
with cancer than to the risk information presented to them by their urologists and specialist
nurses [27]. The reliability of their findings was supported by the quantitative findings of
Zeliadt et al. [33], who reported a statistically significant association between the experien‐
ces from other patients and treatment selection for patients who only considered surgery as
a viable treatment.
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6. Discussion

The findings synthesised in the present review have demonstrated that patients select a
treatment or management option based on their beliefs about their cancer, the perceived ef‐
fectiveness of the treatment and their beliefs regarding the side-effects of the treatment.
With regards to the present findings, the majority of patients select active surveillance be‐
cause of their belief that their cancer was not aggressive, selected to undergo a radical pros‐
tatectomy because they believed it to be most effective at curing their cancer, and selected
EBRT because of the reduced risk of side-effects. A range of factors external to the patient,
which inform these beliefs, were also identified. These included the patients’ high regard of
the urologists’ treatment recommendation, the emotional distress experienced by partners,
the various modes of seeking information about treatments, and other peoples’ experiences
of treatment.

It is, however, also very clear that the evidence base on patients’ beliefs in the context of
LPCa remains limited. This is an area in need of high quality prospective studies to gain a
greater understanding of the factors that influence treatment decisions. This understanding
could help develop interventions designed to support men in these decisions and to assist
with their long-term adjustment to prostate cancer and its treatment.

The limited evidence that has been synthesised in this review does, however, enable some
clear recommendations to be made how this area of research and, ultimately, clinical prac‐
tice may move forward. In particular, it is clear that the existing findings relate well to two
theoretical frameworks, which have been developed to understand patients’ beliefs regard‐
ing illness and treatment; and which have also been the basis of therapeutic interventions
[39, 40]. These are the self-regulatory model (SRM) [41, 42] and the Necessity Concerns
Framework (NCF) [17, 43]. The SRM describes that individuals’ personal beliefs allow them
to make sense of their disease and enable them to reach their illness goals (e. g. , in LPCa
these could be survival, reducing the risk of side effects, etc. ). These beliefs cluster around 5
domains: (1) identity (the way patients describe their disease and its symptoms); (2) cause
(what caused the disease); (3) timeline (how long the disease is going to last); (4) conse‐
quence (how will the disease and/or its treatment affect me?); and (5) controllability (wheth‐
er the disease is believed to be preventable, curable, or controllable). Similarly, the NCF also
focuses on personal beliefs, but those specifically related to treatment. Previous research has
shown that patients’ beliefs regarding treatment tend to focus on two domains: beliefs re‐
garding how necessary/important the treatment is to their future well-being and beliefs re‐
garding concerns (i. e. , what are the potential adverse consequences of the treatment?).

There was clear evidence in the studies included in this review of the beliefs specified by
both the SRM and NCF. For example, patients believed their cancer to be a mass within the
body (akin to identity beliefs) and that removing this mass would cure their cancer (akin to
controllability beliefs). Similarly, patients believed curative treatment would offer them the
best outcome in terms of survival (akin to necessity beliefs) because their cancer could po‐
tentially re-occur (akin to concern beliefs). Furthermore, the importance of factors external to
the patient in shaping their beliefs is also specified by the SRM. Thus, it was suggested that

Advances in Prostate Cancer72

the results of this review provide strong evidence to support the use of these theoretical
frameworks in future research.

7. Recommendation for health care

It is clear that the use of patients’ beliefs in their decisions on a treatment modality has led
them to base their decisions on misconceptions rather than on evidential information. HCPs
may need to challenge misinformed beliefs held by patients to help them make more in‐
formed decisions regarding their treatment. In order to make more conclusive recommenda‐
tions for health care practice, further research is required to establish the extent to which
personal beliefs alter treatment selection.

8. Recommendations for further research

The majority of the studies included in this review used a qualitative approach. Such meth‐
ods explore a topic area in-depth and provide a descriptive account of findings. While this
approach can provide very rich data in specific domains, these data are not intended to be
generalisable. Thus, quantitative studies (preferably with prospective designs) are required
in the future to ascertain, not only the salient beliefs influencing treatment choices but also,
how these beliefs affect long-term adjustment to the disease and its treatment.

With regards to the studies which employed quantitative methodologies, none used stand‐
ardised and validated measures for examining illness or treatment beliefs. Two of the quan‐
titative studies [32, 34] developed their measures of beliefs from previous published work.
The remaining study developed its measure from preliminary focus groups and interviews
[33]. It could be suggested that further validation of these measures is required before any
strong conclusions can be drawn.

The time at which illness and treatment beliefs were measured is another shortcoming of the
included studies. Some of the studies included those patients who had already made a treat‐
ment decision or who had already started treatment. This may have affected the reliability
of the findings due to the potential bias of patients recalling what they believed about their
illness and its treatment at these times in the treatment process. Prospective designs involv‐
ing the assessment of beliefs before a treatment choice is made would offer a more robust
approach.

A further limitation concerned the majority of the patient samples being predominantly
white and from North America. Therefore, the experiences of other groups, such as men of
Afro-Caribbean origin in whom the risk of prostate cancer is greater, were not represented.
Further research is required across a range of ethnic and cultural groups.
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9. Conclusion

The present review has revealed that our understanding of the role played by the personal
beliefs of men regarding their LPCa and its treatment is still limited. The existing evidence
has been dominated by qualitative methods, cross-sectional designs and the use of non-vali‐
dated instruments. However, it is also clear from existing findings that the adoption of the
SRM and NCF, with their associated validated instruments, could provide a greater under‐
standing of the factors that influence treatment decisions. Further research using psycholog‐
ical frameworks could also help develop interventions to support men in their treatment
decisions, and assist with their long-term adjustment to LPCa and its treatment.
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9. Conclusion

The present review has revealed that our understanding of the role played by the personal
beliefs of men regarding their LPCa and its treatment is still limited. The existing evidence
has been dominated by qualitative methods, cross-sectional designs and the use of non-vali‐
dated instruments. However, it is also clear from existing findings that the adoption of the
SRM and NCF, with their associated validated instruments, could provide a greater under‐
standing of the factors that influence treatment decisions. Further research using psycholog‐
ical frameworks could also help develop interventions to support men in their treatment
decisions, and assist with their long-term adjustment to LPCa and its treatment.
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1. Introduction

1.1. Cancer and physiotherapy

Cancer is the common term for all malignant tumours and its consequences are a concern
for people worldwide. Advances in health and medical science procedures (early diagnosis,
improved chemotherapy and radiotherapy) and surgical techniques, and their utilization in
the field of oncology, have significantly improved survival and have thus strongly influ‐
enced the practice of physiotherapy [1, 2, 3, 4].

People are living longer with their cancers, which in many cases are treated as chronic disease,
due to the early detection and advances in treatment options. Thus, physiotherapists require
greater knowledge of the clinical conditions and improved skill in managing patients with can‐
cer, before, during and after the specific medical procedures. They also have the responsibility
of managing and treating patients during the pre and postoperative periods with the provi‐
sion of the best particular physiotherapeutic intervention to each patient [5, 6].

Besides the knowledge about clinical interventions, the physiotherapist needs to be in con‐
tact with the recent advances in the scientific literature in general. Moreover, this professio‐
nal must know about the risk factors to cancer and participate in actions to aid in the
prevention of this disease [5, 6, 7].

In oncology, for example, there is increasing evidence, initially only from epidemiological
studies but increasingly from individuals case studies, that risk of some cancers, such as
prostate, may be reduced in people living in areas of high ambient solar radiation or with
high sun exposure than in those where the converse is the case. Naturally,  the informa‐
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tion about the protection against the unnecessary exposition of the sunlight is  also very
important [8, 9].

Images are suitable tools to aid in the early diagnosis of several types of cancer. Howev‐
er, some modalities of images, as the positron emission tomography (PET) dependenting
on the radiopharmaceutical, and in some clinical condition, false negative information can
be obtained. As a profisssional of an interdisciplinar team, the physiotherapist must have
enough knowledge to suggest a modality of image and to know about the limitations of
each procedure [4, 10, 11]

Epidemiological researches have put in evidence the benefits of physical activity in relation
to the risk of cancer. Moreover, the physical activity has been considered as a modifiable
lifestyle risk factor that has the potential to reduce the risk of the majority of the types of
diseases, as the cancer. The physiotherapist must be also involved in public and private ac‐
tions to guide the Society to have correct style of the life also related to adequate exercise
(kinesiotherapy) and physical activities in general. Naturally, these actions must consider
the individual characteristic of each subject [5, 12].

Undesirable clinical conditions due to the use of some techniques to treat cancer can bring
bothersome that can comprise the sexual health and the quality of life. It is important that
the interprofessional team be prepared to discuss these questions [13, 14].

2. Role of physiotherapy

Physiotherapeutic procedures have an important role in the healthcare of people of all ages
and with different types of clinical status. These procedures are relevant in the treatment, in
the prevention of diseases or complications and in the management or treatment of undesir‐
able pathological conditions to thus minimize the impact these may have in the quality of
life of the patient [7].

Physiotherapy is a profession defined by great diversity in areas of clinical practice with the
purpose of developing, maintaining and restoring the maximum movement and functional
ability of each person, considering the specific limitations of the individual. The role of the
physiotherapist within the interdisciplinary group (physician, nurse, nutritionist, occupa‐
tional therapy, social worker, psychologist, speech therapist) is well defined in various clini‐
cal conditions, as with the patient with cancer [5, 7].

The pressing need arises for the existence of a differentiated care system with the purpose to
cater for the particular needs of the patients and their families. It is desirable that the physio‐
therapist working in oncology has a broad knowledge of other clinical areas, such as neurol‐
ogy, the musculoskeletal and cardiopulmonary systems and in rehabilitation and
kinesiotherapy in general, as well as in services along the entire spectrum of patient care.
There is also a considerable role for the physiotherapists in the evaluation of the clinical con‐
ditions and management of the patients, as well as in assisting people’s return to work and
normal life following treatment [6, 14].
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It is often the fatigue and weakness caused by the disease and/or its treatment that delay this
return to normal functions and limit the quality of life of a specific individual. An important
aspect related to cancer and its treatment is the typically induced muscle atrophy. Probably
this clinical condition is due to perturbations in different pathways of the muscle protein
metabolism, including decreased muscle protein synthesis, increased muscle protein degra‐
dation, or a combination of both [5, 12, 15].

The most prevalent symptom in cancer is fatigue, which has now overtaken pain as the most
common distressing symptom of the disease. The intensity of the fatigue varies from patient
to patient and it is a complex and subjective phenomenon. Non-pharmacological fatigue
cares are desirable. There is much evidence to suggest that appropriately prescribed physi‐
cal exercises (kinesiotherapy) play an important role in the decrease of cancer fatigue and
the improvement of the quality of life of the patient. The reduction of fatigue is highly rele‐
vant and desirable for the patient to (i) have the ability to continue or return to work; (ii)
develop daily activities at home; and (iii) participate in social activities, all of which are clear
parts of the overall quality of life of the patient [2-4, 15, 16]

It is thus essential that physiotherapists working with cancer patients have a clear and com‐
prehensive understanding of the individual cancers and their staging and development, as
well as the techniques that are being used in the diagnosis and treatment of the patient. The
physiotherapist must have knowledge of the consequences and complications of clinical
procedures, such as surgery, chemotherapy and radiotherapy, and their potential side ef‐
fects such as neuropathies and cardiomyopathies. Moreover, the physiotherapist must be in‐
formed about the specific procedures that were used in the patient during medical
intervention. A discussion about these procedures and the possible complications and oc‐
currences are relevant to the management of the patient before and after the surgery. In ad‐
dition, the physiotherapist must also know how these medical procedures can affect the
physiotherapeutic interventions and thus select the best and convenient procedure for each
patient [5, 7, 14]

The physiotherapist also needs to know more about individual medications as patients can
survive longer using new cancer treatments, but often with severe side effects, which leave
them weaker and often feeling quite unwell during the process. Hormonal therapy, for ex‐
ample, has an important effect on the muscle mass. The decrease in muscle mass, leading to
muscle weakness and general debility, can be minimized by specific kinesiotherapyprog‐
rammes. These appropriated exercises are established and implemented by physiotherapists
considering the anatomical area of the disease and specific capabilities and limitations of
each patient [5, 6, 7, 14].

Whole body vibration exercises (WBV) performed in oscillating platform could be a good
option to aid the patient with cancer. The vibrations generated in these platforms can be
transmitted to body of the patient, and, it is suggested that, in appropriated conditions,
these vibrations could improve walking function, muscle strength, bone mineral density,
cardiovascular fitness and body balance. Moreover, the health-related quality of life is in‐
creased and the fall risk is decreased. The frequency and the amplitude of the vibration can
be totally controlled by the physiotherapist that is supervising the clinical procedure. The
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normal life following treatment [6, 14].

Advances in Prostate Cancer80

It is often the fatigue and weakness caused by the disease and/or its treatment that delay this
return to normal functions and limit the quality of life of a specific individual. An important
aspect related to cancer and its treatment is the typically induced muscle atrophy. Probably
this clinical condition is due to perturbations in different pathways of the muscle protein
metabolism, including decreased muscle protein synthesis, increased muscle protein degra‐
dation, or a combination of both [5, 12, 15].

The most prevalent symptom in cancer is fatigue, which has now overtaken pain as the most
common distressing symptom of the disease. The intensity of the fatigue varies from patient
to patient and it is a complex and subjective phenomenon. Non-pharmacological fatigue
cares are desirable. There is much evidence to suggest that appropriately prescribed physi‐
cal exercises (kinesiotherapy) play an important role in the decrease of cancer fatigue and
the improvement of the quality of life of the patient. The reduction of fatigue is highly rele‐
vant and desirable for the patient to (i) have the ability to continue or return to work; (ii)
develop daily activities at home; and (iii) participate in social activities, all of which are clear
parts of the overall quality of life of the patient [2-4, 15, 16]

It is thus essential that physiotherapists working with cancer patients have a clear and com‐
prehensive understanding of the individual cancers and their staging and development, as
well as the techniques that are being used in the diagnosis and treatment of the patient. The
physiotherapist must have knowledge of the consequences and complications of clinical
procedures, such as surgery, chemotherapy and radiotherapy, and their potential side ef‐
fects such as neuropathies and cardiomyopathies. Moreover, the physiotherapist must be in‐
formed about the specific procedures that were used in the patient during medical
intervention. A discussion about these procedures and the possible complications and oc‐
currences are relevant to the management of the patient before and after the surgery. In ad‐
dition, the physiotherapist must also know how these medical procedures can affect the
physiotherapeutic interventions and thus select the best and convenient procedure for each
patient [5, 7, 14]

The physiotherapist also needs to know more about individual medications as patients can
survive longer using new cancer treatments, but often with severe side effects, which leave
them weaker and often feeling quite unwell during the process. Hormonal therapy, for ex‐
ample, has an important effect on the muscle mass. The decrease in muscle mass, leading to
muscle weakness and general debility, can be minimized by specific kinesiotherapyprog‐
rammes. These appropriated exercises are established and implemented by physiotherapists
considering the anatomical area of the disease and specific capabilities and limitations of
each patient [5, 6, 7, 14].

Whole body vibration exercises (WBV) performed in oscillating platform could be a good
option to aid the patient with cancer. The vibrations generated in these platforms can be
transmitted to body of the patient, and, it is suggested that, in appropriated conditions,
these vibrations could improve walking function, muscle strength, bone mineral density,
cardiovascular fitness and body balance. Moreover, the health-related quality of life is in‐
creased and the fall risk is decreased. The frequency and the amplitude of the vibration can
be totally controlled by the physiotherapist that is supervising the clinical procedure. The

The Role of Physiotherapy in the Pre and Post Treatment Interventions in Prostate Cancer Patients
http://dx.doi.org/10.5772/52441

81



duration of the work, as well as, the time to rest, the number of sets in a session and the
number of sessions are also controlled. All these conditions depend on, mainly, the clinical
and physical conditions of the patient. The mechanisms responsible for the WBV benefits
are not fully understood, however it is hypothesized that these effects are probably related
to direct and indirect actions. The direct effects would be related with the transmission of
energy of the vibration, for example, to a muscle that would be stimulated. The indirect ef‐
fects might to be associated with the neuroendocrine system. Whole body mechanical vibra‐
tion on the muscle performance would be due to the induction of a myotatic reflex
contraction referred as the tonic vibration reflex [17, 18, 19].

Normally, the person is standing on the platform, but other positions are possible, as it is
shown in the Figure 1. It is possible to see in the Figure 1.c that the man has bent knees.

Figure 1. Some of the positions of the person in the oscillating platform. (a) sitting, (b) sitting in a chaise and the feet
in the platform, (c) standing.

Physiotherapists utilize physical agents, such as therapeutic exercises (kinesiotherapy), elec‐
trotherapy and manipulative therapy to provide a holistic approach to the prevention, diag‐
nosis and therapeutic management of clinical disorders, as well as possible future
complications [5, 7]. Involving the movements of the body and the optimization of the func‐
tions of the tissues, they aim to enhance the health, welfare and quality of life and thus they
can play an important role in the management and rehabilitation of patients with prostate
cancer (PCa). In patients with PCa, the physiotherapist will also guide the patient in relation
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to the knowledge and understanding of the anatomic structures related directly with the
pelvic floor, the correct breathing and the perception of the muscles of the pelvic floor, as
other muscles of the pelvis. Specific attention is given to the comprehension of the functions
of these muscles, especially to the levatorani muscle [20-26]

Sexual health is a state of physical, emotional, mental and social well-being in relation to
sexuality; it is not merely the absence of disease, dysfunction or infirmity. Sexuality is con‐
sidered as a personal and human dimension that is characterized as a strong aspect of the
human personality and it is an aspect of the emotional and physical intimacy that men and
women experience through their lives. Moreover, sexuality is experienced and expressed in
thoughts, fantasies, desires, beliefs, attitudes, values, behaviours, practices, roles and rela‐
tionships [27, 28, 29]

Sexuality is influenced by the interaction of biological, psychological, social, economic, polit‐
ical, cultural, ethical, legal, historical, religious and spiritual factors. Sexuality is present
from the conception up to the dead and it consists of three interrelated and inseparable as‐
pects, that are biological, psychological and social. In consequence, particular attention must
be done to the relevance and hole of the organs related to the biological components in‐
volved in the sexuality [29, 30]. The importance of the comprehension of the possible unde‐
sirable consequences of the clinical procedures used to treat the PCa must be discussed with
the patient and/or with the partner. The physiotherapist must have also knowledge about
the sexuality to define specific exercises and techniques available to aid the patient with PCa
in different steps of his life, as well as the limitations of these and other procedures. [6, 14]

Figure 2 shows some tools used to explain the patient about the anatomic structures directly
and indirectly involved with the prostate and the structures that can be damaged in the sur‐
gery for the treatment of the PCa.

During the final stages of cancer treatment, the palliative care becomes paramount and the
participation of the physiotherapist is also desirable in the interdisciplinary team. The care
with the patient with cancer will contribute to minimize the progression of secondary symp‐
toms [5, 6, 26].

The correct and appropriated mobilization of the scars to avoid adherence and important al‐
terations in the posture of the patient is also highly relevant. This procedure contributes to
the improvement of the quality of life of the patient immediatly and in the future [5].

Procedures of the physiotherapy in palliative care is also used for pain, lymphoedema,
dyspnoea and other symptom assessment and treatment, as well as for the education on safe
transfer and mobility management of the patient. Constipation, nausea, sleep disturbance
(insomnia), anxiety, fatigue, dyspnoea, pain scores and appetite are all improved by physio‐
therapeutic intervention. Some of these clinical complications can be also prevented or mini‐
mized. Along the time, the lymphoedema management in the terminally diseases has
developed more effectively, with evidence supporting the complex physiotherapy treatment
and the integration with other professionals [5, 7, 16].
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Figure 2. Tools used to explain to the patient about the anatomic structures of the pelvic floor

3. Prostate cancer in the world

Cancer is an important public problem and is considered a national health priority area in
several countries due to the burden that it places on the individual, families and the com‐
munity [1, 2, 31].

The World Health Organization (WHO) develops strategies towards the prevention, re‐
search, education and control of the cancer. Important medical developments and relevand
scientific findings have permitted that people with cancer can survive with their disease and
with the side effects of their disease and its treatment for longer [31].

The high relevance of the cancer in public health and research activity can also be demon‐
strated by the number of scientific research identified in the database system PubMed (a
service of the National Library of Medicine and the National Institutes of Health) [32].

It is possible to see in the Table I, the number of publications in the PubMed related to can‐
cer and cancer and some organs. It is possible to identify in the Table I approximately 2 700
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000 full papers in this databank with the keyword cancer and 2.22% of these publications are
related with PCa.

The mainly risk factors for PCa are (a) age (it is the strongest risk factor for PCa andthe
probability of developing this disease is 1 in 12,833 for men aged birth to 39, 1 in 44 for men
aged 40 to 59, and 1 in 7 for men aged 60 to 79 years), (b) family history (greater risk if father
or brother had the disease and slightly higher for men whose mothers or sisters have had
breast cancer ), (c) Race/Ethnicity (greater risk among African American men compared with
white, Asian, and American Indian men), (d) prostate changes (abnormal cells described as
high-grade prostatic intraepithelial neoplasia), and (e) diet ( food with high animal fat and
low in fruits and vegetables).Moreover, between 5 to 10% of the PCa cases are believed to be
due primarily to high-risk inherited genetic factors or PCa susceptibility genes. Genetic test‐
ing has been a reality and it has been well documented that genetic factors might increase
the risk of cancer onset [33, 34].

Table 1. Number of publications in the PubMed with keywords related to cancer

PCa is the most common solid cancer in men worldwide and is the most common of all can‐
cers in the North America. In an epidemiological study was reported that the estimated PCa
incidence rates remain most elevated in North America, Oceania, and Western and North‐
ern Europe. Mortality rates tend to be higher in less developed regions of the world includ‐
ing parts of South America, the Caribbean, and sub-Saharan Africa. Increasing PCa
incidence rates were observed in 32 of the 40 countries examined, which clearly demon‐
strates the increasing problem related to this disease, that it would be not desirable. Howev‐
er, PCa mortality rates decreased in 27 of the 53 countries under study, whereas rates
increased in 16 and remained stable in 10 countries [2, 15, 33, 34].

4. The importance of the early diagnosis of the prostate cancer

The early diagnosis of PCa has been facilitated by the determination of the prostate specific
antigen (PSA), rectal touch and ultrasonography, which has subsequently led to a high cure
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rate in the early stages (stage I/II) of the disease. However, it is important to have in mind,
that these current diagnostic techniques have not, in several cases, sufficient specificity and
sensitivity to determine the stage and aggressiveness of the PCa and to identify appropriate
treatment [2, 6, 35-37].

International guidelines support opportunistic PSA screening in well-informed patients and
recommend a baseline PSA at 40 years of age. Although some relevant controversies contin‐
ue about the real benefit of the screening program, the undisputable finding is that an in‐
creasing percentage of young men have an early PCa diagnosis and this condition has the
advantage to permit curative interventions [2, 35-37].

When a man has the PCa early diagnosed, he has a number of treatment options, which carry
similar success rates. Surgery, brachytherapy or external beam radiotherapy in combination
with several months of initial hormone treatment all carry the same chance of cure but they all
have very different recovery times, or number of visits to the hospital to consider [4, 6].

Concerning to the recurrent PCa, a key treatment decision is based on whether the disease is
only localized in the prostate fossa. If the sites of cancer in the early phase of recurrent dis‐
ease were known, patients would be treated properly, leading to fewer side effects, a better
prognosis with curative approache, and reduced treatment cost. Nuclear medicine imaging
has been considered a reliable technique to be used with this purpose and an important as‐
pect of the nuclear imaging that should be understood is that this type of imaging demon‐
strates physiology rather than anatomy [4, 6, 10, 11].

PET is a nuclear medicine technique for tumor imaging. The radiopharmaceutical 18F-FDG
was firstly introduced to image brain tumors. Along the time, this radiopharmaceutical has
been widely accepted and it was considered a highly effective and successfully way to im‐
age several types of cancers. In consequence, investigations using 18F-FDG were performed
to evaluate the use of this radiopharmaceutical in the diagnosis of the PCa. Unfortunately, in
general, the PCacan not be imaged with this radiopharmaceutical. This poor performance of
18F-FDG is mainly related to the low glucose metabolic rate in the PCa, as well as, a relevant
excretion of the radiopharmaceutical into the adjacent urinary bladder. Moreover, it is well
known that the ability of FDG-PET to detect cancer is based on an increased expression of
cellular membrane glucose transporter and enhanced hexokinase II enzyme activity within
the tumor cells, where the 18F-FDG undergoes enzymatic transformation to FDG-6 phos‐
phate [10, 11].

Due to the limitations to use the 18F-FDG to detect PCa, other molecules to be labeled with a
radionuclide, to be utilized as PET-radiopharmaceuticals, have been investigated with this
purpose. Choline is a substrate for phosphatidylcholine, which is incorporated into cell
membrane phospholipids, and is not dependent on cell proliferation and this molecule can
be labeled with 11C or 18F for detection. 11C-choline has been shown to be superior to 18F-
FDG to detect PCa, in part due to its negligible urinary secretion. 11C-choline PET has been
shown to be able to localize primary PCa to the fossa of the prostate gland in up to 86.5% of
patients and localize lymph node spread in up to 81.8% of patients [10, 11].
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Another molecule, acetate, as 18F or 11C-labeled acetate, which is involved in cytoplasmic
lipid synthesis, has been investigated to detect PCa. The retention of radiolabeled acetate in
PCa cell lines has been shown to be related to fatty acid metabolism and enhanced beta-oxi‐
dation pathway. As PET-labeled acetate has minimal urinary activity, it is considered very
suitable for evaluation of local prostatic disease with a high sensitivity for PCa lesions.
When compared with 18F-FDG-PET for detection of primary tumors, there is a markedly in‐
creased sensitivity of 11C-acetate PET compared with 18F-FDG-PET, and the uptake of 11C-
acetate is higher if the PSA is >3 ng/mL [10, 11].

The considerations about the early detection of the PCa is necessary, due to, there is consid‐
erable variation in the likely side effects and risks of long-term consequences such as urinary
incontinence (UI) and erectile dysfunction (ED) in patients with PCa. With the early diagno‐
sis there is an expectation of curing cancer, minimizing the risk of UI and ED and increasing
the quality of life of the patient [38-41].

In general, radical prostatectomy (RP) is a curative and appropriated therapy for any patient
whose tumour is clinically confined to the prostate, has a life expectancy of 10 years or more,
and has no serious co-morbid conditions that would contraindicate surgery. Other factors
affecting treatment decisions include patient factors, such as (i) Current symptoms (Interna‐
tional Prostate Symptom Score, urinary flow rate), (ii) Current age (preference under the age
of 70 years), (iii) Concurrent illnesses may determine suitability or not for surgery, (iv) Pa‐
tient preference (psychological factors including patients ideas, concerns and expectations).
Tumor/cancer factors, such as (a) Grade of tumour (the “aggressiveness” determines the risk
of relapse), (b) Stage of tumour (determines radical of palliative approach), (c) Chance of re‐
sponse to treatment, (d) Chance of recurrence, and (e) Possibility of second curative treat‐
ment modalities if the first treatment fails must be also considered [6, 34, 38-41].

It  is  also important  to  consider  that  the risk of  death under the anaesthetic  for  a  RP is
about 1 in 250 patients. The procedures used in the surgery become technically more chal‐
lenging when the  patient  is  overweight  or  obese  and the  risks  of  surgery increase.  Im‐
proved knowledge about the anatomy of the organs of the pelvis and the muscles of the
pelvic floor and the functions related to them had resulted in major improvements in this
surgical technique [38-41].

Radiation therapy (RT) is another option for treatment of PCa. RT uses high-energy X-rays
or other types of ionizing radiation to try to kill the cancer cells in various organs/tissues.
There are mainly two types of radiotherapy: (i) External radiotherapy that uses a source of
ionizing radiation that is outside of the body and (ii) Internal radiotherapy that uses a radio‐
active substance sealed in needles, seeds, wires, or catheters that are placed directly into or
near the cancer (brachytherapy). The external radiotherapy is a complex procedure and re‐
quires the patient to make a number of steps, as (i) positioning and immobilization of the
patient, (ii) localization of the tumor, (iii) determination of the size of the tumor, (iv) delinea‐
tion of the target (tumor) and critical tissues structures in the neighborhood, (v) dose pre‐
scription, (vi) type of ionizing radiation, (vii) treatment planning, (viii) simulation and
verification of the treatment and (ix) evaluation.Concerning to the brachytherapy to the PCa,
several radioactive seeds (in general with iodine-125] are implanted into the prostate gland
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lipid synthesis, has been investigated to detect PCa. The retention of radiolabeled acetate in
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dation pathway. As PET-labeled acetate has minimal urinary activity, it is considered very
suitable for evaluation of local prostatic disease with a high sensitivity for PCa lesions.
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erable variation in the likely side effects and risks of long-term consequences such as urinary
incontinence (UI) and erectile dysfunction (ED) in patients with PCa. With the early diagno‐
sis there is an expectation of curing cancer, minimizing the risk of UI and ED and increasing
the quality of life of the patient [38-41].
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ment modalities if the first treatment fails must be also considered [6, 34, 38-41].

It  is  also important  to  consider  that  the risk of  death under the anaesthetic  for  a  RP is
about 1 in 250 patients. The procedures used in the surgery become technically more chal‐
lenging when the  patient  is  overweight  or  obese  and the  risks  of  surgery increase.  Im‐
proved knowledge about the anatomy of the organs of the pelvis and the muscles of the
pelvic floor and the functions related to them had resulted in major improvements in this
surgical technique [38-41].

Radiation therapy (RT) is another option for treatment of PCa. RT uses high-energy X-rays
or other types of ionizing radiation to try to kill the cancer cells in various organs/tissues.
There are mainly two types of radiotherapy: (i) External radiotherapy that uses a source of
ionizing radiation that is outside of the body and (ii) Internal radiotherapy that uses a radio‐
active substance sealed in needles, seeds, wires, or catheters that are placed directly into or
near the cancer (brachytherapy). The external radiotherapy is a complex procedure and re‐
quires the patient to make a number of steps, as (i) positioning and immobilization of the
patient, (ii) localization of the tumor, (iii) determination of the size of the tumor, (iv) delinea‐
tion of the target (tumor) and critical tissues structures in the neighborhood, (v) dose pre‐
scription, (vi) type of ionizing radiation, (vii) treatment planning, (viii) simulation and
verification of the treatment and (ix) evaluation.Concerning to the brachytherapy to the PCa,
several radioactive seeds (in general with iodine-125] are implanted into the prostate gland
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with the aim to irradiate the tumor. These seeds are not removed and will be permanently in
the prostate. As the iodine-125 emits low level energy electromagnetic radiation, the energy
of the radiation is deposited in the prostate, treating locally the tumor [4].

Various severe complications following RT can occur and these complications depend on
the type of the procedure used in the treatment. In addition, clinical complications, such as
UI and ED have also been associated with the RT [6, 14, 40, 42].

In Figure 3 is shown some modalities of treatment for PCa and possible adverse effects asso‐
ciated with some of these treatments.

Figure 3. Modalities of treatment for the prostate cancer and possible adverse effects associated.

As presented before, UI and ED are undesirable side effects normally associated with the RP
and RT due to the damage of the muscles of the pelvic floor. [26, 38, 39, 43]

UI has a prevalence ranging from 5 to 60 per cent. UI after RP is the most bothersome com‐
plication of this operation and has a major impact on the quality of life and it is therefore of
the utmost importance to minimize its prevalence after this kind of surgery. In the clinical
routine with the patient that was submitted to treatment to PCa, it is verified that the UI is
an unpleasant condition [21, 24, 26].

The types and characteristics of UI secondary to PCa are (a) Stress UI, which is mainly asso‐
ciated with RP; (b) Urge incontinence, which is associated with RT and consists of a strong,
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unpleasant and sudden urge to urinate, with burning sensation or irritation in the bladder;
and (c) Mixed incontinence, which affects mainly older patients on radiation and/or hor‐
mone therapy [21, 24]

In addition to the functional problem of the UI, this clinical condition causes a psychosocial
disorder characterized by distress. Moreover, this is potentialised and augmented by the in‐
ability of the patient to perform habitual activities. Furthermore, the impossibility of control‐
ling leakage and the resulting feeling of regression, and the inability to overcome the fatigue
resulting from the interruption in the number of hours and the quality of sleep in the case of
nocturia and anxiety increase dissatisfaction. In consequence, a restrictive social situation
can be usually observed, characterized by shyness, shame from the leakage, and social stig‐
matization and isolation. Additionally, UI may trigger an undesirable, obsessive and strong
psychological behavior related to the control of leakage of urine and of associated odors.
These factors can increase the anxiety and to cause a reduction of the social life of the pa‐
tient. Additionally, UI may trigger an obsessive and strong psychological behavior related
to the control of leakage and odors. These factors can contribute to cause a reduction of the
social life of the patient [6, 14, 20, 24, 42].

The impact of UI on the quality of life of the PCa patient is determined by the self-percep‐
tion of the severity and the disruption of daily activities caused by the symptoms. An impor‐
tant consideration is that the cases of UI and ED (and other sexual dysfunctions, see Figure
3] recorded in clinics seem to be much higher than the number described in the publications.
This discrepancy could be attributed to the great variability of definitions, measurement in‐
struments, and manners of assessing UI. If a good interview with the patient before the
treatment of the PCa is not performed, it is also difficult to determine whether the symptom
is a result of the treatment of the disease or of the natural involution that would occur with
age. Moreover, there is a fatalistic and resigned attitude that makes the patients hide or
mask the symptom from the professional or the professional is not prepared to obtain the
informations that are relevant to the clinical conditions of the patient [6, 20, 24, 42].

ED, in general, is usually due to a multifactorial etiology, comprising organic, psychological,
or mixed aspects, and may often require a multidisciplinary approach for assessment and
treatment. Organic causes encompass vascular, neurologic, hormonal, as a result of medica‐
tions, pelvic surgery (mainly RP), RT, diabetes or mixed factors. In general, any condition
that can cause damages to the nerves or impair blood flow in the penis may lead to ED. Pel‐
vic surgery (especially RP and bladder surgery for cancer) might damage cavernous nerves
and arteries near the penis, causing ED [23, 30, 39].

Penile erection is the consequence of a complex neurovascular process in which nerves, en‐
dothelium of sinusoids and blood vessels, and smooth muscle cells are involved. Several
central nervous and peripheral transmitters and transmitter systems participate in the proc‐
ess and the nitric oxide (NO) is the main mediator of penile erection. It is produced by a
group of enzymes called nitric oxide synthase (NOS) which utilizes the amino acid L-argi‐
nine and molecular oxygen as substrates to produce NO and L-citrulline. The endothelial
NOS is constitutively expressed within the vascular system, it is tightly regulated and pro‐
duces physiologically relevant levels of NO.The investigations about the NO, that can readi‐
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struments, and manners of assessing UI. If a good interview with the patient before the
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ED, in general, is usually due to a multifactorial etiology, comprising organic, psychological,
or mixed aspects, and may often require a multidisciplinary approach for assessment and
treatment. Organic causes encompass vascular, neurologic, hormonal, as a result of medica‐
tions, pelvic surgery (mainly RP), RT, diabetes or mixed factors. In general, any condition
that can cause damages to the nerves or impair blood flow in the penis may lead to ED. Pel‐
vic surgery (especially RP and bladder surgery for cancer) might damage cavernous nerves
and arteries near the penis, causing ED [23, 30, 39].

Penile erection is the consequence of a complex neurovascular process in which nerves, en‐
dothelium of sinusoids and blood vessels, and smooth muscle cells are involved. Several
central nervous and peripheral transmitters and transmitter systems participate in the proc‐
ess and the nitric oxide (NO) is the main mediator of penile erection. It is produced by a
group of enzymes called nitric oxide synthase (NOS) which utilizes the amino acid L-argi‐
nine and molecular oxygen as substrates to produce NO and L-citrulline. The endothelial
NOS is constitutively expressed within the vascular system, it is tightly regulated and pro‐
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ly cross plasma membranes to enter target cells, and its functions as a mediator synthesized
and released from the vascular endothelium and as a neurotransmitter in inhibitory nerves
innervating the penis represented a breakthrough in the comprehension of the neurophysio‐
logical basis of erection. Moreover, the synthesis of NO and the consequences of NO binding
to soluble guanylylcyclase is essential for the erectile process [44, 45, 46].

Impaired erectile function, or the total inability to maintain or achieve sufficient penile ri‐
gidity for satisfactory sexual intercourse performance, it was firstly used as a definition of
impotence. On 1992, it was recommended that the term "erectile dysfunction" replace the
term "impotence," but, sometimes, the two terms have been used interchangeably. The term
ED is more precise and eliminates the confusion of multiple meanings and connotations as‐
sociated with the word impotence. ED is defined as a “consistent or recurrent inability of a
man to attain and/or maintain penile erection sufficient for sexual activity”. The condition
must be present for a minimum of 3 months to establish the diagnosis. The exception to this
is when ED is preceded by trauma or pelvic surgery [47, 48, 49]

In addition, penile erection involves a complex interaction between the central nervous sys‐
tem and local factors. The penis is innervated and regulated by autonomic (sympathetic and
parasympathetic) and somatic (sensory and motor) nerve fibers. Overall, erection is a neuro‐
vascular event modulated by psychological and hormonal factors. The economic burden of
ED is not just limited to the cost of diagnosis and treatment. Subtle impacts on the society
that are difficult to quantify are (i) lost time at work, (ii) decreased productivity of the pa‐
tient due to distress, (iii) impact on the partner and family and (iv) alteration of the social
interactions. The comprehensive knowledge and the understanding of these conditions have
also reflected in the number of papers published in important scientific journals that have
increased along of the years [27, 38, 39, 41, 46].

Reports of studies describing ED after RP have shown a range from 29% to 97.5% with less
ED occurring in younger men. Men with ED may suffer from depression and low self-es‐
teem, and experience difficulties establishing and maintaining relationships. Treatment regi‐
mens currently available for ED include psychotherapy, sex therapy, oral pharmacological
agents, androgen replacement therapy, intraurethral therapy, intracavernosal injections, sev‐
eral procedures related to the physiotherapy and surgery [27, 38, 39, 41, 50].

The pelvic floor muscles, besides other functions, play an important role in sexual activity
and contractions of the ischiocavernosus and bulbocavernosus muscles produce an increase
in the intracavernous pressure and influence penile rigidity. The bulbocavernosus muscle
compresses the deep dorsal vein of the penis to prevent the outflow of blood from an en‐
gorged penis. The procedures of the physiotherapy, associated with a interdisciplinar team,
including exercises for the muscles of the pelvic floor muscle only or associated with mano‐
metric biofeedback, electrotherapy, vaccum pumps can be used successfully in various pa‐
tients with ED [20-26]

In addition, it is highly desired to consider that beneficial effects of pre- and postoperative
pelvic floor interventions (RT or RP) using physiotherapy procedures, since both the dura‐
tion and degree of UI after RP decrease in these case [24, 51-53].
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When a patient with PCa is referred to undertake physiotherapy procedures before the sur‐
gery or radiotherapy, it is possible to teach him about the perception of the muscles of the
pelvic foor, facilitating the performance of exercises involving these muscles associated with
an ideal breathing, just after the RP or RT [6, 22-24].

As it is possible to see in the Figure 3, besides the ED, another clinical conditions related to
the sexual functions can appear in the patient submitted to a RP, as the loss of ejaculation
and the decrease of the libido and orgasm [6, 27, 39, 41].

The interventions related to the physiotherapy will contribute to aid the patient to live your
sexuality. Moreover, it is important to show to the patient that sexuality is not only genitali‐
ty, but it goes beyond the limits of genital impulse and is characterized as a strong experi‐
ence of human personality [6, 13, 27, 39, 41].

Several options of treatment are available to treat ED, as psychosexual counseling, medica‐
tion, use of physiotherapy (exercises to the pelvic floor muscles, electrotherapy, acupuncture
and external vacuum devices), intracavernous injection therapy, vascular surgery, and use
of a penile prosthesis. The etiology of the ED, the acceptability for the patient, the available
information about methods and the success rate have been used to determine the choice of
intervention. The clinical interventions used in the physiotherapy provide noninvasive
methods that are easy to perform, painless, and inexpensive [6, 39, 41, 50, 51].

5. Physiotherapy procedures in the management of the patient with
prostate cancer

The physiotherapist, from his assessment, can also help the patient with PCa in the presurgi‐
cal period in which the exercises for the pelvic floor and for the respiration that will be per‐
formed in the post-surgical period can be learned early by the patient. Moreover, the
knowledge and the perception of the muscles of the pelvic floor by the patient will be very
important. As these muscles are located inside the pelvis, they are considered a continence
muscle group giving structural support for the pelvic organs and the pelvic sphincters (ure‐
thra and anus, for exemple in men). Based on urethral continence maintained by muscles of
the pelvic floor, the procedures of the physiotherapy of this muscle group can retake the
control of the urinary continence or maximize it, also by nerve stimulation, according to the
consensus, which can inhibit the detrusor muscle, increasing the quality of life of patients
with Pca [20-26].

Patient assessment by the physiotherapist is accomplished through the anamnesis, voiding
diary, pad test, data collection of the urodynamic study and/or other complementary exami‐
nations, if any, physical examination and specific maneuvers to assess urine leakage [24].

In the interview, beyond identifying the main complaint and history of the patient, issues
inherent in urination are of utmost importance to be addressed. The voiding diary is a use‐
ful tool because it allows the physiotherapist to objectively quantify the volume of urine
loss, as well as the frequency of the urination. As the voiding diary is fully performed by the
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patient over a period of about two to three days, with notes of drinking water, the type of
the drink, volume voided, urgency severity, quantification of loss and its association to carry
out some activity at the time,he is leding to observe his behavior voiding, generating his
self-knowledge [20-26].

The completion of the pad test lasts one hour, and after that the pad is weighed, depicting
the severity of UI. When the weigth is less than 3g, the UI is considered light. The UI is mod‐
erated to 3 up to 10 g, and over 10g is considered severe incontinence [20-26].

Urodynamic investigations involve the evaluation of the dynamic function of the lower uri‐
nary tract. The urodynamic study, an examination of the gold standard, evaluates the mor‐
phology, pressure (urethral, vesical and abdominal under static and dynamic conditions),
physiology and hydrodynamic transport urine of the voiding mechanism, thus detailing the
stages of filling and emptying as well as the sphincter behavior. Common urodynamic find‐
ings in post-RP patients are (a) internal sphincter deficiency and (b) bladder dysfunction
(detrusor instability and decreased compliance) [20-26].

On physical examination is evaluated the strength and the tone of the pelvic floor muscles
through the anal sphincter, perineal sensation and bulb-cavernosum reflex. Maneuver effort,
such as coughing, can evaluate the sphincter function, which can be performed with the pa‐
tient standing, with the bladder full, and where he is asked to simulate cough. From this as‐
sessment is given the goal of treatment [20-23].

One of the objectives of the intervention of the physiotherapy is to re-train the muscles of
the pelvis by improving the active retention strength of the striated muscles of the pelvic
floor in order to overcome the insufficiency of the injured sphincters and improve the conti‐
nence of men with PCa. This level includes the awareness of the pelvic floor musculature
and the coordination of the contraction-relaxation process to improve the control and the
quality of the muscle contraction. Specific attention is given to the muscles of the deep plane
of the pelvic floor [5, 24, 25].

To facilitate the perception of the muscles of the pelvic floor, electrotherapy is often used.
This technique beyond to guide the patient to correct the contraction of muscles, depending
on the type of electrical current, it also can be used other responses. Two types of electrodes
can be used in the electrotherapy; internal (anal) and external electrodes [20-26].

In the case of functional electrical stimulation, which is an alternating current of low fre‐
quency, it generates muscle contractions and an increase of muscle function. In the pelvic
floor muscles, electrode stimulation in the perineal body, the contraction is perceived by the
patient and the physiotherapist with the apparent anal contraction. This contraction also
acts by stimulating the sacral nerve roots, or specifically the pelvic and pudendal nerves,
suppressing the (hyper) detrusor activity [24]

In figure 4, a patient that is undergone electrotherapy with external electrodes is shown. A
correct frequency is choosen, following international studies and the intensity of electric cur‐
rent is selected considering the sensibility of the patient.
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Figure 4. Patient after prostate cancer surgery undergoing electrotherapy

Physiotherapy also assists with postoperative respiratory recovery, early mobilization, lym‐
phoedema prevention, education and garments if required, as well as the later management
of pelvic floor re-education, continence advice and lymphoedema treatment if necessary.
Men undergoing RP under a general anaesthetic will be off work for about 6 weeks. Moer‐
over, they will stay in hospital for 5-7 days and have a urinary catheter for 2 weeks. The
sphincter “valve” has gone and the urine leaks without control, day and night until the pa‐
tient has learned again to use his muscles of the pelvic floor to regain his continence. Con‐
cerning ED, when a man wakes up from a RP he will almost certainly have ED initially. If
there is going to be a recovery of erectile function, it may take 18-24 months to occur. Ap‐
proximately 30% of men will recover erectile function and medication (Viagra or Cialis) will
usually boost this recovery. However, physiotherapy procedures could be another suitable
option without contraindications. In figure 3 is possible to see a man that has previously
been submitted to RP and is undergoing external electrotherapy. In addition, the patient
that has learned about the exercises involving the muscles of the pelvic floor can start these
exercises immediately just after the surgery or after the catheter removal [20-26, 52, 53].

In the figure 5 are shown men doing exercises using a ball to increase the perception of the
pelvic floor muscles, as well as to work these muscles.

In figure 5.a, the man relaxed and in 6.b, he has raising the hips and contracting the pelvic
floor muscles. In figure 5.c, the man is sitting on the ball to increase the perception of the
pelvic floor muscles and in 6.d, the man puts the hands together and begins to lift up the
hands and feeling the contraction of the pelvic floor muscles to upward movement.

Beneficial effects of pre- and postoperative pelvic floor re-education are clear, since both the
duration and degree of UI after RP can be distinguishably decreased [5, 43, 51].

Physiotherapy has responded to the improved outcomes and patient demand for quality of
life improvements by instituting new treatments and education, such as informing about the
possible importance of the sunlight in the prevention of the PCa and the equal need to pro‐
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One of the objectives of the intervention of the physiotherapy is to re-train the muscles of
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floor in order to overcome the insufficiency of the injured sphincters and improve the conti‐
nence of men with PCa. This level includes the awareness of the pelvic floor musculature
and the coordination of the contraction-relaxation process to improve the control and the
quality of the muscle contraction. Specific attention is given to the muscles of the deep plane
of the pelvic floor [5, 24, 25].

To facilitate the perception of the muscles of the pelvic floor, electrotherapy is often used.
This technique beyond to guide the patient to correct the contraction of muscles, depending
on the type of electrical current, it also can be used other responses. Two types of electrodes
can be used in the electrotherapy; internal (anal) and external electrodes [20-26].

In the case of functional electrical stimulation, which is an alternating current of low fre‐
quency, it generates muscle contractions and an increase of muscle function. In the pelvic
floor muscles, electrode stimulation in the perineal body, the contraction is perceived by the
patient and the physiotherapist with the apparent anal contraction. This contraction also
acts by stimulating the sacral nerve roots, or specifically the pelvic and pudendal nerves,
suppressing the (hyper) detrusor activity [24]

In figure 4, a patient that is undergone electrotherapy with external electrodes is shown. A
correct frequency is choosen, following international studies and the intensity of electric cur‐
rent is selected considering the sensibility of the patient.
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Figure 4. Patient after prostate cancer surgery undergoing electrotherapy

Physiotherapy also assists with postoperative respiratory recovery, early mobilization, lym‐
phoedema prevention, education and garments if required, as well as the later management
of pelvic floor re-education, continence advice and lymphoedema treatment if necessary.
Men undergoing RP under a general anaesthetic will be off work for about 6 weeks. Moer‐
over, they will stay in hospital for 5-7 days and have a urinary catheter for 2 weeks. The
sphincter “valve” has gone and the urine leaks without control, day and night until the pa‐
tient has learned again to use his muscles of the pelvic floor to regain his continence. Con‐
cerning ED, when a man wakes up from a RP he will almost certainly have ED initially. If
there is going to be a recovery of erectile function, it may take 18-24 months to occur. Ap‐
proximately 30% of men will recover erectile function and medication (Viagra or Cialis) will
usually boost this recovery. However, physiotherapy procedures could be another suitable
option without contraindications. In figure 3 is possible to see a man that has previously
been submitted to RP and is undergoing external electrotherapy. In addition, the patient
that has learned about the exercises involving the muscles of the pelvic floor can start these
exercises immediately just after the surgery or after the catheter removal [20-26, 52, 53].

In the figure 5 are shown men doing exercises using a ball to increase the perception of the
pelvic floor muscles, as well as to work these muscles.

In figure 5.a, the man relaxed and in 6.b, he has raising the hips and contracting the pelvic
floor muscles. In figure 5.c, the man is sitting on the ball to increase the perception of the
pelvic floor muscles and in 6.d, the man puts the hands together and begins to lift up the
hands and feeling the contraction of the pelvic floor muscles to upward movement.

Beneficial effects of pre- and postoperative pelvic floor re-education are clear, since both the
duration and degree of UI after RP can be distinguishably decreased [5, 43, 51].

Physiotherapy has responded to the improved outcomes and patient demand for quality of
life improvements by instituting new treatments and education, such as informing about the
possible importance of the sunlight in the prevention of the PCa and the equal need to pro‐
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tect against the harmful effects of the ultraviolet radiation, or about the options of physio‐
therapy for rehabilitation and re-integration to normal life [5, 6, 8, 9].

(a) (b) 

(c) (d) 

Figure 5. Men doing exercises with a ball to perception and to work the pelvic floor muscles.

Alternative and complementary techniques have also been considered as an option to be
used for treating ED. One of these techniques that is related to the physiotherapy is the acu‐
puncture. Acupuncture is safe and involves the insertion of thin needles into different areas
of the body known as acupuncture points. Traditionally, acupuncture has been often used to
restore and maintain health through the stimulation of these specific points on the body. As
this stimulation could modulate the NO, it is possible to consider that acupuncture might be
effective for treating ED. Although, in some studies the acupuncture has been used success‐
fully to treat ED, there is sufficient evidence that acupuncture is an effective intervention for
treating ED [55].

Mechanical vacuum devices cause erection by creating a partial vacuum, which draws blood
into the penis, engorging and expanding it. The devices have three components. A plastic
cylinder, into which the penis is placed; a pump, which draws air out of the cylinder; and an
elastic band, which is placed around the base of the penis to maintain the erection after the
cylinder is removed and during intercourse by preventing blood from flowing back into the
body.One variation of the vacuum device involves a semirigid rubber sheath that is placed
on the penis and remains there after erection is attained and during intercourse [27, 28, 50].

In general, physiotherapy management in the area of oncology have relevant contributions
to patient care, including: (i) Decreasing length of stay in acute facilities (early discharge
planning, outpatient follow up and education, involvement in palliative care facilities and
physiotherapy services in home care); (ii) Improving functional capacity (early mobilization,
management of complications of surgery, convenient manipulations of the areas submitted
to RT and other treatments, as treating lymphoedema and scars); (iii) Improving lymphoe‐
dema management that has lead to decreased hospital admissions for cellulitis (a feature of
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poorly controlled lymphoedema and/or orientation of the patient) and decreased need for
costly and at times uncomfortable pressure garments; (iv) Improving local and general exer‐
cise capacity (prevention of loss of body weight and managing the side effects of the disease,
medication and surgery); (v) Shortening the period of time of UI after RP; and (vi) Affecting
quality of life factors for all patients with cancer and their carers and families. These all pro‐
vide examples where physiotherapy intervention contributes considerably to the health care
provision and demonstrate how the various disciplines allied to medicine are working to‐
gether to either bring the now healthy individual back to normal life and re-integration to
the society, or improve the quality of life of patients that have to live with cancer as a chron‐
ic disorder and those that are in the terminal stages of the disease and life [5-7, 43, 53].

6. Considerations about the various prostate cancer treatments and their
associated side effects

A number of side effects are associated with the various treatments available for PCa. As it
was presented before, associated side effects include ED and UI amongst others, and a num‐
ber of palliative care treatments and exercises have been proposed to counteract these effects
[24, 52, 53]

A very important and unquestionable point is that pelvic floor muscle exercises are relevant
to the treatment of ED in patients with PCa that will be submitted to RP. Most physiothera‐
py treatments for ED focus also on pelvic floor muscles. It is relevant to consider also the
arrangement of the muscles at the base of the penis, as well as the other local structures that,
with the time without erection, can lead to veno-occlusive ED. This undesirable condition is
the result of a sequence of penile morphologic alterations post-RP. The physiotherapist will
guide the patient to do exercises for the muscles direct related to the pelvic floor and also to
the muscles indirectly related with the pelvis, such as abdominal and gluteal muscles. When
they are contracted an increase of the local blood flow to the pelvic region is verified. This
process seems to lead to a release of NO to the penis, acting on endothelium vasodilation
and dependent on the flow, increasing in oxygen supply to the penile tissue and keeping the
erectile tissue healthy [22, 24, 54].

On this same point of view about the treatment of the ED with physiotherapy, the vaccum
therapy could also provide oxygen supply generated by negative pressure that distends the
corporal sinusoids and increases the blood inflow to the penis. This system reduces apopto‐
sis minimizing fibrosis of the corpora cavernosa which directly influences in the maintain‐
ing of the penile length. Differently, the use of the vacuum device (figure 6) for intercourse,
the vaccum therapy does not use the ring constrictor, since it would keep in the corpora cav‐
ernosa a poorly oxygenated blood. The vaccum therapy could be combined with anothers
therapies for ED, as pelvic floor muscles exercices (kinesiotherapy) and oral therapies (medi‐
cations) [27, 40, 50].

UI has been also treated with the various exercises (kinesiotherapy) involving the muscles of
the pelvic floor in patients submitted to RP. Prior to a pelvic floor muscle exercise program,
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an anal assessment is performed to grade the strength, endurance and speed of the anal
sphincter and the puborectalis muscle. Pelvic floor muscle exercises are individually taught
to ensure that they are being performed correctly [52],

In consequence, a number of pertinent considerations arise from the treatments and their as‐
sociated side effects, which can related directly to personal circumstances and situations,
clinical conditions after treatment or laboratory determinations (PSA) and medications/
procedures used after treatment [40, 41, 46, 47].

Figure 6. A model of a vacuum device

Personal situations related with the possible treatments for PCa must be considered, as blad‐
der irritation is common after RT, bowel complications might occur in the long-term and
have high incidence during external beam RT, ED can be early in the surgery in comparison
with RT, and penile shortening or fibrosis might occur after RP [6, 14].

Clinical conditions after the RP, such as pelvic pain, is common mainly in young men, UI
will occur in the post operative period, erectile functioning might return slowly over years
after the surgery. All these must be considered and must be explained to the patient and his
family [6, 14].

The decline of the quality of the sexual activity can lead to a complicated pattern of change in qual‐
ity of life and also negatively affect the psychosocial wellbeing of men and of the couple [6, 14].

Concerning the laboratory determinations as well as the medications used after the RP, it is
important to consider that phosphodiesterase-5 inhibitors have limited actions in the cases
of ED and the velocity is a more reliable indicator of recurrence than an isolated PSA meas‐
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urement. When the available procedures to minimize the clinical complications of the RP or
of the RT are considered, it is highly relevant to emphasize that the decrease of the appear‐
ance of complications occurs in patients thar have undergone physiotherapy before the RP
and the improvement of the symptoms is observed due to the procedures of the physiother‐
apy just after the RP [6, 14].

Due to the high occurence of the PCa in the world, the high cost involved in the treatment
and its impact in the quality of life of the patients with this disease, considerations about the
different kinds of treatment as well as the possible complications of the treatments available
are desirable [6, 14].

In addition, the questions associated with the personal situations related with the possible
treatments for PCa would be relevant for a better understanding of the clinical situations of
each patient [6, 14].

Finally, the knowledge of the patient about his situation as well as the involvement of the
family and partner must be strongly considered. Moreover, it is also important to explain
and present all the possibilities involving the treatment of the PCa. In addition, it is highly
desired thal all the modalities of procedures that are available to aid in the prevention of un‐
desirable clinical conditions. Furthermore, it is suggested that is necessary to consider the
techniques related to the physiotherapy before and after the treatment of choice to the PCa.
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1. Introduction

Prostate cancer and colorectal malignancies are the most common cancers in men, contributing
to 15% and 9% of new cancer cases, respectively [1]. Furthermore, it is not uncommon to en‐
counter patients with synchronous or metachronous colorectal and prostate cancers [2-3]. Ab‐
dominoperineal resection (APR) is often performed for surgical treatment of rectal cancer in
addition to treatment of ulcerative colitis and familial polyposis coli. The technical aspects of
an APR include a combined perineal and abdominal approach to resecting the rectum and mes‐
orectum, in addition to the anus, perineal soft tissue and pelvic floor musculature [4].

The screening and treatment of patients with prostate cancer after an APR is challenging
and unique. Enblad et al. [5] found a relative risk of 2.2 for the diagnosis of a second pri‐
mary neoplasm in the prostate within 1 year after the diagnosis of rectal malignancy. After
APR for colorectal pathologic features, however, there is no rectum for access to the pros‐
tate. This precludes the use of digital rectal examination (DRE) or transrectal ultrasound
(TRUS)-guided prostate biopsies to diagnose primary tumors of the prostate [6-10].

Several methods have been described to evaluate the prostate in the patient with elevated
prostate-specific antigen (PSA) levels who have undergone APR, including transperineal ul‐
trasound (TPUS)-guided biopsy, transurethral ultrasounded guided perineal biopsy and
computed tomography (CT)/magnetic resonance imaging (MRI) guided techniques. The aim
of this chapter is to review the screening for prostate cancer in patients preparing for an
APR and discuss post-APR screening and prostate biopsy techniques, limitations and practi‐
cal considerations.

© 2013 Klaassen et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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2. Abdominoperineal resection

Abdominoperineal resection is a surgery for carcinoma of the rectum and/or anus, performed
through incisions in the abdomen and perineum. APR involves the removal of the anus, rec‐
tum, and the distal portion of the sigmoid colon along with regional lymph nodes. Without an
anal opening, the patient has a permanent end-colostomy from the proximal sigmoid colon cre‐
ated through the anterior abdominal wall, typically placed in the left lower quadrant [11-12].

2.1. Diagnosis of rectal carcinoma

In patients with rectal cancer, the most common initial presenting symptom or complaint is
bleeding, followed by changes in bowel habits, diarrhea, and lower abdominal pain. A DRE
may detect rectal masses located within the distal 1/3 of the rectum. A potential source of
confusion from a standard DRE may arise from carcinoma of the prostate encroaching on
the nearby rectum, causing similar obstructive symptoms [11]. Flexible sigmoidoscopy or
colonoscopy allow for a more thorough visual characterization, location, and size of the
mass, and provides an opportunity for biopsy and histological examination. Endoluminal
ultrasonography has recently been shown to be a diagnostic tool for characterizing the
depth of invasion of the rectal mass. Pre-operative evaluation using colonoscopy and CT
and/or MRI is indicated to rule-out synchronous lesions and/or metastatic disease [13].

2.2. Indications for treatment

Classic surgical dogma throughout the 20th century states that the standard treatment for
rectal tumors located less than 8cm from the anal verge is to perform an APR. Careful surgi‐
cal technique must be utilized to avoid complications such as recurrence of disease due to
inadequate surgical margins, anastomotic breakdown, obstruction, and re-operation. Tu‐
mors located more proximally are generally treated successfully using the standard low an‐
terior resection with restoration of bowel continuity. Absolute contraindications for
anastomosis following resection of rectal cancer are invasion of the sphincter mechanism or
the anal canal. The decision to preserve the anal sphincter can be affected by several factors
including: level of the tumor, depth of invasion, extent of circumferential involvement, tu‐
mor fixation, local and metastatic invasion, age, and the ability to manage a colostomy.
However, advances in instrumentation and techniques often allow for some tumors in the
distal rectum to be resected and anastomosis performed [13-14].

2.3. Technique

APR can be performed by a single surgeon or with a two-surgeon (abdominal and perineal)
team approach. Once the patient is prepped and draped, the anus is closed using a purse-
string suture. A site for the colostomy should be selected prior to incision. The surgeon may
consider preoperative ureteral stent placement to aid in identification of the ureters and to fa‐
cilitate repair in case of inadvertent injury. A midline infra-umbilical incision is made, and the
abdomen is explored for evidence of metastatic and/or synchronous disease. Once the tumor

Advances in Prostate Cancer106

is deemed resectable, the surgeon on the perineal side can begin dissection simultaneously. In
the abdominal compartment, the sigmoid colon and rectum is mobilized by incision of the left
lateral mesentery, paying careful attention to avoid the left ureter as it courses over the bifur‐
cation of the iliac vessels. Identification and control of the inferior mesenteric artery is fol‐
lowed by its ligation distal to the first branch to maintain adequate blood supply to the colon
segment used for the stoma. The rectum is then bluntly dissected posterior along the presac‐
ral space and mobilized to the tip of the coccyx. Anteriorly, the rectum is retracted away from
the bladder and Denonvillier's fascia is incised to free the rectum away from the prostate to its
posterior margin. The lateral ligaments that contain the middle rectal arteries are controlled
and ligated. At this point the proximal sigmoid colon is divided using a stapling device and
brought through the anterior abdominal wall. The colostomy is then matured.

On the perineal side, an elliptical incision is made around the anus. Dissection is then made
through the sphincters and the ischiorectal fossa is entered. The presacral space is entered
from below and the rectum is mobilized circumferentially. Careful dissection is performed
to avoid perforation of the rectum and compromise the containment of the malignancy. The
perineal dissection is completed by dividing the levator muscle on each side. The distal sig‐
moid and rectum can be delivered through the perineal opening. The perineal wound is
closed primarily, with a closed drain left in place. The peritoneum is repaired above and the
floor of the pelvis is closed [12, 14-16].

3. Concomitant prostate cancer screening in the patient preparing for an
APR

Patients scheduled to undergo APR represent a patient population in which prostate cancer
screening may be indicated. Most cases of rectal cancer are diagnosed after 50 years of age
[17], and are in the same age category of men at risk for prostate cancer diagnosis. However,
the stage of rectal cancer should be taken into consideration when considering screening the
same individual for prostate cancer: Stage T1 and T2 rectal tumors treated with APR have a
~90% 5-year survival, while stage T3 and T4 tumors are generally treated with neoadjuvant
chemotherapy and/or radiation and generally have a 5-year survival of 50% and 25%, re‐
spectively [17]. Thus, prostate cancer screening in patients with advanced disease should be
avoided.

Terris and Wren previously described a prostate cancer-screening program for 19 consecu‐
tive men scheduled for APR for colorectal carcinoma with no history of prostate cancer [18].
Screening included serum PSA and DRE and those with suspicious findings underwent
TRUS-guided sextant biopsy. Six patients (31%) had a PSA >4.0 ng/mL (range 4.4 to 32.4
ng/mL, mean 9.3 ng/mL) of which two patients also had an abnormal DRE. TRUS-guided
biopsy revealed prostate cancer in three individuals (50%). These patients included an indi‐
vidual with clinical stage T1c, Gleason 3+3=6 adenocarcinoma of the prostate treated with
radiation, a second patient with clinical stage T2a, Gleason 3+4=7 adenocarcinoma of the
prostate treated with radiation, and a third individual with a PSA of 32.4 ng/mL and DRE
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the stage of rectal cancer should be taken into consideration when considering screening the
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~90% 5-year survival, while stage T3 and T4 tumors are generally treated with neoadjuvant
chemotherapy and/or radiation and generally have a 5-year survival of 50% and 25%, re‐
spectively [17]. Thus, prostate cancer screening in patients with advanced disease should be
avoided.
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Screening included serum PSA and DRE and those with suspicious findings underwent
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prostate treated with radiation, and a third individual with a PSA of 32.4 ng/mL and DRE
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consistent with extracapsular extension of prostate cancer (clinical stage T3, Gleason 4+4=8
adenocarcinoma of the prostate) managed with androgen deprivation therapy. Concomitant
prostate cancer screening for patients planning an APR should be a multi-disciplinary deci‐
sion between the General Surgeons and Urologist in the male patient older than 50 years of
age with clinical stage T1 or T2 rectal cancer and a life expectancy of more than 10 years.

4. Post-APR prostate cancer screening and modalities for prostate biopsy

The clinical scenario of a patient with an elevated PSA and no access to the rectum pre‐
cludes the urologist from performing a DRE or a TRUS biopsy of the prostate. Other ap‐
proaches to the prostate to allow a biopsy include CT and MRI guided techniques,
transurethral ultrasound guided perineal biopsy and TPUS-guided biopsy.

4.1. CT and MRI-guided prostate biopsy

Transgluteal CT-guided prostate biopsy involves imaging the lower pelvis at 10-mm inter‐
vals and with a 10-mm slice thickness. The transgluteal approach allows sampling of both
sides of the midline at the base, midgland and apical levels. When one entry site is used, the
angle of the needle is projected to the contralateral side of the prostate; entry sites are chosen
3-4cm off the midline to avoid paraspinal ligaments and potential post-APR fibrosis around
the tip of the coccyx (Figure 1) [19].

Figure 1. CT-guided percutaneous transgluteal biopsy of the prostate. Two needles are inserted at different angles to
ensure adequate sampling of both sides of the prostate (Reprinted from American Journal of Roentgenology, Volume
166/Issue 6, Papanicolaou N, Eisenberg PJ, Silverman SG, McNicholas MM, Althausen AF. 1996, 1332-1334, with per‐
mission from The American Roentgen Ray Society).
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Papanicolaou et al. [19] described this technique in 10 patients with a mean age of 67 years
and mean PSA of 33.9 diagnosing prostate cancer in 6 patients (60%). While CT scan offers
limited anatomical detail of the prostate, it does allow visualization of the peripheral zones
to facilitate biopsy in patients without rectal access.

Limited experience with MRI-guided transperineal biopsy [20] and CT-MRI fusion to guide
radiotherapy [21] has been described but is not widely available.

4.2. Transurethral ultrasound guided perineal prostate biopsy

The  patient  undergoing  a  transperineal  biopsy  guided  by  transurethral  ultrasound  is
placed in the lithotomy position and a 26F resectoscope sheath is passed into the urethra.
Subsequently, a 5.5 MHx transurethral ultrasound probe is passed through the sheath for
visualization of the prostate.  The width and height of the prostate are measured on the
sagittal image and withdrawing the probe from the base to the apex of the prostate assess‐
es length [22].  The advantage of this modality is that direct prostate imaging allows for
precise guidance of transperineally placed biopsy needles. However, the major limitation
is that one is only able to view the prostate in the sagittal plane. Seaman et al. [22] utiliz‐
ed this technique to perform 7 biopsies in 5 patients with a history of APR and elevated
PSA (two patients  had repeat  biopsy secondary to  increasing PSA),  diagnosing prostate
cancer in three patients (60%).

4.3. Transperineal Ultrasound (TPUS) guided prostate biopsy

The TPUS guided prostate biopsy is performed in the lithotomy position. A Foley catheter
may be inserted to delineate the prostate anatomy and avoid the urethra with the biopsy
needle [23]. The scrotum is then retracted anteriorly and the perineum is prepared in a ster‐
ile fashion. Then 1% Lidocaine is applied to the perineum for anesthesia. The transrectal ul‐
trasound probe is adjusted to a frequency of 5-6 MHz and the prostate is visualized after
traversing the course of the urethral catheter. The 18-guage biopsy needle is then directed at
a 45-degree angle and biopsy specimens are obtained through the posterior aspect of the
prostate. The needle forms an acute angle with the long axis of the prostate apex is nearly
parallel with the long axis of the prostate base and mid-gland (Figure 2). Biopsy specimens
are then obtained from the medial and lateral aspect of the prostate apex, mid-gland and
base as is performed for TRUS biopsy. A “fan technique” for obtaining a six-core TPUS
guided biopsy has also been described (Figure 3) [24].

A number of studies have compared the efficacy of TPUS-guided biopsies compared to
TRUS-guided biopsies in patients with a rectum [8, 24]. Shinghal and Terris [8] prospective‐
ly identified 20 patients with prostate cancer diagnosed by TRUS-guided biopsies to evalu‐
ate the accuracy of TPUS prostate biopsies. Six TPUS-guided biopsies were obtained,
followed by sextant TRUS-guided biopsies prior to radical prostatectomy. Final pathology
demonstrated that all 20 patients had adenocarcinoma of the prostate. TPUS-guided biop‐
sies identified cancer in only 2 of 20 patients (10%) compared to 13 of 20 patients (65%) for
TRUS-guided biopsies. The positive TPUS-guided biopsy specimens were higher Gleason
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sagittal image and withdrawing the probe from the base to the apex of the prostate assess‐
es length [22].  The advantage of this modality is that direct prostate imaging allows for
precise guidance of transperineally placed biopsy needles. However, the major limitation
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ed this technique to perform 7 biopsies in 5 patients with a history of APR and elevated
PSA (two patients  had repeat  biopsy secondary to  increasing PSA),  diagnosing prostate
cancer in three patients (60%).
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The TPUS guided prostate biopsy is performed in the lithotomy position. A Foley catheter
may be inserted to delineate the prostate anatomy and avoid the urethra with the biopsy
needle [23]. The scrotum is then retracted anteriorly and the perineum is prepared in a ster‐
ile fashion. Then 1% Lidocaine is applied to the perineum for anesthesia. The transrectal ul‐
trasound probe is adjusted to a frequency of 5-6 MHz and the prostate is visualized after
traversing the course of the urethral catheter. The 18-guage biopsy needle is then directed at
a 45-degree angle and biopsy specimens are obtained through the posterior aspect of the
prostate. The needle forms an acute angle with the long axis of the prostate apex is nearly
parallel with the long axis of the prostate base and mid-gland (Figure 2). Biopsy specimens
are then obtained from the medial and lateral aspect of the prostate apex, mid-gland and
base as is performed for TRUS biopsy. A “fan technique” for obtaining a six-core TPUS
guided biopsy has also been described (Figure 3) [24].

A number of studies have compared the efficacy of TPUS-guided biopsies compared to
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ly identified 20 patients with prostate cancer diagnosed by TRUS-guided biopsies to evalu‐
ate the accuracy of TPUS prostate biopsies. Six TPUS-guided biopsies were obtained,
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demonstrated that all 20 patients had adenocarcinoma of the prostate. TPUS-guided biop‐
sies identified cancer in only 2 of 20 patients (10%) compared to 13 of 20 patients (65%) for
TRUS-guided biopsies. The positive TPUS-guided biopsy specimens were higher Gleason
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grade, and were found in patients with larger volume prostates and higher PSA. Emiliozzi
et al. [24] performed a prospective study comparing TPUS versus TRUS-guided prostate bi‐
opsy in 107 patients with PSA > 4.0 ng/mL. The patients underwent TPUS-guided six core
biopsy, followed by TRUS-guided six core biopsy. Prostate cancer was found in 43 of 107
patients (40%): 41 (95%) were found via the TPUS approach compared to 34 (79%) via the
TRUS approach (p = 0.012).

Figure 2. Transperineal prostate biopsy. There is a relatively acute angle of the needle in regard to the long axis of the
prostate. The needle becomes almost parallel with the long axis of the prostate middle and base (Reprinted from The
Journal of Urology, Volume 169/Issue 1, Shinohara K, Gulati M, Koppie TM, Terris MK. 2003, 141-144, with permission
from American Urological Association).
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Figure 3. Scheme of the transperineal six-core fan biopsy. Cores are also taken from the far lateral aspect of the pros‐
tate (Reprinted from Urology, Volume 61/Issue 5, Emiliozzi P, Corsetti A, Tassi B, Federico G, Martini M, Pansadoro V.
2003, 961-966, with permission from Elsevier).
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A number of studies have reported TPUS-guided biopsy in patients after APR [6, 9, 23] (Ta‐
ble). Shinohara et al. [23] reported the largest experience analyzing 28 patients with a history
of APR who were referred for biopsy with a mean PSA of 22 ng/mL (median 9.5, range 4.1 to
237). The mean time from APR to referral was 14 years (range 1 to 33 years) and five patients
had previously undergone radiation therapy as part of the treatment for colorectal cancer.
Of the 28 patients, 23 were diagnosed with prostate cancer (82.1%), with a mean Gleason
score of 6.6 (range 3 to 9). Twenty-two of the 23 patients (95.7%) elected for treatment, in‐
cluding prostatectomy (n=8), androgen deprivation therapy (n=7), external radiation therapy
(n=6) and high dose radiation therapy (n=1).

Study
Patients

(N)

Median

Age (Yrs)

Mean PSA

(ng/mL)

Median PSA

(ng/mL)

Mean Interval From

APR to Biopsy (Yrs)

Biopsy Proven

Prostate Cancer, N=

(%)

Shinohara et al. [23] 28 65 22 9.5 14 23 (82%)

Twidwell et al. [6] 10 67 NR NR 12 2 (20%)

Filderman et al. [99] 5 62 16.5 NR NR 2 (40%)

Table 1. A comparison of studies analyzing transperineal ultrasound-guided prostate biopsy results in patients after
abdominoperineal resection. (NR - not reported)

4.4. Practical considerations for TPUS-guided prostate biopsy

4.4.1. Image quality

The image quality of TPUS of the prostate compared to TRUS has been previously described
by Terris et al. [7]. In a prospective study of 50 patients who had not undergone APR, TPUS
was performed with a 4-MHz abdominal probe at a frequency of 5 - 7 MHz and TRUS at 7
MHz (Figure 4). TPUS allowed good visualization of the prostate in 48 (96%) patients in the
coronal plane and in 45 (90%) patients in the sagittal plane. Prostate volume, as calculated
by the prolate spheroid method, correlated well with TRUS calculations (r = 0.876). Prostatic
calcifications were seen in 12 patients (24%), identified by both TRUS and TPUS, however 29
patients (58%) with hypoechoic lesions identified by TRUS were not visualized by TPUS.
Furthermore, six patients (12%) with cystic lesions visualized by TRUS were seen in half of
the patients by TPUS (3/6). Image quality of TPUS is inadequate for staging purposes secon‐
dary to poor transverse and longitudinal visualization of the prostatic capsule. While the
imaging quality of TPUS may be inferior to TRUS, it likely represents the most reliable mo‐
dality in patients without access to the rectum and has been proposed as a diagnostic mo‐
dality in patients at high risk for prostate cancer with previous negative TRUS-guided
biopsies [25].
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Figure 4. A) Transperineal image showing vague outline of the prostate in the coronal plane. (B) Transverse image of
the prostate in the transverse plane. B = bladder; U = urethra (Reprinted from Urology, Volume 52/Issue 6, Terris MK,
Hammerer PG, Nickas ME. 1998, 1070-1072, with permission from Elsevier).
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4.4.2. Improved sampling of the far lateral peripheral zone

When performing TPUS-guided biopsy, the needle forms an acute angle with the long axis
of the prostate apex before becoming nearly parallel with the long axis of the prostate base
and mid-gland. Geometrically, this allows sampling of more peripheral zone tissue, notably
the far lateral peripheral zone [23, 25]. Eskew et al. [26] performed sextant biopsies in addi‐
tion to cores taken from the far lateral and mid regions of the prostate in 119 patients, diag‐
nosing prostate cancer in 48 patients (40.3%). Among these 48 patients, 17 (35%) had
carcinoma only in the far lateral and mid regions of the prostate.

5. Conclusions

Evaluation of the prostate in men with an elevated PSA who have undergone APR is chal‐
lenging due to inability to perform DRE and TRUS-guided prostate biopsy. TPUS-guided
prostate biopsy is the most cost effective and feasible modality for diagnosing prostate can‐
cer in these patients. However, given that men aged 50-75 are at increased risk for both pros‐
tate cancer and colorectal cancer, preoperative prostate cancer screening in men who are
planning APR allows for proper assessment of the prostate before access to the rectum is
compromised, provides a baseline PSA to compare with further testing after the APR, and
may detect synchronous malignancies. A multidisciplinary approach is ideal when consider‐
ing prostate cancer screening in men 50 years of age or older with reasonable life expectancy
who are planning APR.
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1. Introduction

Public concern on the radiation therapy for prostate cancer has increased recently. The leading
causes of this phenomenon are thought of as popularization of prostate-specific antigen (PSA)
measurement and having been able to tell the curable patients apart by means of the accom‐
plished risk classifications. Massive development of radiation therapy technology also seems
to be one of the leading causes. This chapter focuses on the variety of curative radiation therapy
for clinically localized prostate cancer.

2. External beam radiation therapy

2.1. Conventional External Beam Radiation Therapy (EBRT)

In the 1970s, the treatment field size and portal configuration for radiation therapy were
based on estimations of the anatomic boundaries of the prostate defined by plain-film ra‐
diography and by the digital rectal examination. At that time, a variety of treatment tech‐
niques were used. In general, four fields were used to treat the pelvis and prostate to an
initial dose of 45 Gy, with a boost to 70 Gy to the prostate only [1, 2]. Early conventional
external beam radiation therapy used total doses in the range of 60 to 70 Gy, because it
was believed that this dose was close to the maximum dose allowed by the surrounding
normal tissues,  especially rectum. Today,  it  is  obvious that  this  dose is  not  sufficient to
get an adequate local control rate.

2.2. Three-Dimensional Conformal Radiation Therapy (3D-CRT)

In the early to mid-1908s,  three-dimensional  conformal treatment techniques became in‐
creasingly available.  Although these techniques vary in some aspects,  they share certain
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common principles that offer significant advantages over conventional external beam radi‐
ation therapy techniques.  CT-based images referenced to a reproducible patient position
are used to localize the prostate and normal organs and to generate high resolution 3D re‐
constructions of the patient. Treatment field directions are selected using beam`s-eye-view
techniques and the fields  are  shaped to  conform to the patient`s  CT-defined target  vol‐
ume, thereby minimizing the volume of normal tissue irradiated. Compared with treating
a patient by conventional external beam radiation therapy technique, 3D-CRT is associat‐
ed with a nearly 30% reduction in the dose received by 50% of the rectum. Based on this
kind of analysis, it greater than or equal to 10% should be possible without an increase in
acute or chronic toxicity [3].

2.3. Intensity Modulated Radiation Therapy (IMRT)

IMRT is a relatively recent refinement of three-dimensional conformal techniques that uses
treatment fields with highly irregular radiation intensity patterns to deliver exquisitely
conformal radiation distributions. These intensity patterns are created using special inverse
and optimization computer planning systems. Rather than define each shape and weight as is
done in conventional treatment planning, planners of IMRT treatment specify the desired dose
to the target and normal tissues using mathematical descriptions referred to as constraints or
objectives [4]. Sophisticated optimization methods are then used to determine the intensity
pattern for each treatment field that results in a dose distribution as close to the user-defined
constraints as possible. IMRT delivery is significantly more complex than conformal delivery
as well. Delivery of an IMRT intensity pattern requires a computer-controlled beam-shaping
apparatus on the linear accelerator known as a multi-leaf collimator (MLC). The MLC consists
of many small individually moving leaves or fingers that can create arbitrary beam shapes.
The MLC is used for IMRT delivery in either a static mode referred to as step and shoot, which
consists of multiple small, irregularly shaped fields delivered in sequence, or a dynamic mode
with the leaves moving during treatment to create the required irregular intensity patterns [5].
Since its inception, IMRT has become a common and important method for treating prostate
cancer and has facilitated an escalation in dose.

2.4. Clinical results of EBRT

2.4.1. Clinical results of conventional EBRT

The results of several large single-institution comparison between radical prostatectomy (RP)
and EBRT were reported.

Investigators from Cleveland Clinic Foundation, USA analyzed 1,682 patients with clinical
stage T1 and T2 disease treated with either RP or RT. They reported that the 8-year biochemical
relapse free survival (bRFS) rates for RP and conventional EBRT less than 72 Gy were 72% and
34%, respectively, and conventional EBRT less than 72 Gy was inferior to RP in the 8-year bRFS
rate (Fig 1)[6].
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(Cited from Kupelian PA et al.[5])

Figure 1. Biochemical relapse-free survival by treatment modality: RT to doses < 72 Gy, RT to doses > or = 72 Gy, and
RP for all (A), favorable (B), and unfavorable patients(C).

D’Amico et al. reported a retrospective cohort study of 2635 patients with either RP or RT of
median dose to 70.4 Gy (95% CI, 69.3-70.4 Gy) [7]. Eight-year bRFS rates for low-risk (T1c, T2a,
PSA < or = 10 ng/ml, and Gleason score (GS) < or = 6) patients were 88% and 78% for RP and
RT, respectively. Eight-year bRFS rates for intermediate-risk (T2b or GS 7 or PSA > 10 and <
or = 20 ng/ml) patients with < 34% positive prostate biopsies were 79% and 65% for PR and
RT, respectively. Eight-year bRFS rates were 36% versus 35% for intermediate-risk patients
with at least 34% positive prostate biopsies and 33% versus 40% for high-risk (T2c or PSA >
20ng/ml or GS > or = 8) patients treated with RP versus those treated with RT, respectively. In
conclusion, in their retrospective cohort study, intermediate-risk and low-risk patients with a
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low biopsy tumor volume who were treated with RP appeared to fare significantly better
compared with patients who were treated using conventional-dose RT. For the meanwhile,
Intermediate-risk and high-risk patients with a high biopsy tumor volume who were treated
with RP or RT had long-term estimates of bRFS that were not found to be significantly different.

2.4.2. Clinical results of 3D-CRT

Above-mentioned investigators from Cleveland Clinic Foundation reported that 3D-CRT more
than 72 Gy was superior to Conventional EBRT less than 72 Gy and very similar to RP in the 8-
year bRFS (6). Eight-year bRFS rate were 86% versus 86% (p = 0.16) for favorable-risk (T1 to T2a,
GS < or = 6, PSA < or = 10 ng/ml) patients and 62% versus 61% (p = 0.96) for unfavorable-risk (T2b
to T2c, GS > or = 7, PSA > 10 ng/ml) patients with RP versus those treated with RT > or = 72 Gy (Fig
1). Several study also have demonstrated that doses in excess of 70 to 72 Gy are associated with
a reduction in the risk of recurrence compared with lower doses [8-12].

2.4.3. Clinical results of IMRT

Investigators from Memorial Sloan Kettering Cancer Center (MSKCC) reported their experi‐
ence in 1002 patients treated with IMRT of 86.4 Gy [13]. They reported 7-year bRFS rates for
low, intermediate, and unfavorable risk group patients as 98.8%, 85.6%, and 67.9%, respec‐
tively. In this report, they concluded that high dose IMRT to 86.4 Gy for localized prostate
cancer resulted in excellent clinical outcomes with acceptable toxicity.

2.4.4. Clinical results of combined with Androgen Deprivation Therapy (ADT) and EBRT

Thus far, there have been five phase III randomized controlled trials for high-risk prostate
cancer that compared radiotherapy alone with radiotherapy and ADT [14-18]. In all of these
trials, ADT improved bRFS. In three of these four trials, ADT improved both overall survival
(OS) and cause-specific survival (CSS).

From above-mentioned results, combining ADT with radiotherapy should be recommended
in the high-risk group.

For intermediate-risk prostate cancer, two studies were published. Investigators from Brigham
and Women’s Hospital reported their randomized trial that consisted of 206 patients [19]. Two
months each of total androgen blockade given before, during, and after radiotherapy for a total
of 6 months. After a median follow-up of 4.52 years, ADT had improved 5-year bRFS, CSS,
and OS. The Trans-Tasman Radiation Oncology Group (TROG) 96.01 study consisted of 802
patients, who were randomized to radiotherapy alone, 3 months, or 6 months of neoadjuvant
hormones with radiotherapy. Five-year bRFS was significantly improved in the 3-month and
6-month arms as compared to the control arm. Although the 6-months arm showed signifi‐
cantly improved 5-year CSS, the 3-month arm was not significantly improved.

The thing to note is that these trials used doses less than 72 Gy that would be considered
suboptimal by today’s standard. Whether the benefit of ADT remains in the current era of dose
escalation is currently unclear.
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2.5. Acute and late adverse events

2.5.1. Acute and late adverse events of conventional EBRT

EBRT delivered with conventional techniques is fairly well tolerated, although grade 2 or
higher acute rectal morbidity (discomfort, tenesmus, diarrhea) or urinary symptoms (frequen‐
cy, nocturia, urgency, dysuria) requiring medication occur in approximately 60% of patients.
Symptoms usually appear during the third week of treatment and resolve within days to weeks
after treatment is completed. The incidence of late complications that develop > or = 6 months
after completion of treatment is significantly lower, whereas serious complications that require
corrective surgical intervention are rare. An analysis of 1,020 patients treated in two large
Radiation Therapy Oncology Group (RTOG) trials 7506 and 7706 demonstrated an incidence
of chronic urinary sequelae, such as cystitis, hematuria, urethral stricture, or bladder contrac‐
ture, requiring hospitalization in 7.7% of cases, but the incidence of urinary toxicities requiring
major surgical interventions such as laparotomy, cystectomy, or prolonged hospitalization was
only 0.5% [20]. More than half of chronic urinary complications were urethral strictures,
occurring mostly in patients who had undergone a previous transurethral resection of the
prostate (TURP). The incidence of chronic intestinal sequelae, such as chronic diarrhea,
proctitis, rectal and anal stricture, rectal bleeding or ulcer, requiring hospitalization for
diagnosis and minor intervention was 3.3%, with 0.6% of patients experiencing bowel
obstruction or perforation. Fatal complications were rare (0.2%). Most complications attributed
to radiation therapy are observed within the first 3 to 4 years after treatment, and the likelihood
of complications developing after 5 years in low. The risk of complications is increased when
radiation doses exceed 70 Gy. The risk of rectal toxicity has been correlated with the volume
of the anterior wall exposed to the higher doses of irradiation

2.5.2. Acute and late adverse events of CRT

Michalski et al. reported the toxicity outcomes of Stages T1-T2 prostate cancer in RTOG 9406,
a phase I-II dose escalation study [21]. Two hundred twenty five patients were treated to 78
Gy (2 Gy fractions). The median follow-up was 2.2 years. Only 3% of patients had grade 3 acute
toxicity. No grade 4 or 5 acute toxicity was reported. The late grade 2 and 3 bowel toxicity rates
were 18% and 2%, respectively. 2 had grade 4 bowel toxicity. The late grade 2 and 3 bladder
toxicity rates were 17% and 4%, respectively. No grade 4 or 5 late bladder toxicity was reported.

Zietman et al. reported acute and late genitourinary (GU) and gastrointestinal (GI) toxicity
among patients treated on a randomized controlled trial [22]. The median follow-up was 5.5
years. The acute GU grade 3 toxicity for both the 70.2 Gy (1.8 Gy fractions) and 79.2 Gy dose arms
in 2 Gy per fraction were 1%. The acute GI grade 3 toxicity for the 70.2 Gy and 79.2 Gy dose arms
were 1% and 0%, respectively. The late GU grade 2 and 3 toxicity were 18% and 2%, respectively,
for the 70.2 Gy dose arm, and 20% and 1%, respectively, for the 79.2 Gy dose arm (difference not
significant between two arms). The late GI grade 2 for the 70.2 Gy and 79.2 Gy arms were 8% and
17%, respectively (p = 0.005). The late GI grade 3 toxicity, however, was 1% for both arms.

Zelefsky et al. reported the long-term tolerance of high-dose 3D-CRT at MSKCC [23]. The 5-
year actuarial rate of grade 2 rectal toxicity for patients receiving 64.8 to 70.2 Gy was 7%,
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significant between two arms). The late GI grade 2 for the 70.2 Gy and 79.2 Gy arms were 8% and
17%, respectively (p = 0.005). The late GI grade 3 toxicity, however, was 1% for both arms.

Zelefsky et al. reported the long-term tolerance of high-dose 3D-CRT at MSKCC [23]. The 5-
year actuarial rate of grade 2 rectal toxicity for patients receiving 64.8 to 70.2 Gy was 7%,
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compared with 16% for those treated to 75.6 Gy and 15% for those who treated to 81 Gy (70.2
vs. 75.6 or 81 Gy, p <0.001). The 5-year actuarial rate of grade 3 or higher rectal toxicity was
0.85%, and no correlation between dose and the development of grade 3 complications was
found within the range of 64.8 to 81 Gy. Multivariable analysis demonstrated the following
variables as predictors of late grade 2 or higher GI toxicity: prescription doses >75.6 Gy (p <
0.001), history of diabetes mellitus (p = 0.01), and the presence of acute GI symptoms during
treatment (p = 0.02). The 5-year actuarial likelihood of Grade 2 or higher late GU toxicity for
patients who receiving 75.6 to 81 Gy was 15%, compared with 8% for those treated to 64.8 to
70.2 Gy (p = 0.008). The 5-year actuarial likelihood of the development of a urethral stricture
(Grade 3 toxicity) for patients who had a prior TURP was 4%, compared with 1% for those
who did not have a prior TURP (p = 0.03). No correlation was observed between higher
radiation doses and the development of a urethral stricture. Multivariable analysis demon‐
strated the following variables as predictors of late Grade 2 or higher GU toxicity: prescription
doses >75.6 Gy (p = 0.008) and the presence of acute GU symptoms during treatment (p <0.001).

Peeters et al. reported on the incidence of acute and late complications in a multicenter
randomized trial comparing 68 Gy to 78 Gy 3D-CRT [24]. The median follow-up was 31
months. For acute toxicity, no significant differences were seen between the two arms. GI
toxicity Grade 2 and 3 was reported as the maximum acute toxicity in 44% and 5%, respectively.
For acute GU toxicity, these figures were 41% and 13%. The 3-year in incidence of grade 2 and
higher GI and GU toxicities for the 68 Gy dose arm was 23.2% and 28.5%, respectively. The 3-
year incidence of grade 2 and higher GI and GU toxicities for the 78 Gy dose arm was 26.5%
and 30.2%, respectively. The differences were not significant. However, the authors did note
a significant increase in grade 3 rectal bleeding at 3 years was 10% for the 78 Gy arm, compared
to 2% for the 68 Gy arm (p = 0.007), and in nocturia (p = 0.05). The factors related to acute GI
toxicity were hormone therapy (HT) (p < 0.001), a higher dose-volume group (p = 0.01), and
pretreatment GI symptoms (p = 0.04). For acute GU toxicity, prognostic factors were: pretreat‐
ment GU symptoms (p < 0.001), ADT (p = 0.003), and prior TURP (p = 0.02). The following
variables were found to be predictive of late GI toxicity: a history of abdominal surgery (p
<0.001), and the presence of pretreatment GI symptoms (p = 0.001). The following variables
were predictive of late GU toxicity: pretreatment urinary symptoms (p <0.001), the use of
neoadjuvant ADT (p <0.001), and prior TURP (p = 0.006).

Sabdhu et al. reported that urethral strictures for 1,100 patients treated with 3D-CRT [25]. The
5-year actuarial likelihood of developing urethral stricture was 4% for 120 patients with a prior
history or TURP compared to 1% for 980 patients with no history of TURP (p = 0.01). Other
late urinary toxicities were not observed among patients with a prior history of a TURP. Lee
et al. observed a 2% incontinence rate among patients with a prior history of TURP who were
treated with EBRT compared with a 0.2% rate in patients without a prior TURP[26].

2.5.3. Acute and late adverse events of IMRT

In an attempt to improve further the conformality of the high-dose therapy plans and decrease
the rate of grade 2 and higher toxicity, an IMRT approach was introduced for the treatment of
clinically localized disease.
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Zelefsky et al. reported their experience in 1571 patients treated with 3D-CRT or IMRT with
dose raging from 66 to 81 Gy [27]. The median follow-up was 10 years. In this experience, IMRT
significantly reduced the risk of grade 2 and higher late GI toxicities compared with conven‐
tional 3D-CRT (5% vs. 13%, p < 0.001), although IMRT delivered higher dose than 3D-CRT.
However, IMRT increased the risk of acute and late grade 2 and higher GU toxicities and acute
grade 2 and higher GI toxicities compared with conventional 3D-CRT (37% vs. 22%, p = 0.001,
20% vs. 12%, p = 0.01, and 3% vs. 1%, p = 0.04, respectively).

According to the latest report from MSKCC, actuarial 7-year grade 2 or higher late GI and GU
toxicities with the use of IMRT to 86.4 Gy were 4.4% and 21.1%, respectively. Late grade 3 GI
and GU toxicities were 0.7% and 2.2%, respectively [13].

Mamgani et al. compared the toxicity of 41 prostate cancer patients treated with IMRT to 78
Gy with that of 37 patients treated with the 3D-CRT approach at the same dose level within
the Dutch dose-escalation trial [28]. They reported that IMRT significantly reduced the
incidence of acute grade 2 or higher GI toxicity compared with 3D-CRT (20% vs. 61%, p = 0.001).
For acute GU toxicity and late GI and GU toxicities, the incidence was lower after IMRT,
although these differences were not statistically significant (53% vs. 69%, p = 0.3, 21% vs. 37%,
p = 0.16, and 43% vs. 45%, p = 1.0, respectively).

3. Low-Dose-Rate (LDR) brachytherapy (Permanent implants)

3.1. Introduction to permanent implants

Interstitial prostate brachytherapy was first performed by Barringer in 1915 [29-31]. Its first
widespread adoption occurred in the 1970s, when the retropubic method was popularized
[32]. A laparotomy was done for lymph node dissection and exposure of the prostate. Io‐
dine-125 sources were implanted under direct visualization. The procedure was technically
difficult to perform, in part because of limited working space in the pelvis. As a result,
retropubic implantation lost popularity in the 1980s [33]. Instead, ultrasound-guided perma‐
nent prostatic implantation emerged in the early 1980s and has spread all over the world. The
ultrasound-guided transperineal technique was initially described by Holm and coworkers in
1983 [34]. Transrectal ultrasound (TRUS) allowed visualization of the needle location within
the prostate, facilitating real-time read-justments of needle position as necessary. Implants
could be computer preplanned using transverse ultrasound images. Transperineal implants
also could be done percutaneously on an outpatient basis, without laparotomy. Combined
with modern, computer-based treatment planning, technological advances allowed for higher
quality outpatient prostate brachytherapy [35].

Brachytherapy offers substantial biologic advantages over EBRT in terms of dose localization
and higher biologic doses. A modification of the time, dose, and fractionation tables has been
made to allow interconvertability between beam radiation and low-dose-rate brachytherapy
[36]. There are also substantial practical advantages of brachytherapy, including vastly shorter
treatment times and lower costs. These practical advantages have helped maintain widespread
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compared with 16% for those treated to 75.6 Gy and 15% for those who treated to 81 Gy (70.2
vs. 75.6 or 81 Gy, p <0.001). The 5-year actuarial rate of grade 3 or higher rectal toxicity was
0.85%, and no correlation between dose and the development of grade 3 complications was
found within the range of 64.8 to 81 Gy. Multivariable analysis demonstrated the following
variables as predictors of late grade 2 or higher GI toxicity: prescription doses >75.6 Gy (p <
0.001), history of diabetes mellitus (p = 0.01), and the presence of acute GI symptoms during
treatment (p = 0.02). The 5-year actuarial likelihood of Grade 2 or higher late GU toxicity for
patients who receiving 75.6 to 81 Gy was 15%, compared with 8% for those treated to 64.8 to
70.2 Gy (p = 0.008). The 5-year actuarial likelihood of the development of a urethral stricture
(Grade 3 toxicity) for patients who had a prior TURP was 4%, compared with 1% for those
who did not have a prior TURP (p = 0.03). No correlation was observed between higher
radiation doses and the development of a urethral stricture. Multivariable analysis demon‐
strated the following variables as predictors of late Grade 2 or higher GU toxicity: prescription
doses >75.6 Gy (p = 0.008) and the presence of acute GU symptoms during treatment (p <0.001).

Peeters et al. reported on the incidence of acute and late complications in a multicenter
randomized trial comparing 68 Gy to 78 Gy 3D-CRT [24]. The median follow-up was 31
months. For acute toxicity, no significant differences were seen between the two arms. GI
toxicity Grade 2 and 3 was reported as the maximum acute toxicity in 44% and 5%, respectively.
For acute GU toxicity, these figures were 41% and 13%. The 3-year in incidence of grade 2 and
higher GI and GU toxicities for the 68 Gy dose arm was 23.2% and 28.5%, respectively. The 3-
year incidence of grade 2 and higher GI and GU toxicities for the 78 Gy dose arm was 26.5%
and 30.2%, respectively. The differences were not significant. However, the authors did note
a significant increase in grade 3 rectal bleeding at 3 years was 10% for the 78 Gy arm, compared
to 2% for the 68 Gy arm (p = 0.007), and in nocturia (p = 0.05). The factors related to acute GI
toxicity were hormone therapy (HT) (p < 0.001), a higher dose-volume group (p = 0.01), and
pretreatment GI symptoms (p = 0.04). For acute GU toxicity, prognostic factors were: pretreat‐
ment GU symptoms (p < 0.001), ADT (p = 0.003), and prior TURP (p = 0.02). The following
variables were found to be predictive of late GI toxicity: a history of abdominal surgery (p
<0.001), and the presence of pretreatment GI symptoms (p = 0.001). The following variables
were predictive of late GU toxicity: pretreatment urinary symptoms (p <0.001), the use of
neoadjuvant ADT (p <0.001), and prior TURP (p = 0.006).

Sabdhu et al. reported that urethral strictures for 1,100 patients treated with 3D-CRT [25]. The
5-year actuarial likelihood of developing urethral stricture was 4% for 120 patients with a prior
history or TURP compared to 1% for 980 patients with no history of TURP (p = 0.01). Other
late urinary toxicities were not observed among patients with a prior history of a TURP. Lee
et al. observed a 2% incontinence rate among patients with a prior history of TURP who were
treated with EBRT compared with a 0.2% rate in patients without a prior TURP[26].

2.5.3. Acute and late adverse events of IMRT

In an attempt to improve further the conformality of the high-dose therapy plans and decrease
the rate of grade 2 and higher toxicity, an IMRT approach was introduced for the treatment of
clinically localized disease.
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Zelefsky et al. reported their experience in 1571 patients treated with 3D-CRT or IMRT with
dose raging from 66 to 81 Gy [27]. The median follow-up was 10 years. In this experience, IMRT
significantly reduced the risk of grade 2 and higher late GI toxicities compared with conven‐
tional 3D-CRT (5% vs. 13%, p < 0.001), although IMRT delivered higher dose than 3D-CRT.
However, IMRT increased the risk of acute and late grade 2 and higher GU toxicities and acute
grade 2 and higher GI toxicities compared with conventional 3D-CRT (37% vs. 22%, p = 0.001,
20% vs. 12%, p = 0.01, and 3% vs. 1%, p = 0.04, respectively).

According to the latest report from MSKCC, actuarial 7-year grade 2 or higher late GI and GU
toxicities with the use of IMRT to 86.4 Gy were 4.4% and 21.1%, respectively. Late grade 3 GI
and GU toxicities were 0.7% and 2.2%, respectively [13].

Mamgani et al. compared the toxicity of 41 prostate cancer patients treated with IMRT to 78
Gy with that of 37 patients treated with the 3D-CRT approach at the same dose level within
the Dutch dose-escalation trial [28]. They reported that IMRT significantly reduced the
incidence of acute grade 2 or higher GI toxicity compared with 3D-CRT (20% vs. 61%, p = 0.001).
For acute GU toxicity and late GI and GU toxicities, the incidence was lower after IMRT,
although these differences were not statistically significant (53% vs. 69%, p = 0.3, 21% vs. 37%,
p = 0.16, and 43% vs. 45%, p = 1.0, respectively).

3. Low-Dose-Rate (LDR) brachytherapy (Permanent implants)

3.1. Introduction to permanent implants

Interstitial prostate brachytherapy was first performed by Barringer in 1915 [29-31]. Its first
widespread adoption occurred in the 1970s, when the retropubic method was popularized
[32]. A laparotomy was done for lymph node dissection and exposure of the prostate. Io‐
dine-125 sources were implanted under direct visualization. The procedure was technically
difficult to perform, in part because of limited working space in the pelvis. As a result,
retropubic implantation lost popularity in the 1980s [33]. Instead, ultrasound-guided perma‐
nent prostatic implantation emerged in the early 1980s and has spread all over the world. The
ultrasound-guided transperineal technique was initially described by Holm and coworkers in
1983 [34]. Transrectal ultrasound (TRUS) allowed visualization of the needle location within
the prostate, facilitating real-time read-justments of needle position as necessary. Implants
could be computer preplanned using transverse ultrasound images. Transperineal implants
also could be done percutaneously on an outpatient basis, without laparotomy. Combined
with modern, computer-based treatment planning, technological advances allowed for higher
quality outpatient prostate brachytherapy [35].

Brachytherapy offers substantial biologic advantages over EBRT in terms of dose localization
and higher biologic doses. A modification of the time, dose, and fractionation tables has been
made to allow interconvertability between beam radiation and low-dose-rate brachytherapy
[36]. There are also substantial practical advantages of brachytherapy, including vastly shorter
treatment times and lower costs. These practical advantages have helped maintain widespread
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interest in brachytherapy, despite continuous improvements in beam radiation. Although
enthusiasm remains high in some quarters, there are still vexing discrepancies in reported cure
rates and morbidities. It is becoming clearer that such discrepancies result partly from different
technical expertise and patient management policies [37]. Brachytherapy, like surgery, is
operator-dependent and outcomes vary with skill and experience.

3.2. Patient selection

Contraindications to brachytherapy include metastatic disease (including lymph node
involvement), gross seminal vesicle involvement because that radioactive seeds are unlikely
to be capable of sterilizing more than the most proximal 1 cm of seminal vesicle tissue, or large
T3 disease that cannot be adequately implanted because of geometrical impediments to
adequate tumor mass implantation (an unusual presentation).

Large prostate size can be often contraindication to brachytherapy because that the anterior
and lateral portion of the gland may be inadequately covered because of pubic arch interfer‐
ence of needle placement. When a patient has a prostate > 60 cc, and pubic arch interference
is a concern, a short course of ADT will reduce prostate volume by an average of approximately
30% in 3-4 months [38, 39]

Patients with a high International Prostate Symptom Score (IPSS) for urinary irritative and
obstructive symptoms are at increased risk of developing postimplant urinary retention
[40-43]. Terk et al. [44] and Gutman et al. [45] reported that patients with IPSS had a high risk
of urinary retention.

Patients with prior pelvic radiotherapy may be at increased risk of developing late GI or GU
toxicity. In such patients, the dose delivered to the prostate, rectum, and bladder should be
considered.

In patients with prior TURP, a large TURP defect may disturb implantation of seed throughout
the entire gland, resulting in unacceptable dosimetry.

Early-stage prostate cancer with T < or = 2a, initial PSA < or = 10ng/ml, and GS < or = 6 is suitable
for brachytherapy without supplemental EBRT. Meanwhile, the generally accepted policy has
been to add EBRT for the prostate cancer with T > 2a, initial PSA > 10ng/ml, or GS > 6. However,
patients with intermediate-risk disease (T = 2b, GS = 7, or PSA > 10 and < or = 20 ng/ml) represent
a heterogeneous patient population some of whom may benefit from monotherapy. Some
investigators reported their experiences to perform monotherapy for patients with intermedi‐
ate- and high-risk disease [46 – 51].

3.3. Treatment techniques

3.3.1. Preplanned transperineal implantation techniques

First of all, TRUS imaging is obtained before planned procedure to assess the prostate volume.
A computerized plan is generated from the ultrasound images, producing isodose distribu‐
tions and the ideal location of seeds within the gland to deliver the prescription dose to the
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prostate. Several days to weeks later, the implantation procedure is performed. Needles are
then placed under ultrasonographic guidance through a perineal template according to the
coordinates determined by the preplan. Radioactive seeds are individually deposited in the
needle with the aid of an applicator or with preloaded seeds on a semirigid strand containing
the preplanned number of seeds. In the latter case, this is accomplished by stabilizing the
needle obturator that holds the seed column in a fixed position while the needle is withdrawn
slowly, depositing a row or series of seeds within the gland.

In general most brachytherapists use a modified peripheral loading technique for permanent
interstitial implantation. This approach can reduce the urethral doses more than a homoge‐
nous loading technique. The portion of the urethra receiving 150% dose (UV150) should be limit‐
ed [52]. Likewise, the volume of the rectum (RV100) receiving the prescription dose ideally
should be < 1 cc [53].

3.3.2. Intraoperative planning techniques

Intraoperative planning takes advantage of the opportunity of using real-time measurements
of the prostate during the procedure while preplanning is often preformed several weeks
before implantation, frequently under different conditions than the actual operative proce‐
dure. Subtle changes in the position of the ultrasound probe as well as the distortion of the
prostate associated with needle placement and subsequent edema can result in profound
changes in the shape of the gland compared with the preplanned prostatic contour.

3.4. Dose selection

Numerous studies have confirmed D90 (the minimum dose received by 90% of the prostate
volume) and V100 (percentage of the prostate volume receiving 100% of the prescribed dose)
are correlated with outcome [54-56].

Prescription doses for I-125 or palladium-103 (103Pd) are typically 140 to 160 Gy or 110 to 130
Gy, respectively. In practice, many brachytherapists plan a dose higher than the above
mentioned doses to compensate for edema, seed misplacement, and so on. Merrick et al. [57]
examined variability in permanent prostate brachytherapy preimplant dosimetry among eight
experienced brachytherapy teams. A range of D90 values from 112% to 151% of the prescription
dose was planned. Several investigations suggest that an acceptable dose range for postim‐
plant D90 for I-125 may be 130 to 180 Gy as long as normal structures are not overdosed. Zelefsky
et al. [58] reported that D90 < 130 Gy was associated with and increased risk of failure. Mean‐
while, Gomez-Iturriaga Pina et al. [59] reported that D90 from 180 Gy to 200 Gy was associated
with excellent biochemical disease-free survival and acceptable toxicity.

When combined EBRT and brachytherapy, a wide variety of implant and beam radiation dose
combinations are used. Implant prescription doses area generally dropped to approximately
70% to 80% of monotherapy doses, ranging from 110 to 120 Gy with I-125 and 90 to 100 Gy
with Pd-103. External beam doses of 40 to 50 Gy area typically used. No studies have investi‐
gated either the sequencing of EBRT and brachytherapy, or the time interval between the two.
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interest in brachytherapy, despite continuous improvements in beam radiation. Although
enthusiasm remains high in some quarters, there are still vexing discrepancies in reported cure
rates and morbidities. It is becoming clearer that such discrepancies result partly from different
technical expertise and patient management policies [37]. Brachytherapy, like surgery, is
operator-dependent and outcomes vary with skill and experience.

3.2. Patient selection

Contraindications to brachytherapy include metastatic disease (including lymph node
involvement), gross seminal vesicle involvement because that radioactive seeds are unlikely
to be capable of sterilizing more than the most proximal 1 cm of seminal vesicle tissue, or large
T3 disease that cannot be adequately implanted because of geometrical impediments to
adequate tumor mass implantation (an unusual presentation).

Large prostate size can be often contraindication to brachytherapy because that the anterior
and lateral portion of the gland may be inadequately covered because of pubic arch interfer‐
ence of needle placement. When a patient has a prostate > 60 cc, and pubic arch interference
is a concern, a short course of ADT will reduce prostate volume by an average of approximately
30% in 3-4 months [38, 39]

Patients with a high International Prostate Symptom Score (IPSS) for urinary irritative and
obstructive symptoms are at increased risk of developing postimplant urinary retention
[40-43]. Terk et al. [44] and Gutman et al. [45] reported that patients with IPSS had a high risk
of urinary retention.

Patients with prior pelvic radiotherapy may be at increased risk of developing late GI or GU
toxicity. In such patients, the dose delivered to the prostate, rectum, and bladder should be
considered.

In patients with prior TURP, a large TURP defect may disturb implantation of seed throughout
the entire gland, resulting in unacceptable dosimetry.

Early-stage prostate cancer with T < or = 2a, initial PSA < or = 10ng/ml, and GS < or = 6 is suitable
for brachytherapy without supplemental EBRT. Meanwhile, the generally accepted policy has
been to add EBRT for the prostate cancer with T > 2a, initial PSA > 10ng/ml, or GS > 6. However,
patients with intermediate-risk disease (T = 2b, GS = 7, or PSA > 10 and < or = 20 ng/ml) represent
a heterogeneous patient population some of whom may benefit from monotherapy. Some
investigators reported their experiences to perform monotherapy for patients with intermedi‐
ate- and high-risk disease [46 – 51].

3.3. Treatment techniques

3.3.1. Preplanned transperineal implantation techniques

First of all, TRUS imaging is obtained before planned procedure to assess the prostate volume.
A computerized plan is generated from the ultrasound images, producing isodose distribu‐
tions and the ideal location of seeds within the gland to deliver the prescription dose to the
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prostate. Several days to weeks later, the implantation procedure is performed. Needles are
then placed under ultrasonographic guidance through a perineal template according to the
coordinates determined by the preplan. Radioactive seeds are individually deposited in the
needle with the aid of an applicator or with preloaded seeds on a semirigid strand containing
the preplanned number of seeds. In the latter case, this is accomplished by stabilizing the
needle obturator that holds the seed column in a fixed position while the needle is withdrawn
slowly, depositing a row or series of seeds within the gland.

In general most brachytherapists use a modified peripheral loading technique for permanent
interstitial implantation. This approach can reduce the urethral doses more than a homoge‐
nous loading technique. The portion of the urethra receiving 150% dose (UV150) should be limit‐
ed [52]. Likewise, the volume of the rectum (RV100) receiving the prescription dose ideally
should be < 1 cc [53].

3.3.2. Intraoperative planning techniques

Intraoperative planning takes advantage of the opportunity of using real-time measurements
of the prostate during the procedure while preplanning is often preformed several weeks
before implantation, frequently under different conditions than the actual operative proce‐
dure. Subtle changes in the position of the ultrasound probe as well as the distortion of the
prostate associated with needle placement and subsequent edema can result in profound
changes in the shape of the gland compared with the preplanned prostatic contour.

3.4. Dose selection

Numerous studies have confirmed D90 (the minimum dose received by 90% of the prostate
volume) and V100 (percentage of the prostate volume receiving 100% of the prescribed dose)
are correlated with outcome [54-56].

Prescription doses for I-125 or palladium-103 (103Pd) are typically 140 to 160 Gy or 110 to 130
Gy, respectively. In practice, many brachytherapists plan a dose higher than the above
mentioned doses to compensate for edema, seed misplacement, and so on. Merrick et al. [57]
examined variability in permanent prostate brachytherapy preimplant dosimetry among eight
experienced brachytherapy teams. A range of D90 values from 112% to 151% of the prescription
dose was planned. Several investigations suggest that an acceptable dose range for postim‐
plant D90 for I-125 may be 130 to 180 Gy as long as normal structures are not overdosed. Zelefsky
et al. [58] reported that D90 < 130 Gy was associated with and increased risk of failure. Mean‐
while, Gomez-Iturriaga Pina et al. [59] reported that D90 from 180 Gy to 200 Gy was associated
with excellent biochemical disease-free survival and acceptable toxicity.

When combined EBRT and brachytherapy, a wide variety of implant and beam radiation dose
combinations are used. Implant prescription doses area generally dropped to approximately
70% to 80% of monotherapy doses, ranging from 110 to 120 Gy with I-125 and 90 to 100 Gy
with Pd-103. External beam doses of 40 to 50 Gy area typically used. No studies have investi‐
gated either the sequencing of EBRT and brachytherapy, or the time interval between the two.
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A wide variety of seed activities, seed numbers, or total activities have been used because of
no clinical evidence of any effect outcome. Seed activities typically vary from 0.3 to 0.6 mCi
for I-125 and 1.2 to 2.2 mCi for Pd-103.

3.5. Clinical results

3.5.1. Clinical results of LDR brachytherapy as monotherapy

It is generally accepted that patients with low-risk disease are excellent candidate for LDR
monotherapy. There is no randomized data comparing therapeutic outcomes between LDR
monotherapy, surgery, and EBRT. However, multiple reports of low-risk patients treated with
LDR monotherapy have demonstrated excellent long-term biochemical control rates of 80 –
95% (Table 1).

Patients with intermediate-risk disease represent a heterogeneous patient population. Some
of them seem to benefit from LDR monotherapy, whereas others may require combined
modality approaches with EBRT and/or ADT. D’Amico et al [65] reported that percentage of
positive prostate biopsy cores is a predicting factor of biochemical outcome following EBRT,
particularly for intermediate-risk patients. In their report, patients with > 50% of biopsy cores
positive had PSA relapse rates comparable to those of high-risk patients, whereas patients with
< 34% of biopsy cores positive had favorable biochemical outcomes similar to those of low risk
patients. Long-term biochemical control rate for intermediate-risk patients treated with LDR
monotherapy is also favorable, ranging from 70% to 90% (Table 1).

Authors N
Mean/Median

Follow-up

Adjuvant

Hormone

Therapy

bRFS rate

Low-risk Intermediate-risk High-risk

Sylvester et al

[60]
215 11.7 years NO

15-year

85.90% 79.90% 62.20%

Prade et al

[61]
734 55 months YES

10-year

92.00% 84% 65%

Henry et al

[62]
1298 4.9 years YES

10-year

86.40% 76.70% 60.60%

Zelefsky et al

[63]
2693 63 months NO

8-year

82% 70% 48%

Zelefsky et al

[64]
367 63 months YES

5-year

96% 89% -

Table 1. LDR brachytherapy as monotherapy
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For patients with high-risk disease, the use of supplemental beam radiation to cover the
periprostatic prostate tissue has been widely practiced. However, LDR monotherapy has been
good results comparable to combination of monotherapy and EBRT even in patients with high-
risk disease.

3.5.2. Clinical results of combination of LDR brachytherapy and EBRT

Outcomes (bRFS rates) for a combination of LDR brachytherapy and EBRT are shown in Table 2.

Authors N
Mean/Median

Follow-up

Adjuvant

Hormone

Therapy

bRFS rate

Low-risk Intermediate-risk High-risk

Critz et al [66] 1469 6 years NO

10-year

93% 80% 61%

Merrick et al

[67]
204 7 years YES

10-year

86.60%

Sylvester et al

[68]
223 9.43 years NO

15-year

85.60% 80.30% 67.80%

Stock et al

[69]
181 65 months YES

8-year

73%

Wernicke et al

[70]
242 10 years NO

10-year

77.30% -

Table 2. Combination of LDR brachytherapy and EBRT

3.6. Acute and late adverse events of LDR brachytherapy

3.6.1. Urinary toxicity

Almost all patients after LDR brachytherapy develop some kind of acute urinary symptoms,
for example, urinary frequency, urgency, and occasional urge incontinence. These symptoms
often peak at about 3 months after brachytherapy, subsequently gradually decline over the
ensuing 3 to 6 months, and resolve with in 1 year (71). Most patients benefit with the use of an
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A wide variety of seed activities, seed numbers, or total activities have been used because of
no clinical evidence of any effect outcome. Seed activities typically vary from 0.3 to 0.6 mCi
for I-125 and 1.2 to 2.2 mCi for Pd-103.

3.5. Clinical results

3.5.1. Clinical results of LDR brachytherapy as monotherapy

It is generally accepted that patients with low-risk disease are excellent candidate for LDR
monotherapy. There is no randomized data comparing therapeutic outcomes between LDR
monotherapy, surgery, and EBRT. However, multiple reports of low-risk patients treated with
LDR monotherapy have demonstrated excellent long-term biochemical control rates of 80 –
95% (Table 1).

Patients with intermediate-risk disease represent a heterogeneous patient population. Some
of them seem to benefit from LDR monotherapy, whereas others may require combined
modality approaches with EBRT and/or ADT. D’Amico et al [65] reported that percentage of
positive prostate biopsy cores is a predicting factor of biochemical outcome following EBRT,
particularly for intermediate-risk patients. In their report, patients with > 50% of biopsy cores
positive had PSA relapse rates comparable to those of high-risk patients, whereas patients with
< 34% of biopsy cores positive had favorable biochemical outcomes similar to those of low risk
patients. Long-term biochemical control rate for intermediate-risk patients treated with LDR
monotherapy is also favorable, ranging from 70% to 90% (Table 1).

Authors N
Mean/Median

Follow-up

Adjuvant

Hormone

Therapy

bRFS rate

Low-risk Intermediate-risk High-risk

Sylvester et al

[60]
215 11.7 years NO

15-year

85.90% 79.90% 62.20%

Prade et al

[61]
734 55 months YES

10-year

92.00% 84% 65%

Henry et al

[62]
1298 4.9 years YES

10-year

86.40% 76.70% 60.60%

Zelefsky et al

[63]
2693 63 months NO

8-year

82% 70% 48%

Zelefsky et al

[64]
367 63 months YES

5-year

96% 89% -

Table 1. LDR brachytherapy as monotherapy
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For patients with high-risk disease, the use of supplemental beam radiation to cover the
periprostatic prostate tissue has been widely practiced. However, LDR monotherapy has been
good results comparable to combination of monotherapy and EBRT even in patients with high-
risk disease.

3.5.2. Clinical results of combination of LDR brachytherapy and EBRT

Outcomes (bRFS rates) for a combination of LDR brachytherapy and EBRT are shown in Table 2.

Authors N
Mean/Median

Follow-up

Adjuvant

Hormone

Therapy

bRFS rate

Low-risk Intermediate-risk High-risk

Critz et al [66] 1469 6 years NO

10-year

93% 80% 61%

Merrick et al

[67]
204 7 years YES

10-year

86.60%

Sylvester et al

[68]
223 9.43 years NO

15-year

85.60% 80.30% 67.80%

Stock et al

[69]
181 65 months YES

8-year

73%

Wernicke et al

[70]
242 10 years NO

10-year

77.30% -

Table 2. Combination of LDR brachytherapy and EBRT

3.6. Acute and late adverse events of LDR brachytherapy

3.6.1. Urinary toxicity

Almost all patients after LDR brachytherapy develop some kind of acute urinary symptoms,
for example, urinary frequency, urgency, and occasional urge incontinence. These symptoms
often peak at about 3 months after brachytherapy, subsequently gradually decline over the
ensuing 3 to 6 months, and resolve with in 1 year (71). Most patients benefit with the use of an
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α-blocker. However, Brown et al [71] reported that 22% of patients experienced persistent
urinary symptoms even after 12 months.

Acute urinary retention (AUR) is a common complication of modern brachytherapy, but can
occur immediately after LDR brachytherapy. Crook et al. [72] demonstrated on the basis of a
multivariate analysis that larger prostate volumes and prior hormone therapy were each
independent predictors of AUR. AUR should be managed by intermittent or continuous
bladder drainage. If AUR persists more than a few days, clean intermittent self-catheterization
is preferred to continuous drainage by a Foley catheter. The use of transurethral incision of
prostate should be avoided in the first 6 months, but if retention persists, transurethral incision
of prostate or minimal TURP may be considered, recognizing the risk of urinary incontinence
after these procedures [73-75].

3.6.2. Rectal toxicity

Grade 2 rectal toxicity symptoms, which manifest as rectal bleeding or increased mucous
discharge, occur in 2 to 10% of patients, nearly always manifests between 6 and 18 months of
implantation [76]. It is partly related to rectal dose and its volume exposed to a particular dose.
The incidence of grade 3 or 4 rectal toxicity, which symptoms manifest rectal ulceration or
fistula, is unusual (< 1.0%), providing that the volume of rectal wall receiving the prescription
dose is kept below 0.5 cc on day 0 or 1 cc on day 30 dosimetry [77]. Most cases of rectal bleeding
do not progress to rectal ulceration or fistula and are self-limited in nature. However, healing
is typically slow. With the ineffectiveness of medical therapies, more invasive therapies with
argon plasma coagulation or topical formalin have been highly effective therapy for rectal
bleeding [78]. Invasive therapies, however, might exacerbate radiation damage, so they should
be undertaken with caution. Rectal wall biopsy in the course of evaluation for rectal toxicity
should avoid as much as possible because it may result in the development of rectal ulceration
or fistula.

3.6.3. Sexual dysfunction

Erectile impotence occurs from 20% to 80% after implantation. According to Zelefsky et al [79],
whereas the incidence of impotence at 2 years after implantation was 21%, the rate increased
to 42% at 5 years after. Merrick et al. [80] reported that there is a strong correlation between
radiation-induced impotence and the dose to the penile bulb and proximal penis. They
recommend that with day 0 dosimetric evaluation, the minimum dose delivered to 50% and
25% of the bulb should be maintained below 40% and 60% of prescribed minimum peripheral
dose, respectively, whereas the minimum dose delivered to 50% and 25% of the crura should
be maintained below 40% and 28% of prescribed minimum peripheral dose, respectively, to
maximize posttreatment potency.

Several reports suggest that sildenafil  citrate have good response to impotence after im‐
plantation[81,  82].  Potters et  al.  [83] reported that the addition of neoadjuvant androgen
deprivation had a significant impact on the potency preservation rate after implantation.
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The response to sildenafil was significantly better in those patients not treated with neo‐
adjuvant ADT.

4. High-Dose-Rate (HDR) brachytherapy (Temporary implants)

4.1. Introduction to HDR brachytherapy

HDR  brachytherapy  has  been  used  as  the  brachytherapy  component  in  combination
with EBRT for the treatment of prostate cancer [84-90].  In general,  for this approach pa‐
tients  undergo  transperineal  placement  of  afterloading  catheters  in  the  prostate  under
ultrasonographic  guidance.  After  CT-based  treatment  planning,  several  high-dose  frac‐
tions are administered during an interval of 24 to 36 hours using 192Ir.  This treatment is
followed  by  supplemental  EBRT  directed  to  the  prostate  and  periprostatic  tissues  to  a
dose of  40 to 50.4 Gy using conventional  fractionation.  Recently,  dose-escalation studies
have  been  implemented  to  increase  gradually  the  dose  per  fraction  delivered  with  the
HDR boost [91].  Improved outcomes with higher HDR boost doses were observed com‐
pared with  outcomes  achieved using  lower  dose  level.  Single  higher  dose  fraction  also
becomes  used  for  dealing  with  the  issue  of  needle  displacement  between  each  fraction
[92].  More  recently,  several  institutes  have  used  HDR  brachytherapy  as  monotherapy
without the addition of  EBRT, largely for  low-risk,  but  also for intermediate-  and high-
risk patients [93-99].

HDR brachytherapy offers several potential advantages over other techniques. Taking
advantage of an afterloading approach, the radiation oncologist and physicist can more easily
optimize the delivery of radiation therapy to the prostate and compensate for potential regions
of underdosage that may be present with permanent interstitial implantation. Further, this
technique reduces involved in the procedure compared with permanent interstitial implanta‐
tion. Finally, HDR brachytherapy boosts may be radiobiologically more efficacious in terms
of tumor cell kill for patients with increased tumor bulk or adverse prognostic features
compared with low-dose-rate boost such as 125I or 103Pd.

4.2. Clinical results of HDR brachytherapy

The  reported  outcomes  of  combination  of  HDR brachytherapy  and EBRT are  favorable
(Table  3).  Multiple  reports  of  low- and intermediate-risk patients  treated with combina‐
tion of HDR brachytherapy and EBRT have demonstrated excellent long-term biochemi‐
cal  control  rates  of  90-100%  and  87-98%,  respectively  (Table  3).  Long-term  biochemical
control  rate  for  high-risk  patients  treated with  combination  of  HDR brachytherapy and
EBRT is also favorable.

Yoshioka et al. [99] have performed HDR brachytherapy as monotherapy for localized prostate
cancer since 1996. The 5-year bRFS rate for low-, intermediate-, and high-risk patients was 85%,
93%, and 79%, respectively.
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fistula, is unusual (< 1.0%), providing that the volume of rectal wall receiving the prescription
dose is kept below 0.5 cc on day 0 or 1 cc on day 30 dosimetry [77]. Most cases of rectal bleeding
do not progress to rectal ulceration or fistula and are self-limited in nature. However, healing
is typically slow. With the ineffectiveness of medical therapies, more invasive therapies with
argon plasma coagulation or topical formalin have been highly effective therapy for rectal
bleeding [78]. Invasive therapies, however, might exacerbate radiation damage, so they should
be undertaken with caution. Rectal wall biopsy in the course of evaluation for rectal toxicity
should avoid as much as possible because it may result in the development of rectal ulceration
or fistula.

3.6.3. Sexual dysfunction

Erectile impotence occurs from 20% to 80% after implantation. According to Zelefsky et al [79],
whereas the incidence of impotence at 2 years after implantation was 21%, the rate increased
to 42% at 5 years after. Merrick et al. [80] reported that there is a strong correlation between
radiation-induced impotence and the dose to the penile bulb and proximal penis. They
recommend that with day 0 dosimetric evaluation, the minimum dose delivered to 50% and
25% of the bulb should be maintained below 40% and 60% of prescribed minimum peripheral
dose, respectively, whereas the minimum dose delivered to 50% and 25% of the crura should
be maintained below 40% and 28% of prescribed minimum peripheral dose, respectively, to
maximize posttreatment potency.

Several reports suggest that sildenafil  citrate have good response to impotence after im‐
plantation[81,  82].  Potters et  al.  [83] reported that the addition of neoadjuvant androgen
deprivation had a significant impact on the potency preservation rate after implantation.
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The response to sildenafil was significantly better in those patients not treated with neo‐
adjuvant ADT.

4. High-Dose-Rate (HDR) brachytherapy (Temporary implants)

4.1. Introduction to HDR brachytherapy

HDR  brachytherapy  has  been  used  as  the  brachytherapy  component  in  combination
with EBRT for the treatment of prostate cancer [84-90].  In general,  for this approach pa‐
tients  undergo  transperineal  placement  of  afterloading  catheters  in  the  prostate  under
ultrasonographic  guidance.  After  CT-based  treatment  planning,  several  high-dose  frac‐
tions are administered during an interval of 24 to 36 hours using 192Ir.  This treatment is
followed  by  supplemental  EBRT  directed  to  the  prostate  and  periprostatic  tissues  to  a
dose of  40 to 50.4 Gy using conventional  fractionation.  Recently,  dose-escalation studies
have  been  implemented  to  increase  gradually  the  dose  per  fraction  delivered  with  the
HDR boost [91].  Improved outcomes with higher HDR boost doses were observed com‐
pared with  outcomes  achieved using  lower  dose  level.  Single  higher  dose  fraction  also
becomes  used  for  dealing  with  the  issue  of  needle  displacement  between  each  fraction
[92].  More  recently,  several  institutes  have  used  HDR  brachytherapy  as  monotherapy
without the addition of  EBRT, largely for  low-risk,  but  also for intermediate-  and high-
risk patients [93-99].

HDR brachytherapy offers several potential advantages over other techniques. Taking
advantage of an afterloading approach, the radiation oncologist and physicist can more easily
optimize the delivery of radiation therapy to the prostate and compensate for potential regions
of underdosage that may be present with permanent interstitial implantation. Further, this
technique reduces involved in the procedure compared with permanent interstitial implanta‐
tion. Finally, HDR brachytherapy boosts may be radiobiologically more efficacious in terms
of tumor cell kill for patients with increased tumor bulk or adverse prognostic features
compared with low-dose-rate boost such as 125I or 103Pd.

4.2. Clinical results of HDR brachytherapy

The  reported  outcomes  of  combination  of  HDR brachytherapy  and EBRT are  favorable
(Table  3).  Multiple  reports  of  low- and intermediate-risk patients  treated with combina‐
tion of HDR brachytherapy and EBRT have demonstrated excellent long-term biochemi‐
cal  control  rates  of  90-100%  and  87-98%,  respectively  (Table  3).  Long-term  biochemical
control  rate  for  high-risk  patients  treated with  combination  of  HDR brachytherapy and
EBRT is also favorable.

Yoshioka et al. [99] have performed HDR brachytherapy as monotherapy for localized prostate
cancer since 1996. The 5-year bRFS rate for low-, intermediate-, and high-risk patients was 85%,
93%, and 79%, respectively.
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Authors N
Mean/Median

Follow-up
HDR dose

bRFS rate

Low-risk Intermediate-risk High-risk

Boost

Astrom et al.

[100]
214 4 years 10 Gy x 2

5-year

92% 88% 61%

Bachand et al.

[101]
153 44 months

9 Gy x 2/ 10 Gy x

2

5-year

95.9% 95.5%

Chen et al. [84] 85 40 months 5.5 Gy x 3
4-year

100% 91% 81%

Demanes et al.

[85]
209 6.4 years

5.5 Gy x 4/ 6.0

Gy x 4

10-year

92% 87% 63%

Yamada et a.l

[86]
105 44 months

5.5 Gy x 3/ 7.0

Gy x 3

5-year

100% 98% 92%

Phan et al. [89] 309 59 months 6 Gy x 4
5-year

98% 90% 78%

Prada et al.

[102]
313 71 months 11.5 Gy x 2

10-year

100% 91%/88% 79%

Monotherapy

Yoshioka et al.

[99]
112 5.4 years 6 Gy x 9

5-year

85% 93% 79%

Rogers CL et al.

[103]
284 35.1 months 6.5 Gy x 6

5-year

94.40%

Table 3. HDR brachytherapy

4.3. Acute and late adverse events of HDR brachytherapy

4.3.1. Urinary toxicity

Acute urinary symptoms such as urinary urgency and frequency are common and usually
resolve within a few months. Urinary retention occurs in less than 5% of patients treated with
combination of HDR brachytherapy and EBRT [89, 94, 104, 105]. Urinary strictures are reported
in up to 15% of patients, and most commonly seen in the bulbomembranous urethra [106,
107]. Urinary incontinence is extremely rare, and seen in less than 2% of patients [107, 108].
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4.3.2. Rectal toxicity

Transient rectal symptoms such as rectal urgency or frequency often occur. Late rectal bleeding
may occur and is usually not clinically significant. Rectal fistula is extremely rare, and seen in
less than 1% of patients[89].

4.3.3. Sexual toxicity

Erectile dysfunction has been reported in up to 40% of patients, but approximately 80% will
respond to phosphodiesterase-5 inhibitors (86).

5. Particle beam radiation therapy

Particle beam radiation therapy is the cancer therapy to deliver the ions accelerated by means
of a cyclotron or synchrotron. Nowadays, protons and carbon ions (heavy particles) are in
clinical use.

For protons and heavy particles, unlike electrons or X-rays, the dose increases while the particle
penetrates the tissue and loses energy continuously. Hence the dose increases with increasing
thickness up to the Bragg peak that occurs near the end of the particle's range. Beyond the
Bragg peak, the dose drops to zero (for protons) or almost zero (for heavy particles). The
advantage of this energy deposition profile is that less energy is deposited into the healthy
tissue surrounding the target tissue.

Although proton beams have approximately the same biological effectiveness as X-rays or
electrons, carbon ions have 1.2 to 3.5 times as much effectiveness as X-rays. Carbon ions many
other biological features, which X-rays don`t have, as follows; 1) having their reduced ability
to repair damage DNA, 2) having smaller oxygen enhancement ratio, 3) effectiveness even
against the hypoxic cancer cells, 4) effectiveness even against S-late phase cancer cells because
of their being less of cell cycle dependence.

Investigators from National Institute of Radiological Sciences, Japan reported their experience
in 927 patients treated with hypofractionated conformal carbon-ion radiation therapy between
April 2000 and December 2010 [109]. Of 927 patients, 250, 216, and 461 patients were treated
with 66 GyE (Gray equivalent (a measure of carbon-ion radiation dose base on an relative
biological effectiveness (RBE) ratio of 3 with respect to photon radiation)) in 20 fractions (Fr),
63 GyE in 20 Fr, and 57.6 GyE in 16 Fr, respectively. Neoadjuvant ADT was given to the patients
in the intermediate- and high-risk groups for 2 to 6 months. Adjuvant ADT was continued for
a duration of 6 months for intermediate-risk patients and for 2 years for the high-risk patients.
They reported the 5-year cause specific survival rates for the low-, intermediate-, and high-
risk group patients as 100%, 100%, and 97.9%, respectively. The 5-year bRFS rates of the low-,
intermediate-, and high-risk groups were 89.4%, 96.8%, and 88.4%, respectively. They reported
that grade 2 rectal bleeding developed in 15 patients (1.6%), but no grade 3 or worse morbidities
at the rectum were observed in all groups. They also reported that late grade 2 and grade 3
GU toxicities were observed in 57 (6.1%) and one (0.1%) of 927 patients, respectively. These
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Authors N
Mean/Median

Follow-up
HDR dose

bRFS rate

Low-risk Intermediate-risk High-risk
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284 35.1 months 6.5 Gy x 6

5-year

94.40%

Table 3. HDR brachytherapy

4.3. Acute and late adverse events of HDR brachytherapy

4.3.1. Urinary toxicity

Acute urinary symptoms such as urinary urgency and frequency are common and usually
resolve within a few months. Urinary retention occurs in less than 5% of patients treated with
combination of HDR brachytherapy and EBRT [89, 94, 104, 105]. Urinary strictures are reported
in up to 15% of patients, and most commonly seen in the bulbomembranous urethra [106,
107]. Urinary incontinence is extremely rare, and seen in less than 2% of patients [107, 108].
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4.3.2. Rectal toxicity

Transient rectal symptoms such as rectal urgency or frequency often occur. Late rectal bleeding
may occur and is usually not clinically significant. Rectal fistula is extremely rare, and seen in
less than 1% of patients[89].

4.3.3. Sexual toxicity

Erectile dysfunction has been reported in up to 40% of patients, but approximately 80% will
respond to phosphodiesterase-5 inhibitors (86).

5. Particle beam radiation therapy

Particle beam radiation therapy is the cancer therapy to deliver the ions accelerated by means
of a cyclotron or synchrotron. Nowadays, protons and carbon ions (heavy particles) are in
clinical use.

For protons and heavy particles, unlike electrons or X-rays, the dose increases while the particle
penetrates the tissue and loses energy continuously. Hence the dose increases with increasing
thickness up to the Bragg peak that occurs near the end of the particle's range. Beyond the
Bragg peak, the dose drops to zero (for protons) or almost zero (for heavy particles). The
advantage of this energy deposition profile is that less energy is deposited into the healthy
tissue surrounding the target tissue.

Although proton beams have approximately the same biological effectiveness as X-rays or
electrons, carbon ions have 1.2 to 3.5 times as much effectiveness as X-rays. Carbon ions many
other biological features, which X-rays don`t have, as follows; 1) having their reduced ability
to repair damage DNA, 2) having smaller oxygen enhancement ratio, 3) effectiveness even
against the hypoxic cancer cells, 4) effectiveness even against S-late phase cancer cells because
of their being less of cell cycle dependence.

Investigators from National Institute of Radiological Sciences, Japan reported their experience
in 927 patients treated with hypofractionated conformal carbon-ion radiation therapy between
April 2000 and December 2010 [109]. Of 927 patients, 250, 216, and 461 patients were treated
with 66 GyE (Gray equivalent (a measure of carbon-ion radiation dose base on an relative
biological effectiveness (RBE) ratio of 3 with respect to photon radiation)) in 20 fractions (Fr),
63 GyE in 20 Fr, and 57.6 GyE in 16 Fr, respectively. Neoadjuvant ADT was given to the patients
in the intermediate- and high-risk groups for 2 to 6 months. Adjuvant ADT was continued for
a duration of 6 months for intermediate-risk patients and for 2 years for the high-risk patients.
They reported the 5-year cause specific survival rates for the low-, intermediate-, and high-
risk group patients as 100%, 100%, and 97.9%, respectively. The 5-year bRFS rates of the low-,
intermediate-, and high-risk groups were 89.4%, 96.8%, and 88.4%, respectively. They reported
that grade 2 rectal bleeding developed in 15 patients (1.6%), but no grade 3 or worse morbidities
at the rectum were observed in all groups. They also reported that late grade 2 and grade 3
GU toxicities were observed in 57 (6.1%) and one (0.1%) of 927 patients, respectively. These
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incidences of late morbidities, especially of rectal bleeding are favorable compared with other
RT methods (Table. 4).

Authors Method Dose fractionation No. patients Morbidity rate

(Gy/Fr) GI GU

Coote et al. [110] IMRT 60.0/20 60 9.5% 4.0%

Martin et al. [111] IMRT 60.0/20 92 6.3% 10.0%

Kupelian et al.[112] IMRT 70.0/28 770 4.4% 5.2%

King et al. [113] SRT 36.25/5 41 15.0% 29.0%

Madsen et al. [114] SRT 33.5/5 40 7.5% 22.5%

Michalski JM et al. [115] 3DCRT 68.4-79.2/38-41 275 7-16% 18-29%

3DCRT 78.0/39 118 25-26% 23-28%

Schulte RW [116] Proton 75.0/39 901 3.5% 5.4%

Ishikawa et al. [109] Carbon-ion 57.6-66.0/16-20 927 1.9% 6.3%

(Cited from Ishikawa et al [109])

Table 4. Comparison of Grade 2 or worse late morbidity rates according to RT method

6. Postoperative radiotherapy

6.1. Adjuvant radiotherapy (ART)

The results of three large phase III trials, which evaluated the merits of adjuvant versus
expectant management in postoperative patients with positive surgical margins and/or pT3
disease, were reported.

EORTC 22911 confirmed the value of ART, which reduced the risk of biochemical failure and
prolongs the time to clinical progression [117]. Patients eligible for this study had pT2-3N0M0
tumors and one or more pathologic risk factors (extracapsular extension (ECE), positive
surgical margins (PSM), seminal vesicles invasion (SVI)). After a median follow-up of 5 years,
biochemical and clinical progression-free survivals were significantly improved in the
radiotherapy group (P < 0.0001 and P = 0.0009, respectively). The rate of local regional failure
was also lower in the radiotherapy group (P = 0.07). Severe toxicity (grade 3 or higher) was
similar, being 2.6% versus 4.2% at 5 years in the postoperative radiotherapy group (P = 0.07).

SWOG 8794 randomly assigned 473 node-negative patients initially treated with radical
prostectomy, but found to have either PSM or pT3 (ECE and/or SVI) disease to ART or
observation [118]. ART consisted of 60 to 64 Gy. ART resulted in an improvement in metastasis-
free and overall survival compared with deferred therapy (HR 0.71; P = 0.016 and HR 0.72; P
= 0.023, respectively). Although adverse effects were more common with radiotherapy versus
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observation, by 5 years there were no differences in health-related QOL, and a subset analysis
suggests that earlier treatment is better than delayed treatment [119].

From the German Cancer Society, ARO 96-02/AUO AP 09/95 randomized 385 patients with
pT3 or PSM to either ART (60Gy in 2 Gy fractions) or observation [120]. Although this study
had the short median follow-up of 40 months, ART significantly improved progression-free
survival (P < 0.0001) with a low incidence of late complications from radiotherapy.

6.2. Salvage radiotherapy (SRT)

A multi-institutional study suggests that early intervention with radiotherapy is better than
delayed intervention for patients with biochemical failure [121, 122]. This analysis included
patients with pT3-4N0 disease who received either SRT or early ART. Early ART for pT3-4N0
disease significantly reduces the risk of long-term biochemical progression after radical
prostatectomy compared with SRT.

Stephenson et al. [123] reported on the outcomes and prognostic factors of 501 men who had
salvage radiotherapy after a biochemical recurrence. In the entire cohort, the 4-year progres‐
sion-free survival (PFS) was 45%, and 67% attained a PSA nadir of <0.1 ng/mL. Multivariate
analyses demonstrated that Gleason score of 8 to 10, preradiotherapy PSA >2 ng/mL, negative
margins, PSA-doubling time <10 months, and seminal vesicle invasion were associated with
PSA progression. Supporting earlier intervention, preradiotherapy PSA <0.6 ng/mL had
significantly improved PFS than a PSA of 0.61 to 2 ng/mL (P = 0.006) and >2 ng/mL (P = 0.001).
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Madsen et al. [114] SRT 33.5/5 40 7.5% 22.5%

Michalski JM et al. [115] 3DCRT 68.4-79.2/38-41 275 7-16% 18-29%

3DCRT 78.0/39 118 25-26% 23-28%

Schulte RW [116] Proton 75.0/39 901 3.5% 5.4%

Ishikawa et al. [109] Carbon-ion 57.6-66.0/16-20 927 1.9% 6.3%

(Cited from Ishikawa et al [109])

Table 4. Comparison of Grade 2 or worse late morbidity rates according to RT method

6. Postoperative radiotherapy

6.1. Adjuvant radiotherapy (ART)

The results of three large phase III trials, which evaluated the merits of adjuvant versus
expectant management in postoperative patients with positive surgical margins and/or pT3
disease, were reported.

EORTC 22911 confirmed the value of ART, which reduced the risk of biochemical failure and
prolongs the time to clinical progression [117]. Patients eligible for this study had pT2-3N0M0
tumors and one or more pathologic risk factors (extracapsular extension (ECE), positive
surgical margins (PSM), seminal vesicles invasion (SVI)). After a median follow-up of 5 years,
biochemical and clinical progression-free survivals were significantly improved in the
radiotherapy group (P < 0.0001 and P = 0.0009, respectively). The rate of local regional failure
was also lower in the radiotherapy group (P = 0.07). Severe toxicity (grade 3 or higher) was
similar, being 2.6% versus 4.2% at 5 years in the postoperative radiotherapy group (P = 0.07).

SWOG 8794 randomly assigned 473 node-negative patients initially treated with radical
prostectomy, but found to have either PSM or pT3 (ECE and/or SVI) disease to ART or
observation [118]. ART consisted of 60 to 64 Gy. ART resulted in an improvement in metastasis-
free and overall survival compared with deferred therapy (HR 0.71; P = 0.016 and HR 0.72; P
= 0.023, respectively). Although adverse effects were more common with radiotherapy versus
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observation, by 5 years there were no differences in health-related QOL, and a subset analysis
suggests that earlier treatment is better than delayed treatment [119].

From the German Cancer Society, ARO 96-02/AUO AP 09/95 randomized 385 patients with
pT3 or PSM to either ART (60Gy in 2 Gy fractions) or observation [120]. Although this study
had the short median follow-up of 40 months, ART significantly improved progression-free
survival (P < 0.0001) with a low incidence of late complications from radiotherapy.

6.2. Salvage radiotherapy (SRT)

A multi-institutional study suggests that early intervention with radiotherapy is better than
delayed intervention for patients with biochemical failure [121, 122]. This analysis included
patients with pT3-4N0 disease who received either SRT or early ART. Early ART for pT3-4N0
disease significantly reduces the risk of long-term biochemical progression after radical
prostatectomy compared with SRT.

Stephenson et al. [123] reported on the outcomes and prognostic factors of 501 men who had
salvage radiotherapy after a biochemical recurrence. In the entire cohort, the 4-year progres‐
sion-free survival (PFS) was 45%, and 67% attained a PSA nadir of <0.1 ng/mL. Multivariate
analyses demonstrated that Gleason score of 8 to 10, preradiotherapy PSA >2 ng/mL, negative
margins, PSA-doubling time <10 months, and seminal vesicle invasion were associated with
PSA progression. Supporting earlier intervention, preradiotherapy PSA <0.6 ng/mL had
significantly improved PFS than a PSA of 0.61 to 2 ng/mL (P = 0.006) and >2 ng/mL (P = 0.001).
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1. Introduction

Low dose rate (LDR) brachytherapy has rapidly gained popularity in the USA [1, 2] and Eu‐
rope [3, 4] as an accepted, effective and safe therapy for localized prostate cancer. Many re‐
ports are now available which confirm good outcomes in selected patients with PSA relapse-
free survivals that are equivalent to those achieved by surgery.

The potential for a therapy that is equally efficient but less harmful than other interventions
is especially attractive for patients with early prostate cancer.

On the other hand, treatment with temporary high dose rate (HDR) brachytherapy with 192-
Ir as monotherapy has a number of advantages compared to LDR. The overall treatment
time is decreased from many months with LDR to several minutes with HDR. Besides, HDR
improves the dose distribution because of the possibility of accurately controlling the source
and vary the source dwell time during treatment. The intraoperative optimization used with
HDR allows better source position targeting with the potential for limiting toxicity. There
are also advantages in radiation safety for both staff and patient who leave the treatment
room without any radioactive implants.

The purpose of this chapter was to determine the possibility to treat patients with favorable
stage prostate cancer (5, 6) with HDR monotherapy in one fraction and transperineal hyalur‐
onic acid injection into the perirectal fat.

© 2013 Prada; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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2. Brachytherapy implant characteristics

Patients received one implant and one fraction of HDR. Fraction dose is 20.5 Gy because it is
considered to correspond biologically (biologic effective dose) to > 90 Gy administered at 2
Gy/fraction according to the linear quadratic model, assuming an α/β of 1.2 Gy (7, 8, 9, 10).

Brachytherapy procedure is done under spinal anesthesia with the patient in the lithotomy
position (Fig. 1). A Foley catheter is placed, and the bladder is partially filled with 100 cm3 of
sterile water. The needles are positioned (Fig. 2) by transperineal placement under real time
TRUS guidance using a template. Axial cross-sections is captured in 5mm steps and trans‐
ferred to the Treatment Planning Software. Prostate gland, normal structures (urethra and
rectum) and needle positions are identified and mapped based on the ultrasound image.
Dose optimization is done on the reconstructed applicator geometry using dose point and
manual optimization algorithms to determine dwell positions and times (Fig. 3).

Figure 1. Lithotomy position
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Figure 2. The needles are positioned
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Figure 3. Dose optimization

The prostate without safety margins is then defined as the planning target volume (PTV) to
be treated (Fig. 4) with the prescribed dose (PD).
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Figure 4. Treatment

Based on the dose volume histograms (DVH) data, the quality of plans and implants is eval‐
uated using following indicators:

• The rectal dose is calculated at the anterior edge of the TRUS probe and is limited to ≤
75% of the prescription dose.

• The dose to any segment of the urethra is limited to ≤ 110% of the prescription dose. V120
and D100 of the prostatic urethra are determined (volume that received a dose of 120%
and dose delivered to 100% of the urethra).

• The PTV V90, V100, V150 and V200 (% of PTV receiving 90%, 100%, 150% and 200% of
the PD) are recorded.

• D90 (dose delivered to 90% of the PTV) is calculated.

All patients are discharged from the center on the same day of the procedure between 6-8
hours of implantation.

To decrease rectal toxicity, transperineal hyaluronic acid (HA) injection into the peri-rec‐
tal fat is used to consistently displace the rectal wall away from the radiation sources in
all patients. We believe that the increase in distance (mean 2 cm along the length of the
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prostate) will be enough to provide a significant radiation dose reduction from HDR bra‐
chytherapy [11, 12].

3. Hyaluronic acid

The Hyaluronic acid (HA) is a polysaccharide normally found in human tissues as a compo‐
nent of the connective tissue. Normally, it plays a vital role on the skin and in the synovial
fluid of the joints. It is normally degradable by the normal enzymatic system in relative
short time. However, to make it last for months when used for the treatment of skin wrin‐
kles and osteoarthritis, the compound is modified making it stable for duration close to 1
year before it is reabsorbed by the body. Only one type of HA is used in our Department
(Restylane sub-Q).

The total injected amount is related to the need for systematically creating a minimum of a 2
cm space between the prostate and rectum throughout this length. Usually, we use between
6 and 8 cc per patient

4. Technique of hyaluronic
acid injection

The injection technique of HA in the perirectal fat occurs before all needles are in treatment
position according to the following procedure.

• Step 1. The transrectal ultrasound (TRUS) probe with the transperineal template is placed
and fixed in the standard fashion.

• Step 2. Using TRUS guidance, the needle tip is placed in the perirectal fat (Fig. 5), between
the posterior prostate capsule and the anterior rectal wall, at the level of the maximum
transverse diameter of the prostate (reference level). Then under direct TRUS guidance,
the needle tip is advanced to the level of the seminal vesicles.

• Step 3. The needle is connected to the syringe containing of HA. After aspirating to be cer‐
tain that we are not in a vessel, we proceed to inject between 6 and 8 cc within the space
between the seminal vesicles and the apex of the prostate. This is performed under TRUS
guidance to see and verify the new space created by the injection of HA (Fig. 6). The total
injected amount allows us to create the new space >2 cm.

• Step 4. The needle is removed and all needles treatment is placed under TRUS Guidance.
It can be performed as an outpatient. After the discharge from the theater clinic, the pa‐
tient continues normal-life activities
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Figure 5. The needle tip is placed in the perirectal fat
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Figure 6. Magnetic resonance image demonstrating the additional perirectal space created by the hyaluronic acid in‐
jection

5. Results

In our Centre a total of 70 patients have been treated with this technique and is the first in
the medical literature using in patients with favorable risk prostate cancer. Our technique
has the great advantage of being practically a one-time procedure which prevents any
movement of the needles.

In our series acute and late genitourinary toxicity grade 2 or more was not observed in any
patient. The median of flow rate test pretreatment in our study was 12.5 ml/s (3-30 ml/s) but
acute urinary retention was seen in only 1 patient, requiring a temporary postimplant blad‐
der catheter during seven days, this results are better than other investigators [13-16].

The lasted follow-up visit the sexual preservation rate was 89% in patients who were po‐
tent preoperatively and not receiving hormonal therapy, this result is similar to that oth‐
er investigators.

The late grade I genitourinary toxicity caused by our treatment was significantly associated
with the dose administered to the PTV represented by D90 (p=0.050).

In our study no gastrointestinal toxicity, such as anal pain, rectal bleeding, diarrhea, anal ul‐
cer and/or rectourethral fistula has been observed after treatment. We believe that the in‐
crease in distance between rectum and posterior prostatic capsule created by the peri-rectal
injection of hyaluronic acid is enough to provide a significant radiation dose reduction from
HDR brachytherapy and have significantly smaller incidence of mucosal damage [11, 12].

Advances in Prostate Cancer152

The actuarial biochemical control in our series was 100% and 88% respectively for low and
intermediate risk groups at 32 months, but is too early to draw final conclusion respect to
biochemical control.

6. Conclusions

High dose rate brachytherapy as monotherapy in one fraction with a transperineal hyalur‐
onic acid injection into the peri-rectal fat to decrease rectal toxicity for patients with favora‐
ble risk prostate cancer is feasible and very well tolerated with advantages compared to
LDR and HDR brachytherapy as monotherapy using the fractionation schema of 4 fractions
administered 2 times daily during two days.

HDR monotherapy in one fraction resulted in a low genitourinary morbidity and no gas‐
trointestinal toxicity but clinical and biochemical control rates will  be reported as longer
follow-up.
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1. Introduction

Testosterone is important growth factor for prostate cells. If testosterone availability drops,
prostate cells stop thriving. Benign prostate shrinks and the same happens with prostate
cancer cells. Larger decrease in testosterone availability means larger reduction in prostate
cells mass. Although only reduction in testosterone levels will not, in most occasions, per‐
manently heal prostate cancer, it causes its regression and significantly delays further pro‐
gression of prostate cancer. Therefore, reduction of body's testosterone level is important
prostate cancer treatment modality. When surgical removal of prostate due to cancer is not
an opinion (for example because of advanced age, significant comorbidity or because cancer
has already spread beyond prostate) or was unsuccessful as noted by rising PSA, which in‐
dicates cancer growth, serum testosterone value becomes very important factor in treatment
related decisions. If testosterone values are high, reduction of testosterone level will be help‐
ful – it is expected prostate cells will react, shrink, PSA will fall. If testosterone values are
already low, their further reduction with different agent may be possible. If testosterone val‐
ues are already at the lowest reachable levels, other ways of treatment should be sought. Af‐
ter reduction of testosterone levels in the body (castration), prostate cancer cells with time
(sometimes months, sometimes years, sometimes decades) develop alternative signaling
mechanisms and ways of paracrine androgens supply. It is estimated this happens in a third
of all prostate cancer patients [1].

As this chapter focuses primarily on prostate cancer, some topics, like free-testosterone or
salivary testosterone measurements are not included, because although they are related to
testosterone measurement in general, they are, at least at present (things may change in the
future), not used in day-to-day care of prostate cancer patients. All testosterone values men‐
tioned relate to serum testosterone measurements.
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2. Some characteristics of testosterone

Testosterone is principal male androgen, sex hormone and anabolic steroid. It is found not
only in humans, but also in many other vertebrates. In males, testosterone is secreted by
Leydig cells in testicles, in females by theca cells in ovaries. Small amount is produced also
in zona reticularis of adrenal cortex in both genders and in placenta. Chemically (figure 1), it
is white powder, soluble in methanol, name is17beta-Hydroxyandrost-4-en-3-on or 4-An‐
drosten-17beta-ol-3-on, Chemical Abstracts Service number 58-22-0, ATC code G03BA03. It
is a controlled substance, in US by Drug Enforcement Administration (DEA). It's inactive
epimer – difference in configuration of OH at C17 - is called epitestosterone. Testosterone's
biosynthesis starts from cholesterol. Metabolism: up to one tenth of testosterone is converted
by 5-alpha reductase to dihydrotestosterone, less than 0.5% by aromatase to estradiol. Most
of testosterone is deactivated and excreted as glucoronides.

Figure 1. Testosterone structure (Picture in public domain – Wikimedia: NEUROtiker)

3. Reasons for testosterone measurement in prostate cancer

Testosterone measurement in prostate cancer patients has more than 40 years history [2].
Confirmation of castrate testosterone level is necessary before identifying prostate cancer as
castration resistant. Castrate states are at present defined as serum testosterone level below
20 ng/dl (=0.69 nmol/l) or below 50 ng/dl (=1.73 nmol/l) [3], but it was not always this way
and different testosterone measurement methods have important implications.

Need for controlling quality of chemical castration treatment of prostate cancer steams from
reports of up to 15% castration failures [4,5]. This means LHRH treated patients may not
reach castration levels of testosterone due to different reasons [6], not only non-compliance,
application failures, but also other reasons, for example problems with depot formulation
resorption due to granuloma formation on injection site [7] or may simply need more fre‐
quent dosages [8].

Further reason for testosterone measurements in prostate cancer patients lies in reports of
correlation between success of castration and time to PSA progression: better castration
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(lower testosterone value) gives longer time to progression [9,10]. Therefore hormonal treat‐
ment of prostate cancer should not be followed with PSA measurement only (as indirect in‐
dication of treatment success), but also with testosterone measurement [11].

Before any treatment, at diagnosis, serum testosterone value is predictor of disease aggres‐
siveness – lower testosterone values are related to less differentiated cancer and worse prog‐
nosis [12]. For all stated reasons, measurement of serum testosterone is important for
clinicians who treat prostate cancer patients.

After long term of androgen suppression with LHRH (GnRH) analogues, sometimes testoster‐
one levels do not recover after stopping treatment (which may be due to permanent dysfunc‐
tion of Lydig cells), therefore application of LHRH drugs may be stopped in selected patients
[13]. However, this should be confirmed and followed with testosterone measurement.

But testosterone measurements are not important only for urologists, who, apart from main
reason – decisions related to prostate cancer management, use it for example also for aging
male symptomatology and evaluation of patients with erectile dysfunction. Also other med‐
ical specialties, like endocrinology, pediatrics, gynecology or oncology use testosterone
measurements for their conditions, like diagnosing and monitoring hyper- or hypo- andro‐
genic disorders in women, like polycystic ovary syndrome, alopecia, acne, hirsutism or hy‐
poactive sexual desire disorder; androgen secreting neoplasms; congenital syndromes with
ambiguous genitalia... Pediatrics and endocrinology were in the past probably most fre‐
quent users of testosterone assays, but nowadays most laboratories receive most testoster‐
one requests from urologists.

4. Prostate cancer incidence will increase in future

Prostate cancer is already most frequently diagnosed cancer among men in the developed
world. As a cause of death among males, it is second in the USA and third in Europe. Large in‐
crease in prostate cancer incidence in recent years is not only due to availability of PSA (bio‐
chemical marker, which is useful for screening purposes) and due to better awareness of doctors
and population at large, but in large part also due to changes in population pyramid and in‐
creased life expectancy. As breast cancer, which is most common in females over 60 years of age,
also prostate cancer is cancer of older people. For example, in Slovenia (which may be in health
related issues regarded somewhere in-between developed western and less advanced other
parts of the world), incidence of prostate cancer increased 50% from 2000 to 2011 [14]. At the
same time, population at main risk (males above age 60) increased 28%. Therefore more than
half of increase of prostate cancer incidence can not be attributed to, as some people, even health
care professionals, claim, “artificial” increase of incidence due to “over-screening”, but simply
to the fact that population at risk has significantly increased. And among those (males between
55 and 70), screening is most appropriate because life expectancy also increases (at present, for
75 year old man in Slovenia it is on average more than 10 years) and therefore cancer control is
worthwhile.
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In our country, recently prostate cancer incidence has been higher compared to breast cancer.
Cause for this is not better prostate cancer “screening”, but simple fact of changes in population
pyramid, in numbers of populations at risk: relation between males and females in most impor‐
tant age range for prostate and breast cancer detection has changed – number of males grows
significantly faster than number of females. In year 2000, 700 more females reached age of 60
compared to males, in 2011, 500 more males reached age 60 compared to females [15]. Although
among oldest old, number of females will remain higher compared to men, present big gap in
number of men compared to women in age group 50-70 is getting smaller and smaller and this
also contributes to further increase of significance of prostate compared to breast cancer.

According to population pyramid, further increase of burden due to prostate cancer is ex‐
pected, for example in our country, until year 2050, when overall population in Slovenia
will, according to present trends, decrease from current 2 to 1.9 million, but number of
males, age 60 or more, will peak at 1.8 times the number in 2011. Similar trend is expected to
happen in most countries in the world sooner or later and therefore prostate cancer will re‐
main important health problem in future.

5. Need for hormonal treatment of prostate cancer may not decrease in
future

Despite facts about prostate cancer incidence, presented in section 4 and despite undeniable
proof that population based PSA prostate cancer screening reduces mortality due to prostate
cancer [16], it seems some professional bodies, like U.S. preventive services task force [17,18]
recently advised against screening.

Further, among young UK general practitioners, during non-formal conversation, in year
2012, one can easily hear claims like “PSA – oh I thought it is NOT for screening, it is only
for follow up purposes, only for patients, who have diagnosis of prostate cancer already”
(personal experience).

With this recent trend by policy-makers, it seems hopes of urologists, who treat prostate
cancer patients, that we will in the future find only very few patients, who will present with
stage of disease, where nothing else but hormonal treatment would be possible or hormonal
treatment will become necessary during the course of their disease, are dispelled. As it
seems focus of attention is turned away from early detection and managing (watchful wait‐
ing, not necessary treating patients with prostate cancer), towards second and third line
treatments for advanced disease, testosterone measurement in patients with prostate cancer
will become even more important in the future.

6. Different hormonal treatments influence testosterone differently

Different drugs for hormonal treatment of prostate cancer have different effects on serum
testosterone. Non-steroidal antiandrogens increase overall serum testosterone levels. Steroi‐
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dal antiandrogen (cyproterone) reduces testosterone levels, but not to castrate values. Often
old patients take two 100 mg tablets daily and testosterone values are than commonly
around 7 nmol/l. With proper dosing (3 times 100 mg daily), values nearing castration levels
have been reported (mean 2.5 nmol/l, [19]), on the other side, with dose 200 mg daily, rela‐
tively small decrease only to low-normal levels has been reported for healthy young to mid‐
dle-aged men (mean 11.4 nmol/l [20]).

LHRH agonists injections are supposed to universally reduce testosterone levels to castra‐
tion values, but sometimes this is not the case. LHRH antagonists are gaining popularity
very slowly with similar effect on testosterone. They may reduce testosterone levels in a pro‐
portion of patients a bit further compared to LHRH agonists [21] and they do not cause mi‐
crosurges of testosterone, which are often present with every re-dosing of LHRH agonists.

Surgical castration remains a viable opinion in many countries and for many patients. Ste‐
roids are available to further reduce serum androgen levels in castrate resistant disease
states by blocking adrenal production. 5 alpha reductase inhibitors may, according to some
theories, play a role in combination treatment.

In the past, castrate values of testosterone were achieved with estrogens, like stilbestrol. Due
to side effects (blood cloths), this is not used any more. Ketoconazole, inhibitor of steroid
synthesis, is still available for fast testosterone levels reduction, but in practice is is used
mainly in experimental settings after chemotherapy failure in castration resistant states [22].

Typical testosterone responses to some hormonal agents are summarized in Table 1.

Agent Typical testosterone response

non-steroidal antiandrogen (bicalutamide,

flutamide)

increase (may go above 30 nmol/l)

steroidal antiandrogen

(cyproterone acetate)

decrease, very dependent on dosage regimen, with 3x100 mg it

may approach, but not reach castrate values, in a few days

GnRH (LHRH) agonists

(triptorelin, goserelin, leuporolide)

designed to decrease levels below castrate values (below 1.73

nmol/l), may take a month after first application to reach castrate

level

GnRH antagonists

(degarelix)

designed to decrease levels below castrate values without surges

surgical castration

(bilateral orchiectomy)

gold standard, decrease below castration level in few hours,

however, adrenal androgens remain

ketoconazole decrease below castration levels if dose is high enough in 2-4

days, but sometimes variable response, corticosteroids should be

supplemented simultaneously

estrogens (stilbestrol – of historical interest only) decrease below castration levels after approx. 5 days, later surges

may appear

Table 1. Typical serum testosterone responses to different hormonal agents. In practice, individual responses may vary
significantly, therefore confirmation with individual measurement is important.
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7. Methods for serum testosterone measurement

With introduction of indirect RIA techniques (double isotope derivative dilution technique)
to measure serum testosterone in 1970ties and later automated chemiluminescent assays, se‐
rum testosterone values became widely available to practicing urologists.

Manufacturers mainly use similar principles of assays. As an example of principle, Abbott's
chemiluminescent assay is described [23]. It is “delayed one step”, competitive heterogene‐
ous assay. First, testosterone in serum sample is displaced from sex binding globulin
(SHBG) with low-pH buffer. Sample is mixed with microparticles, coated with mouse mono‐
clonal anti-testosterone antibody. After incubation, addition of labeled testosterone (in this
case, conjugated with alkaline phosphatase), follows. Labeled testosterone binds to unoccu‐
pied sites on microparticles, coated with the antibodies against testosterone. More testoster‐
one in the sample – less sites are free for labeled testosterone to bind. After another
incubation, reaction mixture is transferred to cells, where microparticles fix and bind. Wash
step follows – it removes unbound conjugate (labeled testosterone and other substances
which may interfere with next step). Then, labeled antigen is visualized and measured. Sig‐
nal is inversely proportional to amount of testosterone in the sample – as according to prin‐
ciple of competitive assay – stronger signal indicates more added, with marker conjugated
testosterone present, therefore less “original” testosterone in the sample. In Abbott's exam‐
ple, 4-methylumbelliferyl phosphate is added and alkaline phosphatase, conjugated to add‐
ed testosterone, hydrolyzes phosphate from 4-methylumbelliferryl phosphate to 4-
methylumbelliferone, which fluorescence is measured [23].

In direct RIA methods, principle is the same, only marking of competing antigen is per‐
formed with radioactive substance instead of alkaline phosphatase or other enzymatic, fluo‐
rescence-based technique. Large variability was observed for direct RIA methods [24]. In
indirect RIA methods, quantification follows organic solvent extraction and purification
steps with monitoring of procedural losses. Although correlations between indirect RIA and
mass spectrometry methods are good (above 0.9), absolute concentrations were reported to
be significantly higher, probably (as in direct assays), due to cross-reaction of immunoreac‐
tive material [25].

Indirect assays (extraction and chromatography followed by RIA) are not available any
more in our practice. Main method for serum testosterone determination in most present
day clinical laboratories around the world (perhaps it is different in parts of US) is still direct
automated chemiluminescent assay [26]. This assay mixes antibodies directly with serum
and skips extraction step. This holds true for all direct assays, not only chemiluminescent
but also radio-immuno (RIA) based.

Mass spectrometry (MS) of steroid compounds, which includes testosterone, has a long his‐
tory of research and development [27]. It is coupled to liquid chromatography (LC, a separa‐
tion technique in which the mobile phase is liquid) or gas chromatography (GC, a separation
technique where the mobile phase is gas). After first separation and before ionization, in the
past, derivatization (conversion of chemical compound into derivative) was often used to
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improve, for example, ionization efficiency and other characteristics of analyte[28]. With de‐
velopment of more sensitive techniques, today derivatization seem not included any more
in a typical setting for testosterone determination with HPLC-tandem mass spectrometry.
Sample must be ionized before ions are separated according to mass and charge in the spec‐
trometer. Among methods of ionization are for example atmospheric pressure photoioniza‐
tion (suggested to be most optimal for testosterone analysis) or (less optimal for
testosterone) electrospray ionization. Tandem mass spectrometry (MS/MS) means that spec‐
trometry is performed in an arrangement in which ions are subjected to two or more se‐
quential stages of analysis (which may be separated spatially or temporally).

High throughput LC/MS/MS has become gold standard for measurement of testosterone
and other well defined steroid substances in biological fluids. GC/MS can also be used to
quantify testosterone, but represents today mainly a “discovery tool” which provides “inte‐
grated picture of individual's metabolome” [29].

Some characteristics of testosterone assays are summarized in Table 2.

Type Characteristics

chemiluminescet uses antibodies, direct, most laboratory platforms (Abbott, Siemens, Roche) have their own

antibodies, which all cross react to some extent to other substances and give consistent, but

different results, typically higher than reference methods in/near castrate range

RIA – radio -immuo

assay

uses antibodies, rarely in use those days, typically good results if indirect – radio- immuno -

detection after chromatography step, for direct RIA's, same as for chemiluminescence –

problems with antibody selectivity

LC-MS/MS: liquid

chromatography –

tandem mass

spectrometry

uses molecular mass based identification, indirect, uses different liquid chromatography

methods to extract testosterone from sample (for example “high turbulent flow”) and

tandem mass spectrometry to confirm and quantify sample, gold standard

GC-MS: gas

chromatography – mass

spectrometry

uses molecular mass based identification, indirect, research mainly, useful for profiling

different steroids in the sample, reference method, issues with “in-house” development,

sample preparation, most labor and resource intensive

Table 2. Most prevalent types of testosterone assays.

8. Units for testosterone measurement

Guidelines [3] state testosterone values in ng/dl only and some countries still use old values
(for example US, Germany, Belgium), but in many countries laboratory results only in SI
units - International System of Units - (nmol/l) - are available (for example Slovenia). Some
articles, to further confusion, use other combinations, like ng/ml or mg/dl. To allow easier
reference to practicing physicians, in Table 3, some typical serum testosterone values are
presented in different units.
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clonal anti-testosterone antibody. After incubation, addition of labeled testosterone (in this
case, conjugated with alkaline phosphatase), follows. Labeled testosterone binds to unoccu‐
pied sites on microparticles, coated with the antibodies against testosterone. More testoster‐
one in the sample – less sites are free for labeled testosterone to bind. After another
incubation, reaction mixture is transferred to cells, where microparticles fix and bind. Wash
step follows – it removes unbound conjugate (labeled testosterone and other substances
which may interfere with next step). Then, labeled antigen is visualized and measured. Sig‐
nal is inversely proportional to amount of testosterone in the sample – as according to prin‐
ciple of competitive assay – stronger signal indicates more added, with marker conjugated
testosterone present, therefore less “original” testosterone in the sample. In Abbott's exam‐
ple, 4-methylumbelliferyl phosphate is added and alkaline phosphatase, conjugated to add‐
ed testosterone, hydrolyzes phosphate from 4-methylumbelliferryl phosphate to 4-
methylumbelliferone, which fluorescence is measured [23].

In direct RIA methods, principle is the same, only marking of competing antigen is per‐
formed with radioactive substance instead of alkaline phosphatase or other enzymatic, fluo‐
rescence-based technique. Large variability was observed for direct RIA methods [24]. In
indirect RIA methods, quantification follows organic solvent extraction and purification
steps with monitoring of procedural losses. Although correlations between indirect RIA and
mass spectrometry methods are good (above 0.9), absolute concentrations were reported to
be significantly higher, probably (as in direct assays), due to cross-reaction of immunoreac‐
tive material [25].

Indirect assays (extraction and chromatography followed by RIA) are not available any
more in our practice. Main method for serum testosterone determination in most present
day clinical laboratories around the world (perhaps it is different in parts of US) is still direct
automated chemiluminescent assay [26]. This assay mixes antibodies directly with serum
and skips extraction step. This holds true for all direct assays, not only chemiluminescent
but also radio-immuno (RIA) based.

Mass spectrometry (MS) of steroid compounds, which includes testosterone, has a long his‐
tory of research and development [27]. It is coupled to liquid chromatography (LC, a separa‐
tion technique in which the mobile phase is liquid) or gas chromatography (GC, a separation
technique where the mobile phase is gas). After first separation and before ionization, in the
past, derivatization (conversion of chemical compound into derivative) was often used to
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improve, for example, ionization efficiency and other characteristics of analyte[28]. With de‐
velopment of more sensitive techniques, today derivatization seem not included any more
in a typical setting for testosterone determination with HPLC-tandem mass spectrometry.
Sample must be ionized before ions are separated according to mass and charge in the spec‐
trometer. Among methods of ionization are for example atmospheric pressure photoioniza‐
tion (suggested to be most optimal for testosterone analysis) or (less optimal for
testosterone) electrospray ionization. Tandem mass spectrometry (MS/MS) means that spec‐
trometry is performed in an arrangement in which ions are subjected to two or more se‐
quential stages of analysis (which may be separated spatially or temporally).

High throughput LC/MS/MS has become gold standard for measurement of testosterone
and other well defined steroid substances in biological fluids. GC/MS can also be used to
quantify testosterone, but represents today mainly a “discovery tool” which provides “inte‐
grated picture of individual's metabolome” [29].

Some characteristics of testosterone assays are summarized in Table 2.

Type Characteristics

chemiluminescet uses antibodies, direct, most laboratory platforms (Abbott, Siemens, Roche) have their own

antibodies, which all cross react to some extent to other substances and give consistent, but

different results, typically higher than reference methods in/near castrate range

RIA – radio -immuo

assay

uses antibodies, rarely in use those days, typically good results if indirect – radio- immuno -

detection after chromatography step, for direct RIA's, same as for chemiluminescence –

problems with antibody selectivity

LC-MS/MS: liquid

chromatography –

tandem mass

spectrometry

uses molecular mass based identification, indirect, uses different liquid chromatography

methods to extract testosterone from sample (for example “high turbulent flow”) and

tandem mass spectrometry to confirm and quantify sample, gold standard

GC-MS: gas

chromatography – mass

spectrometry

uses molecular mass based identification, indirect, research mainly, useful for profiling

different steroids in the sample, reference method, issues with “in-house” development,

sample preparation, most labor and resource intensive

Table 2. Most prevalent types of testosterone assays.

8. Units for testosterone measurement

Guidelines [3] state testosterone values in ng/dl only and some countries still use old values
(for example US, Germany, Belgium), but in many countries laboratory results only in SI
units - International System of Units - (nmol/l) - are available (for example Slovenia). Some
articles, to further confusion, use other combinations, like ng/ml or mg/dl. To allow easier
reference to practicing physicians, in Table 3, some typical serum testosterone values are
presented in different units.

Testosterone Measurement and Prostate Cancer
http://dx.doi.org/10.5772/52525

163



Conversion factors: as molecular formula of testosterone is C19H28O2, molecular mass of tes‐
tosterone is 288.42 g/mol. Therefore, if value in ng/dl is available, multiply it with 0.0347
nmol/l / ng/dl to get value in nmol/l. If value in nmol/l is available and one needs ng/dl, val‐
ue in nmol/l should be multiplied by 28.8 ng/dl / nmol/l to get ng/dl. 1 ng/ml (or microg/l) =
100 ng/dl.

Clinical meaning value

normal morning value for males, above 12 nmol/l (= 346 ng/dl = 3.46 ng/ml)

advised supplementation for healthy males, regardless of

symptoms, below

8 nmol/l (= 231 ng/dl = 2.31 ng/ml)

“old” castration value 1.73 nmol/l (= 50 ng/dl = 0.5 ng/ml)

median value for premenopausal females 1.39 nmol/l (= 40 ng/dl = 0.4 ng/ml)

“Morote's” value 1.11 nmol/l (= 32 ng/dl = 0.32 ng/ml)

“new” castration value 0.69 nmol/l (= 20 ng/dl = 0.2 ng/ml)

Table 3. Typical serum testosterone values in different units. “Morote's” value represents level of serum testosterone,
determined with direct chemiluminescent immuno assay in prostate cancer patients on hormonal treatment, above
which shorter time to progression was observed compared to patients with testosterone values below this level [9].
For curiosity, median value for premenopausal females can also be used as guideline for supplementation in
hypoactive sexual desire disorder [30].

9. Daily rhythm of testosterone

Circadian and “ultradian” mean testosterone level fluctuations peak is around 8 AM and
through level around 8 PM. Over this, there is a 90 min oscillation in testosterone values as
reflection of pulsatile secretory pattern.

Sleeping increases testosterone values [31]. Some even claim sleep, not circadian rhythm to
be more important for regulation of testosterone [31]. Pattern of physical activity (physical
work or training in the morning versus evening) does not influence testosterone concentra‐
tions or testosterone diurnal pattern [32]. Food (mixed meal) decreases testosterone value, if
blood is taken 1-2 hours after, by 30% in comparison to overnight fast [33]. Better sleep in‐
creases testosterone value [34]. Anxiety may increase testosterone levels, it was even sug‐
gested, patient's samples on the day of admission to hospital should not be used because
anxiety may be associated with increased testosterone level [35]. On LHRH agonists, diurnal
pattern is expected to be abolished [36]. Age reduces circadian fluctuations [37].

Due to stated variations in testosterone levels during the day, morning fasting blood sam‐
ples are standard.
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10. What can one expect from direct chemiluminescent assays –Example

Wide availability of automated testosterone assays should make easy for clinicians to follow
prostate cancer patients testosterone levels, as at present almost every clinical laboratory of‐
fers testosterone measurement with one of direct chemiluminescent assays methods.

Aim was to evaluate use of such a testosterone measurement tool in every-day clinical prac‐
tice and consequences that might follow. Claims from some pharmaceutical company repre‐
sentatives on their LHRH agonist formulations to be better than others were also addressed.

10.1. Materials and methods

In a cross-sectional audit study, serum testosterone level was determined in all patients on
3-month LHRH formulations, treated in out-patient clinic in two months period. Blood sam‐
ples were taken immediately before the next injection. Only patients, who previously re‐
ceived more than one injection and with previous injection exactly 3 months or less before
examination were eligible.

Three preparations were found to be used: Diphereline (triptorelin 11.25 mg), Eligard (mod‐
ern leuprolide formulation, 22.5 mg) and Zoladex (goserelin 10.8 mg).

Further 10 samples were taken from patients with surgical castration performed more than 6
months ago, who appeared on regular follow up out-patient visit during the study period.

Testosterone measurement was performed with direct chemiluminescent microparticle im‐
munoassay Architect from Abbott Laboratories. According to procedural leaflet, functional
sensitivity of this assay was 0.49 nmol/l (95% confidence interval 0.38 – 0.59) and analytical
sensitivity 0.28 nmol/l.

As SI units (nmol/L) are obligatory in our country, all testosterone measurements were orig‐
inally reported in SI units and conversion to US units (ng/dl) was performed for the purpose
of this report using conversion factor of 0.0347.

For statistical evaluation of differences between groups of patients on different LHRH ago‐
nist formulations, analysis of variance between groups was calculated using open source
statistical software R [38].

10.2. Results

125 patients aged 50 to 92 (median 74 years, lower quartile 70, upper quartile 78 years) were
included.

For the whole group, serum testosterone values ranged from 14 ng/dl (0.5 nmol/l, lowest re‐
portable result) to 107 ng/dl (3.7 nmol/l), median 37 ng/dl (1.3 nmol/l), lower quartile 32
ng/dl (1.1 nmol/l), upper quartile 58 ng/dl (2.0 nmol/l).

According to those results, considering castrate level of 20 ng/dl (=0.694 nmol/l), only 7% of
patients on LHRH treatment and 2/10 patients after surgical castration could be classified to

Testosterone Measurement and Prostate Cancer
http://dx.doi.org/10.5772/52525

165



Conversion factors: as molecular formula of testosterone is C19H28O2, molecular mass of tes‐
tosterone is 288.42 g/mol. Therefore, if value in ng/dl is available, multiply it with 0.0347
nmol/l / ng/dl to get value in nmol/l. If value in nmol/l is available and one needs ng/dl, val‐
ue in nmol/l should be multiplied by 28.8 ng/dl / nmol/l to get ng/dl. 1 ng/ml (or microg/l) =
100 ng/dl.

Clinical meaning value

normal morning value for males, above 12 nmol/l (= 346 ng/dl = 3.46 ng/ml)

advised supplementation for healthy males, regardless of

symptoms, below

8 nmol/l (= 231 ng/dl = 2.31 ng/ml)

“old” castration value 1.73 nmol/l (= 50 ng/dl = 0.5 ng/ml)

median value for premenopausal females 1.39 nmol/l (= 40 ng/dl = 0.4 ng/ml)

“Morote's” value 1.11 nmol/l (= 32 ng/dl = 0.32 ng/ml)

“new” castration value 0.69 nmol/l (= 20 ng/dl = 0.2 ng/ml)

Table 3. Typical serum testosterone values in different units. “Morote's” value represents level of serum testosterone,
determined with direct chemiluminescent immuno assay in prostate cancer patients on hormonal treatment, above
which shorter time to progression was observed compared to patients with testosterone values below this level [9].
For curiosity, median value for premenopausal females can also be used as guideline for supplementation in
hypoactive sexual desire disorder [30].

9. Daily rhythm of testosterone

Circadian and “ultradian” mean testosterone level fluctuations peak is around 8 AM and
through level around 8 PM. Over this, there is a 90 min oscillation in testosterone values as
reflection of pulsatile secretory pattern.

Sleeping increases testosterone values [31]. Some even claim sleep, not circadian rhythm to
be more important for regulation of testosterone [31]. Pattern of physical activity (physical
work or training in the morning versus evening) does not influence testosterone concentra‐
tions or testosterone diurnal pattern [32]. Food (mixed meal) decreases testosterone value, if
blood is taken 1-2 hours after, by 30% in comparison to overnight fast [33]. Better sleep in‐
creases testosterone value [34]. Anxiety may increase testosterone levels, it was even sug‐
gested, patient's samples on the day of admission to hospital should not be used because
anxiety may be associated with increased testosterone level [35]. On LHRH agonists, diurnal
pattern is expected to be abolished [36]. Age reduces circadian fluctuations [37].

Due to stated variations in testosterone levels during the day, morning fasting blood sam‐
ples are standard.

Advances in Prostate Cancer164

10. What can one expect from direct chemiluminescent assays –Example

Wide availability of automated testosterone assays should make easy for clinicians to follow
prostate cancer patients testosterone levels, as at present almost every clinical laboratory of‐
fers testosterone measurement with one of direct chemiluminescent assays methods.

Aim was to evaluate use of such a testosterone measurement tool in every-day clinical prac‐
tice and consequences that might follow. Claims from some pharmaceutical company repre‐
sentatives on their LHRH agonist formulations to be better than others were also addressed.

10.1. Materials and methods

In a cross-sectional audit study, serum testosterone level was determined in all patients on
3-month LHRH formulations, treated in out-patient clinic in two months period. Blood sam‐
ples were taken immediately before the next injection. Only patients, who previously re‐
ceived more than one injection and with previous injection exactly 3 months or less before
examination were eligible.

Three preparations were found to be used: Diphereline (triptorelin 11.25 mg), Eligard (mod‐
ern leuprolide formulation, 22.5 mg) and Zoladex (goserelin 10.8 mg).

Further 10 samples were taken from patients with surgical castration performed more than 6
months ago, who appeared on regular follow up out-patient visit during the study period.

Testosterone measurement was performed with direct chemiluminescent microparticle im‐
munoassay Architect from Abbott Laboratories. According to procedural leaflet, functional
sensitivity of this assay was 0.49 nmol/l (95% confidence interval 0.38 – 0.59) and analytical
sensitivity 0.28 nmol/l.

As SI units (nmol/L) are obligatory in our country, all testosterone measurements were orig‐
inally reported in SI units and conversion to US units (ng/dl) was performed for the purpose
of this report using conversion factor of 0.0347.

For statistical evaluation of differences between groups of patients on different LHRH ago‐
nist formulations, analysis of variance between groups was calculated using open source
statistical software R [38].

10.2. Results

125 patients aged 50 to 92 (median 74 years, lower quartile 70, upper quartile 78 years) were
included.

For the whole group, serum testosterone values ranged from 14 ng/dl (0.5 nmol/l, lowest re‐
portable result) to 107 ng/dl (3.7 nmol/l), median 37 ng/dl (1.3 nmol/l), lower quartile 32
ng/dl (1.1 nmol/l), upper quartile 58 ng/dl (2.0 nmol/l).

According to those results, considering castrate level of 20 ng/dl (=0.694 nmol/l), only 7% of
patients on LHRH treatment and 2/10 patients after surgical castration could be classified to

Testosterone Measurement and Prostate Cancer
http://dx.doi.org/10.5772/52525

165



castrate state of disease. Considering castrate level of 50 ng/dl (1.735 nmol/l), 66% of patients
on chemical castration and 8/10 patients after surgical castration would comply.

Testosterone measurement results, according to LHRH agonist, are presented in Table 4. Ac‐
cording to analysis of variance, differences between groups of patients, treated with differ‐
ent LHRH agonists, were not significantly different (F=0.69, p=0.5).

LHRH formulation N TST:min-max TST-median TST-75% TST-90%

triptorelin 11.25 mg 53 20-98 37 58 72

goserelin 10.8 mg 41 14-107 37 52 69

leuprolide 22.5 mg 21 14-84 49 63 72

Table 4. Testosterone measurement results with Abbot Architect assay in patients on different 3-month LHRH
agonists. Samples were taken immediately before next injection. TST – testosterone. Units: ng/dl (1,73nmol/L=50 ng/
dl). Differences between different LHRH formulations were not statistically significant.

11. Problems with direct testosterone immunoassays

Large differences were reported from measurements of the same serum sample with chemi‐
luminescent assays from different manufacturers [39,40]. Direct RIA techniques were not
better [41]. In the low range (values of interest for castration control in patients with prostate
cancer), which was close to range of female testosterone levels, direct assays gave results
more than 20% different from the gold standard [41]. Abbot Architect assay was also report‐
ed to give consistently up to 20% higher results compared to standard in this range of values
[39].

One of the reasons for variability is in the fact that antibodies are different among manufac‐
turers, with different cross-reactivity profiles. All present direct chemiluminescent assays
are matrix dependent, which was extensively studied by the British group [42]. It was con‐
firmed there was significant cross-reactivity for example with dehydroepiandrosteronesul‐
phate (DHEA-S) [43]. The described issue is not only in urology regarding testosterone –
also other areas of endocrinology where steroid hormones measurements are important,
have reported and discussed similar issues [44,45]. College of American Pathologists profi‐
ciency testing revealed in 2008, highest mean compared to lowest mean for testosterone, to
differ by factor 2.8 [46]. Differences for mass spectrometry assays were much lower, by fac‐
tor 1.4.

12. Problems with mass spectrometry testosterone assays

Mass spectrometry (MS) assays are not commercially available in classical sense, but are to
much larger extent dependent on each laboratory’s own development. As mass spectrome‐
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try technology is capable of very high sensitivity and specificity, those assay are accepted as
gold standard. But, they are more than direct commercial assays dependent on proper cali‐
bration and sample preparation[47]. Research has shown biases as high as 25.3% for testos‐
terone values near castrate ranges [47]. Others reported up to 26% of results outside total
error limit of 14% due to improper calibration and between-run calibration [48]. Although
MS techniques are becoming standard assays for steroid hormones, this presents several
challenges, for example affordability for smaller laboratories, high operating costs of equip‐
ment, need for standardization of MS assays and in many occasions, actually setting new
reference ranges [49] and relating them to physiological and pathological conditions, as hap‐
pens with testosterone, where castrate values have been moved from 50 ng/dl to 20 ng/dl.

13. Castrate testosterone values in different prostate cancer studies

Serum testosterone value around 1.735 nmol/l or 50 ng/dl as castrate level for the purpose of
hormonal treatment of prostate cancer was used already in 1970’ties [2]. Later, some LHRH
formulations were designed to achieve serum testosterone below this value in 95% of treat‐
ed patients. It was accepted as standard value in guidelines [50]. Guidelines have at present
gone even a step further and stated testosterone levels above 50 ng/dl to be in-sufficient and
additional hormonal manipulation to be warranted in such patients [3]. It is further general‐
ly accepted patients with surgical castration to have lower levels of testosterone – around 15
ng/dl and certainly below 30 ng/dl [51]. As surgical castration provides lower testosterone
levels, there were always claims one should aim as low as possible with testosterone levels
and should try to reach below 20 ng/dl – for example in a small study of 38 patients, treated
with LHRH agonists, Oefelein found 5% did not reach values below 50 ng/dl and 13% did
not reach values below 20 ng/dl [52]. This movement, which aims to decrease castrate testos‐
terone level, was further supported by publication which claims patients with castrate tes‐
tosterone levels below 32 ng/dl (1.1 nmol/l) – Morote's value - to have longer time to
biochemical progression [9]. In their study, which also used chemiluminescent antibody tes‐
tosterone assay, in 25% of patients testosterone levels above 50 ng/dl were identified. Fur‐
ther, with serial measurements, 55% of patients on chemical castration had testosterone
values found above 20 ng/dl [8]. Studies which use HPLC/MS/MS for determination of tes‐
tosterone levels do see lower values [53].

Some studies seem to oversee guidelines and post their own castrate testosterone levels,
which are significantly higher and set to a value which offers approximately 95% successful
castration. In their article on testosterone escape, group from Norway claims their castration
level is 2.8 nmol/l which equals 81 ng/dl [6]. This value was selected as their laboratory’s up‐
per normal limit for women. And with this value, they identified 10% of patients who failed
to reach this castration level. The present study was similar to this in testing patient’s serum
for testosterone at the end of 3 month dosing interval, which may also influence results.

Another group from Turkey, which evaluated influence of androgen deprivation therapy on
hand function in 2008 article used radioimmunoassay for testosterone measurement and in a
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castrate group mean value of testosterone was 52 ng/dl +- 35 ng/dl [54]. One can assume for
approximately half of their patients testosterone levels were not in castrate area according to
guidelines. Surgical castration study, using chemiluminescent assay, found values up to or
above 50 ng/dl for surgically castrated patients [55]. Further surgical castration study found
patients on LHRH treatment before surgical castration to have values above 50 ng/dl in 28%
of patients and after surgical castration in up to 8% [56]. Unfortunately method of testoster‐
one measurement is not stated in this article, but it correlates perfectly with data presented
here, where chemiluminescent method was used. Further, recent LHRH agonists report
from Canada, which also used “competitive immunoassay using direct chemiluminescent
technology” [57], found median testosterone values for different LHRH agonists to be (in
nmol/l) 1.2, 1.3, 1.1 and 1.3 and in two of five formulations, upper quartal value was 1.8, in‐
dicating 25% of patients on particular formulation to be even above “old” castration value of
1.72 nmol/l (50 ng/dl). Another study from Canada, also using chemiluminescent immuno‐
assays, although claiming they were “newer technology”, indicates risk for breakthrough
levels of serum testosterone (value measured higher than castrate value) in patients on
LHRH agonist injections to be 5.4% and 2.2% (for castration values 1.1 nmol/l and 1.7
nmol/l, respectively) per each LHRH injection [58]! Cancer control was claimed to be inferior
in patients with breakthroughs of serum testosterone measured [58].

14. Direct testosterone assays and prostate cancer – The verdict

Probably one of most important reasons for observed discrepancies in testosterone measure‐
ments lies in “matrix” issue, in cross-reactivity. Immunolite assay and Abbot Architect both
cross-react with DHEA and give consistently higher values for serum testosterone in range
of castration male values [39,42]. Therefore results of studies, which use direct chemilumi‐
nescent testosterone assays in clinical setting cannot be compared to studies, which use
chromatography followed by mass spectrometry techniques, because they do not measure
the same things.

Inaccuracy of present day direct testosterone assays is already recognized in the field of fe‐
male and male testosterone replacement, in pediatrics [59] and should be recognized also in
the field of prostate cancer. Until indirect testosterone assays applying mass spectroscopy
become widely available, publications should set realistic values of castrate levels and pre‐
cisely state measurement methods used. They may be universally available in the USA, but
in Europe, even western university hospitals are not quick in replacing direct immuno-as‐
says with gas chromatography methods – for example in Ghent they changed only recently,
also for reasons like “one can not publish any more anything about testosterone without this
method”. And even mass spectrometry methods show significant errors and inconsistencies.

On the downside, it becomes clear using direct present day techniques to control castration
methods (either chemical or surgical) is not appropriate and invariably leads to disputable
results. Above findings also in part explain long term debate about subcapsular or classical
simple orchiectomy and part of an occasional finding of non-castrate testosterone level after
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orchiectomy [56]. Also our own impulse for studying the field come from initial observa‐
tions that patients after surgical castration have higher testosterone values compared to
guideline's requests.

On the upside, direct chemiluminescent assays do measure something. They can unmask oc‐
casional testosterone outlier (skipped dose of drug, granuloma formation or an individual in
need for more frequent dose of a drug – reduced dose interval, as explained for example in
dr. Garnick's editorial comment [8]). They can identify hypogonadal men with prostate can‐
cer before starting androgen deprivation therapy, who have very bad prognosis or may in
the future benefit from modified treatments, like incorporating early use of new antiandro‐
gens (for example MDV3100 [60]). They are necessary if one embarks on “on demand” re-
dosing of LHRH agonists [61].

It is obvious chemiluminescent direct testosterone measurements do not show only testos‐
terone values and as such can not serve as a tool to decide which LHRH agonist reduces tes‐
tosterone more compared to other drugs. But results of such assays, as for example Abbot
Architect testosterone assay, are consistent [39] and according to published and our results,
there are great differences in measured levels of androgens in patients on LHRH agonist
therapy (740%, from 0.5 to 3.7 nmol/L, 14 – 107 ng/dL). Perhaps, at present a pure specula‐
tion, chemiluminescent assays, which give consistent results, only with some cross-reactivi‐
ty and therefore systematic overestimation of testosterone values in the low range, like
Architect and Immunolite, can give estimation of overall serum androgen levels. Importance
of extratesticular androgens is becoming more and more evident [62,63]. This may explain
findings from Morote et al, who used same technically problematic direct chemiluminiscent
assay and found correlation between assay results and time to biochemical progression [9]
or from Perachino et al, who found even correlation between assay results and survival [10].
Also Hashimoto et al [64], although failing to provide details about their testosterone assay
and reporting questionably low testosterone values, report usefulness of testosterone meas‐
urement for prediction of antiandrogen treatment results – when testosterone levels were
low, no additional clinical benefit of antiandrogen treatment was observed, when testoster‐
one was higher, antiandrogens were useful. If future can confirm those propositions, direct
testosterone tests, despite their imprecision for their original purpose, may well serve us in
selecting patients for antiandrogen addition to castration or for secondary hormonal treat‐
ment, especially in perspective of new androgen manipulating drugs, like abiraterone ace‐
tate (Zytiga) and MDV3100 [60].

15. Conclusions

Serum testosterone levels provide objectivity for proper prostate cancer disease states char‐
acterization. Testosterone level before treatment may add to prognosis. More importantly,
testosterone levels during treatment become main issue in individual's prostate cancer treat‐
ment decisions, as soon as increasing PSA levels indicate failure of primary local treatment.
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approximately half of their patients testosterone levels were not in castrate area according to
guidelines. Surgical castration study, using chemiluminescent assay, found values up to or
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nmol/l) 1.2, 1.3, 1.1 and 1.3 and in two of five formulations, upper quartal value was 1.8, in‐
dicating 25% of patients on particular formulation to be even above “old” castration value of
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Also Hashimoto et al [64], although failing to provide details about their testosterone assay
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ment decisions, as soon as increasing PSA levels indicate failure of primary local treatment.
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Apparent difference between guidelines (which ask for 20ng/dl) and practice in serum tes‐
tosterone values of hormonally treated prostate cancer patients was investigated and could
be explained in methodologies of testosterone determination. Most present day available
testosterone assays in hospitals are direct assays, which overestimate testosterone values in
the castrate range. Antibodies cross-react with other androgens in serum (which prevail in
low testosterone range) and result is overall androgen estimation, not pure testosterone val‐
ue. Studies should recognize this and find use for this “overall androgen” value, which is,
contrary to indirect mass spectroscopy assays, universally available and was found to be re‐
lated to disease progression and treatment results. Further, it is useful for identification of
high risk patients with low testosterone values at diagnosis and identification of patients
with poor response to LHRH agonists. Testosteron results are necessary for prolongation of
interval between injections, which may be possible in approximately half of patients on
LHRH agonists treatment where values are well below castration levels and at the same
time, some patients may need injections of LHRH agonists in shorter intervals. In the future,
tests which estimate not only pure testosterone, but overall androgen level, may become
clinically relevant with awareness of prostate cancer cell's ability to use different androgen
molecules and as a consequence patient tailored use of new androgen manipulating drugs.
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Chapter 9

Describing Prostate Cancer Dynamics: Second Look at
PSA-Doubling Time and PSA-Specific Growth Rate

Glenn Tisman

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/53179

1. Introduction

Physicians responsible for patient care focus on readily available clinical and trending labo‐
ratory data to help direct the patient’s clinical course and evaluate efficacy of therapy. Most
clinicians fail to incorporate newer parameters of tumor response such as tumor growth rate
when evaluating patient treatment response. Available now, is a wealth of dynamic growth
parameters that shed new light on tumor biology and should be used in clinical decision-
making.

What follows is in part a review of former paradigms of prostate tumor growth. Later, focus
is directed to newer techniques to assist in evaluating targeted drug effects on the kinetics of
prostate and other cancers. The discussion introduces the concept of tumor or marker specif‐
ic growth rate (SGR) and challenges historical results obtained by use of the classic tumor or
marker doubling time (PSA-DT).

As we proceed with this discussion, a mobile device App for hand-held computers includ‐
ing the iPhone, iPad, or iPod is presented. This conveniently facilitates a more sophisticated
tumor and marker analysis at the bedside or in the clinic.

2. Historical perspective of tumor growth kinetics, exponential and
Gompertzian kinetics

Though there is occasional homage paid to Gompertzian tumor growth, for practical pur‐
poses, when we care for patients, tumors are frequently undergoing exponential expansion.

© 2013 Tisman; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.



Chapter 9

Describing Prostate Cancer Dynamics: Second Look at
PSA-Doubling Time and PSA-Specific Growth Rate

Glenn Tisman

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/53179

1. Introduction

Physicians responsible for patient care focus on readily available clinical and trending labo‐
ratory data to help direct the patient’s clinical course and evaluate efficacy of therapy. Most
clinicians fail to incorporate newer parameters of tumor response such as tumor growth rate
when evaluating patient treatment response. Available now, is a wealth of dynamic growth
parameters that shed new light on tumor biology and should be used in clinical decision-
making.

What follows is in part a review of former paradigms of prostate tumor growth. Later, focus
is directed to newer techniques to assist in evaluating targeted drug effects on the kinetics of
prostate and other cancers. The discussion introduces the concept of tumor or marker specif‐
ic growth rate (SGR) and challenges historical results obtained by use of the classic tumor or
marker doubling time (PSA-DT).

As we proceed with this discussion, a mobile device App for hand-held computers includ‐
ing the iPhone, iPad, or iPod is presented. This conveniently facilitates a more sophisticated
tumor and marker analysis at the bedside or in the clinic.

2. Historical perspective of tumor growth kinetics, exponential and
Gompertzian kinetics

Though there is occasional homage paid to Gompertzian tumor growth, for practical pur‐
poses, when we care for patients, tumors are frequently undergoing exponential expansion.

© 2013 Tisman; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.



In the absence of tumor mutation or perturbation by therapy the growth rate of exponential‐
ly growing tumors is constant. Rarely, there may be periods of interrupted growth.

Gompertzian growth [1, 2, 3] is best described by a sigmoid-shaped curve. At tumor initia‐
tion growth is occult, slow and remains subclinical for several years. A second phase is the
rapid, clinically apparent exponential phase lasting for a few years followed by the slower
terminal growth phase as the tumor approaches 35-40 doublings representing a volume ap‐
proaching 1000 cc or a tumor diameter of 10 cm Figure 1. The duration of tumor growth
from inception is several years and for three quarters of that period the tumor is clinically
undetectable. At the time of discovery, the oncologist is attending to the last quarter of tu‐
mor growth.

Figure 1. Note the differences between the exponential and Gompertzian growth curves. The lethal burden of tumor
is approximately 1000 cc or ~35-40 doublings. In the clinic when tumors reach 0.5-1 cm in diameter (30 doublings or
109 cells) they are measurable and follow the exponential growth curve, the steeper the slope the larger the tumor
specific growth rate (SGR). Nonetheless, many feel that when looking at the entire lifespan of malignant tumors (over
several years) tumor growth may better be described by Gompertzian kinetics [3].

Advances in Prostate Cancer178

3. Exponential growth

In 1934 Mottram [4, 5] reported work on the rat tar wart. Tar warts are tar-carcinogen in‐
duced neoplasms of the skin starting 75-100 days after the continuous painting of the rat’s
neck with tar. Histologically, some warts appear benign while others are clearly malignant.

Using the tar wart tumor growth model, Mottram was the first to describe tumor expansion
as exponential. Exponentially growing tumors graphically produce straight lines by plotting
linear time on the x-axis versus the log (at any base) of either tumor area, tumor cell number,
tumor volume or tumor diameter on the y-axis see Figure 2.

Figure 2. Friberg, Collins, Spratt, Steel, Schwartz affirmed that in the clinic, an exponential growth pattern adequately
described tumor growth for most patients. A semi-log plot of tumor diameter vs. time illustrates the linear relationship
characteristic of exponential growth.

Twenty years later Laird [6, 7] reported on the growth of transplanted tumors in the rat. Un‐
der her specific laboratory conditions, most tumor growth could be described in terms of the
Gompertzian model. Her experiments lead her to accept that for her laboratory model; most
transplantable, rapidly growing tumors could be described in Gompertzian terms.

Studies of tumor growth in clinic patients have been described in terms of both exponential
and Gompertzian models. Nevertheless, several investigators reported data that was incon‐
sistent with the Gompertzian model for the majority of their patients. These authors engag‐
ed routine imaging of both metastatic and primary pulmonary lesions in an attempt to
resolve whether exponential growth could be confirmed in the clinic. Friberg, Collins,
Spratt, Steel, Schwartz [8, 9, 10, 11, 12,13] affirmed that in the clinic, an exponential growth
pattern adequately described tumor growth for most patients Figures 2, 3.
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4. The tumor marker as a surrogate for tumor growth exemplified by PSA
and prostate cancer

4.1. PSA Velocity (PSA-V)

PSA-V is the rate of change in serum PSA over time. PSA-V = 1/2 ((PSA2-PSA1/t1 in years) +
(PSA3 – PSA2/t2 in years)), where PSA1 is the first, PSA2 the second and PSA3 the third PSA
measurement. Time represents the interval (in years) between PSA measurements. It is rec‐
ommended that three PSA measurements obtained over 24 months yields optimal accuracy.
A PSA-V exceeding 0.75 ng/ml/year is highly predictive of prostate cancer. PSA-V is more

Figure 3. Von Fournier et al. confirm a straight-line (by semi-log plot) relationship for patients with breast tumors sup‐
porting the model of exponential growth model.
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useful than PSA doubling time (PSA-DT) in the pretreatment setting to help identify those
men with life-threatening disease [14].

Studies confirm that the PSA tumor marker reflects prostate tumor growth and PSA dynam‐
ic changes are useful for predicting clinical outcome in several situations such as tumor re‐
currence and overall survival [15].

Klotz [16] reviewed the value of PSA as a tumor marker in patients with prostate cancer. He
noted that use of a single serum value of PSA is inadequate for predicting patient survival.
However, the PSA-V as ng/ml/yr. was a marker of disease biology. D’Amico [17] included
preoperative PSA-V in determining subsequent risk of death from prostate cancer in 1095
men with clinically localized prostate cancer that underwent prostatectomy and radiation
therapy [18]. A PSA-V >2 ng/ml/yr the year before prostatectomy, was associated with
lymph node metastases, an advanced pathologic stage, and high-grade disease. This thresh‐
old level of PSA-V was associated with a significantly shortened time to recurrence, death
from prostate cancer, and death from any cause. Strikingly, men with a PSA rise of >2.0
ng/ml had prostate cancer-specific mortality rates nine times those with a PSA-V <2 ng/ml.

4.2. Tumor marker Doubling Time (DT)

Miyamoto [19] studied the growth of hepatic metastases in colorectal cancer patients. He es‐
tablished that a tumor marker could accurately reflect tumor volume and its changes. Using
the CEA tumor marker he reported an almost equal and parallel correlation between CEA
doubling time and hepatic tumor volume doubling time.

PSA-DT Figure 4 is the time it takes for the serum PSA to double. Evidence indicates PSA-
DT closely mirrors prostate tumor volume doubling time. Kato et al. in 2008 [20] undertook
an attempt to correlate prostate tumor volume to serum PSA level. Kato’s group calculated
that for each ng/ml increment of serum PSA, there was a 0.302 cc increase in total tumor vol‐
ume and a 0.7% increase in relative tumor volume. Total tumor volume in cc was given as
V(cc) = 3.476 + 0.302 X PSA (ng/ml) while the percent tumor volume Volume(%) = 11.331 +
0.704 X PSA (ng/ml).

Babaian et. al. [21] reported that multivariate regression analysis of tumor volume as a func‐
tion of PSA, grade and stage demonstrated that log PSA had the strongest association with
tumor volume. Tanaka [22] reported that among significant preoperative and postoperative
parameters, calculated cancer volume remained an independent predictive parameter in
multivariate analysis (P <0.01). Tumor volume, as calculated by preoperative parameters,
was an independent predictor of biochemical recurrence in patients who had undergone
radical prostatectomy. Vollmer et al. [23] used a compartmental model and first order kinet‐
ics to develop the calculation necessary to relate serum PSA to tumor volume. They found
that the resulting model was a good fit to the observed kinetic data of PSA measured after
biopsy or prostatectomy. The model also predicted a linear relationship between PSA and
the sum of volumes of benign and malignant tissues.

Until evidence to the contrary, it is assumed that similar to colorectal tumors and CEA, there
is a reasonable relationship between serum PSA and its kinetics allowing its use as a predic‐
tor of changes of prostate tumor volume and growth kinetics.

Describing Prostate Cancer Dynamics: Second Look at PSA-Doubling Time and PSA-Specific Growth Rate
http://dx.doi.org/10.5772/53179

181



4. The tumor marker as a surrogate for tumor growth exemplified by PSA
and prostate cancer

4.1. PSA Velocity (PSA-V)

PSA-V is the rate of change in serum PSA over time. PSA-V = 1/2 ((PSA2-PSA1/t1 in years) +
(PSA3 – PSA2/t2 in years)), where PSA1 is the first, PSA2 the second and PSA3 the third PSA
measurement. Time represents the interval (in years) between PSA measurements. It is rec‐
ommended that three PSA measurements obtained over 24 months yields optimal accuracy.
A PSA-V exceeding 0.75 ng/ml/year is highly predictive of prostate cancer. PSA-V is more

Figure 3. Von Fournier et al. confirm a straight-line (by semi-log plot) relationship for patients with breast tumors sup‐
porting the model of exponential growth model.

Advances in Prostate Cancer180

useful than PSA doubling time (PSA-DT) in the pretreatment setting to help identify those
men with life-threatening disease [14].

Studies confirm that the PSA tumor marker reflects prostate tumor growth and PSA dynam‐
ic changes are useful for predicting clinical outcome in several situations such as tumor re‐
currence and overall survival [15].

Klotz [16] reviewed the value of PSA as a tumor marker in patients with prostate cancer. He
noted that use of a single serum value of PSA is inadequate for predicting patient survival.
However, the PSA-V as ng/ml/yr. was a marker of disease biology. D’Amico [17] included
preoperative PSA-V in determining subsequent risk of death from prostate cancer in 1095
men with clinically localized prostate cancer that underwent prostatectomy and radiation
therapy [18]. A PSA-V >2 ng/ml/yr the year before prostatectomy, was associated with
lymph node metastases, an advanced pathologic stage, and high-grade disease. This thresh‐
old level of PSA-V was associated with a significantly shortened time to recurrence, death
from prostate cancer, and death from any cause. Strikingly, men with a PSA rise of >2.0
ng/ml had prostate cancer-specific mortality rates nine times those with a PSA-V <2 ng/ml.

4.2. Tumor marker Doubling Time (DT)

Miyamoto [19] studied the growth of hepatic metastases in colorectal cancer patients. He es‐
tablished that a tumor marker could accurately reflect tumor volume and its changes. Using
the CEA tumor marker he reported an almost equal and parallel correlation between CEA
doubling time and hepatic tumor volume doubling time.

PSA-DT Figure 4 is the time it takes for the serum PSA to double. Evidence indicates PSA-
DT closely mirrors prostate tumor volume doubling time. Kato et al. in 2008 [20] undertook
an attempt to correlate prostate tumor volume to serum PSA level. Kato’s group calculated
that for each ng/ml increment of serum PSA, there was a 0.302 cc increase in total tumor vol‐
ume and a 0.7% increase in relative tumor volume. Total tumor volume in cc was given as
V(cc) = 3.476 + 0.302 X PSA (ng/ml) while the percent tumor volume Volume(%) = 11.331 +
0.704 X PSA (ng/ml).

Babaian et. al. [21] reported that multivariate regression analysis of tumor volume as a func‐
tion of PSA, grade and stage demonstrated that log PSA had the strongest association with
tumor volume. Tanaka [22] reported that among significant preoperative and postoperative
parameters, calculated cancer volume remained an independent predictive parameter in
multivariate analysis (P <0.01). Tumor volume, as calculated by preoperative parameters,
was an independent predictor of biochemical recurrence in patients who had undergone
radical prostatectomy. Vollmer et al. [23] used a compartmental model and first order kinet‐
ics to develop the calculation necessary to relate serum PSA to tumor volume. They found
that the resulting model was a good fit to the observed kinetic data of PSA measured after
biopsy or prostatectomy. The model also predicted a linear relationship between PSA and
the sum of volumes of benign and malignant tissues.

Until evidence to the contrary, it is assumed that similar to colorectal tumors and CEA, there
is a reasonable relationship between serum PSA and its kinetics allowing its use as a predic‐
tor of changes of prostate tumor volume and growth kinetics.

Describing Prostate Cancer Dynamics: Second Look at PSA-Doubling Time and PSA-Specific Growth Rate
http://dx.doi.org/10.5772/53179

181



An important point when using serum PSA in calculations is that an exact interval for test‐
ing remains controversial, some investigators stress that the interval between PSA-DT deter‐
minations should approach 3-6 months [24] to limit error due to random variation of PSA
values. Using a third generation highly sensitive PSA assay, our laboratory changes in PSA
are precise to the third decimal point and allow educated decision-making based on month‐
ly determinations.

Figure 4. This figure is a semi-log plot of logs PSA (y-axis) vs. time (x-axis) [26]. Note the linear relationship, indicating
that the rise of PSA values follows an exponential expansion of PSA.

Historically, PSA kinetics for watchful waiters included PSA-DT. A PSA-DT of >10 yr. can
be considered favorable; a PSA-DT of <3-4 yr. suggests a change in biology and considera‐
tion should be given to an alternative therapy [25]. PSA kinetics should always be combined
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with other diagnostics such as endorectal ultrasound; endorectal MRI, digital rectal exam
and repeat prostate biopsies approximately every 6-12 months.

4.3. PSA-DT as a surrogate for drug activity

PSA is one of the major androgen receptor-dependent target genes [27], and clinical mon‐
itoring is used to detect early stage disease as well as the emergence of recurrent tumor
after  therapy  [28,  29,  30]  and  changes  mirror  changes  in  tumor  bulk  and  indicate  re‐
sponse to  drugs.  The graphic  representation of  PSA-DT is  illustrated and its  formula is
given in Figure 4 [26].

Kelloff et al. [31], reviewed the use of PSA-DT as a surrogate for tumor response to drugs in
patients with prostate cancer. They concluded that protocols that demonstrate significant
changes in PSA-DT might be used to support accelerated approval of newer therapies. There
is data to suggest PSA-DT in castrate resistant patients is predictive of outcome after chemo‐
therapy [32]. An important caveat is expressed by Newling’s review [33] of the subject
which concluded that though dynamic changes in the PSA such as PSA-DT are commonly
used in clinical trials of new drug therapies, PSA-DT might be affected by other factors in‐
cluding assay variations and false elevations of serum PSA caused by irritation of bladder
catheters, prostatitis and cystitis. A substantial incidence of transient elevations of PSA
(55%) was reported following combined external beam radiation and brachytherapy for
prostate cancer [34]. These complicating issues should always be considered before PSA-DT
is used to modify therapy.

Most recently, newer targeted and immunotherapies were found to produce paradoxical ef‐
fects on PSA kinetics. Newling [33] argues that PSA should therefore be used as a secondary
end point while overall survival still remains the gold standard in evaluating therapeutic ef‐
ficacy for patients with hormone refractory disease.

5. Defining PSA response

Investigators participating in new prostate cancer drug trials commonly define PSA re‐
sponse according to the Bubley guidelines [35] for phase II clinical trials in androgen-inde‐
pendent prostate cancer. The guidelines qualify the following categories of PSA: PSA
normalization, PSA <=0.2 ng/ml; PSA decrease, PSA decline ≥50%, confirmed by a second
PSA value 4 or more weeks later; PSA progression, PSA ≥25% increase over the baseline
(and an increase in the absolute value PSA level by at least 5 ng/mL). Though useful for
evaluating clinical trials, these PSA changes lack sensitivity when evaluating subtle drug ef‐
fects vs. prostate tumor growth [36,37, 38].

Therasse [39, 40], in his thesis reports on MRI and PSA as tools in a RECIST evaluation used
to define tumor response in prostate cancer patients with measurable soft tissue lesions.
When comparing MRI soft tissue responses to serum PSA changes, the correlation of PSA
and MRI showed agreement in 14 of the 20 (70%) patients.
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6. PSA-DT and Survival of prostate cancer patients

The importance of PSA-DT in predicting survival is illustrated by Freedland et al. [41] Fig‐
ure 5. This chart presents data for a group of patients experiencing biochemical recurrence
of PSA after prostatectomy. Under these circumstances, PSA-DT clearly defined prostate
cancer survival into four groups: 1) PSA-DT >=15 months, 2) PSA-DT 9-14 months 3) PSA-
DT 3-8.9 months, 4) PSA-DT <3 months. For this study, PSA-DT is clearly a surrogate for
prostate cancer-specific survival.

Figure 5.

7. PSA in the era of biologic and targeted therapy

A wealth of data establishes PSA as a marker of tumor aggressiveness, tumor stage, drug
response and survival. Controversy and concern persists regarding PSA’s role as a marker
of disease stabilization and response induced by cytostatic and immunotherapies when
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compared to cytolytic therapies. An evaluation of the difficulties surrounding PSA interpre‐
tation has been addressed [42].

Two vaccine trials, Sipuleucel-T (Provenge) [43, 44, 45] and the TRICOM PROSTVAC [46,
47] demonstrated a significant overall survival benefit without any consistent decline in
PSA, raising questions about the value of PSA response for non-hormonal, non-cytotoxic
therapies. In addition, wide fluctuations have been observed in PSA values due to a transi‐
ent effect of some drugs on PSA production seemingly independent of cell proliferation. The
independent, non-proliferative effect of drugs on PSA expression should be considered
when interpreting PSA response data. These aberrant PSA effects must be considered to‐
gether with imaging results and clinical evaluation of the patient. Nevertheless, it has been
consistent that post therapy a >50% PSA decline in pre-treatment PSA carries a significant
overall survival advantage [48, 35].

Kelly [48] reported on 110 assessable patients treated on seven sequential protocols at Me‐
morial Sloan-Kettering Cancer Center for hormone-refractory prostate cancer a statistically
significant survival advantage in 110 patients with >50% PSA decline (>25 months survival)
versus those without a 50% PSA decline (8.6 months survival). These results suggest that
post therapy PSA declines can be used as a surrogate end point to evaluate new agents in
hormone-refractory prostate cancer and criteria for response need prospective validation for
phase III trials. Smith et al. [49] showed that a PSA decline > 50% for at least 8 weeks result‐
ed in a longer mean survival time of 91 weeks versus 38 weeks for patients showing a small‐
er PSA reduction. An improved PSA response was associated with prolonged survival in
the TAX 327 study (Docetaxel plus Prednisone or Mitoxantrone plus Prednisone for Ad‐
vanced Prostate Cancer), with a median survival of 33 months when the PSA was normal‐
ized (<4 ng/mL) versus 15.8 months for an abnormal PSA [50, 51].

Heidenreich [52], the chair of the European Association of Urology oversaw the EAU 2012
Prostate Cancer Guidelines. He acknowledged that the PSA has been validated to be the
most clinically useful tumor marker of treatment failure following local therapy and of tu‐
mor response as well as of tumor progression following hormonal treatment.

8. Assessment of molecularly targeted, cytostatic or anti-angiogenic
agents

Bellmunt [53] and others expressed concern that PSA response criteria are not established to
properly evaluate molecularly targeted cytostatic or anti-angiogenic agents [54]; therefore,
certain drug-specific limitations may exist when using PSA or PSA-DT as an indicator of
progression or response. One clear example was noted in a study of sorafenib (Nexavar) in
castrate resistant prostate cancer, in which two patients with PSA progression were found to
have dramatic resolution of bony disease [55]. Therapy-associated PSA “surge” has been de‐
scribed after effective chemotherapy. PSA surge occurs with Samarium153 radiotherapy, an‐
drogen deprivation and chemotherapy and is generally transient. The surge may be due to
rapid lysis of prostate cancer cells thus spilling intracellular contents into the intravascular
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space [56]. Similarly, 10 of 16 patients who discontinued sorafenib and did not receive other
therapy demonstrated post-discontinuation PSA declines of 7–52% [57]. The review by Bell‐
munt [58, 59] notes that several targeted therapies caused prolongation of the PSA-DT as
well as significant suppression of PSA levels. The era of targeted therapy for prostate cancer
is just beginning and will require changes in how we interpret PSA kinetics.

9. Considerations in evaluating tumor growth effects of targeted therapies

Newer targeted therapies are often cytostatic or cytolentic (slowing proliferation) [60], re‐
sulting in disease stabilization, improved quality of life and extended survival. Examples of
such drugs include sorefinib (Nexavar) [61], axitinib (Inlyta) for renal cell carcinoma [62],
and mTOR inhibitors (everolimus (Afinitor) [63] and temsirolimus (Torisel)). Dasitinib
(Sprycel) and sorefinib (Nexavar) are active in prostate cancer. Dasatinib is active in chronic
granulocytic leukemia and GIST, inhibits BCR/ABL tyrosine kinase, KIT, PDGFR and Src ty‐
rosine kinase amongst other targets. The Src tyrosine kinase is instrumental in driving hor‐
mone-independent prostate cancers [64]. Dasatinib is active in castrate resistant prostate
cancer and may be administered safely with docetaxel [65, 66].

These newer therapies target not only the tumor cell but also modify the supporting stroma
and microvasculature. The cytostatic/cytolentic effects may leave the tumor dimensionally
intact, stable on imaging studies but with slower or absent growth for extended periods of
time. Some imaging techniques such as PET and MRI [67], able to quantify such metabolic
effects, may enhance clinical evaluation while CT images appear unchanged.

There is mounting evidence that stabilization of tumor growth significantly prolongs overall
survival to a degree similar to patients experiencing an objective response judged by RE‐
CIST or RECIST 1.1 criteria (Response Evaluation Criteria in Solid Tumors). This raises con‐
cern and new calls for modification of current RECIST categories to include new definitions
for targeted responses [68].

Simple reductions in PSA levels as defined by Bubley [35] have not yet been validated as a
surrogate end point for use in clinical trials of agents with novel mechanisms of action. As
indicated, cytotoxic chemotherapy alone, in combination with molecular-targeted agents, or
the sole use of targeted therapies, produces different and at times transient and paradoxical
changes in serum PSA and further studies are needed to further define this issue.

As questions have emerged concerning the utility of PSA levels as a surrogate end point, the
Prostate Cancer Clinical Trials Working Group reviewed the criteria for outcome measures
in clinical trials that evaluate systemic treatment for patients with progressive prostate can‐
cer. Recommendations conclude that PSA responses may be delayed in trials of non-cytotox‐
ic agents, and rising PSA levels in the absence of other signs of progression should not lead
to discontinuation of trials. This recommendation might lead to much consternation be‐
tween the patient and doctor where discussion of the latest PSA value is often the primary
subject during follow-up visits.
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10. Projected tumor size and projected PSA uncover hidden drug activity

Now that surrogacy of static values of PSA and PSA-DT is being questioned for targeted
therapies, new techniques of response evaluation are under study. One attempt to quanti‐
tate treatment efficacy redirects attention from PSA-DT to PSA-specific growth rate (PSA-
SGR) [69, 70, 71]. Generally ignored, projected tumor and marker value play a particularly
important role in uncovering and quantifying hidden, cytostatic or cytolentic drug effects.
Projected tumor volume or marker value is calculated prior to the initiation of therapy and
based on the specific growth rate constant (SGR) before the start of therapy. The projected
value is illustrated in Figure 7. This growth projection captures the inherent tumor SGR be‐
fore therapy and predicts what the outcome (projected tumor or marker volume/value)
would be at any future date in the absence of treatment or tumor mutation. Older cytotoxic
drugs, when effective, inhibit innate growth by programmed cell death and apoptosis re‐
sulting in autophagy and tumor cell lysis [60, 72]. This results in a measurable reduction of
tumor size. Interestingly, these drugs are often in part cytostatic or cytolentic and depending
on dose may result in stable disease. Keep in mind that prolongation of cytostatic or cytolen‐
tic suppression by any drug may eventually induce cytotoxicity and cell lysis [60] Figure 6.

Different combinations of static/lytic drug activity may result in reduced tumor/marker size
or complete tumor growth inhibition without clinically detectable change in tumor size. Un‐
der these circumstances, use of projected growth uncovers hidden suppression of prolifera‐
tion. A common clinical scenario occurs when during treatment, a tumor increases in size
but much less than projected. Unless the clinician calculates what the projected tumor size
should be, the true degree of tumor suppression is not appreciated Figure 7.

10.1. Mathematical relationships of exponentially growing tumors and projected tumor
marker or tumor size/volume

The mathematical expression for exponential expansion of growth is: Vt = V0eαt where the
tumor volume at time Vt is predictable and is the product of the starting tumor volume [V0]
and [e = 2.71828, the base of the natural logarithm raised to the product of the specific
growth rate constant α or (SGR) and the duration of growth Δt or (t1-t0)].

This is given as Vt = V0eSGR *∆t and mathematical rearrangement yields SGR =
ln(

V 2
V 1 )

t2− t1

Inhibitory drug effects slow SGR and are precisely quantifiable by calculating changes of SGR
and the tumor size before and after therapy. Tumor size after therapy should be compared to
the projected tumor size the same time after therapy. The current standard for clinical oncolo‐
gists is comparison of tumor size before and after therapy while neglecting comparison with
the projected tumor size. Differences between post therapy tumor size and the post therapy
projected tumor size are the clue to hidden responses that are almost never evaluated by the
clinical oncologist. These often-subtle differences between projected and post therapy tumor
sizes may reveal hidden growth stimulation (mutation or idiosyncratic drug effect) as well as
subtle growth inhibition, which may lead to prolonged clinical stability.
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The following relationships, extracted from Mehrara’s analysis [69,70,71] define projected

tumor volume: ∫ti
t
△ SGR (t) * dt = ln(

Vn
Vi )− ln(

Vt
Vi ) where Vn = projected tumor volume, Vt =

volume of tumor at the time of response evaluation and Vi is the volume at the initiation of
therapy. The tumor response or TR = - ln(Vt/Vn) where Vt is the volume of treated tumor and
Vn is the hypothetical or projected tumor volume, both evaluated at the time of efficacy as‐
sessment. These relationships are the model for the growth kinetics of exponentially grow‐
ing tumors and generally require the use of at least a handheld computer to facilitate
evaluation in the clinic. This is further discussed in the appendix.

Figure 6. In vitro and in vivo, a clear distinction between cytostatic and cytolytic drugs does not exist. Low-dose cyto‐
lytic chemotherapy may exert cytostasis or so-called cytolentic slowing of cell proliferation leading to cell lysis, while
targeted therapy’s prolonged cytostatic metabolic effects (or large doses of targeted therapy) may induce cytolysis
and autophagy (autophagocytosis). Regardless of mechanism of cell inhibition, the SGR and the TR (treatment re‐
sponse) calculations clearly and objectively define and quantitate drug efficacy (TR value).

Picture a 4.0 cm diameter (14.1 cc) pulmonary metastasis. At the time of discovery two
months before the start of therapy the tumor was 3 cm (33.5 cc). The pre-therapy SGR for
this tumor = 1.46%/d (tumor volume was expanding by 1.46%/d). Sixty-one days of therapy
was administered and the tumor grew to 4.5 cm (47.7 cc). SGR decreased from 1.46%/d to
1%/d. Clinicians unaware of SGR and the projected tumor volume at this point might de‐
clare drug resistance however; the projected tumor volume was actually 80.6 cc and the tu‐
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mor reached only 47.7 cc. Even though the tumor grew, therapy was significantly effective
in slowing growth (59% of intrinsic tumor growth was inhibited)! The parameter for treat‐
ment efficacy, TR was +0.5. A positive value for TR means that therapy had some inhibitory
activity against the tumor, the larger the value the better. A negative value means therapy
was associated with growth stimulation. The value of TR is useful as an objective standard
comparator to help evaluate efficacy between different treatments.

Figure 7. Tumor size (volume) or Marker (PSA, PAP) Time Line
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targeted therapy’s prolonged cytostatic metabolic effects (or large doses of targeted therapy) may induce cytolysis
and autophagy (autophagocytosis). Regardless of mechanism of cell inhibition, the SGR and the TR (treatment re‐
sponse) calculations clearly and objectively define and quantitate drug efficacy (TR value).

Picture a 4.0 cm diameter (14.1 cc) pulmonary metastasis. At the time of discovery two
months before the start of therapy the tumor was 3 cm (33.5 cc). The pre-therapy SGR for
this tumor = 1.46%/d (tumor volume was expanding by 1.46%/d). Sixty-one days of therapy
was administered and the tumor grew to 4.5 cm (47.7 cc). SGR decreased from 1.46%/d to
1%/d. Clinicians unaware of SGR and the projected tumor volume at this point might de‐
clare drug resistance however; the projected tumor volume was actually 80.6 cc and the tu‐
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mor reached only 47.7 cc. Even though the tumor grew, therapy was significantly effective
in slowing growth (59% of intrinsic tumor growth was inhibited)! The parameter for treat‐
ment efficacy, TR was +0.5. A positive value for TR means that therapy had some inhibitory
activity against the tumor, the larger the value the better. A negative value means therapy
was associated with growth stimulation. The value of TR is useful as an objective standard
comparator to help evaluate efficacy between different treatments.

Figure 7. Tumor size (volume) or Marker (PSA, PAP) Time Line
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Figure 7 illustrates potential tumor responses to drug treatment. Some of the responses such
as positive and negative deviation from the projected PSA value or projected tumor vol‐
ume are routinely overlooked in the clinic because projected sizes for these parameters
must be calculated in advance (projected volume is illustrated by the largest b-b green circle
at t2). SGR is calculated based on tumor or PSA growth between t0 and t1. Deviations from
projected values reveal subtle drug-tumor interactions. In the appendix we discuss straight‐
forward evaluation of all five-treatment outcome scenarios illustrated above by a hand-held
computer.

Until now, most attempts to capture drug effects vs. prostate tumors employed changes of
PSA-DT. However, Mehrara [70] presented newer assessments of PSA-DT compared to
PSA-SGR that cast doubt on the validity of that historic collection of work.

What follows is a general listing of consequences of drug-tumor interaction. These potential
tumor or marker responses Figures 6, 7 are important to understand because subtle changes
in tumor proliferation may be the only drug-induced tumor response and may go unnoticed
when evaluating targeted therapy by RECIST/RECIST 1.1 response criteria.

10.2. Targeted therapies might require SGR calculations to evaluate the full spectrum of
tumor response

Figures 6, 7 display tumor responses evaluable in the clinic. RESIST 1.1 criteria follow for
comparison.

1. Disease stabilization (complete inhibition of pre-therapy SGR)

The marker or tumor’s inherent growth rate is inhibited causing it or its surrogate marker
value to remain unchanged during therapy.

2. Uninterrupted growth

The tumor or marker continues its calculated pre-therapy growth rate without change dur‐
ing therapy. The growth noted in the surrogate marker or tumor after therapy is predictable
and equal to the projected tumor growth based on the calculated SGR before the start of
therapy.

3. Tumor “response” of varied degree (note: at the time of response evaluation the tumor
may be larger than the pre-therapy value)

Tumor or marker growth is inhibited and at post-therapy response evaluation the tumor or
its surrogate marker is less than the projected value. This response may be difficult to iden‐
tify since the tumor or its marker may have reached a size greater than before the start of
therapy however, tumor or marker post therapy is not as large as projected based on the
pre-therapy SGR Figure 7. A computer calculation comparing pre- and post-therapy SGR is
required to accurately quantify this response category. TR (treatment response) is easily cal‐
culable and offers an objective and continuous value for the degree of response. TR is used
as either a “tumor response” or “tumor marker response”, to quantitate the effect of thera‐
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py. This continuous variable is useful to directly compare treatment efficacy between differ‐
ing therapies.

Mehrara [71] defined some limitations for the current use of treatment response including:
1) PR and CR as defined in RECIST and other methods are no longer of value for quantify‐
ing responses to cytostatic/cytolentic drugs. Combinations of cytolytic and cytostatic/cyto‐
lentic therapies add further difficulty to response interpretation. A further problem arises
when drugs are used at the extremes of dosing where tumor-killing activity may change
from cytostatic/cytolentic to cytolytic and vise versa. 2) Classically, no consideration is given
to the persistence of tumor SGR and or its inhibition during the course of therapy. Clinically,
this is a trap for the oncologist if response is based solely in terms of whether the tumor
marker or size is decreased at the end of therapy 3) The advantage of TR as a continuous
variable (as opposed to a discrete variable used to compartmentalize responses such as CR,
PR, SD) is that TR is a measurement of inhibitory (+TR) as well as accelerating (-TR) drug
effects and is directly comparable between therapies and independent of mechanism of drug
action.

A simple statement that the marker or tumor is larger post therapy is no longer adequate to
evaluate tumor responses.

4. The size of the tumor or its surrogate marker decreases after therapy.

This may be a partial or complete return to normal, manifest by partial or complete disap‐
pearance of tumor/marker abnormality.

5. Tumor acceleration and deceleration

Tumor acceleration occurs when the tumor or marker growth rate (SGR) after therapy is
greater than the pre-therapy or baseline SGR and SGR = (SGR after Rx − SGR before Rx) /
(t2−t1) is a negative value. Tumor growth rate acceleration is positive and may indicate the
presence of a tumor-accelerating mutation or an unexpected untoward drug effect.

Tumor deceleration occurs when SGR before therapy is greater than SGR after therapy and
is expressed as: SGR deceleration = (SGR after Rx −  SGR before Rx) / (t2− t1)  this is a nega‐
tive value.

The rate of change calculations are based on the pre-therapy calculated SGR and its rate of
change is calculated at the end of therapy and is expressed as: Acceleration or deceleration
of the SGR: ΔSGR /Δt . Or EDITOR use (SGR2-SGR1)/(T2-T1).

Note: In the presence of multiple tumor targets the sum of tumor diameters or volumes is
used as an approximation. Clonal heterogeneity (a mosaic of tumors growing at different
growth rates and or demonstrating a mixed response) may make some tumors inadequate
for analysis.

In 1999 an attempt to write a specific dogma evaluating tumor response resulted in the RE‐
CIST 1.0 criteria, later updated 2009 as RECIST 1.1 [73]. Note the absence of drug-response
based on the concept of projected tumor growth.

RECIST 1.1 criteria
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Complete Response (CR): Disappearance of all target lesions. Any pathological lymph no‐
des (whether target or non-target) must have reduction in short axis to <10 mm.

Partial Response (PR): At least a 30% decrease in the sum of diameters of target lesions, tak‐
ing as reference the baseline sum of diameters.

Progressive Disease (PD): At least a 20% increase in the sum of diameters of target lesions,
taking as reference the smallest sum on study (this includes the baseline sum if that is the
smallest on study). In addition to the relative increase of 20%, the sum must also demon‐
strate an absolute increase of at least 5 mm. (Note: the appearance of one or more new le‐
sions is also considered progression).

Stable Disease (SD): Neither sufficient shrinkage to qualify for PR nor sufficient increase to
qualify for PD, taking as reference the smallest sum diameters while on study.

Figure 8. Weber [74] reveals the difficulty of classifying real growth inhibition within the RECIST1.1 criteria of stable
disease. Real or suppressed tumor growth is illustrated by the pink growth curve only.

Weber noted that the RECIST 1.1 disease stabilization category does not differentiate be‐
tween a drug that slows tumor growth and the complete lack of drug effect Figure 8. The
RECIST 1.1 definition for disease progression is >5 mm absolute increase in size in addition
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to >20% increase compared with the nadir. In this figure, though all three tumors do not
meet the progressive disease criteria and thus would be termed stable, the growth of the
third was slowed by therapy. Though all three are termed stable, note the subtle difference
between the two tumors showing a continued and uninterrupted pre-therapy growth rate
(SGR), compared to the slowed growth rate of the tumor depicted by the red line. Surely
there is a drug effect vs. the red tumor. This active drug could be overlooked in spite of its
potential to increase survival if maintained for a sufficient period of time.

In a review of a group of patients treated with targeted therapies, Tourneau [75] revealed
clinical evidence where investigators overlooked subtle cytostatic/cytolentic (slowing of
SGR) drug activity Figure 6, 8. The group analyzed 50 patient participants in 18 targeted
therapy drug trials. Among the 44 patients who withdrew from study because of disease
progression according to the investigators’ assessment, 18 patients (41%) demonstrated a fa‐
vorable slowing trend in tumor specific growth rate. Among the 18, 5 had disease progres‐
sion according to RECIST 1.1 according to retrospective reassessment of on-study imaging
and occurrence of no new lesion during study treatment. Their preliminary evaluation con‐
cluded that a substantial proportion of patients treated with targeted agents were removed
from protocol in spite of possibly benefitting from therapy.

Ferte et al. [76] studied metastatic renal cell carcinoma patients treated with sorafenib (Nexa‐
var) and everolimus (Afinitor). Analysis of tumor SGR clearly revealed drug effects that
would have been missed had RECIST response criteria been applied. Tumor response was
assessed before, during, at the time of tumor progression and after drug discontinuation.
Tumor growth rate was computed by dividing tumor shrinkage by the time between two
related evaluations (% RECIST x 100 /day).

In two different patient populations (IGR and TARGET) tumor growth rate significantly de‐
creased following sorafenib (-23.6 vs. 20 (IGR) and -19 vs. 22 (TARGET)) and everolimus
(-5.2 vs. 30 (IGR)). The great majority of patients (IGR) had a decrease in the tumor growth
rate during vs. before therapy, regardless of the RECIST evaluation, both with sorafenib
(28/29) or everolimus (36/37). Growth rate after sorafenib or everolimus interruption was
significantly higher than at the time of progression in both settings (IGR) (14.6 vs. 31 and
17.9 vs. 32.1 respectively). No significant difference was observed between growth rate be‐
fore or after therapy for either sorafenib or everolimus (IGR). They concluded that SGR eval‐
uation revealed: 1) better evaluation of tumor response, regardless of RECIST criteria, 2) had
independent prognostic value, 3) the possibility that continuation of sorafenib or everolimus
after disease progression might be beneficial to patients by sustaining a continued suppres‐
sion of tumor growth.

The following section presents a model of tumor growth rate expressed as an executable al‐
gorithm in the form of an Apple App that quantitates subtle changes of tumor specific
growth rate (SGR).
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third was slowed by therapy. Though all three are termed stable, note the subtle difference
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(SGR), compared to the slowed growth rate of the tumor depicted by the red line. Surely
there is a drug effect vs. the red tumor. This active drug could be overlooked in spite of its
potential to increase survival if maintained for a sufficient period of time.

In a review of a group of patients treated with targeted therapies, Tourneau [75] revealed
clinical evidence where investigators overlooked subtle cytostatic/cytolentic (slowing of
SGR) drug activity Figure 6, 8. The group analyzed 50 patient participants in 18 targeted
therapy drug trials. Among the 44 patients who withdrew from study because of disease
progression according to the investigators’ assessment, 18 patients (41%) demonstrated a fa‐
vorable slowing trend in tumor specific growth rate. Among the 18, 5 had disease progres‐
sion according to RECIST 1.1 according to retrospective reassessment of on-study imaging
and occurrence of no new lesion during study treatment. Their preliminary evaluation con‐
cluded that a substantial proportion of patients treated with targeted agents were removed
from protocol in spite of possibly benefitting from therapy.

Ferte et al. [76] studied metastatic renal cell carcinoma patients treated with sorafenib (Nexa‐
var) and everolimus (Afinitor). Analysis of tumor SGR clearly revealed drug effects that
would have been missed had RECIST response criteria been applied. Tumor response was
assessed before, during, at the time of tumor progression and after drug discontinuation.
Tumor growth rate was computed by dividing tumor shrinkage by the time between two
related evaluations (% RECIST x 100 /day).

In two different patient populations (IGR and TARGET) tumor growth rate significantly de‐
creased following sorafenib (-23.6 vs. 20 (IGR) and -19 vs. 22 (TARGET)) and everolimus
(-5.2 vs. 30 (IGR)). The great majority of patients (IGR) had a decrease in the tumor growth
rate during vs. before therapy, regardless of the RECIST evaluation, both with sorafenib
(28/29) or everolimus (36/37). Growth rate after sorafenib or everolimus interruption was
significantly higher than at the time of progression in both settings (IGR) (14.6 vs. 31 and
17.9 vs. 32.1 respectively). No significant difference was observed between growth rate be‐
fore or after therapy for either sorafenib or everolimus (IGR). They concluded that SGR eval‐
uation revealed: 1) better evaluation of tumor response, regardless of RECIST criteria, 2) had
independent prognostic value, 3) the possibility that continuation of sorafenib or everolimus
after disease progression might be beneficial to patients by sustaining a continued suppres‐
sion of tumor growth.

The following section presents a model of tumor growth rate expressed as an executable al‐
gorithm in the form of an Apple App that quantitates subtle changes of tumor specific
growth rate (SGR).
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Figure 9. Following a patient’s tumor size often reveals subtle changes in the slope of the tumor measurement or
marker growth curve as revealed above. These subtle changes in growth rate are not associated with a significant de‐
crease of tumor size or marker value. As Le Tourneau et al. and Ferte et al. demonstrate, subtle changes in tumor
growth rate are not evaluated as a response when applying RECIST 1.1 criteria nevertheless, they do represent a true
cytostatic effect of targeted therapies that may translate into a meaningful prolonged survival.

11. SGR is a useful tool to identify subtle drug-associated tumor or
marker kinetic changes of tumors

Mehrara, as part of his PhD thesis at the Department of Radiation Physics, University of
Gothenburg, Goteborg, Sweden presented an analysis of tumor growth kinetics based on the
tumor specific growth rate constant (SGR). The analysis assumes that for most practical pur‐
poses clinically observable tumor growth follows exponential growth. Additionally, this is
true for the surrogate PSA tumor marker. SGR is rapidly calculable by hand-held mobile de‐
vices and facilitates the rapid identification of tumor responses easily overlooked in the clin‐
ic, many of which are not readily apparent without computer analysis. Occasionally,
changes of SGR uncover subtle tumor stimulation.
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Construction of the exponential growth curve, similar in shape to the mid portion of the
Gompertzian curve Figure 1, requires just two different measurements of tumor volume (or
diameter, area, cell number) or a surrogate marker at two different times to satisfy the expo‐
nential growth equation:Vt =V 0 e at  . Here “α” is the exponential growth constant, and Vt

and V0 are the tumor volume at times t and t0, respectively. This model implies that tumor
volume can increase indefinitely and the growth rate of a tumor is proportional to its vol‐
ume and dV/dt =aV .

SGR is the relative change in tumor volume per unit time calculable as percent increase or
decrease of tumor volume per unit time. Excluding mutations, for exponentially growing tu‐
mors, SGR is constant, i.e., SGR or α is independent of tumor volume or age. Faster growing
tumors have higher SGR values, SGR=0 represents non-growing tumors; a negative SGR
represents tumor regression. In 1956 Collins et al. [9] graphically introduced the concept of
tumor doubling time. The DT formulation was proposed in 1961 [10]: DT = (t2-t1) * ln(2) /
[ln(V2/V1)]. Other relationships of importance include the specific growth rate, SGR =
ln(V2/V1)/(t2-t1) and DT = ln(2)/SGR. These equations are descendants of the primary expo‐
nential growth equation, Vt = V0eat

Mehrara expresses concerns based on his mathematical treatment of SGR and DT suggesting
that for clinical studies, SGR is the best indicator of tumor growth. Tumor growth rate, espe‐
cially but not limited to urology circles, is usually quantified as DT i.e. PSA-DT. Because of
the subtle mathematical relationship between SGR and DT, use of DT alone to evaluate ther‐
apeutic effects may give erroneous results.

Mehrara’s studies revealed that DT has several drawbacks when used to describe tumor or
tumor marker growth rates. The shortfalls include 1) for brief measurement time intervals,
or high volume and very small measurement uncertainties the mean DT can either overesti‐
mate or underestimate the average growth rate; 2) DT approaches infinity for very slow
growing tumors and is mathematically limited while SGR is a continuous variable no mater
the speed and 3) the non normal frequency distribution of DT values restricts use of para‐
metric statistics thus reducing use of more discriminatory statistics especially when study‐
ing small samples [77]. Unlike DT, SGR is definable for all tumor volume changes no matter
how small, and it is Gaussian (normally) distributed allowing use of parametric statistics.
SGR is more accurate to use when considering growth fraction, cell loss rate, and tumor
growth rate heterogeneity. For these reasons, Mehrara opines that SGR be used instead of
DT, to quantify tumor growth rate.

Accuracy and clinical outcome analysis comparing SGR and DT would be a valuable area of
research in light of the cytostatic changes leading to subtle changes of growth rate character‐
istic of targeted therapies. Later, an in depth illustration of the differences between DT and
SGR will help illuminate this issue.

Collins and Schwartz [9, 10] both analyzed several tumors in patients as they defined the
use of tumor volume doubling time. Note that for bronchogenic lung cancers a semi-loga‐
rithmic plot of tumor diameter (y-axis) versus a linear time period (x-axis) produces a near
straight line Figure 2.
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12. Measuring tumor growth

It is imperative to depend on sensitive and precise marker assays. Guess [38] tried to ad‐
dress this problem by use of splines or line segments to average all PSA-DT values in an at‐
tempt to better detect therapy-induced changes of PSA-DT. Unfortunately, this
computerized technique is cumbrous for most to apply.

The accurate and reproducible measurement of tumor diameters from imaging studies is
critical. Keep in mind that occasionally plain radiographs of larger lesions are preferred be‐
cause CT imaging may slice through a lesion at variable levels producing aberrant results
for elliptical lesions.

A closer look at differences between DT and SGR.

The mathematical relationship between DT and SGR as revealed by the exponential growth
model is important because as displayed in Figure 10, sole use of tumor volume doubling
time (TV-DT) or tumor marker doubling time (PSA-DT) rather than tumor or marker specif‐
ic growth rate as a measure of treatment outcome may be destined for failure depending on
the magnitude of differences in the clinical study. Applying the exponential model of tumor
growth to published studies reporting only DT as displayed here Table 1,2 and Figures 11,12
reveals discordant conclusions from those using SGR. Note that the DT is mathematically
logarithmically related to the inverse of the exponential growth constant (SGR): SGR =
ln(2)/DT.

The opposite results using SGR compared to those obtained with DT are critical since pros‐
tate cancer research is steeped in the use of the PSA-DT to predict survival, tumor dissemi‐
nation, relapse, and tumor response to drugs and hormones and to radiation efficacy. In the
prostate cancer literature use of DT as a parameter of response is established canon.

Mehrara reveals that DT is not normally symmetrically distributed (non-Gaussian distribu‐
tion) and its use as an indicator of treatment response could yield inaccurate conclusions.
Changes in DT over-predict drug effects in slow growing tumors while they under-predict
in rapidly growing tumors and DT is essentially of no value for tumor volumes (or markers)
that show no change in value (stable disease) where DT approaches infinity see Figure 10.

Work by others confirms the importance of the tumor or marker-specific growth rate. Stein
et al. [46] studied a combination of equations that simultaneously modeled both tumor/ PSA
regression and tumor/PSA exponential growth. They found that only the exponential
growth equation with its specific growth rate constant (PSA-SGR) predicted a statistically
significant high mortality hazard ratio of 5.14 (95% confidence interval, 3.10 - 8.52) in his
study group of patients with prostate cancer. The disease regression formula was unable to
predict patient mortality.
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13. Why PSA-SGR is more useful than PSA-DT

As noted in Figure 10, when SGR is fast and increases 1% from 4 to 5%/day, the doubling
time changes 1.3-fold from 4 to 3 days (a slight change). However, when the SGR is slower
and increases 1% from 12%/d, doubling time changes four-fold from 69 to 17 days (a large
change). A DT of 1-day does not represent the same growth rate when the tumor is slowing
as when the tumor is rapidly growing. As the absolute value of SGR approaches zero, DT
approaches infinity and is of no practical use other than to say the tumor or marker is stable.
Because of the DT-SGR relationship at the extremes of tumor or marker growth, therapy-in‐
duced changes in doubling times at the extremes of SGR do not accurately represent the
magnitude of the impact of therapy.

Figure 10. This figure, modified from Mehrara [70], displays the variation of tumor volume doubling time or tumor
marker doubling time (DT) per unit change of tumor specific growth rate (SGR) based on:.

Describing Prostate Cancer Dynamics: Second Look at PSA-Doubling Time and PSA-Specific Growth Rate
http://dx.doi.org/10.5772/53179

197
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14. Clinical application of DT and SGR: Discordant results

Mehrara retrieved data from two previously published clinical studies [70]. The first by
Guess et al. [38] Table 1 who studied the effect of modified citrus pectin (MCP) on PSA-DT
of 12 prostate cancer patients. Mehrara extracted data and analyzed for both PSA-DT and
PSA-SGR before and after therapy. The difference between PSA-DT before and after treat‐
ment was not found to be statistically significant by the paired t-test (p = 0.27). Nevertheless,
when transforming PSA-DT to PSA-SGR the difference before and after MCP treatment is
statistically significant by the paired t-test (p = 0.003) and nonparametric Wilcoxon matched
pairs signed rank test: p = 0.002. Thus, a therapy initially deemed ineffective by PSA-DT
analysis, when analyzed for a group of patients based on PSA-SGR proved to be highly sig‐
nificant Table 1.

Effect of modified citrus pectin (MCP) on PSA-DT and PSA-SGR

Patient
Before Rx

PSA-DT
(mo)

After Rx
PSA-DT

(mo)

Before Rx
PSA-SGR (%/mo)

After Rx
PSA-SGR (%/mo)

A 3.97 13.34 17.46 5.16

B 5.67 10.11 12.22 6.86

C 1.14 2.91 60.80 23.82

D 3.37 7.71 20.57 8.99

E 1.58 16.49 43.87 4.20

F 10.5 7.97 6.60 8.70

G 2.66 11.95 26.06 5.80

H 3.64 3.27 19.04 21.20

I 2.04 4.96 33.98 13.97

J 2.33 3.24 29.75 21.39

K 6.29 -155.49 11.02 -0.45

L 5.12 -645.51 13.54 -0.11

Nonparametric Wilcoxon matched pairs signed
rank: p = 0.42

Parametric Paired t-test p = 0.2704

Nonparametric Wilcoxon matched pairs signed
rank: p = 0.002

Parametric Paired t-test p = 0.0027

Table 1. Guess et al. [38] studied the effect of modified citrus pectin (MCP) on PSA-DT of 12 prostate cancer patients.
Mehrara extracted that data and analyzed both PSA-DT and PSA-SGR before and after therapy. The difference
between PSA-DT before and after treatment was not statistically significant by the paired t-test (p = 0.27).
Nevertheless, when transforming PSA-DT to PSA-SGR the difference before and after MCP treatment is statistically
significant by the paired t-test (p = 0.003) and nonparametric Wilcoxon matched pairs signed rank test: p = 0.002.

A second analysis of original data by Nishida et al. (1999) [78] was based on a study of the
correlation of tumor volume and the CA19-9 tumor marker of pancreatic cancer patients Ta‐
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ble 2. The correlation between CA19-9-DT and tumor volume-DT was statistically signifi‐
cant (p<0.0001). However, after converting tumor-volume-DT to TV-SGR and CA19-9-DT to
CA19-9-SGR, correlation between CA19-9-SGR and TV-SGR was no longer statistically sig‐
nificant (p>0.3). Since SGR is the preferred parameter, the initial analysis of Nishida may
benefit from a second look.

Relationship between CA19-9-DT and TV-DT vs. CA19-9-SGR and TV-SGR

Patient
CA19-9 DT

(Days)
Tumor-DT

(Days)
CA19-9-SGR

%/day
Tumor-SGR

%/day

A 8.3 34.8 8.4 2

B 39.7 44.6 1.7 1.6

C 46.3 34.5 1.5 2

D 36.5 21.2 1.9 3.3

E 30.4 47.7 2.3 1.5

F 67.1 112.8 1 0.6

G 44.7 70.6 1.6 1

H 24.7 18.4 2.8 3.8

I 42.7 50.6 1.6 1.4

J 137.5 231.6 0.5 0.3

K 42.3 39.3 1.6 1.8

Linear regression: r2 = 0.89
p < 0.0001

Linear regression: r2 = 0.09
p = 0.37

Table 2. This table displays the extracted data from Nishida’s study [78] of the correlation of tumor volume and the
CA19-9 tumor marker of pancreatic cancer patients. The correlation between CA19-9-DT and tumor volume-DT was
statistically significant (p<0.0001). However, after converting tumor-volume-DT to TV-SGR and CA19-9-DT to CA19-9-
SGR, correlation between CA19-9-SGR and TV-SGR was no longer statistically significant (p>0.3).

Most prostate cancer studies employ changes in the PSA-DT. PSA-DT values are not nor‐
mally distributed and thus not readily subject to more sensitive parametric statistical analy‐
sis. However, PSA-specific growth rate is normally distributed and parametric statistics can
be applied. Nonparametric statistical methods lose discriminatory power especially for clini‐
cal studies of smaller groups of patients [77].

During a cursory review of the literature we found two additional studies, one dealing with
the effects of celecoxib on PSA-DT Figure 11 and the other investigating the effects of a com‐
bination of calcitriol and naproxin on PSA-DT of prostate cancer patients Figure 12.

Smith et al. [79] Figure 11 studied the biologic activity of celecoxib, a selective cyclooxyge‐
nase-2 inhibitor, in men with recurrent prostate cancer using change in PSA-DT as the pri‐
mary outcome variable. We carefully extracted the data from his graphic report. We applied
the Wilcoxon matched-pairs signed rank test [two tailed] (for nonparametric distribution of
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PSA-DT) to the data. PSA-DT before versus after celecoxib was highly significant: p = 0.0006.
After transformation of PSA-DT to PSA-SGR, the Paired t-test [two tailed] for parametric dis‐
tribution of PSA-SGR suggests that the celecoxib effect lacked statistical significance p = 0.213!

A second study by Srinivas [80] Figure 12 evaluated naproxen in combination with calcitriol
in patients with early recurrent prostate cancer. All patients received 45 μg of calcitriol
(DN101, Novacea, South San Francisco, CA, USA) orally once a week with naproxen 375 mg
twice a day and were evaluated for a biochemical PSA response and a change in PSA dou‐
bling time (PSA-DT). Testing the efficacy of the combination therapy using changes of PSA-
DT by the non-parametric Wilcoxon matched-pairs signed rank test [two tailed] p = 0.037 a
significant difference. However, after transforming PSA-DT to PSA-SGR (SGRPSA = ln(2)/
DTPSA), analysis with the parametric Paired t-test [2-tailed] indicate naproxen plus calcitriol
was not effective in slowing tumor growth, p = 0.213.

Figure 11. Smith et al. [79] studied the biologic activity of celecoxib, a selective cyclooxygenase-2 inhibitor, in men
with recurrent prostate cancer using change in PSA-DT as the primary outcome variable. We retrieved their graphic
data for our own analysis. A histogram of the PSA-DT paired differences for before and after celecoxib appears nor‐
mally distributed. Applying the parametric Paired t-test statistic for significance of the difference yields p = 0.0002.
Next, we transformed the same (before-after celecoxib PSA-DT data with to PSA-SGR before and after pairs and ap‐
plied the paired t-test. Contrary to the statistical analysis for celecoxib induced change of PSA-DT, changes of PSA-SGR
revealed that the celecoxib difference was no longer significant, p = 0.213!
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Figure 12. Sinivras and Feldman [80] evaluated naproxen in combination with calcitriol in patients with early recur‐
rent prostate cancer. All patients received 45 μg of calcitriol (DN101, Novacea, South San Francisco, CA, USA) orally
once a week with naproxen 375 mg twice a day and were evaluated for a biochemical PSA response and a change in
PSA doubling time (PSA-DT). Applying the paired t-test for statistical significance (before PSA-DT and after PSA-DT)
resulted in p = 0.034. Nevertheless, after transforming PSA-DT to PSA-SGR (PSA-SGR = ln(2)/PSA-DT), analysis with the
paired t-test [2-tailed] suggested naproxen plus calcitriol was not effective in slowing tumor growth, p = 0.213.

The non-linear relationship between the SGR and DT may be responsible for erroneous in‐
terpretations of treatment effects reported in prior prostate cancer trials that published re‐
sults solely in terms of changes in PSA-DT Figure 10.

15. Evaluation of tumor and surrogate marker drug responses, rate of
change of response:
SGR acceleration = (SGR after Rx −  SGR before Rx) / (t2− t1) ; A positive
number

The dynamic of PSA change was used as an early predictor of overall survival after a short
exposure to docetaxel therapy (4 doses). Knowledge that a drug may extend survival after
just a short exposure would minimize toxicity from ineffective drugs. Hannenin‘s work [81]
found that a rapid rate of PSA decline expressed as PSA half-life <70 days was associated
with a longer overall-survival Figure 13. This result was independent of other known mark‐
ers of survival and allowed for a greater survival differentiation than PSA suppression
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alone. Response-time evaluations may play a new role in determining drug efficacy earlier
than usual. I would propose study of an alternate expression for tumor acceleration or decel‐
eration in terms of SGR as: SGR (accel…decal) = SGR2-SGR1/(t2-t1). The value of this expres‐
sion may be positive for acceleration or negative for deceleration.

De Crevoisier [82] found that a PSA decline 6 weeks after the start of EBRT when used as
monotherapy and 3 months after the start of androgen deprivation therapy (ADT) in pa‐
tients treated with combined ADT and external beam radiation is predictive of progression
and specific survival.

Figure 13. Treatment-associated tumor/marker deceleration in response to docetaxel. The magnitude of rate of
change (acceleration-deceleration) of SGR resulting from therapy is an early predictor of prostate-specific survival.

Figure 14 illustrates a computer analysis of a prostate cancer patient treated with docetaxel. A
pelvic node is noted to grow over 4.5 months from 1.3 to 1.6 cm in greatest dimension. This es‐
tablishes the pre-therapy SGR of 0.46%/d and the tumor volume (assuming a sphere) before
starting therapy is 2.1 cc. Fifty-one days of therapy induces a decrease of tumor diameter to 0.9
cc and a decrease of tumor volume to 0.38 cc. Had the tumor grown uninterrupted the project‐

Advances in Prostate Cancer202

ed tumor volume would have been 2.7 cc. In this case, the value for deceleration of SGR for the
tumor: is given as (SGR2 after Rx −  SGR1 before Rx) / (t2− t1) =−0.021% / d / d .

Figure 14. This calculation displays results for a patient treated with docetaxel (see text).

This is an objective measure of the rate of change of SGR. The treatment response is dis‐
played as = + 2.0. This assigns a calculated continuous variable as a measure of the degree of
response and is used to objectively compare docetaxel efficacy to any other administered
drug. Positive TR values represent tumor reduction compared to the projected tumor size
while a negative TR represents tumor growth relative to the projected size. Estimated age of
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tumor, here approximated ~ 12.3 years, is a calculated value based on the initial SGR of
0.46%/d in the absence of therapy. This assumes constant, continuous exponential growth
over many years. Tumor age calculations are gross approximations and notoriously subject
to large error.

Figure 15 illustrates the evaluation for a 68 year-old man undergoing watchful waiting for a
Gleason score 3+3 = 6, T1c prostate cancer. Three PSA values are displayed for three sequen‐
tial dates. When the patient was asked if he had changed medication between 3/2/11 and
5/1/11 he noted he was ingesting a new Chinese herbal mixture sold to enhance energy and
libido.

Figure 15. Evaluation of a 68 year-old man undergoing watchful waiting for a Gleason score 3+3 = 6, T1c prostate
cancer. The patient was ingesting a stimulatory Chinese herb.
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Subtle acceleration of the tumor marker value was uncovered by inspection of the projected
PSA value for 5/1/11 as compared to the actual measured value for that date. Notice the con‐
firmative quantitative measures given by the calculation Figure 14 of the marker specific
growth rate MSGR2 = 0.13%/d compared to MSGR1 = 0.07 %/d; marker doubling time MDT2
= 17.3 months compared to the initial MDT1 = 30.9 months; by both the positive value for
MSGR acceleration = +0.001%/d/d and by the negative value for marker response MR = -
0.05. Based on the marker-specific growth rate (MSGR) for the first interval TDx thru TPRx
(the date at initiation of therapy) of 0.07%/d, the App calculated the expected PSA on 5/1/11
to be 5.98 ng/ml. However, the measured value was higher = 6.3 ng/ml. The negative value
for MR of -0.05 indicates a negative marker response thus PSA expansion (marker accelera‐
tion confirmed this = +0.001%/d/d). We suspected that the Chinese herb might have caused
subtle acceleration of PSA production and or tumor growth. Other explanations for accelera‐
tion of the PSA value include decreased clearance of PSA or the subtle appearance of a mu‐
tated, faster growing clone of PSA-producing tumor cells. Note that in the absence of
knowledge of the inherent initial PSA-SGR between 2/1/11 and 3/2/11 and calculation of the
expected projected value of PSA for 5/1/11, the subtle PSA acceleration would have been
missed.

16. Predicting approximate tumor size or marker value for any arbitrary
date in the future

Assuming untreated clinical cancers and their markers expand at a relatively constant expo‐
nential rate, it is possible to predict values for tumor diameter, volume and marker for any
arbitrary future date. Figure 16 displays a PSA projection made for a patient with newly di‐
agnosed prostate cancer who asked if a preplanned three-month holiday before initiation of
therapy could jeopardize his chance for a curative procedure. The prediction, assuming con‐
stant exponential expansion of serum PSA, is that the PSA value upon returning from sab‐
batical would increase from 9.4 to 16.28 ng/ml. This alarmed the patient and he cancelled the
trip to initiate therapy.

17. Unique treatment paradigms may be suggested by analysis of tumor
growth rate

Figure 17 illustrates results for a patient with pancreatic cancer post Whipple procedure
who was found on 6/4/10 to have an enlarged peri-aortic mass = 1.8 cm (3.1 cc). Repeat CT
on 8/27/10 noted increased size to 2.9 cm (12.8 cc). Therapy with gemcitabine was initiated
on 8/27/10. Post therapy reevaluation of the mass on 12/24/10 revealed growth to 3.1 cm
(15.6 cc). The patient was discouraged and frightened and thought he had wasted precious
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Figure 15. Evaluation of a 68 year-old man undergoing watchful waiting for a Gleason score 3+3 = 6, T1c prostate
cancer. The patient was ingesting a stimulatory Chinese herb.
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time and subjected himself to undo toxicity for no gain. However, evaluation revealed that
had the tumor never been treated with gemcitabine it would have reached the projected
volume of 96.9 cc by 12/24/10. Thus, based on the initial exponential growth rate from 6/4/10
thru 8/27/10, the tumor volume was actually 84% less than what it would have been had no
drug been given (15.6 cc vs. 96.9 cc).

This patient experienced substantial tumor suppression by gemcitabine in spite of its
growth. Under these circumstances, when there are poor second choices for effective thera‐
py, instead of discarding gemcitabine, perhaps addition of another compound with differing
toxicity might be a reasonable option.

Figure 16. PSA projection made for a patient with newly diagnosed prostate cancer
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Figure 17. The tool we developed to facilitate calculation of tumor kinetics is named CancerPal©. The software App is
available from Apple Corporation’s App store. The App analyzes kinetic changes of tumor markers and or tumor diam‐
eter/volume/area and is run on the iPhone, iPad, or iPod. Clinical use is facilitated by the small size and portability of
the new hand-held devices. The App is routinely used in our clinic for objectively measuring subtle drug effects on
tumor and the dynamics of surrogate tumor markers. A video tutorial of the App is available at www.healthsciencere‐
ports.com.

18. Conclusion

Several principles of prostate cancer management rely on the absolute and dynamic values
of various formulations of PSA i.e. PSA-V, PSA-DT and PSA-SGR. This review introduces
SGR, a parameter that is underused and closely reflects the true growth rate of tumors un‐
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dergoing exponential expansion. Several instances are presented where results of studies
employing PSA-DT yield statistically divergent results after converting PSA-DT to PSA-
SGR. It is recommended that for some studies results be reevaluated in terms of PSA specific
growth rate, PSA-SGR.

Newly introduced targeted therapies require innovative techniques to evaluate drug effica‐
cy. Tumor or tumor marker specific growth rate and the concept of projected tumor or
marker value are tools capable of quantitatively evaluating subtle effects of targeted drugs.
Calculation of the projected tumor size and tumor marker values is critical to properly eval‐
uate subtle drug-tumor proliferative outcomes.

Appendix

CancerPal©

It is important to realize that CancerPal© remains an experimental tool used strictly for anal‐
ysis of clinical and laboratory data by cancer researchers, pharmacists or clinical research ra‐
diation and medical oncologists. The methods used in designing this tool have been
discussed primarily in the references listed below with special attention given to the work of
Mehrara et al. PNA, A Limited Liability Corporation, cannot be held responsible for any
treatment modifications or recommendations made based on this research tool.

What CancerPal© does

CancerPal© evaluates whether a chemotherapy or targeted therapy should be continued
alone, possibly dropped or added to by revealing concealed drug activity causing suppres‐
sion of the tumor specific growth rate. The app uncovers occult efficacy of drugs by compar‐
ing the measured drug-induced tumor size vs. the projected tumor size or projected tumor-
marker value that would occur in the absence of any therapy. Sudden changes in tumor
growth rate suggesting drug related tumor stimulation or a detrimental, growth-promoting
mutation is rapidly identified. CancerPal© may uncover hidden tumor acceleration unex‐
pectedly caused by drugs, immunosuppression or alternative therapies thought to be harm‐
less

CancerPal© uses a tumor’s specific growth rate (TSGR) defined as percentage increase in vol‐
ume per day or percentage increase in the specific tumor marker per day thus avoiding er‐
rors inherent in the doubling time calculation which consistently overestimates the growth
rate of slowly growing tumors and underestimates the growth rate of rapidly growing tu‐
mors.

This app predicts the tumor diameter or tumor marker value at any time in the future as‐
suming constant exponential tumor or tumor marker growth over the period of observation.
This, when compared to the actual measured tumor diameter or marker value, identifies tu‐
mor response, stability or acceleration. The app predicts a tumor marker or diameter at any
time point in the future based on patient-specific tumor kinetics. CancerPal© may quickly
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alert the clinician of emergence of a mutant, more aggressive, rapidly dividing clone of tu‐
mor cells suggesting a review of therapy. Analysis based on continual exponential growth
for the relatively short time (several months) in the multi-year history of tumor growth has
been found to be more useful for kinetic calculations in spite of some tumors demonstrating
Gompertzian growth over the long haul (several years)

Continuous variables for Tumor Response (TR) and Marker Response (MR) allow for quan‐
titation of drug/biological response modulator effects. Negative values of TR and MR indi‐
cate tumor acceleration, values close to or equal to zero indicate lack of response while
positive values confirm beneficial tumor response. Responses are numerically quantitated
and elusive disease stability may now numerically be defined by a continuous variable.
Drugs previously thought to be of no value may be found to induce useful and profound
disease stability

The software is helpful for those patients followed by watchful waiting/active surveillance
for prostate or any other cancer. Prostate tumors changing biological behavior are immedi‐
ately identified in a quantitative and objective manner by rapidly uncovering changes in
PSA kinetics without the errors inherent in the PSA doubling time (PSA-DT) parameter. The
software can help determine whether metastectomy is a reasonable treatment modality for
some patients with pulmonary metastasis [83].

CancerPal© uses the exponential growth constant as described by John Spratt to extrapolate
backwards to approximate the time of tumor initiation in years based on the rate of growth

Patient data required for analysis

Three dates and three associated measurements of a tumor marker or tumor diameter

• TDx (date at diagnosis + marker value or tumor diameter in cm)

• TPreRx (date of initiation of Rx + marker value or tumor diameter in cm)

• TPostRx (date of measurement of drug effect + tumor marker value or diameter in cm).

CancerPal© information output:

• Tumor Specific Volume Growth Rates for two intervals (TSGR1 and TSGR2)

• Tumor Marker Specific Growth Rates for two intervals (MSGR1 and MSGR2)

• Tumor Specific Growth Rate acceleration and deceleration

• Tumor Volume Doubling Times for two intervals (TVDT)

• Tumor Marker Doubling Time for two intervals (MDT)

• Projected TSGR and MSGR at any user designated time in the future

• Treatment Response as both Tumor Response and Tumor Marker Response, both as con‐
tinuous numerical values used to quantitate the effect of therapy. Negative numbers re‐
veal growth acceleration; values of zero reveal no effect and positive values indicate
varying degrees of therapeutic efficacy.
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• Tumor volumes in cc are calculated for TDx, TPreRx and TPostRx.

• Extrapolates back to the time of tumor initiation thus calculating how long it took for the
tumor to reach the initial tumor diameter.

• Calculates approximate time to death in the absence of therapy, assuming constant tumor
growth rate.
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1. Introduction

1.1. The problem

Whilst improvements in patient survival have been realized for a number of haematological
and solid malignancies in the last 30 years, new efficacious systemic anti-cancer treatments
are still needed. The current, widely used drug development paradigm is often associated
with a poor conversion rate from experimental to licensed drug. This process involves a sig‐
nificant investment of resources from sponsors, investigators and patients and to date has
only lead to a limited chance of success. At present there are in excess of 800 anti-cancer
agents in development and less than 10 new FDA approvals each year [1]. In order to ad‐
dress this problem there has been considerable debate concerning the best trial methodology
to rationalize this process, with discussion of the timing, sequence and design of appropriate
trials [2]. At present in many tumour types including breast, lung, renal cell and prostate
cancer, the pipeline of new agents is crowded. In order therefore to use the available finan‐
cial and patient resource wisely, it is crucial to identify the key important pathways in onco‐
genesis that in turn may help and prioritize the drugs with the most promise.

1.2. A promising future

In recent years advances in molecular biology have aided our understanding of the patho‐
genesis of cancer. This has occurred concurrently with technological advances allowing ra‐
tional drug design and development (such as tyrosine kinase inhibitors, monoclonal
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1. Introduction

1.1. The problem

Whilst improvements in patient survival have been realized for a number of haematological
and solid malignancies in the last 30 years, new efficacious systemic anti-cancer treatments
are still needed. The current, widely used drug development paradigm is often associated
with a poor conversion rate from experimental to licensed drug. This process involves a sig‐
nificant investment of resources from sponsors, investigators and patients and to date has
only lead to a limited chance of success. At present there are in excess of 800 anti-cancer
agents in development and less than 10 new FDA approvals each year [1]. In order to ad‐
dress this problem there has been considerable debate concerning the best trial methodology
to rationalize this process, with discussion of the timing, sequence and design of appropriate
trials [2]. At present in many tumour types including breast, lung, renal cell and prostate
cancer, the pipeline of new agents is crowded. In order therefore to use the available finan‐
cial and patient resource wisely, it is crucial to identify the key important pathways in onco‐
genesis that in turn may help and prioritize the drugs with the most promise.
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antibodies and anti-sense oligonucleotides). Combining these two advances has been very
beneficial in the drug development process such that we now have a wealth of opportuni‐
ties. The challenge now is how to rationally categorize and prioritize the many strategies
that can be deployed. In the discussion below, we propose a rational process to evaluate the
merits of different strategies and use prostate cancer as an example. The different strategies
include focusing on cytotoxic agents, synthetic lethality strategies, angiogenesis, oncogene
addiction pathways and activated survival pathways such as those driven by systems of in‐
flammation and/or metabolism.

2. Building on past successes – Cytotoxics and agents targeting key
biological pathways

2.1. Cytotoxic agents

Cytotoxic chemotherapy has had an established role for many cancer types for many decades
with the ability to eradicate some cancers, prevent relapse from micrometastatic disease in oth‐
ers and offer life prolonging or palliative benefit in other cancers. With respect to prostate can‐
cer, a role for cytotoxic chemotherapy in the treatment of metastatic castrate refractory prostate
cancer (CRPC) was first established using mitoxantrone in 1996, when it was shown to provide
effective palliation of pain symptoms compared to prednisolone alone without prolongation
of overall survival [3]. This was not associated with a survival benefit and to date the only class
of cytotoxic agents to improve survival in metastatic prostate cancer are the taxanes [4]. Doce‐
taxel was licensed in metastatic CRPC patients in 2004 following a phase III study of docetaxel
plus prednisone versus mitoxantrone plus prednisone. The taxanes block cells in the G2/M
phase of the cell cycle by stabilizing microtubules in the mitotic spindle thereby rendering
them unable to separate during mitosis. Cancer cells sensitivity to taxanes is often short lived
and resistance develops. The mechanism of this is poorly understood, although over expres‐
sion of P-glycoprotein and mutations in the tubulin gene have been described [5]. Whilst the
non-specific targeting of cycling cells by cytotoxic agents is not classed as targeted therapy, on‐
going efforts do exist to introduce new cytotoxic agents to the prostate cancer arena. The aim of
improving efficacy and delivery whilst minimizing toxicity underlies this development. In this
era of personalized medicine, cytotoxic agents may continue to have a role especially where tu‐
mours do not harbour an obvious upregulated or mutated pathway to target. This approach
has already led to the development and approval of the synthetic taxane - cabazitaxel for use in
the second line metastatic CRPC setting. In the international multicentre phase III TROPIC tri‐
al, patients who had progressed on docetaxel were randomized to receive cabazitaxel plus pre‐
dnisone or mitoxantrone plus prednisone. An improvement in overall survival of 2.4 months
was seen (15.1 months versus 12.7 months HR=0.7 p<0.001) [6].

In addition to new members of existing cytotoxic drug classes, new mechanisms of drug de‐
livery continue to be developed. Nanoparticle albumin bound (nab) paclitaxel and docetaxel
use albumin as a vehicle to improve drug delivery to the tumour. This approach has proven
to be successful using nab-paclitaxel (Abraxane®) in metastatic breast cancer where it deliv‐
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ered a 49% higher dose of drug to patients than a conventional solvent based approach. In
addition, higher response rates were seen with an overall response rate of 33% (versus 19%
for standard paclitaxel) and increased time to progression from 16.9 to 22 weeks [7]. Both
agents are also in development in prostate cancer, where phase II trials are currently evalu‐
ating nab-paclitaxel and nab-docetaxel in the CRPC population. Other novel drug delivery
strategies include water soluble biodegradable polyglutamate polymer with linked chemo‐
therapeutic molecules (e.g. paclitaxel poligumex, Opaxio®) [8,9] and a nanoparticle bound
docetaxel agent (BIND014) has also recently entered phase I clinical trials [10] (Table 1)

Drug Class Study Design Results

Current phase of

clinical

development

Reference

Androgen receptor blockers

Abiraterone CYP 17 lyase

inhibitor

Randomised placebo

controlled phase III

trial in post-

docetaxel and

chemo naïve CRPC

pts.

Overall survival adv 3.9

months in post chemo

population

Chemo naïve study

stopped early. Median

OS not yet reached for

Abiraterone

Licensed in post-

docetaxel pts

Awaiting license in

chemo naïve pts

[26, 28, 29]

Enzalutamide

/MDV3100

Androgen

receptor

antagonist

Phase III randomized

placebo controlled

AFFIRM study

Overall survival adv 4.8

months. Favourable

toxicity profile. 0.6%

seizure rate

Phase III trials in

chemo-naïve setting

completed accrual

[33, 34]

Orteronel/

TAK700

17,20 lyase

inhibitor

Phase I-II dose

escalation study in

metastatic CRPC pts

accrued.

RPIID is 400mg BID, no

DLTs

Phase II trial accruing

in asymp CRPC pts,

pts without mets but

rising PSA & in

combination with

docetaxel in met

CRPC pts.

[30, 31]

TOK-001 AR antagonist,

CYP 17 lyase

inhibitor, ↓AR

levels

Phase I-II in CRPC pts

(ARMOR1) currently

accruing

[113]

Histone deacetylase (HDAC) inhibitors

Panobinostat HDAC inhibitor Phase I completed in

combination with

docetaxel/pred and

phase II completed

as single agent in

CRPC pts

Safe as single agent

and in combination. IV

formulation going

forward

Phase I-II with

Bicalutamide in CRPC

pts accruing

[37]
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was seen (15.1 months versus 12.7 months HR=0.7 p<0.001) [6].

In addition to new members of existing cytotoxic drug classes, new mechanisms of drug de‐
livery continue to be developed. Nanoparticle albumin bound (nab) paclitaxel and docetaxel
use albumin as a vehicle to improve drug delivery to the tumour. This approach has proven
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addition, higher response rates were seen with an overall response rate of 33% (versus 19%
for standard paclitaxel) and increased time to progression from 16.9 to 22 weeks [7]. Both
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docetaxel agent (BIND014) has also recently entered phase I clinical trials [10] (Table 1)
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Vorinostat HDAC 6 inhibitor Phase I with safety

study with docetaxel

q21 days and

vorinostat q1-14

days

Phase II in post

chemo CRPC pts

receiving 400mg

vorinostat orally

12 pts enrolled but 5

DLTs reported. Trials

suspended due to

excess toxicity

27 pts but terminated

due to excess toxicity.

Significant toxicity

seen. 44% G3 AE’s

Phase I in

combination with

temsirolimus

planned

[38, 39]

SB939 HDAC inhibitor

(multiple classes)

Phase I dose

escalation trial in

solid malignancies

MTD 80mg, RPIID

60mg,

DLTs were fatigue,

troponin elevation &

QTc prolongation

Phase II single agent

study in

recurrent/met

prostate cancer

accruing

[114]

Romidepsin Depsipeptide

HDAC inhibitor

Phase II in chemo

naïve met CRPC pts.

13 mg/m2 q1,8,15

every 28 days

35 pts enrolled. 2 pts

had PR "/>6months. 11

pts stopped due to

toxicity. N&V, fatigue &

anorexia

Combination studies

with cytotoxic agents

planned

[115]

HSP90 inhibitors

IPI-504

(Retaspmycin)

17-AAG analogue

HSP90 inhibitor

Phase II study in

CRPC patients

stratified by prior

chemotherapy at

400mg/m2

No PSA or RECIST

responses seen. G5

ketoacidosis and

hepatic failure

observed

Clinical development

ongoing in NSCLC

[43]

STA9090 2nd gen

HSP90 inhibitor

Phase I dose

escalation studies

with IV wkly and

twice wkly admin

Wkly admin - MTD

216mg/m2 DLTs due to

amylase elevation,

diarrhoea & fatigue

Twice weekly – MTD as

yet not reached

Phase II prostate

trials planned

[44]

17AAG

(Tanespimycin)

1st gen HSP90 inh Phase II in metastatic

CRPC pts. 300mg/m2

weekly for ¾ weeks

Trial stopped after 1st

phase due to lack of

PSA response. G3

fatigue

No further prostate

trials

[41, 42]

siRNA against AR Nanoparticle

technology

In pre-clinical

development

[10]

Table 1. The Androgen Receptor pathway

New classes of cytotoxic agents are also in development in prostate cancer. These are members

of the epothilone family and the halichondrin B analogue - eribulin. The epothilones are mac‐

rolide antibiotics that also act by stabilizing microtubules. They are water soluble and as such
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do not have to be administered in a lipophilic solution, therefore reducing the allergic reaction
rate compared to taxanes. To date the epothilone - ixabepilone is licensed for use in metastatic
chemo-refractory breast cancer, although it has also shown activity and acceptable toxicity in a
phase II study in a mixed chemo naïve and post chemotherapy CRPC population [11]. Clinical
development of several members of this family in prostate cancer continues. Patupilone or nat‐
urally occurring Epothilone B and sagopilone (a fully synthetic compound) have also shown
activity in post docetaxel and chemo naïve CRPC patients respectively [12, 13].

Eribulin mesylate (or Halaven, Eisai Co.) is a synthetic analogue of the marine sponge natural
product Halichondrin B that is a potent naturally occurring mitotic inhibitor. Eribulin binds
predominantly with high affinity to the ends of microtubules leading to mitotic arrest and ulti‐
mately apoptosis. Eribulin is also licensed for use in metastatic chemotherapy refractory breast
cancer patients although a phase II study in both chemotherapy naive and pretreated prostate
cancer patients has been performed. Most activity was demonstrated in the chemotherapy na‐
ïve cohort with a 22.4% PSA response rate and 8.8% overall response rate [14].

Another successful cytotoxic strategy for targeting prostate cancer metastases with radiation
has been the studies using the alpha-emitter Radium 223. This radiopharmaceutical that acts as
a calcium mimic can selectively target bone lesions from prostate cancer whilst its low pene‐
trance alpha-emissions are cytotoxic to cancer cells. Its half life of 11.4 days also favours its use
as a cancer treatment. Having proven its safety in phase I and II trials [15], the phase III AL‐
SYMPCA trial was stopped early after a pre-planned efficacy interim analysis following rec‐
ommendations from the independent data monitoring committee on the basis of a significant
improvement in overall survival and favourable toxicity profile. In this large study of 922 pa‐
tients, Radium-223 significantly improved overall survival in patients by 2.8 months (HR 0.695
95% CI 0.552-0.875) in addition to delaying the time to first skeletal-related event by 5.2 months
(HR 0.610 95% CI 0.461-0.807) [16].

2.2. Targeting key biological pathways

A leading premise for the treatment for advanced prostate cancer is to target the androgen re‐
ceptor (AR) axis or to identify cases where a single pathway mutation is thought to drive carci‐
nogenesis.  It  is  proposed that  triaging the current pipeline of  agents can be directed by
building on prior successes. In light of recent advances in our knowledge of AR pathway sig‐
naling, further exploration of this pathway is warranted. Moreover, since molecular interroga‐
tion of distinct clones driving individual prostate cancers is now possible, treatment of these
tumours with agents targeting these mutations would also be desirable. In the past the pros‐
tate cancer treatment paradigm has been to expose the patient to an established sequence of
agents in a ‘one size fits all’ approach – which may have missed identifying a drug with major
activity in a few patients. A strategy that is being increasingly more recognized is the need to
characterize a patient’s cancer and select the most appropriate treatment for that cancer pheno‐
type. It is also important to ensure that critical appraisal of pre-clinical and clinical research
continues to help guide these endeavors to identify oncogene addiction pathways.
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rate compared to taxanes. To date the epothilone - ixabepilone is licensed for use in metastatic
chemo-refractory breast cancer, although it has also shown activity and acceptable toxicity in a
phase II study in a mixed chemo naïve and post chemotherapy CRPC population [11]. Clinical
development of several members of this family in prostate cancer continues. Patupilone or nat‐
urally occurring Epothilone B and sagopilone (a fully synthetic compound) have also shown
activity in post docetaxel and chemo naïve CRPC patients respectively [12, 13].

Eribulin mesylate (or Halaven, Eisai Co.) is a synthetic analogue of the marine sponge natural
product Halichondrin B that is a potent naturally occurring mitotic inhibitor. Eribulin binds
predominantly with high affinity to the ends of microtubules leading to mitotic arrest and ulti‐
mately apoptosis. Eribulin is also licensed for use in metastatic chemotherapy refractory breast
cancer patients although a phase II study in both chemotherapy naive and pretreated prostate
cancer patients has been performed. Most activity was demonstrated in the chemotherapy na‐
ïve cohort with a 22.4% PSA response rate and 8.8% overall response rate [14].

Another successful cytotoxic strategy for targeting prostate cancer metastases with radiation
has been the studies using the alpha-emitter Radium 223. This radiopharmaceutical that acts as
a calcium mimic can selectively target bone lesions from prostate cancer whilst its low pene‐
trance alpha-emissions are cytotoxic to cancer cells. Its half life of 11.4 days also favours its use
as a cancer treatment. Having proven its safety in phase I and II trials [15], the phase III AL‐
SYMPCA trial was stopped early after a pre-planned efficacy interim analysis following rec‐
ommendations from the independent data monitoring committee on the basis of a significant
improvement in overall survival and favourable toxicity profile. In this large study of 922 pa‐
tients, Radium-223 significantly improved overall survival in patients by 2.8 months (HR 0.695
95% CI 0.552-0.875) in addition to delaying the time to first skeletal-related event by 5.2 months
(HR 0.610 95% CI 0.461-0.807) [16].

2.2. Targeting key biological pathways

A leading premise for the treatment for advanced prostate cancer is to target the androgen re‐
ceptor (AR) axis or to identify cases where a single pathway mutation is thought to drive carci‐
nogenesis.  It  is  proposed that  triaging the current pipeline of  agents can be directed by
building on prior successes. In light of recent advances in our knowledge of AR pathway sig‐
naling, further exploration of this pathway is warranted. Moreover, since molecular interroga‐
tion of distinct clones driving individual prostate cancers is now possible, treatment of these
tumours with agents targeting these mutations would also be desirable. In the past the pros‐
tate cancer treatment paradigm has been to expose the patient to an established sequence of
agents in a ‘one size fits all’ approach – which may have missed identifying a drug with major
activity in a few patients. A strategy that is being increasingly more recognized is the need to
characterize a patient’s cancer and select the most appropriate treatment for that cancer pheno‐
type. It is also important to ensure that critical appraisal of pre-clinical and clinical research
continues to help guide these endeavors to identify oncogene addiction pathways.

Rational Categorization of the Pipeline of New Treatments for Advanced Cancer – Prostate Cancer as an Example
http://dx.doi.org/10.5772/53092

223



3. Extinguishing the AR axis

The androgen dependence of prostate cancer on testosterone was first observed as early as
1941 when the effect of castration on androgen levels in prostate cancer was studied [17].
This lead to the introduction of androgen deprivation therapy and the generation of the cas‐
trate state where serum levels of testosterone are reduced to <50ng/dl or 1.7nmol/l. This
treatment is initially effective in 80-90% of patients and results in PSA or radiological re‐
sponses and clinical improvement in the patient’s symptoms. Eventually, the patient’s can‐
cer progresses despite serum testosterone levels continuing to be low. The current term used
to describe this state is ‘castrate resistant prostate cancer’ which has replaced the misleading
term ‘hormone-refractory prostate cancer’. CRPC more accurately describes the ongoing de‐
pendence of the cancer on AR signaling despite low measureable testosterone levels.

Ligand independent AR signaling is  thought to occur in the majority of  CRPC tumours
via activation of  oncogenes such as ERBB2 or H-ras  and through MAP kinase signaling
[18,  19].  A small  proportion of  CRPC tumours will  also harbour amplifications or point
mutations in the ligand-binding domain of the androgen receptor gene leading to altered
responsiveness to ligands [20].  A third mechanism of action bypasses androgen receptor
in favour of an alternative signaling pathway [21].

The evidence for ongoing androgen sensitivity is also strengthened by the observation of
up regulation of AR protein levels in hormone resistant versus hormone sensitive paired
xenografts [21] as well as in patient tumour samples [22, 23].  Maintained intra-tumoural
levels of testosterone and dihydrotestosterone are also observed despite castrate serum an‐
drogen levels [24].

In addition to testicular androgen production, extragonadal sites of androgen synthesis also
contribute to testosterone levels. These de novo adrenal and intra-tumoural pathways utilize
the 17α-hydroxylase and C17, 20-lyase activity of the CYP17A1 enzyme involved in the ste‐
roid biosynthesis pathway. The importance of this pathway was initially clinically exploited
with the use of ketoconazole, a weak reversible inhibitor of CYP17. Anti-tumour activity
was demonstrated with a PSA response rate of 20-62% in phase II trials and a median dura‐
tion of response of 3-7 months [25]. However its use was associated with significant toxicity
and up to 20% of patients discontinued treatment. This toxicity profile has not been ob‐
served with the more potent CYP17 inhibitor abiraterone acetate. This agent has successfully
reawakened interest in further manipulation of the AR axis in CRPC patients. After success‐
ful phase I and II clinical trial development [26, 27] randomized double blind placebo con‐
trolled phase III trials of abiraterone plus prednisolone versus placebo plus prednisolone in
chemotherapy naïve and post docetaxel patients were conducted. Results in post docetaxel
patients revealed a statistically significant increase in median overall survival of 3.9 months
in favour of abiraterone as well as improvements in time to PSA progression, radiological
PFS and PSA response rate [28]. More recent results from the interim analysis of chemother‐
apy naïve patients have also shown significant activity in favour of abiraterone with the in‐
terim data monitoring committee recommending unblinding and crossover for patients
receiving prednisone alone [29]. Abiraterone was also well tolerated with the predominant
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toxicities being hypertension, hypokalaemia and fluid retention. These are the expected con‐
sequences of the mineralocorticoid excess resulting from the accumulation of precursors up‐
stream of CYP17. These have subsequently been managed with the concomitant use of
steroids or the mineralocorticoid antagonist eplerenone.

Orteronel (or TAK 700, Takeda Pharmaceuticals) is another 17,20 lyase inhibitor which has
also advanced to phase III CRPC trials after successful phase I and II development [30, 31].
This inhibitor is now in phase III trials as a single agent in asymptomatic CRPC patients and
in patients with a rising PSA but no detectable metastatic disease as well as in phase I/II tri‐
als in a number of prostate cancer settings including in combination with docetaxel in meta‐
static CRPC patients.

In addition to steroid biosynthesis inhibitors, further manipulation of the AR axis in castrate
patients has been demonstrated using MDV3100 or enzalutamide. First generation anti-an‐
drogens such as bicalutamide, flutamide and nilutamide competitively inhibit the AR ligand
binding domain. This response is often transient as castration resistance develops which
may in part be a consequence of the partial agonist activity of this class [21]. These observa‐
tions led to the rational design of enzalutamide, an orally available anti-androgen with su‐
perior AR binding compared to bicalutamide, and no AR agonist activity in bicalutamide-
resistant and AR-over expressing cell lines [32]. A phase I/II study of enzalutamide in 140
post-chemotherapy metastatic CRPC patients demonstrated a PSA response rate of 56%
(78/140 patients), soft tissue responses in 22% (13/59 patients), and a median time to progres‐
sion of 47 weeks. enzalutamide was well tolerated with the most common grade 3 or 4 ad‐
verse events being fatigue that resolved with a dose reduction [33]. This activity was
confirmed in the multicentre double blind placebo controlled phase III AFFIRM trial com‐
paring enzalutamide against placebo. This trial of 1199 docetaxel pre-treated patients was al‐
so stopped early due to a 4.8 months overall survival benefit for enzalutamide compared to
placebo with all subgroups benefiting [34].

Other  agents  in  development  that  manipulate  the  androgen receptor  axis  are  shown in
table  1.  In  addition  to  agents  intrinsic  to  the  androgen  receptor  pathway,  inhibitors  of
chaperone proteins may also be important targets.  Histone deacetylases (HDAC) are en‐
zymes which remove acetyl groups from proteins and in so doing modulate the protein-
protein  interactions  of  co-activators  associated  with  AR  binding.  HDAC  enzymes  are
over expressed in certain solid tumours including prostate cancer, where high expression
levels are associated with poor outcome [35]. HDAC over expression in prostate cancers
is also often co-existent with genetic rearrangements in the ETS (E-twenty six) gene fami‐
ly. These genetic alterations have been found in up to 70% of prostate cancers and may
interact  with HDAC’s already known to be upstream regulators and downstream trans‐
ducers of the ETS transcription factors family [36]. The preclinical rationale for HDAC in‐
hibition in prostate cancer has led to early phase clinical development of several HDAC
inhibitors.  Phase  I/II  studies  of  panobinostat  both as  a  single  agent  and in  combination
with docetaxel confirmed the safety of this approach [37]. In the single arm study, all pa‐
tients developed progressive disease despite evidence of acetylated histones in peripheral
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3. Extinguishing the AR axis

The androgen dependence of prostate cancer on testosterone was first observed as early as
1941 when the effect of castration on androgen levels in prostate cancer was studied [17].
This lead to the introduction of androgen deprivation therapy and the generation of the cas‐
trate state where serum levels of testosterone are reduced to <50ng/dl or 1.7nmol/l. This
treatment is initially effective in 80-90% of patients and results in PSA or radiological re‐
sponses and clinical improvement in the patient’s symptoms. Eventually, the patient’s can‐
cer progresses despite serum testosterone levels continuing to be low. The current term used
to describe this state is ‘castrate resistant prostate cancer’ which has replaced the misleading
term ‘hormone-refractory prostate cancer’. CRPC more accurately describes the ongoing de‐
pendence of the cancer on AR signaling despite low measureable testosterone levels.

Ligand independent AR signaling is  thought to occur in the majority of  CRPC tumours
via activation of  oncogenes such as ERBB2 or H-ras  and through MAP kinase signaling
[18,  19].  A small  proportion of  CRPC tumours will  also harbour amplifications or point
mutations in the ligand-binding domain of the androgen receptor gene leading to altered
responsiveness to ligands [20].  A third mechanism of action bypasses androgen receptor
in favour of an alternative signaling pathway [21].

The evidence for ongoing androgen sensitivity is also strengthened by the observation of
up regulation of AR protein levels in hormone resistant versus hormone sensitive paired
xenografts [21] as well as in patient tumour samples [22, 23].  Maintained intra-tumoural
levels of testosterone and dihydrotestosterone are also observed despite castrate serum an‐
drogen levels [24].

In addition to testicular androgen production, extragonadal sites of androgen synthesis also
contribute to testosterone levels. These de novo adrenal and intra-tumoural pathways utilize
the 17α-hydroxylase and C17, 20-lyase activity of the CYP17A1 enzyme involved in the ste‐
roid biosynthesis pathway. The importance of this pathway was initially clinically exploited
with the use of ketoconazole, a weak reversible inhibitor of CYP17. Anti-tumour activity
was demonstrated with a PSA response rate of 20-62% in phase II trials and a median dura‐
tion of response of 3-7 months [25]. However its use was associated with significant toxicity
and up to 20% of patients discontinued treatment. This toxicity profile has not been ob‐
served with the more potent CYP17 inhibitor abiraterone acetate. This agent has successfully
reawakened interest in further manipulation of the AR axis in CRPC patients. After success‐
ful phase I and II clinical trial development [26, 27] randomized double blind placebo con‐
trolled phase III trials of abiraterone plus prednisolone versus placebo plus prednisolone in
chemotherapy naïve and post docetaxel patients were conducted. Results in post docetaxel
patients revealed a statistically significant increase in median overall survival of 3.9 months
in favour of abiraterone as well as improvements in time to PSA progression, radiological
PFS and PSA response rate [28]. More recent results from the interim analysis of chemother‐
apy naïve patients have also shown significant activity in favour of abiraterone with the in‐
terim data monitoring committee recommending unblinding and crossover for patients
receiving prednisone alone [29]. Abiraterone was also well tolerated with the predominant
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toxicities being hypertension, hypokalaemia and fluid retention. These are the expected con‐
sequences of the mineralocorticoid excess resulting from the accumulation of precursors up‐
stream of CYP17. These have subsequently been managed with the concomitant use of
steroids or the mineralocorticoid antagonist eplerenone.

Orteronel (or TAK 700, Takeda Pharmaceuticals) is another 17,20 lyase inhibitor which has
also advanced to phase III CRPC trials after successful phase I and II development [30, 31].
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drogens such as bicalutamide, flutamide and nilutamide competitively inhibit the AR ligand
binding domain. This response is often transient as castration resistance develops which
may in part be a consequence of the partial agonist activity of this class [21]. These observa‐
tions led to the rational design of enzalutamide, an orally available anti-androgen with su‐
perior AR binding compared to bicalutamide, and no AR agonist activity in bicalutamide-
resistant and AR-over expressing cell lines [32]. A phase I/II study of enzalutamide in 140
post-chemotherapy metastatic CRPC patients demonstrated a PSA response rate of 56%
(78/140 patients), soft tissue responses in 22% (13/59 patients), and a median time to progres‐
sion of 47 weeks. enzalutamide was well tolerated with the most common grade 3 or 4 ad‐
verse events being fatigue that resolved with a dose reduction [33]. This activity was
confirmed in the multicentre double blind placebo controlled phase III AFFIRM trial com‐
paring enzalutamide against placebo. This trial of 1199 docetaxel pre-treated patients was al‐
so stopped early due to a 4.8 months overall survival benefit for enzalutamide compared to
placebo with all subgroups benefiting [34].

Other  agents  in  development  that  manipulate  the  androgen receptor  axis  are  shown in
table  1.  In  addition  to  agents  intrinsic  to  the  androgen  receptor  pathway,  inhibitors  of
chaperone proteins may also be important targets.  Histone deacetylases (HDAC) are en‐
zymes which remove acetyl groups from proteins and in so doing modulate the protein-
protein  interactions  of  co-activators  associated  with  AR  binding.  HDAC  enzymes  are
over expressed in certain solid tumours including prostate cancer, where high expression
levels are associated with poor outcome [35]. HDAC over expression in prostate cancers
is also often co-existent with genetic rearrangements in the ETS (E-twenty six) gene fami‐
ly. These genetic alterations have been found in up to 70% of prostate cancers and may
interact  with HDAC’s already known to be upstream regulators and downstream trans‐
ducers of the ETS transcription factors family [36]. The preclinical rationale for HDAC in‐
hibition in prostate cancer has led to early phase clinical development of several HDAC
inhibitors.  Phase  I/II  studies  of  panobinostat  both as  a  single  agent  and in  combination
with docetaxel confirmed the safety of this approach [37]. In the single arm study, all pa‐
tients developed progressive disease despite evidence of acetylated histones in peripheral

Rational Categorization of the Pipeline of New Treatments for Advanced Cancer – Prostate Cancer as an Example
http://dx.doi.org/10.5772/53092

225



blood  mononuclear  cells,  however  5  out  of  8  (63%)  patients  in  the  combination  study
had a  ≥  50% reduction in  PSA value.  At  present  a  study in  combination with bicaluta‐
mide in CRPC patients is recruiting. However trials involving single agent vorinostat (an
HDAC6 inhibitor  known to  acetylate  tubulin  and stabilize  microtubules)  have been ter‐
minated early due to excess toxicity with no significant activity [38, 39].

The  other  major  group of  agents  that  are  involved in  post-translational  modification of
the AR axis  are  heat  shock proteins.  These are  proteins  that  ensure the maintenance of
oncogenic protein homeostasis in the presence of stress factors such as hypoxia or acidot‐
ic  conditions.  Heat  shock  protein  90  (HSP  90)  is  an  ATP-dependent  multi-chaperone
complex  implicated  in  the  function  of  the  AR.  The  AR  is  stabilized  by  the  interaction
with  HSP  90  that  allows  it  to  interact  with  androgens  [40].  Pre-clinical  models  have
shown HSP 90 inhibition leads to decreased AR expression and function and a phase I
trial  of 17-AAG both as a single agent and in combination with cytotoxic chemotherapy
demonstrated drug safety [41]. The subsequent phase II study however failed to reach its
primary endpoint and was terminated [42]. Significant toxicity was observed with the 17-
AAG analogue retaspmycin (or IPI-504) [43] although clinical development of the second
generation  HSP90  inhibitor  STA9090  has  confirmed safety  in  phase  I  trials  and  is  pro‐
ceeding [44].  Studies are planned to determine whether the newer HSP90 agents can hit
target  and  decrease  activity  with  a  suitable  toxicity  profile  or  whether  the  therapeutic
window is too narrow for safe use of these agents.

In addition, small interfering RNA’s (siRNA’s) are a class of double stranded RNA mole‐
cules that are now known to exist as important gene regulatory factors in both plant and an‐
imal systems. Selective targeting of the androgen receptor by siRNA molecules may further
silence the AR signaling pathway in prostate cancer. This may be made viable by nanoparti‐
cle technology being able to facilitate use of otherwise undeliverable agents. The develop‐
ment of these agents is currently hampered by the need for safe systemic delivery of these
agents without the off target and immune stimulation problems encountered with other nu‐
cleic acid medicines such as plasmid DNA and anti-sense oligonucleotide [45].

4. An advanced understanding of cancer biology comes of age

4.1. Specific targeting of DNA repair mechanisms

In recent years one successful targeted approach has been to exploit the vulnerability of tu‐
mors with an impaired DNA damage repair mechanism by inhibiting a second DNA repair
pathway and as such commit the cancer cell to die. This concept of synthetic lethality has
been most successfully demonstrated in patients bearing tumors with BRCA-1/-2 mutations
where homologous recombination (HR) mechanisms are already known to be inadequate.
This hypothesis has reactivated the development of poly (ADP-ribose) polymerase (PARP)
inhibitors. PARP is an enzyme that is crucial in the base excision repair pathway. When this
repair mechanism is inhibited in the presence of pre-existing impaired HR then efficient
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DNA repair is prevented and apoptosis occurs. Following pre-clinical and more recently
proof of concept clinical trials in patients with BRCA mutated breast and ovarian carcinoma,
the PARP inhibitor olaparib has demonstrated significant activity [46]. Whilst it is hoped
that the application of these agents may broaden to include sporadic tumours in which mu‐
tations in DNA pathways may also be found, there has also been considerable interest in
other tumours types where these mutations may be found. The inherited BRCA-2 mutation
is associated with a 20% lifetime risk of developing prostate cancer that often occurs before
65 years of age. The subsequent tumors are often of high Gleason score, more advanced
stage at diagnosis and patients have a shorter survival than patients with sporadic prostate
cancers [47]. One of three prostate cancer patients with germ-line BRCA variant had a pro‐
longed response to olaparib in a phase 1 trial [48]. In addition to BRCA mutated cancers,
pre-clinical evidence has also demonstrated a sensitivity of tumours with phosphatase and
tensin homolog (PTEN) deficiency to PARP inhibition [49]. This is one of the most common‐
ly mutated genes in human cancers where it has a role in genome stability. PTEN deficiency
is associated with an HR defect that sensitizes tumours cells to PARP inhibition using the
same mechanism as BRCA mutated cancers.

At present, the clinical development of olaparib has been focused on breast and ovarian can‐
cer. Studies in prostate cancer are underway with the PARP inhibitor veliparib (or ABT888)
in combination with temozolamide in a phase I study recruiting patients with metastatic
prostate cancer. In addition a phase I study using the Merck PARP inhibitor - MK4827 is
currently recruiting to a prostate cancer enriched second stage following encouraging phase
I study data in advanced solid malignancies [50].

4.2. Oncogene addiction pathways

The development of drugs targeting tumours driven by so-called ‘oncogene addictions’ has
lead to some success. Examples include imatinib targeting the bcr-abl translocation in CML
and mutated c-kit in GIST, trastuzumab and laptinib in HER-2 positive breast cancers BRAF
inhibitors in melanomas with BRAF mutations. Molecular studies in prostate cancer have to
date identified mutations of this type in less than 20% of all sporadically occurring prostate
cancers. Analysis of a cohort of 206 prostate cancer cases found the common BRAF mutation
V600E in 10.2% (or 21/206 cases) [51], whilst PI3 kinase mutations were found in only 3% of
a separate cohort [52]. Drugs inhibiting BRAF as well as PI3 kinase mutations may lead to
meaningful responses in patients with tumors been driven by these mutations. It is hoped
that further “oncogene addiction” pathways will be uncovered and be able to be drugged.

4.3. Ligand and transcription factor driven survival pathways

Whilst it is often hoped that mutations in a single molecular pathway will be uncovered as
the crucial oncogenic event in tumour development and its abrogation lead to meaningful
anticancer activity, to date this has been rarely found to be the case for sporadic tumours.
Another approach is to consider the factors that cause and/or are associated with the devel‐
opment as well as the survival of cancer. The role of androgens and androgen receptor is
clear for prostate cancer. Other biological approaches associated with cancer development
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blood  mononuclear  cells,  however  5  out  of  8  (63%)  patients  in  the  combination  study
had a  ≥  50% reduction in  PSA value.  At  present  a  study in  combination with bicaluta‐
mide in CRPC patients is recruiting. However trials involving single agent vorinostat (an
HDAC6 inhibitor  known to  acetylate  tubulin  and stabilize  microtubules)  have been ter‐
minated early due to excess toxicity with no significant activity [38, 39].

The  other  major  group of  agents  that  are  involved in  post-translational  modification of
the AR axis  are  heat  shock proteins.  These are  proteins  that  ensure the maintenance of
oncogenic protein homeostasis in the presence of stress factors such as hypoxia or acidot‐
ic  conditions.  Heat  shock  protein  90  (HSP  90)  is  an  ATP-dependent  multi-chaperone
complex  implicated  in  the  function  of  the  AR.  The  AR  is  stabilized  by  the  interaction
with  HSP  90  that  allows  it  to  interact  with  androgens  [40].  Pre-clinical  models  have
shown HSP 90 inhibition leads to decreased AR expression and function and a phase I
trial  of 17-AAG both as a single agent and in combination with cytotoxic chemotherapy
demonstrated drug safety [41]. The subsequent phase II study however failed to reach its
primary endpoint and was terminated [42]. Significant toxicity was observed with the 17-
AAG analogue retaspmycin (or IPI-504) [43] although clinical development of the second
generation  HSP90  inhibitor  STA9090  has  confirmed safety  in  phase  I  trials  and  is  pro‐
ceeding [44].  Studies are planned to determine whether the newer HSP90 agents can hit
target  and  decrease  activity  with  a  suitable  toxicity  profile  or  whether  the  therapeutic
window is too narrow for safe use of these agents.

In addition, small interfering RNA’s (siRNA’s) are a class of double stranded RNA mole‐
cules that are now known to exist as important gene regulatory factors in both plant and an‐
imal systems. Selective targeting of the androgen receptor by siRNA molecules may further
silence the AR signaling pathway in prostate cancer. This may be made viable by nanoparti‐
cle technology being able to facilitate use of otherwise undeliverable agents. The develop‐
ment of these agents is currently hampered by the need for safe systemic delivery of these
agents without the off target and immune stimulation problems encountered with other nu‐
cleic acid medicines such as plasmid DNA and anti-sense oligonucleotide [45].

4. An advanced understanding of cancer biology comes of age

4.1. Specific targeting of DNA repair mechanisms

In recent years one successful targeted approach has been to exploit the vulnerability of tu‐
mors with an impaired DNA damage repair mechanism by inhibiting a second DNA repair
pathway and as such commit the cancer cell to die. This concept of synthetic lethality has
been most successfully demonstrated in patients bearing tumors with BRCA-1/-2 mutations
where homologous recombination (HR) mechanisms are already known to be inadequate.
This hypothesis has reactivated the development of poly (ADP-ribose) polymerase (PARP)
inhibitors. PARP is an enzyme that is crucial in the base excision repair pathway. When this
repair mechanism is inhibited in the presence of pre-existing impaired HR then efficient
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DNA repair is prevented and apoptosis occurs. Following pre-clinical and more recently
proof of concept clinical trials in patients with BRCA mutated breast and ovarian carcinoma,
the PARP inhibitor olaparib has demonstrated significant activity [46]. Whilst it is hoped
that the application of these agents may broaden to include sporadic tumours in which mu‐
tations in DNA pathways may also be found, there has also been considerable interest in
other tumours types where these mutations may be found. The inherited BRCA-2 mutation
is associated with a 20% lifetime risk of developing prostate cancer that often occurs before
65 years of age. The subsequent tumors are often of high Gleason score, more advanced
stage at diagnosis and patients have a shorter survival than patients with sporadic prostate
cancers [47]. One of three prostate cancer patients with germ-line BRCA variant had a pro‐
longed response to olaparib in a phase 1 trial [48]. In addition to BRCA mutated cancers,
pre-clinical evidence has also demonstrated a sensitivity of tumours with phosphatase and
tensin homolog (PTEN) deficiency to PARP inhibition [49]. This is one of the most common‐
ly mutated genes in human cancers where it has a role in genome stability. PTEN deficiency
is associated with an HR defect that sensitizes tumours cells to PARP inhibition using the
same mechanism as BRCA mutated cancers.

At present, the clinical development of olaparib has been focused on breast and ovarian can‐
cer. Studies in prostate cancer are underway with the PARP inhibitor veliparib (or ABT888)
in combination with temozolamide in a phase I study recruiting patients with metastatic
prostate cancer. In addition a phase I study using the Merck PARP inhibitor - MK4827 is
currently recruiting to a prostate cancer enriched second stage following encouraging phase
I study data in advanced solid malignancies [50].

4.2. Oncogene addiction pathways

The development of drugs targeting tumours driven by so-called ‘oncogene addictions’ has
lead to some success. Examples include imatinib targeting the bcr-abl translocation in CML
and mutated c-kit in GIST, trastuzumab and laptinib in HER-2 positive breast cancers BRAF
inhibitors in melanomas with BRAF mutations. Molecular studies in prostate cancer have to
date identified mutations of this type in less than 20% of all sporadically occurring prostate
cancers. Analysis of a cohort of 206 prostate cancer cases found the common BRAF mutation
V600E in 10.2% (or 21/206 cases) [51], whilst PI3 kinase mutations were found in only 3% of
a separate cohort [52]. Drugs inhibiting BRAF as well as PI3 kinase mutations may lead to
meaningful responses in patients with tumors been driven by these mutations. It is hoped
that further “oncogene addiction” pathways will be uncovered and be able to be drugged.

4.3. Ligand and transcription factor driven survival pathways

Whilst it is often hoped that mutations in a single molecular pathway will be uncovered as
the crucial oncogenic event in tumour development and its abrogation lead to meaningful
anticancer activity, to date this has been rarely found to be the case for sporadic tumours.
Another approach is to consider the factors that cause and/or are associated with the devel‐
opment as well as the survival of cancer. The role of androgens and androgen receptor is
clear for prostate cancer. Other biological approaches associated with cancer development
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and survival include the metabolism and inflammatory systems. In both cases, there is epi‐
demiological, preclinical and pathological data implicating these systems in the develop‐
ment of prostate cancer. In comparison to the “oncogene addiction” phenomenon, these
cancers are driven by altered expression of ligands and control mechanisms (such as tran‐
scription factors). Knowledge of these pathways has provided valuable clues for the treat‐
ment of cancer.

5. Targeting the metabolism system

Incidence and disease specific mortality in prostate cancer exhibit marked global variation
with the highest levels seen in Western Europe, North America and the lowest in Asia [53].
It is assumed that whilst this is accounted for by a significant genetic component, that diet
and lifestyle factors may also contribute. Epidemiological studies also support an associa‐
tion between dietary fat intake, poor prognosis and risk of relapse [54]. In order to identify
new pathways that are important in prostate cancer pathogenesis, evaluating a role for the
metabolism system and its key components is crucial.

Cancer cells are already known to differ from normal cells in some of the fundamental meta‐
bolic pathways they employ. Most cancer cells generate energy by primarily metabolizing
glucose by glycolysis followed by lactate production. This occurs in contrast to normal cells
in which glucose is catabolised by oxidative phosphorylation, a primarily aerobic process.
Proliferating cancer cells also exhibit increased glucose uptake compared to normal cells.
This results in tumour cells with glycolytic rates over 200 times higher than those of normal
tissues and allows efficient generation of macromolecules needed for new cancer cell pro‐
duction. This so-called Warburg hypothesis was initially thought to be the fundamental
cause of cancer, however it is now thought to explain how tumours may flourish in low oxy‐
gen environments [55]. These observations suggest that differences in metabolism between
normal tissues and cancer cells may be important in oncogenesis.

Insulin and insulin-like growth factors (IGF-1) are extracellular hormones and growth fac‐
tors that regulate important metabolic pathways such as fatty acid and sterol synthesis as
well as growth factor signaling via the PI3 kinase and MAP kinase pathways. Their activa‐
tion may stimulate tumourigenesis by activating one or both of these mitogenic pathways
and disrupting fat metabolism.

IGF-I and IGF-II bind to the IGF-1 receptor, a tyrosine kinase receptor that is known to be
upregulated following castration in animal models [56]. It has been implicated in the devel‐
opment of the castrate resistant state with evidence that inhibition of the IGF-1 receptor may
enhance the effect of castration in xenograft models [57]. Targeting the IGF-1 receptor is
therefore an attractive therapeutic target in CRPC. Several IGF-1 receptor inhibitors are cur‐
rently being evaluated in clinical trials and candidates include both monoclonal antibodies
and small molecule tyrosine kinase inhibitors. Cixutumumab (or IMC-A12) is a fully human
IgG1 subclass monoclonal antibody that has reached phase II of clinical development. A sin‐
gle agent study of chemotherapy naïve asymptomatic patients noted that the drug was well
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tolerated with grade 3 fatigue and hyperglycaemia the worst toxicity seen and 29% of pa‐

tients had stable disease [58]. Future trials with this agent are planned or ongoing including

in the first line metastatic setting with androgen deprivation therapy (SWOG S0925) based

on supporting preclinical data [57].

Drug Class Study Design Results

Current phase of

clinical

development

Reference

Insulin-like growth factor receptor inhibitors

Cixitumumab

/IMC-A12

IGF-1 R inh Phase II study in chemo

naïve CRPC Asx pts

10mg/kg q2 wkly or

20mg/kg q3 wkly

29% disease stab >6

mths. Worst toxicity G3

fatigue & ↑glycaemia

Phase II Neoadj

+ADT in high risk

pts

+ Temsiro in met

CRPC

+ 1st line met+ADT

[58]

Figitumumab

/CP-751871

IGF-1 R inh Phase Ib in adv solid

tumours in comb with

docetaxel 75mg/m2

46 pts - MTD not

reached. 4PR and 12 pts

with disease stab

>6months. G3/4 febrile

neutropenia, fatigue

10/18 CRPC pts had >5

CTC with 60% response

Phase III studies

recruiting in NSCLC

(ADVIGO 1016).

Phase II in breast,

prostate, colorectal

& Ewings sarcoma

[59, 60]

Ganitumab/

AMG 479

IGF-1 R inh Phase I dose escalation

study in adv solid malign

of IV q2 wkly

53 pts - 1DLT – G3 ↓plts

& transminitis. MTD not

reached – maxdose

20mg/kg. ↑ in serum

IGF-1

Phase II studies

recruiting in Ex

Stage small cell

with platinum,

+Everolimus in

colorectal, in

carcinoid & pNETs

[61]

Lisitinib/

OSI-906

Dual kinase

inhibitor of

Insulin &

IGF-1 R

Phase I continuous dose

escalation study in adv

solid tumours using BID

& QD dosing

Phase I intermittent

dosing in adv solid

tumours

57 pts – MTD reached

400mg QD, 150mg BID.

DLTs were ↑ QTc & G3

hyperglycaemia

SD >12 weeks seen in

18/43 pts

MTD 600 mg

Phase III recruiting

in Adrenocortical

Ca

Phase II + Erlotinib

in Breast

[62, 116]

AMP Kinase activators

AICAR

(Aminoimidazole-4

-caboxamide-1-b-

riboside

AMP mimetic Preclinical studies show

inhibition of prostate

cancer cell proliferation

Inhibition of tumour

growth in prostate

cancer xenograft models

[78, 117]
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and survival include the metabolism and inflammatory systems. In both cases, there is epi‐
demiological, preclinical and pathological data implicating these systems in the develop‐
ment of prostate cancer. In comparison to the “oncogene addiction” phenomenon, these
cancers are driven by altered expression of ligands and control mechanisms (such as tran‐
scription factors). Knowledge of these pathways has provided valuable clues for the treat‐
ment of cancer.

5. Targeting the metabolism system

Incidence and disease specific mortality in prostate cancer exhibit marked global variation
with the highest levels seen in Western Europe, North America and the lowest in Asia [53].
It is assumed that whilst this is accounted for by a significant genetic component, that diet
and lifestyle factors may also contribute. Epidemiological studies also support an associa‐
tion between dietary fat intake, poor prognosis and risk of relapse [54]. In order to identify
new pathways that are important in prostate cancer pathogenesis, evaluating a role for the
metabolism system and its key components is crucial.

Cancer cells are already known to differ from normal cells in some of the fundamental meta‐
bolic pathways they employ. Most cancer cells generate energy by primarily metabolizing
glucose by glycolysis followed by lactate production. This occurs in contrast to normal cells
in which glucose is catabolised by oxidative phosphorylation, a primarily aerobic process.
Proliferating cancer cells also exhibit increased glucose uptake compared to normal cells.
This results in tumour cells with glycolytic rates over 200 times higher than those of normal
tissues and allows efficient generation of macromolecules needed for new cancer cell pro‐
duction. This so-called Warburg hypothesis was initially thought to be the fundamental
cause of cancer, however it is now thought to explain how tumours may flourish in low oxy‐
gen environments [55]. These observations suggest that differences in metabolism between
normal tissues and cancer cells may be important in oncogenesis.

Insulin and insulin-like growth factors (IGF-1) are extracellular hormones and growth fac‐
tors that regulate important metabolic pathways such as fatty acid and sterol synthesis as
well as growth factor signaling via the PI3 kinase and MAP kinase pathways. Their activa‐
tion may stimulate tumourigenesis by activating one or both of these mitogenic pathways
and disrupting fat metabolism.

IGF-I and IGF-II bind to the IGF-1 receptor, a tyrosine kinase receptor that is known to be
upregulated following castration in animal models [56]. It has been implicated in the devel‐
opment of the castrate resistant state with evidence that inhibition of the IGF-1 receptor may
enhance the effect of castration in xenograft models [57]. Targeting the IGF-1 receptor is
therefore an attractive therapeutic target in CRPC. Several IGF-1 receptor inhibitors are cur‐
rently being evaluated in clinical trials and candidates include both monoclonal antibodies
and small molecule tyrosine kinase inhibitors. Cixutumumab (or IMC-A12) is a fully human
IgG1 subclass monoclonal antibody that has reached phase II of clinical development. A sin‐
gle agent study of chemotherapy naïve asymptomatic patients noted that the drug was well
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tolerated with grade 3 fatigue and hyperglycaemia the worst toxicity seen and 29% of pa‐

tients had stable disease [58]. Future trials with this agent are planned or ongoing including

in the first line metastatic setting with androgen deprivation therapy (SWOG S0925) based

on supporting preclinical data [57].
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+ADT in high risk
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+ Temsiro in met
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+ 1st line met+ADT

[58]

Figitumumab

/CP-751871

IGF-1 R inh Phase Ib in adv solid

tumours in comb with

docetaxel 75mg/m2

46 pts - MTD not

reached. 4PR and 12 pts

with disease stab

>6months. G3/4 febrile

neutropenia, fatigue

10/18 CRPC pts had >5

CTC with 60% response

Phase III studies

recruiting in NSCLC

(ADVIGO 1016).

Phase II in breast,

prostate, colorectal

& Ewings sarcoma

[59, 60]

Ganitumab/

AMG 479

IGF-1 R inh Phase I dose escalation

study in adv solid malign

of IV q2 wkly

53 pts - 1DLT – G3 ↓plts

& transminitis. MTD not

reached – maxdose

20mg/kg. ↑ in serum

IGF-1

Phase II studies

recruiting in Ex

Stage small cell

with platinum,

+Everolimus in

colorectal, in

carcinoid & pNETs

[61]

Lisitinib/

OSI-906

Dual kinase

inhibitor of

Insulin &

IGF-1 R

Phase I continuous dose

escalation study in adv

solid tumours using BID

& QD dosing

Phase I intermittent

dosing in adv solid

tumours

57 pts – MTD reached

400mg QD, 150mg BID.

DLTs were ↑ QTc & G3

hyperglycaemia

SD >12 weeks seen in

18/43 pts

MTD 600 mg

Phase III recruiting

in Adrenocortical

Ca

Phase II + Erlotinib

in Breast

[62, 116]

AMP Kinase activators

AICAR

(Aminoimidazole-4

-caboxamide-1-b-

riboside

AMP mimetic Preclinical studies show

inhibition of prostate

cancer cell proliferation

Inhibition of tumour

growth in prostate

cancer xenograft models

[78, 117]
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A-769662 AMP K

subunit act.

Delay tumour

development & decrease

tumour incidence in

PTEN def mice

[79]

Metformin Indirect 44% reduction in

prostate cancer cases

compared to Caucasian

controls

Phase II recruiting

in loc adv or met

CRPC and in loc

disease as

prevention against

MS with ADT

[80]

Resveratrol Indirect Phase I single dose safety

study in colon ca pts with

hepatic metastases

Results are awaited Phase I/II currently

recruiting as neoadj

in colon carcinoma

pts

[82]

mTOR inhibitors

Temsirolimus mTOR

inhibitor

Phase II study in CRPC

patients post first line

docetaxol

chemotherapy. Pts

receive maintenance

temsirolimus 25mg/m2

weekly

Currently recruiting Phase II recruiting

in chemo naïve

CRPC pts, in comb

with cixutumumab

in met CRPC, in

CRPC after no

response to chemo

with bevacizumab

& PI/II with

docetaxel

[118]

Everolimus mTOR

inhibitor via

mTORC1

Phase II study in castrate

resistant prostate cancer

of bicalutamide and

everolimus compared to

bicalutamide alone

In vivo evidence of

synergy between mTOR

and AR pathways.

Study ongoing but 8 pts

enrolled. 6/8 responses

in PSA. Well tolerated

with no unexpected

toxicity

Phase I/II in met

CRPC with

docetaxel &

bevacizumab, in

post chemo pts

with carbo/pred, in

neoadj setting in

int/high risk

localized disease &

in first line met/

locally adv setting

[72, 73, 74]

PI3 kinase inhibitors

XL-147 Class I PI3K

isoform

inhibitor

Phase I dose escalation

study in adv solid malig

of continuous daily

dosing or d1-21 of 28

day cycle

68pts – DLT G3 rash.

Inhibition of PI3K & ERK

demonstrated.

Prolonged stable disease

observed

Recruiting to Phase

I study in solid

tumours and Phase

I/II in breast &

endometrial

carcinoma

[65]
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GDC-0941 Pan PI3K

inhibitor

Phase I dose escalation

study. GDC-0941 given

QD for 21 out of 28 day

cycle. BID cohorts also

recruited

36 pts enrolled, dose

escalation ongoing. QD

dosing safe up to

254mg, BID dosing safe

up to 180mg. 3 DLTs –

headache, pl eff and red

TLCO

Phase I study

recruiting in NSCLC

& Met breast cancer

in comb. With

paclitaxel or carbo

+/- bevacizumab

[66]

BKM120

BEZ235

Pan class I

PI3K inhibitor

Phase I dose escalation

study. BKM120 PO QD

30 pts enrolled from

12.5-150mg. MTD

100mg. PD data suggests

active drug at 100mg.

8/10 PR on FDG-PET

Phase I/II currently

accruing in HER2+

Met breast ca. Also

recruiting in

combination with

GSK 1120212

[67]

Akt inhibitors

GSK 2141795

GSK 2110183

Akt inhibitor First-in-human

phase I study of

GSK 2141795 in

advanced solid

malig, also

recruiting in

combination with

GSK 1120212

Perifosine Oral Akt

inhibitor

CRPC pts with rising PSA

but no detectable mets.

900mg loading dose

then 100mg daily

20% pts had a PSA

reduction but did not

meet PSA response

criteria. DLTs included

hypoNa, arthritis,

photophobia,

hyperuricaemia

Recruiting phase III

in multiple

myeloma with

bortezomib +/-

dex , phase I in

recurrent paediatric

solid tumours

[70]

MK2206 Highly

selective non

ADP comp

Akt inhibitor

Phase I dose escalation

study 30-90mg QOD in

28 day cycles in tx-

refractory solid tumours

MTD established at

60mg QOD. PD efficacy

confirmed with dec

pAKT levels. SD seen in

6/19 pts

Phase II

bicalutamide +/-

MK2206 in pts after

local therapy +

rising PSA, Phase I

in com with

docetaxel is

recruiting

[71]

Table 2. The Metabolic Syndrome

A second IGF-1 receptor antibody is the human IgG2 subclass antibody figitumumab. This was

evaluated in a phase I dose escalation trial during which the maximum feasible dose was estab‐

lished as 20mg/kg intravenously every 21 days [59]. A phase Ib dose escalation study in combi‐
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[72, 73, 74]

PI3 kinase inhibitors

XL-147 Class I PI3K
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Phase I dose escalation

study in adv solid malig

of continuous daily

dosing or d1-21 of 28

day cycle
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Inhibition of PI3K & ERK
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Prolonged stable disease
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Recruiting to Phase

I study in solid
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carcinoma
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phase I study of
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selective non
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study 30-90mg QOD in
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MTD established at

60mg QOD. PD efficacy
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bicalutamide +/-

MK2206 in pts after

local therapy +

rising PSA, Phase I
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[71]

Table 2. The Metabolic Syndrome

A second IGF-1 receptor antibody is the human IgG2 subclass antibody figitumumab. This was

evaluated in a phase I dose escalation trial during which the maximum feasible dose was estab‐

lished as 20mg/kg intravenously every 21 days [59]. A phase Ib dose escalation study in combi‐
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nation  with  docetaxel  then  enrolled  46  predominantly  metastatic  CRPC  patients.  This
combination was well tolerated with no MTD reached and the toxicity profile included nausea,
febrile neutropenia, anorexia, fatigue and hyperglycaemia. A 22% response rate was observed
with a disease stabilization rate of 44% for ≥ 6 months [60]. A phase II study of this combination
has completed accrual and results are awaited. A third monoclonal antibody ganitumumab (or
AMG478, Amgen) is also in clinical development and whilst safe in phase I dose escalation
studies, its focus for ongoing development is in lung and colorectal carcinoma [61]. OSI-906 or
linsitinib is a first in class inhibitor of both the insulin and IGF-1 receptors. It has been evaluat‐
ed in phase I dose escalation safety studies where MTDs of 400mg QD and 150 mg BID were
reached. The dose limiting toxicities were the known class effects hyperglycaemia and prolon‐
gation of the QTc interval. Whilst further development of this compound continues in adreno‐
cortical and breast carcinomas [62], a phase II study of linsitinib in asymptomatic or mildly
symptomatic CRPC patients has completed accrual and results are awaited.

An important downstream intracellular signaling pathway that has been implicated in pros‐
tate cancer pathogenesis, progression and the development of castration resistance is the
PI3K/Akt/mTOR pathway. Phosphatidylinositol-3 kinase (PI3K) activation results in the phos‐
phorylation of phosphatidylinositol 4,5-bisphosphate (PIP2) to generate the second messenger
phosphatidylinositol 3-5triphosphate (PIP3) that activates the Akt signal transduction cascade.
Reports suggest that PI3K signaling may play a critical role in castration resistance allowing
prostate cancers to maintain continued proliferation in low androgen environments [63]. In ad‐
dition, the PI3K isoforms p85 and p110b appear to have a role in regulating AR-DNA interac‐
tions and the assembly of the AR based transcriptional complex [64]. There are numerous PI3K
inhibitors in clinical development, XL147 (Exelixis) is a class I isoform inhibitor whilst SF1126
(Semafore), GDC0941 (Genentech) and BEZ234 (Novartis) are pan PI3K inhibitors. All agents
have successfully completed phase I dose escalation studies and preliminary results suggest
that these agents are well tolerated and have favourable pharmacokinetic-pharmacodynamic
profiles [65 - 67]. Further tumour specific phase I/II studies are ongoing, although at present no
prostate specific studies are in progress.

The Akt’s are a family of three serine/threonine kinases – AKT-1, AKT-2, & AKT-3. Phos‐
phorylation of AKT modulates multiple downstream cellular functions including apoptosis,
metabolism and proliferation. Enhanced pAKT correlates with more aggressive histological
and pathological prostate cancer stage, and a worse prognosis underlining its importance as
a druggable target and possible role as a prognostic biomarker [68, 69]. There are several
classes of Akt inhibitors currently in clinical development including those inhibiting the cat‐
alytic and the pleckstrin homology (PH) domains. Perifosine, an alkylphospholipid inhibit‐
ing the PH domain has reached phase II in CRPC patients. Unfortunately although well
tolerated this agent did not exhibit significant activity [70]. The pan-AKT inhibitors
GSK2141795 and MK2206 with simultaneous targeting of both AKT-1 and AKT-2 are con‐
sidered potentially superior to single isoform inhibitors. MK2206 was well tolerated in a
phase II dose escalation study with an observed MTD of 60mg. Pharmacodynamic end‐
points were met with a measurable reduction in pAKT levels. In addition, 6 of 19 patients
achieved stable disease [71]. Further development continues in a number of tumour types
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both as single agent and in combination with chemotherapy. Of note a phase I study in com‐
bination with docetaxel is currently recruiting, as is a randomized phase II study of bicaluta‐
mide +/- MK2206 in prostate cancer patients with a rising PSA after definitive local therapy.
GSK2141795 and GSK 2110183 also entered phase I development with results of first in hu‐
man safety studies pending.

Mammalian target of rapamycin (mTOR) is also a serine/threonine kinase downstream of
PI3K which interacts with the mTOR complexes mTORC1 and mTORC2 to regulate cell pro‐
liferation and inhibit apoptosis. Proof of principle that the PI3K pathway can be successfully
targeted for clinical use in cancer has been demonstrated by the development of the rapamy‐
cin analogs - temsirolimus and everolimus that inhibit the mTORC1 kinase. Temsirolimus is
an intravenous formulation which was the first compound in this class to be approved by
the FDA for first line treatment in poor risk patients with advanced renal cell cancer. Evero‐
limus an oral formulation is also approved for use in advanced renal cell cancer but in the
second line setting. Single agent studies of these agents in the prostate cancer setting have
been performed but were considered disappointing with a short time to progression (2.5
months) and no radiographic or PSA responses [72]. Everolimus has also been evaluated in
combination with docetaxel in CRPC patients. The recommended phase II dose was 10mg
everolimus and 70mg/m2 docetaxel, 3 patients had a PSA response and the combination was
well tolerated with fatigue and haematological toxicities the most common [73]. Further
studies with both agents in prostate cancer continue with a similar study involving temsiro‐
limus in combination with docetaxel, as well as studies with cixitumumab and bevacizu‐
mab. A randomized study in hormone responsive patients of bicalutamide +/- everolimus is
currently recruiting with early results suggesting the combination was well tolerated with
PSA responses observed in six of eight patients [74]. Studies in the neoadjuvant and local‐
ized disease setting are also ongoing.

Finally, AMP kinase is a serine/threonine kinase that is activated by metabolic stressors that
deplete ATP and increase AMP levels. Its activity is also under the control of hormones such
as adiponectin and leptin as well as cytokines [75]. The activation of AMP kinase reduces
insulin levels, as well as increasing ATP producing activities (glucose uptake, fatty acid oxi‐
dation) and suppressing ATP-consumption (synthesis of fatty acids, sterols, glycogen and
proteins). AMP kinase therefore acts as a metabolic switch controlling glucose and lipid me‐
tabolism. Decreased AMP kinase activity is thought to contribute to the metabolic abnormal‐
ities involved in the metabolic syndrome [76]. In addition polymorphisms in a gene locus
encoding one of the AMPK subunits correlates with prostate cancer risk [77].

Activators of AMP kinase activity may be direct or indirect. Several direct AMP kinase acti‐
vators act either by allosteric binding to AMP kinase subunits or as an AMP mimetic. These
agents aminoimidazole-4-caboxamide-1-b-riboside (AICAR), A-769662 and PT1 are at an
early stage of clinical development. AICAR has been shown to inhibit prostate cancer cell
proliferation and tumour growth in xenograft models [78]. However its further develop‐
ment may be limited by its poor specificity for AMPK and low oral bioavailability. To date
no interventional oncology studies have been undertaken. The recent publication of the
crystal structure of AMP kinase subunits has allowed rational drug design of A-769662 and
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proteins). AMP kinase therefore acts as a metabolic switch controlling glucose and lipid me‐
tabolism. Decreased AMP kinase activity is thought to contribute to the metabolic abnormal‐
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vators act either by allosteric binding to AMP kinase subunits or as an AMP mimetic. These
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ment may be limited by its poor specificity for AMPK and low oral bioavailability. To date
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PT1. A769662 has been shown to delay tumour development and decrease tumour incidence
in PTEN deficient mice [79].

The indirect activator metformin is a well established treatment for type II diabetes mellitus.
Its use is associated with a 44% risk reduction in prostate cancer cases compared with con‐
trols in Caucasian men [80]. The mechanism of metformin’s antitumour effect is not com‐
pletely understood, although it is hypothesized that metformin may decrease circulating
glucose, insulin and IGF-1 levels by inhibiting hepatic gluconeogenesis resulting in in‐
creased signaling through the insulin/IGF-1 pathway [81]. Its action in prostate cancer is cur‐
rently under evaluation in a number of clinical trials, these include as a preventative
treatment for metabolic syndrome in men on androgen deprivation therapy and as first line
therapy in locally advanced or metastatic prostate cancer patients. Finally, resveratrol is a
phytoalexin produced by plants when under attack by pathogens. It is found in the skin of
grapes, grape products, red wine and mulberries and is thought to have anticancer proper‐
ties. These were first identified when it was shown to inhibit tumourigenesis in a mouse
skin cancer model [82]. Its indirect action on AMP kinase remains to be elucidated although
its anticancer action has been explored in a number of tumour types. Clinical trials using re‐
sveratrol have explored potential roles in preventing and treating diabetes, Alzheimers dis‐
ease and weight loss. In addition safety studies of its use in colorectal carcinoma patients
with liver metastases have been conducted and the results are awaited. As yet no studies in
prostate cancer are planned.

6. Inflammation

Numerous studies have implicated inflammation in the development of prostate cancer and
its metastases. Pathologists have recognized focal areas of epithelial atrophy in the periph‐
ery of the prostate (proliferative inflammatory atrophy - PIA), where prostate cancers typi‐
cally arise and these areas are associated with acute or chronic inflammation and can show
morphological transitions in continuity with high grade PIN [83]. This could indicate a role
of PIA as a cancer precursor [84]. Putative causes of these lesions are infection or dietary oxi‐
dants. To date, the identification of an infectious agent directly involved in prostate carcino‐
genesis has been elusive. However, it is possible that one or more infectious agents may be
indirectly involved in prostate carcinogenesis by being initiators of the inflammatory lesion
(PIA). Interesting data includes serologic evidence of T. vaginalis infection being associated
with a higher prostate cancer risk overall, and an almost two-fold risk for poorly differenti‐
ated disease [85] as well as greater prostate cancer specific mortality (HR: 1.5; 95% CI: 1.0,
2.2) [86]. It is also of note that hereditary susceptibility genes which encode proteins with
infectious response function: RNASEL and MSR1 (macrophage scavenger receptor 1) have
been associated with prostate cancer [83]. Single nucleotide polymorphism’s of anti-oxidant
genes have also been associated with prostate cancer and include OGG1 (repair from oxi‐
dized DNA), MnSOD [88]. Also the incidence of prostate cancer has been decreased with an‐
ti-oxidants such as lycopene and NSAIDs [87].
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One possible mediator of the inflammation that leads to cancer and is instigated by oxida‐
tive stress from a diverse arrays of causes is NFκB activation. Specifically, it has been shown
that a vicious cycle of oxidative stress causing DNA damage and consequent influx of in‐
flammatory cytokines into the microenvironment results in further production of proteases,
angiogenic factors, growth factors and immunosuppressive cytokines. Examples of NFκB
controlled proteins found in prostate cancer include COX-2, XIAP, CXCR4, macrophage in‐
hibitory cytokine-1 (MIC-1), IL-6, IL-8, IL-1, CXCL12, and the CXCR4 [89].

NFκB is a protein complex that controls DNA transcription and is activated by numerous
factors including cytokines, free radicals, receptor activator of nuclear factor kappa-B
(RANK), and microbial pathogens [90]. Upon activation, the NFκB dimers translocate to the
nucleus with activation of numerous genes controlling cell growth, differentiation, inflam‐
matory responses and apoptosis. Aberrant regulation of NFkB has previously been linked to
inflammatory states and cancer. Moreover, NFκB controls many of the hallmarks of cancer
including: invasion (IL-6); angiogenesis (IL-8, VEGF); propagation through the cell cycle (cy‐
clin D1); and evasion of apoptosis (cIAP-1, TRAF-2, Bcl-XL) [91 - 95]. As such, NFκB activa‐
tion has clear-cut biological plausibility as a driver of cancer progression and CRPC. In
tumor cells, NFκB is constitutively active either due to mutations in genes encoding the
NFκB transcription factors themselves or in genes that control NFκB activity (such as IκB
genes) or due to tumor cells secreting activation factors (e.g. IL-1). Constitutive NFκB activa‐
tion in prostate cancer is found in both tumor and its associated stroma and occurs early in
the disease process [96 - 100]. It is of note that preclinical work has mechanistically connect‐
ed NFκB activation to development of prostate cancer with a metastatic phenotype [97]. Spe‐
cifically, loss of the Ras GTPase-activating protein (RasGAP) gene DAB2IP lead to increased
EZH2 and in turn induced NFκB activation which in turn resulted in metastatic prostate
cancer in an orthotopic mouse tumor model.

Drugs targeting the inflammatory system are in preclinical and clinical development. The
agents can be classified as upstream or direct inhibitors of nuclear factor kappa B or inhibi‐
tors of products of NFκB activation Table 3. This is a very new area but one which may lead
to significant improvements.
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oligo)
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mCRPC with PD on or

within 6m docetaxel

(D)
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Pred/C
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PR in
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Phase III Docetaxel
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line recruiting

[120]

Bortezomib Proteosome

inhibitor
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bortezomib with

addition of MAB on

progression.

Bortezomib given

d1,4,8,11 for 3 cycles

No activity in addition

to docetaxel or

paclitaxel (phase I) and

high rates of PN

observed. When given

as single agent or MAB

– 11/15 CR with TTP 5.5

months

Results awaited for

phase I study with

mitoxanthrone

[121, 122, 123]

Carfilzomib Selective

proteosome

inhibitor

Phase I trial in relapsed

or refractory haem

malig, d1-5 IV

1.2-20mg/m2

MTD 15mg/m2 – DLT

of feb neutropenia &

G4 thrombocytopenia.

2/29 responses

No prostate specific

trials recruiting

[124]

Denosumab

(bone)

Anti-RANKL

antibody

Randomised phase III

trial denosumab vs

zoledronic acid in

mCRPC with bone mets

Median time to first SRE

20.7m denosumab vs

17.1m zoledronic acid

HR 0.82 p=0.00002

Phase III study

investigating lens

opacification in men

on demosumab and

ADT

[125]

Direct agents

Silibinin

(derived from Milk

Thistle)

Via down

regulation of

epithelial-

mesenchymal

transition

regulators

Phase II single arm

study in PC pts with

localized disease prior

to prostatectomy. Pts

given 13g/day

Transient high blood

concentration observed

but low tissue

concentration.

Response results

awaited

[126]

Flavopiridol

(Alvocidib)

Cyclin

dependent

kinase inhibitor

Phase II single agent

study in met CRPC pts.

72 hour IV infusion at

40-60 mg/m2/day

36 pts enrolled. No

objective responses.

14% pts met 6 month

PFS endpoint.

Further development

in germ cell tumours

& gastric/GOJ ca

[127]

Thalidomide IκB kinase

inhibitor

Phase II studies

docetaxel (75mg/m2)

and docetaxel/

bevacizumab

(15mg/m2) +/-

thalidomide

(200mg/m2)

60 pts enrolled. 90%

PSA decline of >50%.

Median TTP 18.3

months, median OS

28.2 months.

Manageable toxicity

but all pts had G3/4

neutropenia

Phase III placebo

controlled trial in

recurrent hormone

sensitive non

metastatic PC

[128, 129]
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Lenolidamide Phase II trial after

biochemical relapse

with LHRH agonists &

phase I/II trial as single

agent 5mg or 25 mg

159 pts enrolled. Med

TTP PSA 15 vs 9.6 mths.

Thalidomide well

tolerated, 47% DR. 60

pts enrolled, 25mg ass

with greater change in

PSA slope but higher

toxicity

Phase III in met CRPC

pts, docetaxel/

prednisone +/-

lenolidamide

[130, 131]

Parthenolide

analogue

(derived from

Tanacetum

parthenium)

NFκB inhibitor Dimethylamino-

partehnolide (DAMPT)

with superior solubility

& bioavailability

DAMPT inhibited NFkB

DNA binding &

expression of NFkB

regulated anti-

apoptotic proteins

Phase I dose

escalation trial

currently recruiting

in pts with haem

malig

[132]

Downstream agents

Siltuximab αIL-6 Ab Phase II study in met

CRPC pts post

docetaxel. 6mg/kg IV

q14d for 12 cycles

53 pts enrolled. PSA

response rate 3.8%,

RECIST SD rate 23%.

High baseline IL-6 levels

ass with poor prognosis

Phase I study in

combination with

docetaxel in met

CRPC pts

[133]

Celecoxib NSAID

CNTO888 α-chemokine

ligand 2 Ab

Preclinical studies of

CNTO888 2mg/kg

twice weekly ip in vivo

prostate cancer model

Reduced tumour

burden by 96% at 5

weeks also synergistic

with docetaxel

Phase II in met CRPC

pts post docetaxel

results awaited

[134]

Plerixafor

BKT140

αCXCR4 Focus of clinical dvpt

in AML, phase I/II

studies recruiting

Table 3. The Inflammatory System

7. Other key pathways

With  time,  it  is  anticipated  that  more  pathways  and  targets  key  to  prostate  cancer
growth  will  be  identified.  Angiogenesis  inhibition  has  been  successful  in  other  cancers
but minimal activity was seen in trials with Sunitinib [101] and Bevacizumab [102]. Simi‐
larly, targeting the HGF-MET axis is supported by preclinical work [103] and some activ‐
ity  has  been  seen  with  MET  inhibition.  However,  Cabozantinib  –  a  tyrosine  kinase
inhibitor  that  inhibits  multiple  receptor  tyrosine  kinases  (RTKs)  with  growth-promoting
and angiogenic  properties  (MET (IC50  in  enzymatic  assays=  1.8nM),  VEGFR2 (0.035nM),
RET (3.8nM), and KIT (4.6nM) has significant and intriguing clinical activity in bony dis‐
ease and some activity in soft tissue disease. This suggests the effect may be due to con‐
current inhibition of two relevant pathways.
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growth  will  be  identified.  Angiogenesis  inhibition  has  been  successful  in  other  cancers
but minimal activity was seen in trials with Sunitinib [101] and Bevacizumab [102]. Simi‐
larly, targeting the HGF-MET axis is supported by preclinical work [103] and some activ‐
ity  has  been  seen  with  MET  inhibition.  However,  Cabozantinib  –  a  tyrosine  kinase
inhibitor  that  inhibits  multiple  receptor  tyrosine  kinases  (RTKs)  with  growth-promoting
and angiogenic  properties  (MET (IC50  in  enzymatic  assays=  1.8nM),  VEGFR2 (0.035nM),
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Cabozantinib has been studied in multiple solid tumors and has shown a broad spectrum of
activity with tumour regression in patients with a variety of diseases. It’s activity in medul‐
lary thyroid cancer is based on RET inhibition [104]. Of particular relevance to prostate can‐
cer, a phase II discontinuation study of 168 men with progressive metastatic CRPC received
Cabozantinib initially for 12 weeks [105]. Patients with PR continued open-label cabozanti‐
nib, patients with stable disease were randomized to cabozantinib or placebo, whilst pa‐
tients with progression were discontinued. Trial accrual was halted after enrollment of 168
patients due to the significant activity observed. 78% patients had bone metastasis and sig‐
nificantly 86% of these had a complete or partial response on bone scan as early as week 6.
64% patients had improved pain and 46% patients reported lower narcotic analgesia use. To
date the median PFS has not been reached. Most common related Grade 3/4 AEs were fati‐
gue (11%), HTN (7%), and hand-foot syndrome (5%). Osteoclast and osteoblast effects were
observed: 55% had declines of ≥50% in plasma C-Telopeptide; 56% of patients with elevated
tALP had declines of ≥50%.

Interestingly numerous lines of preclinical and clinical evidence implicate MET and VEGFR
activation in bone metastases as well as prostate cancer, especially castration resistant dis‐
ease. Specifically, androgen deprivation increases MET expression in prostate cancer cells
[106, 107] and c-met has been shown to be upregulated in CRPC and may be a factor that
supports CRPC cells in the castrate state [106, 108]. Androgen deprivation also increases ex‐
pression of c-met’s ligand, Hepatocyte Growth Factor (HGF) in the stroma. Increased ex‐
pression of MET and HGF may contribute to disease progression following androgen
deprivation therapy. This may be a compensatory mechanism as HGF/cMET activity enhan‐
ces Leydig cell steroidogenetic activity [109]. It is also of note that increased expression of
MET and/or HGF correlate with prostate cancer metastasis and disease recurrence [110, 111].
In addition, VEGF has been shown to activate MET signaling via neuropilin-1. Osteoblasts
and osteoclasts also express MET and VEGFRs and osteoclasts secrete HGF. This supports
the notion that MET signaling not only supports the tumor, but also bone turnover which
provides a fertile microenvironment for prostate cancer growth [112]. These observations
provide a strong rationale for dual inhibition of VEGFR2 and MET as a therapeutic strategy
in men with CRPC and bone metastases. As such, cabozantinib may not only have single
agent activity but also enhance abiraterone activity by simultaneously blocking a putative
resistance/survival mechanism to hormonal therapy and abrogating bone turnover and
making the microenvironment less hospitable for cancer growth. Given these many reasons,
it is logical to hypothesize that combining these two active agents against CRPC will result
in even more substantial clinical benefit.

8. Conclusion & future directions

It is clear from the foregoing discussion that increased biological knowledge and drug de‐
velopment technologies has resulted in a vast number of agents for clinical trial testing.
However, it is paramount that judicious trial designs are employed and match the drug to
the tumor by ensuring that the target is present. It is also quite certain that no single drug
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will work given the inherent multiple redundant survival pathways. This is probably more
apparent for castration resistant disease. Therefore, one can argue that waiting for metastatic
disease or castrate resistant disease to assess a new drug is a defeatist approach, and that an
assessment earlier in the disease spectrum to prevent the emergence of resistance is a more
proactive and promising approach to improve outcomes in prostate cancer. The conduct of a
study in patients with a biochemical relapse after definitive localized therapy provides a
major opportunity for drug development. This approach allows the analysis of a drug in iso‐
lation and as well as an assessment and effective triage of the numerous new agents that are
now available for testing. Also the primary pathology can be interrogated to look for activa‐
tion of the pathway and provides an opportunity to biologically direct the evaluation of
drugs relevant to a given a pathway in an individual’s cancer. Ultimately, key combinations
simultaneously targeting the essential and multiply redundant pathways driving cancer sur‐
vival and resistance mechanisms can be developed. This has been a successful strategy for
treatment of HIV and AIDS where the early use of Highly Active Anti-retroviral Therapy
(HAART) has made major advances. With time and judicious clinical development, it is pos‐
sible to develop a similar strategy such as Highly Effective Early Prostate Cancer Therapy
(HEEPT) for patients with rapidly progressive PSA rises after definitive local therapy and
have a long life expectancy. Early use of a highly effective combination therapy will hope‐
fully eradicate the disease and prevent patients from dying from recurrent disease that may
otherwise have been lethal and more difficult to treat if waited until later in the disease
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Cabozantinib has been studied in multiple solid tumors and has shown a broad spectrum of
activity with tumour regression in patients with a variety of diseases. It’s activity in medul‐
lary thyroid cancer is based on RET inhibition [104]. Of particular relevance to prostate can‐
cer, a phase II discontinuation study of 168 men with progressive metastatic CRPC received
Cabozantinib initially for 12 weeks [105]. Patients with PR continued open-label cabozanti‐
nib, patients with stable disease were randomized to cabozantinib or placebo, whilst pa‐
tients with progression were discontinued. Trial accrual was halted after enrollment of 168
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[106, 107] and c-met has been shown to be upregulated in CRPC and may be a factor that
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pression of c-met’s ligand, Hepatocyte Growth Factor (HGF) in the stroma. Increased ex‐
pression of MET and HGF may contribute to disease progression following androgen
deprivation therapy. This may be a compensatory mechanism as HGF/cMET activity enhan‐
ces Leydig cell steroidogenetic activity [109]. It is also of note that increased expression of
MET and/or HGF correlate with prostate cancer metastasis and disease recurrence [110, 111].
In addition, VEGF has been shown to activate MET signaling via neuropilin-1. Osteoblasts
and osteoclasts also express MET and VEGFRs and osteoclasts secrete HGF. This supports
the notion that MET signaling not only supports the tumor, but also bone turnover which
provides a fertile microenvironment for prostate cancer growth [112]. These observations
provide a strong rationale for dual inhibition of VEGFR2 and MET as a therapeutic strategy
in men with CRPC and bone metastases. As such, cabozantinib may not only have single
agent activity but also enhance abiraterone activity by simultaneously blocking a putative
resistance/survival mechanism to hormonal therapy and abrogating bone turnover and
making the microenvironment less hospitable for cancer growth. Given these many reasons,
it is logical to hypothesize that combining these two active agents against CRPC will result
in even more substantial clinical benefit.

8. Conclusion & future directions
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velopment technologies has resulted in a vast number of agents for clinical trial testing.
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will work given the inherent multiple redundant survival pathways. This is probably more
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1. Introduction

Prostate cancer is the most common non-dermatological malignant disease in men in west‐
ern countries. According to the American Cancer Society in 2010, the incidence of prostate
cancer was 217,730 cases with 32,050 deaths from the disease [1]. Overall, the actuarial 10
and 15 years survival are 93% and 77% respectively [1]. The rise in incidence and improved
survival of prostate cancer over the past decades have often been attributed to prostate can‐
cer screening and early detection. Definite evidence supporting this relationship is, howev‐
er, still pending. There are also alternative explanations such as improved treatment at
advanced stages that could lower prostate cancer mortality. Because of earlier detection, up
to 90% of new cases in the post prostate-specific antigen (PSA) era present with clinically
localized disease, the majority of which do well regardless of treatment regimen undertak‐
en. Overall, those with advanced prostate cancer at time of diagnosis remains essentially in‐
curable, and do poorly after androgen withdrawal therapy developing progressive disease
that is resistant to further hormone manipulation. For these patients with castration-resistent
prostate cancer (CRPC), and particularly patients with metastatic disease, options till few
years ago have been limited. However, as newer agents become available, higher rate of bio‐
chemical and clinical response are being achieved, providing a new hope for the manage‐
ment of these patients [2].

CRPC is defined as patients with serum castration levels of testosterone (< 50 ng/dL or < 1.7
nmol/L), PSA and/or clinical progression to castration, and progression despite anti-andro‐
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gen withdrawal for at least 4-6 weeks. PSA progression is defined as three consecutive rises
of PSA, 1 week apart, resulting in two 25% increases over the nadir, with a PSA level > 2
ng/dL above the nadir. Clinical progression includes progression of bone lesions (two or
more lesions on bone scan) or soft tissue progression using Respond Evaluation Criteria In
Solid Tumors (RECIST) criteria [3].

Although patients with CRPC have, by definition, castrate levels of circulating testosterone,
most tumors continue to remain dependent on androgen and on signaling from the andro‐
gen receptor (AR). This may occur through constitutive activation of the AR (gene amplifica‐
tion, alternative splicing, AR-activating gene mutations), intratumoral production of
androgen, promiscuity of the AR (and binding of other hormones), activation of down‐
stream targets by dysregulation of transcription factors (eg, binding of the frequently rear‐
ranged and overexpressed ETS oncogenic factors to androgen-regulated promoters), and
alternative yet unidentified mechanisms [1, 2].

CRPC status includes patient cohorts with significantly different median survival times and
different sensitivity to second hormonal manipulations. However, the vast majority of pa‐
tients eventually develop progressive disease that is resistant to further hormone manipula‐
tion. We now know that although this group of patients progress to androgen deprivation,
they might still be hormone-sensitive. Until 2004, cytotoxic chemotherapy was considered to
be relatively ineffective in men with CRPC. In 2004, 2 landmark trials, TAX 327 and South‐
west Oncology Group (SWOG) 99-16, showed for the first time a survival benefit in men
with metastatic HRPC. Specifically, docetaxel-based chemotherapy demonstrated a median
improvement in survival of 2.5 months as compared with mitoxantrone and prednisone in
metastatic HRPC [4, 5]. Regimens that include docetaxel, have demonstrated higher rates of
objective and biochemical PSA response, as well as longer survival durations. In contrast,
metastatic CRPC has become a more complicated disease to be properly treated. Since then,
newer treatments in this stage of the disease have been approved optimizing survival and
quality of life.

2. Mechanisms involved in the development and progression of the
disease

To understand prostatic growth in diseased states, it is important to understand the hormo‐
nal influences at play in normal prostate development and function. Testosterone is the pri‐
mary circulating androgen in men. Within the prostate, testosterone is converted to a more
potent androgen dihydrotestosterone (DHT) by the action of intracellular 5α-reductase en‐
zymes [6]. Circulating DHT levels are low (1 : 10) when compared with testosterone, where‐
as in the prostate, this ratio is reversed, making DHT the primary prostatic androgen [7].

Dihydrotestosterone is essential for the development of the prostate gland. Inside the pros‐
tate, both testosterone and DHT bind to the androgen receptor (AR), stimulating the AR sig‐
nalling axis that promotes cell-cycle regulation, cell survival and lipogenesis [8]. Although
both the androgens are capable of binding AR, DHT has a stronger affinity than testosterone
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and a slower dissociation rate [9, 10]. DHT is also more potent at stimulating prostatic
growth than testosterone [9]. These combined effects of DHT enhance the androgen signal‐
ling pathway in tissues where 5α-reductase enzymes are highly expressed [10].

Depending on the developmental stage of the individual, DHT signalling could promote the
differentiation of the male external genitalia (gestation) or the maturation of the prostate
gland (puberty) [7]. Throughout adulthood, DHT androgen signalling acts as a regulator of
homoeostasis, maintaining the prostate epithelium by balancing cell proliferation and cell
death [8]. Unlike testosterone, DHT does not exhibit an age-related decline in serum concen‐
tration. Some studies have shown a steady decline of testosterone every decade in healthy
men [11, 12], whereas the levels of DHT either decline slightly or remain unchanged [13, 14].
It has been suggested that DHT levels remain constant in ageing individuals because the
pathway of conversion from testosterone is saturated at low levels of testosterone. Mor‐
gentaler and Traish present a critical revision of the traditional view of T and PC [15]. They
use a saturation model that is consistent with regression of cancer when T is reduced to cas‐
trate levels but lacks observed growth when serum T is increased. The saturation model
starts from the observation that PCa growth is sensitive to variation in serum T concentra‐
tions at or below the castrate range and is insensitive to T variation above this concentration.
Considering the actual interest in using T replacement therapies in men, a new definition of
the relationship between T and PCa is of considerable importance. Evidence supports the
hypothesis that T administration in hypogonadal men without PCa does not increase the
risk for PCa growth if T levels are normalised [16-18].

Compelling evidence that implicates DHT as the primary prostatic androgen comes from
the discovery of the Dominican pseudohermaphrodites or Guevedoce. This population has a
deficiency in 5α-reductase and therefore their DHT levels are markedly lower, whereas their
testosterone levels remain normal [19]. The prostate of these affected men is non-palpable
and the prostate volume is one-tenth that of normal age-matched controls. Administration
of DHT in these individuals results in prostate enlargement, strongly implicating DHT as a
necessary component of prostate growth and development [20].

Androgen receptor signaling remains active even with castrate levels of serum testosterone,
contrary to the previous notion that disease progression after gonadal ablation necessarily
implied androgen-independent escape mechanisms. This is supproted by studies, which re‐
port high intratumoral androgens, continued AR signaling [21], and overexpression of en‐
zymes key to androgen síntesis, which suggests that CRPC may synthesize androgens de
novo [22, 23]. Until recently, available strategies that target the AR, such as antiandrogens,
ketoconazole, estrogens or glucocorticoids, result in modest benefict. New drugs such as
abiraterone, or MDV 3100 have shown a much more supression activity of the AR by differ‐
ent pathways.

The key components of DHT production are the 5α reductase enzymes. There are two well-
characterised isoforms, type 1 and type 2 [24, 25]. Type 1 is present throughout all stages of
life and is primarily localised in extraprostatic tissues including the non-genital skin, liver
and certain brain regions. Although type 1 expression was originally thought to be absent
from the prostate gland, certain studies have found type 1 within the prostatic tissue pre‐
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dominantly localised to the secretory luminal epithelium [26]. The type 2 5α-reductase iso‐
form is prevalent in the prostatic tissue as well as the genital skin, seminal vesicle and
epididymis. Although this isoform is present through all stages of prostate development, it
has a single wave of expression in the skin and scalp that begins at birth and ends at ages 2–
3 years [26]. Type 2 5α-reductase is deficient in the Guevedoce and therefore these individu‐
als do not generate enough DHT to promote normal development of the prostate gland and
the man’s external genitalia [20].

3. Natural history of prostate cancer

Although the natural history of prostate cancer (PCa) has not been fully elucidated, it is
thought to arise from damaged prostate epithelium and progressively develop over many
decades [27]. Prostate disease is heterogeneous and multifocal, further complicating the un‐
derstanding of its progression. Based on autopsy studies, about one-third of men over the
age of 50 years display histological evidence of PCa. However, a majority of these cases re‐
main clinically insignificant, underscoring the variability in PCa and the protracted nature
of this disease [3, 28].

The likelihood of disease progression of PCa is difficult to predict. Detection of cancer from
a biopsy can result in a localised diagnosis; however, upon a prostatectomy, it may be re‐
vealed that the disease had grown outside the margins of the gland or even had metastas‐
ised. Conversely, certain men diagnosed with PCa may live out their natural lives without
suffering any morbidity or mortality from the disease.Therefore, it becomes imperative to
determine whether or not a particular lesion will stay localised or spread beyond the con‐
fines of the gland [3]. The usually slow progression of prostate cancer allows delaying or
avoiding definitive treatment (active surveillance) in selected patients if some prerequisites
are fulfilled. The younger a candidate is for active surveillance, the more strict the tumour-
related criteria that should be used [29].

Research has revealed insights into the likely progression of prostate tumours. It has been
shown that certain high-grade tumours proceed on a more aggressive course than low-
grade, well-differentiated tumours and therefore should be managed accordingly [30]. The
Gleason score is one of the most powerful prognostic factors in prostate cancer [31]. In elder‐
ly patients with clinically localised, conservatively managed prostate cancer, the probability
to survive the disease for at least 10 years ranges from 77% to 98% when the Gleason score is
7 or less, whereas this rate is only 33–75% in patients with a Gleason score of 8–10 [32]. The
prolonged nature of PCa progression highlights the opportunities for clinical therapeutic in‐
terventions that could reduce the risk of disease development and slow it or treat the exist‐
ing disease. Through the Cancer and Leukimia Group B (CALGB) cooperative study group,
Halabi and colleagues performed a polled analysis combining data from 6 trials and more
than 1100 patients with CRPC accured from 1991 to 2001 [33], and created a prognostic mod‐
el for risk stratification of metastatic CRPC patients. The observed median survival dura‐
tions (in months) were 7.5 (95% confidence interval [CI] 6.2–10.9], 13.4 (95% CI 9.7–26.3],
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18.9 (95% CI 16.2–26.3], and 27.2 (95% CI 21.9–42.8] for the first, second, third, and fourth
risk groups, respectively. The factors involved in this model can be broadly divided into
clinical variables that reflect the condition of the host (eg, performance status, anemia, fati‐
gue), the tumor burden (eg, sites of metastatic disease, PSA level, alkaline phosphatase lev‐
el), or the biologic aggressiveness of the cancer itself (eg, lactate dehydrogenase [LDH]
levels, Gleason sum).

The clinical course of metastatic castration-resistant prostate cancer has changed considera‐
bly, primarily because of factors such as earlier diagnosis, stage migration and changes in
clinical practice patterns. Earlier initiation of androgen-deprivation therapy and the in‐
creased use of diagnostic imaging have contributed to earlier detection of metastatic disease
in androgen-deprived patients. Furthermore, new treatments have further extended the
time to the terminal phase of the disease, extimating the duration of the course of metastatic
castration-resistant prostate cancer measured from the first documented metastasis (in the
castrate state) until death may now extend beyond 5 years.

4. Mechanisms and targets in CRPC

The key for the development of new drugs and to optimize androgenic suppression in ad‐
vanced stages of CRPC is the identification and characterization of molecular targets and
mechanisms that lead to tumor growth. Disease progression involves the development of
cellular adaptive pathways of survival in an androgen-depleted environment [34]. Experi‐
mental evidence assigns an important role to the continuous activation of the androgenic re‐
ceptors (ARs) in tumor growth, as well as alternative independent routes [35]. In general,
resistance mechanisms can be divided into 6 groups.

• Increased Expression of Enzymes Involved in Steroidogenesis. Studies have suggested that, in
CRPC patients, even castrate serum levels of androgen are still sufficient for AR activa‐
tion and able to maintain cancer cells survival. Indeed, the intratumoral levels of testoster‐
one in CRPC patients are equal of those found in noncastrate patients [36]. The source of
these androgens is thought to be derived from the synthesis of androgens directly in pros‐
tate cancer cells due to an upregulation of the enzymes and activation of the routes neces‐
sary for the synthesis of androgens such as testosterone and dihydrotestosterone [34, 37,
38]. Also bone metastases contain intact enzyme pathways for conversion of adrenal an‐
drogens to testosterone and dihydrotestosterone [36]. Montgomery and colleagues
showed that there was marked reversal of the DHT : testosterone ratio in the metastatic
tumor. These tumor cells express significantly lower levels of SRD5A2, which catalyses
the conversion of testosterone to DHT, and higher levels of UGT2B15 and UGT2B17,
which mediate the irreversible glucuronidation of DHT metabolites. Marked up regula‐
tion of CYP19A1, which mediates the aromatization of testosterone to estradiol, was also
observed in the metastases samples [34, 36-38].

• Increased Expression of AR. The overexpression of AR have been involved in the progres‐
sion of prostate cancer [34]. The activated AR pathways observed in these CRPC patients
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cellular adaptive pathways of survival in an androgen-depleted environment [34]. Experi‐
mental evidence assigns an important role to the continuous activation of the androgenic re‐
ceptors (ARs) in tumor growth, as well as alternative independent routes [35]. In general,
resistance mechanisms can be divided into 6 groups.

• Increased Expression of Enzymes Involved in Steroidogenesis. Studies have suggested that, in
CRPC patients, even castrate serum levels of androgen are still sufficient for AR activa‐
tion and able to maintain cancer cells survival. Indeed, the intratumoral levels of testoster‐
one in CRPC patients are equal of those found in noncastrate patients [36]. The source of
these androgens is thought to be derived from the synthesis of androgens directly in pros‐
tate cancer cells due to an upregulation of the enzymes and activation of the routes neces‐
sary for the synthesis of androgens such as testosterone and dihydrotestosterone [34, 37,
38]. Also bone metastases contain intact enzyme pathways for conversion of adrenal an‐
drogens to testosterone and dihydrotestosterone [36]. Montgomery and colleagues
showed that there was marked reversal of the DHT : testosterone ratio in the metastatic
tumor. These tumor cells express significantly lower levels of SRD5A2, which catalyses
the conversion of testosterone to DHT, and higher levels of UGT2B15 and UGT2B17,
which mediate the irreversible glucuronidation of DHT metabolites. Marked up regula‐
tion of CYP19A1, which mediates the aromatization of testosterone to estradiol, was also
observed in the metastases samples [34, 36-38].

• Increased Expression of AR. The overexpression of AR have been involved in the progres‐
sion of prostate cancer [34]. The activated AR pathways observed in these CRPC patients
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has been postulated as a result of genetic phenomena that promotes increased sensitivity
of AR. DNA amplifications are responsible for AR overexpression and for its activation in
presence of low levels of ligand (androgens) [34, 38].

• AR Gene Mutations and Altered Ligand Specificity. While the androgens are the main factors
of tumor growth and AR signaling, the presence of AR mutations leads to its activation
by nonandrogenic steroid molecules and antiandrogens [34]. The majority AR mutations
are point mutations in the AR ligand-binding domain, and initially this was considered
relevant to explain why 10–30% of patients receiving antiandrogens treatment experience
paradoxical PSA drop on cessation of treatment [35]. However the AR mutations could
occur in other regions such as the amino terminus or the DNA binding domain that con‐
fer oncogenic properties to the AR [37]. At the present, the role of AR mutations in the
anti-androgen withdrawal phenomena is called into questioned and a new explanation is
offered since the discovery of alternative splicing of the AR. In fact, in recent reports [39,
40], it was shown that splice variants of AR with deletion of exons 5, 6, and 7 could result
in AR capable to translocate to the nucleus without ligand binding.

• Downstream Signaling Receptor for Androgens. One of the most important mechanisms in
the development of castration resistance is the activation of different signal transduction
pathways in CRPC cells. They could enhance the activity of the AR or its coactivators in
the presence of low levels or even in the absence of androgen. These include other recep‐
tors such as epithelial growth factors, insulin growth factors, and tyrosine-kinase receptor
[40].

• Bypass Pathways. The induction of bypass pathways independent of AR, is an important
mechanism of castration resistance, that can overcame apoptosis induced by androgen-
deprivation therapy. One such example of this is the up-regulation of antiapoptotic pro‐
teins, including the protein Bcl-2 gene [34, 40].

• Stem Cells. Prostatic cancer stem cells are rare and undifferentiated cells that do not ex‐
press AR on their surface, being independent of androgens to survive [34]. Currently it is
thought that these cells can be responsible for maintaining tumor growth and develop‐
ment, because they are able to survive under androgen-deprivation therapy. The identifi‐
cation of these cells is possible based on the expression of surface protein (α1β1 integrin
and CD133), which could allow new targets therapies [34].

5. New therapeutics settings in the treatment of castration resistant
prostate cancer

Being able to predict which patients will develop metastasis and death with rising PSA lev‐
els after treatment with androgen ablation is essential for deciding therpeutic interventions
and gauging prognosis. The major biologic processes under therpeutic investigation in pros‐
tate cancer involve growth and survival, chemotherapy and hormone therapy resistance, ex‐
tragonadal androgen production, modulation of the androgen receptor, angiogenesis, the
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bone interface, immune surveillance and escape, epigenetic regulation and stem cell renew‐
al. A better understanding of this mechanisms responsible for prostate cancer growth and
metastatic spread has allowed for the development of a wide array of new therapies.

The growth of prostate cancer is originally androgen dependent and metastatic tumors are
generally treated with androgen ablation therapy, with or without antiandrogen supple‐
mentation [41, 42, 43]. However, resistance to hormonal therapy occurs within 12–18 months
(remissions last on average 2-3 years, progression occurs even under castration [37, 44, 45],
referred to as hormone-refractory or CRPC [41]. Resistance to hormones (in patients with
metastatic disease) is probably shorter than 2-3 years, using PSA. Until recently, patients
with castration-resistant prostate cancer had limited treatment options after docetaxel che‐
motherapy. However, in 2010, new options emerged [46]. The three nonhormonal systemic
approaches that have been found to prolong survival are docetaxel as first line [4] chemo‐
therapy, cabazitaxel as second-line cytotoxic chemotherapy [46, 47] and a vaccine named si‐
puleucel-T [48]. A new hormonal manipulation with abiraterone acetate [45] also showed to
prolong survival in CRPC.

The current palliative treatment options for patients with CRPC can be divided in different
groups such as secondary hormonal therapies, chemotherapy agents, vaccine-based im‐
mune therapy, bisphosphonates, radiotherapy and novel targets.

5.1. Antiandrogen therapies

Drugs that reduce circulating levels of androgens or that competitively inhibit the action of
androgens remain central to the treatment of prostate cancer. The surgical or medical castra‐
tion with orchiectomy or gonadotropin-releasing hormone (GnRH) agonists, respectively,
suppresses testicular testosterone generation. However, the duration of response to castra‐
tion is short [12–33 months) and, in almost all patients, is followed by the emergence of a
castration-resistant phenotype [34]. The combination with antiandrogens to achieve the
maximum androgen blockade (MAB) did not prove to prolong survival and 30% of the pa‐
tients have a drop in PSA after discontinuing antiandrogens [3, 43]. For patients whose dis‐
ease progresses after a MAB, antiandrogen can be discontinued [49], or can be switched to
an alternative antiandrogen as showed in several reports [3, 43]. High-dose [150 mg daily)
bicalutamide as second-line hormonal therapy resulted in ≥50% PSA reduction in 20%–45%
of patients [12, 34].

• Oral Glucocorticoids (10 mg/day) can result in temporary PSA responses for 25% of the
patients, presumably due to adrenal androgen suppression [34, 50].

• Diethylstilboestrol (DES), a synthetic estrogen, as well as the other estrogens, suppresses
the hypothalamic-pituitary-gonadal axis and it reduces ≥50% the total PSA in 26% to 66%
of patients with CRPC. However, the important thromboembolic toxicity limited is use
[50,51].

• Ketoconazol is an antifungal agent that can be given to CRPC patients after antiandrogen
withdrawal because it inhibits cytochrome P-450 enzyme-mediated steroidogenesis in
testes and adrenal glands and when given at high-dose (1200 mg/day) or low dose (600 
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Drugs that reduce circulating levels of androgens or that competitively inhibit the action of
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bicalutamide as second-line hormonal therapy resulted in ≥50% PSA reduction in 20%–45%
of patients [12, 34].

• Oral Glucocorticoids (10 mg/day) can result in temporary PSA responses for 25% of the
patients, presumably due to adrenal androgen suppression [34, 50].

• Diethylstilboestrol (DES), a synthetic estrogen, as well as the other estrogens, suppresses
the hypothalamic-pituitary-gonadal axis and it reduces ≥50% the total PSA in 26% to 66%
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mg/day) it resulted in ≥50% PSA reduction in 27% to 63% and 27 to 46%, of patients, re‐
spectively [49]. However, the narrow therapeutic window of ketoconazole + hydrocorti‐
sone versus hydrocortisone alone must be kept in mind due to secondary effects of
ketoconazole.

• Abiraterone acetate, a prodrug of abiraterone, is a potent and highly selective inhibitor of
androgen biosynthesis that blocks cytochrome P450 c17 (CYP17] a critical enzyme in an‐
drogen synthesis in the testes, adrenals and in the tumor itself [52]. This enzyme catalyzes
two sequential reactions: the conversion of pregnenolone and progesterone to their 17-α-
hydroxy derivates and the subsequent formation of dehydroepiandrosterone (DHEA)
and androstenedione, respectively. These two androgens are precursors of testosterone.
As a result, plasma testosterone levels are significantly lower than those achieved with
conventional hormone therapies; in addition, a reduction in intratumoral levels of andro‐
gens is obtained. The COU-AA-301, a phase III trial in post-docetaxel refractory CRPC, re‐
sulted in a significant improvement in overall survival in the abiraterone group [53].
Furthermore there is a second randomized phase III trial (COU-AA-302) targeting men
with docetaxel and ketoconazole-naïve CRPC showing positive results in the interim
analysis in the Abiraterone group, achieving a delay in disease progression and fairly
long expected survival. For this reason the study was recently unblinded before comple‐
tion at the recommendation of the Independent Data Monitoring Committee.

• MDV3100 (Enzalutamide) is an androgen-receptor antagonist that blocks androgens from
binding to the androgen receptor and prevents nuclear translocation and co-activator re‐
cruitment of the ligand-receptor complex. It also induces tumour cell apoptosis, and has
no agonist activity. MDV 3100 was found clinically active for metastatic castration-resist‐
ant prostate cancer patients in ongoing phase I and II trials. The AFFIRM trial (a phase III
trial) compared MDV3100 versus placebo in patients with docetaxel-refractory CRPC [34,
54]. The trial will determine the effectiveness of enzalutamide in patients who have previ‐
ously failed chemotherapy treatment with docetaxel. In November 2011, this trial was
halted after an interim analysis revealed that patients given the drug lived for approxi‐
mately 5 months longer than those taking placebo, estimating a median survival of 18.4
months for men treated with MDV3100, compared with 13.6 months for men treated with
placebo. This translates into a 37% reduction in the risk for death with MDV3100 (hazard
ratio, 0.631]. As a result, the trial’s Independent Data Monitoring Committee recommend‐
ed that AFFIRM should be stopped earlier and that men who were receiving placebo
should be offered MDV3100. The recommendation was based on the fact that the study’s
prespecified interim efficacy stopping criteria were successfully met. The committee also
examined the safety profile to date and determined that MDV3100 demonstrated a risk/
benefit ratio that was favorable enough to stop the study. It is expected to file for FDA
approval sometime in 2012. There is another phase III trial, known as PREVAIL, that is
investigating the effectiveness of enzalutamide with patients who have not yet received
chemotherapy [55].

• Orteronel (TAK-700]. Is an androgen synthesis inhibitor. It selectively inhibits the en‐
zyme CYP17A1 which is expressed in testicular, adrenal, and prostatic tumor tissues. It is
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a very promising drug, but we still have to wait for results of two phase III clinical trials
currently recruiting participants in CRPC patients and high risk patients [56].

5.2. Chemotherapy

Cabazitaxel is a new tubulin-binding taxane that has shown to be as potent as docetaxel in cell
lines, and is the first chemotherapy shown to improve survival in patients with docetaxel-re‐
fractory metastatic castration resistant prostatic cancer. Moreover, it has demonstrated antitu‐
mor activity in models resistant to docetaxel due to its poor affinity for the ATP-dependent
drug efflux pump, a member of the multidrug resistance protein family [57]. The TROPIC tri‐
al, a phase III trial in post-docetaxel refractory CRPC, compared cabazitaxel plus prednisone
versus mitoxantrone plus prednisolone, in patients with docetaxel-refractory prostate cancer
concluding in a significant improvement in overall survival in the cabazitaxel group.

Epothilones, namely, ixabepilone and patupilone, have shown significant activity in men
with CRPC [58, 59]. These molecules were evaluated in second-line chemotherapy in two
phase II trials after progression with prior taxane [60, 61]. Phase III trials with ixabepilone
are in development and two phase II trial of patupilone are completed [59].

Eribulin mesylate (E7389] is a synthetic analog of the marine macrolide halichondrin B, which
acts as a novel microtubule modulator with a distinct mechanism of action (different from tax‐
anes) [60]. An open-label, multicenter, single-arm, phase II study was conducted in patients
with CRPC stratified by prior taxane therapy [62]. Primary efficacy endpoint was PSA re‐
sponse rate defined as two consecutive ≥50% decreases in PSA levels from baseline. The secon‐
dary endpoints were duration of PSA response rate and objective response rate by RECIST
criteria. One hundred and eight patients were available for analyses. Of these 50 were taxane
pretreated. Eribulin showed activity in patients with metastatic CRPR, especially in those with
taxane naïve disease. Side effects, mainly hematological toxicity (grade 3 and 4 leucopenia and
neutropenia), fatigue, and peripheral neuropathy were manageable [62].

Satraplatin (JM-216] is an oral third-generation platinum compound evaluated in the
SPARC trial, a phase III trial, in combination with prednisone in second-line therapy after
docetaxel [34, 51]. In this trial, satraplatin plus prednisone resulted in significant improve‐
ment in PFS (11.1 weeks versus 9.7 weeks) but there were no improvement in median over‐
all survival compared with prednisone alone (61.3 weeks versus 61.4 weeks).

Other chemotherapy treatments, studied in CRPC are Mitoxantrone with two pivotal studies
in the late 90´s that could not demonstrate to be superior to palliative corticosteroid therapy.
Encourarging results with alternative treatments, including Vinorelbine, a semi-synthetic vin‐
ca alkaloid, and oral cyclophosphamide, have being obtained in prospective clinical phase II
trials. However the lack of representative randomized phase III trials and unknown long-term
efficacy are the major problems associatied with all these studies [63, 64, 65].

5.3. Vaccines-based immunotherapy

Sipuleucel-T is an active cellular immunotherapy consisting of autologous peripheral-blood
mononuclear cells, including antigen-presenting cells (APCs), which have been activated ex
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vivo with a recombinant fusion protein known as PA2024, composed of prostatic acid phos‐
phatase (PAP) linked to granulocyte-macrophage colony-stimulating factor (GM-CSF). In
the first two randomized trials, sipuleucel-T, the primary endpoint was not accomplished
since these studies did not show a significant effect on the time to disease progression com‐
paring with placebo. Despite this, the hazard ratios were in favor of sipuleucel-T [66, 67].
The IMPACT trial, a phase III trial in CPRC asyntomatic patients, resulted in a longer me‐
dian survival time in the Sipuleucel-T group, with limited toxicity. Approved by the Food
and Drugs Administration (FDA), currently Sipuleucel-T is not approved to been used in
Europe [68].

GVAX (CGI940/CG8711] is a cellular vaccine composed of two allogeneic prostate cancer
cell lines (LNCaP and PC-3] that is genetically modified to secrete GM-CSF [69]. This vac‐
cine showed clinical benefit with limited toxicity in phase I and II trials [70, 71]. However,
the two phase III trials (VITAL-1 and VITAL-2] evaluated GVAX against docetaxel plus pre‐
dnisone in naïve CRPC and both were closed prematurely [70]. The VITAL-1 study was
closed when the unplanned futility analysis revealed a <30% chance of meeting its prede‐
fined primary endpoint of OS improvement and the VITAL-2 terminated when an interim
analysis revealed more deaths in the GVAX arm than in the control [71].

PROSTVAC-VF is a cancer vaccine consisting of a recombinant vaccinia vector as a priming
immunization with subsequent multiple booster vaccinations, using a recombinant fowlpox
vector. This agent presented in the context of 3 costimulatory molecules (ICAM-1, BLA-7, and
LFA-3] which, when taken together, demonstrate an increase in strength of the target immuno‐
logic response [48]. This vaccine was evaluated in phase I and II trials. The phase I trial showed
PSA stabilization in 40% of patients and limited toxicity and, in the phase II study, patients in
the PROSTVAC-VF arm achieved an 8.5-month improvement in median OS [25.1 months ver‐
sus 16.6 months) and a 44% reduction in the death rate (Hazard ratio 0.56], [72]. Phase III trial
are being planned and other vaccines are under current development [73].

5.4. Bone-targeted treatments

Zoledronic Acid. Metastatic prostate cancer has an affinity to spread to the bone. Bone meta‐
stases occur in up to 90% of patients with HRPC. These metastases can lead to significant mor‐
bidity, including severe pain, fractures, and spinal cord compression tumors in the bone may
cause pain, compression, or pathologic fratures, known as skeletal related events (SRE´s). Be‐
cause of the frequent involvement of vertebrae by metastatic prostate cancer, the incidene of
cord compression is of particular concern. Zoledronic acid has been shown to prevent or delay
skeletal complications in men with bone metastases, as well as to palliate bone pain [74, 75]. At
an average followup of 24 months, there was a significant reduction in the frequency of skele‐
tal related events (SREs) in men receiving zoledronic acid compared to placebo [38 versus 49
percent), and the median time to develop an SRE was significantly longer with zoledronic acid
[488 versus 321 days) [76]. Biphosphonates may also have a role in preventing osteopenia that
frequently accompanies the use of androgen-deprivation therapy [77, 78]

Denosumab. Is a human monoclonal antibody directed against RANKL that inhibits osteo‐
clast-mediated bone destruction. In a phase III study [79]. Denosumab showed to be better
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than zoledronic acid for the prevention of skeletal-related events. Although is not yet availa‐
ble in Europe, it is expected to be approved soon.

5.5. External beam radiotherapy and radioisotope drugs

Focal external beam radiation therapy (RT) is a palliative treatment possibility that should be
considered for men with CRPC and bone pain that is limited to one or a few sites. Several clini‐
cal trials as well as a systematic review of the literature suggest that single treatments with frac‐
tionation schedules provide palliation with cost effectiveness and patient convenience [80].

Hemibody RT could also be considered in selected patients with symptomatic disease limit‐
ed to one side of the diaphragm, in order to rapid pain relief, when multiple bone metasta‐
ses are present [81]. However, this technique has frequently been replaced by the
administration of radioisotope pharmaceuticals which may be associated with less toxicity
and are more appropriated for patients with multiple painful lesions [82]. In order for these
patients to be treated with radioisotopes the presence of uptake on bone scan due to meta‐
static disease at sites that correlate with pain is necessary. These radioisotopes are used in
men with advanced prostate cancer with osteoblastic bone metastasis. These patients are of‐
ten characterized by a high ratio of bone to soft tissue metastases. Multiple radioisotopes
have been used but the most extensive data are with 89-strontium (89Sr), Radium-223 and
153-samarium [153Sm). Several clinical trials provide the rational for the use of this ap‐
proach in carefully selected patients [83, 84, 85].

Lexidronam (Samarium 153]. Is a complex of a radioisotope of the lanthanide element sama‐
rium with the chelator EDTMP. Particularly useful in patients with CRPC and multiple
painful bone metastases, who have relapsed following initial course of hormonal or cytotox‐
ic chemotherapy, and in patients with progressive or recurrent symptoms at the treated
sites. The goal in this stage of the disease is to maintain quality of life while managing the
symptoms of the progressing cancer. Extensive data support the use of Samarium SM 153 in
this group of patients [8, 9].

Alpharadin (Radium-223]. Alpharadin uses alpha radiation from radium-223 decay to kill
cancer cells. Radium-223 naturally self-targets to bone metastases by virtue of its properties
as a calcium-mimic. Alpha radiation has a very short range of 2-10 cells (when compared to
current radiation therapy which is based on beta or gamma radiation), and therefore causes
less damage to surrounding healthy tissues (particularly bone marrow). Radium-223 has a
half life of 11.4 days, making it ideal for targeted cancer treatment. Furthermore, any Al‐
pharadin that is not taken up by the bone metastases is rapidly cleared to the gut and excret‐
ed. In the phase III ALSYMPCA trial [86], Alpharadin succesfully met the primary endpoint
of overall survival. When compared with placebo, Radium-223 was associated with im‐
proved overall survival (median 14.0 versus 11.2 months; HR, 0.69. A recent phase III trial
envolving Alpharadin, showed a significant improvement in the median overall survival in
chemo-naïve patients as well as in those treated previously with docetaxel.
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5.6. Antiangiogenic strategies

Bevacizumab. Tumor angiogenesis is likely to be an important biologic component of pros‐
tate cancer growth and progression. An elevated levels of the potent angiogenic molecule
vascular endothelial growth factor (VEGF) have been shown to correlate with advanced
clinical stage and survival. Microvessel density in clinically localized prostate cancer is an
independent prognostic for progression and survival [87, 88]. Antiangiogenic agents using
monoclonal antibodies to VEGF, such as bevacizumab (Avastin®) have been studied in
prostate cancer. Although single-agent studies have failed to demonstrate significant results,
a phase II trial conducted by the CALGB added bevacizumab to docetaxel and estramustine
in men with HRPC; 79% of patients had a greater than 50% decline in PSA level, median
time to progression of 9.7 months, and overall median survival of 21 months [89]. On the
basis of these promising results, a randomized, double-blind, placebo-controlled, phase III
trial has been designed comparing docetaxel 75 mg/m2 every 3 weeks with prednisone 10
mg orally daily with either bevacizumab 15 mg/kg IV or placebo every 3 weeks (CALGB
90401]. The primary endpoint for this trial is overall survival, and secondary endpoints in‐
clude progression-free survival, PSA reduction, and grade 3 toxicities. This trial opened in
April 2005 and is actively accruing.

Thalidomide. Is a synthetic glutamic acid derivative. Thalidomide was noted to have anti-
inflammatory, immunomodulatory and antiangiogenic effects. alone or in combination with
docetaxel were studied in phase II trials with promising results. Microvessel density (MVD)
has been reported to be higher in prostate cancer tissue than in adjacent hyperplastic or be‐
nign tissue [90]. Preclinical evidence also suggests that angiogenesis may play a key role in
the development of aggressive prostate cancer lesion [91]. Clinical studies have observed a
correlation between increased angiogenesis in primary tumor specimens and the future de‐
velopment of metastatic disease. The apparent importance of angiogenesis in the evolution
of prostate cancer provides a rationale for the investigation of antiangiogenesis agents in
CRPC. A phase II trial of thalidomide resulted in a > 40% fall in PSA levels in 27% of pa‐
tients and improvement in clinical symptoms in all responding patients. PSA declines often
resulted in striking reductions in measurable disease on positron emission tomographic
scan. Thalidomide plus docetaxel versus docetaxel monotherapy, in a phase II trial in pa‐
tients with metastatic CRPC, showed a ≥50% PSA decrease (53% versus 37%) and improve‐
ment in median overall survival (28.9 months versus 14.7 months) for patients in the
thalidomide group [92, 93].

The combination of docetaxel, thalidomide, bevacizumab, and prednisolone was also evalu‐
ated in a phase II trial with a ≥50% PSA reduction in 89.6% of patients. The median time to
progression was 18.3 months and the median overall survival was 28.2 months [93]. More
studies are needed before prescribing angiogenesis inhibitors outside clinical trials.

5.7. Other targets

Dasatinib. Is a small molecular kinase inhibitor of Src family kinases (SFK), being studied
for prostate cancer because Src signaling is involved in androgen-induced proliferation. In a
phase II trial in chemotherapy-naïve patients with metastatic CRPC, dasatinib [100 mg orally
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twice daily) showed lack of progression in 43% of patients at week 12 and in 19% in patients
at week 24. It also revealed a decrease in the markers of bone metabolism (N-telopeptide
and bone alkaline phosphatase) A randomized phase III trial with dasatinib plus docetaxel
is ongoing [94].

Ipilimumab. Blockade of the T-cell inhibitory receptor CTL-associated antigen-4 (CTLA-4]
augments and prolongs T-cell responses and is a strategy to elicit antitumor immunity [95].
Ipilimumab, an anti-CTLA-4 antibody, was tested in order to potentiate endogenous antitu‐
mor immunity to prostate cancer through combination immunotherapy with CTLA-4 block‐
ade and GM-CSF [96]. The results showed that this combination immunotherapy can induce
the expansion not only of activated effector CD8 T cells in vivo but also of T cells that are
specific for known tumor-associated antigens from endogenous immune repertoire.

In a pilot trial of CTLA-4 blockade with ipilimumab patients with CRPC were given a single
dose of 3 mg/kg [95]. Results showed that this approach was safe and did not result in sig‐
nificant clinical autoimmunity. PSA modulating effects presented need further investigation
in order to be fully understood. Two phase III trials are now recruiting patients in order to
compare ipilimumab with placebo [96]. One trial [97] will evaluate this approach in patients
with metastatic disease, with at least one bone metastasis, prior treatment with docetaxel,
and castrate levels of serum testosterone. The other trial [98] will include patients with meta‐
static castration-resistant prostate cancer who are asymptomatic or minimally symptomatic
and who have not received prior chemotherapy or immunotherapy.

Atrasentan. The Endothelins (ETs) constitute a family of three 21-amino-acid peptides (ET-1,
ET-2, and ET-3] that are synthesized as propeptides and are transformed to their active
forms by sequential endopeptidase and ET-converting enzyme-mediated cleavage [99]. ETs
are regulators of cell proliferation, vasomotor tone, and angiogenesis. The ETs bind to two
receptors, endothelin-A (ET-A) and endothelin-B (ET-B), and play an important role in an‐
giogenesis, proliferation, escape from apoptosis, invasion, tumor growth, new bone forma‐
tion, and bone metastasis [73, 74]. ET and their receptors have emerged as a potential targets
in CRPC [99]. Efficacy and safety of ET-A receptor blockade—atrasentan (ABT-627]—have
been evaluated in a double-blind, randomized, placebo-controlled, phase II trial [99], Two
hundred and eighty-eight asymptomatic patients were randomized to one of three study
groups: placebo, 2.5 mg atrasentan, 10 mg atrasentan. Primary endpoint was time to pro‐
gression. Secondary end points were time to PSA progression, bone scan changes, and
changes in bone and tumor markers. Target therapy with atrasentan was well tolerated and
results showed a potential to delay progression of CRPC.

Based on these results other phase III studies also evaluated atrasentan. In one of these stud‐
ies [100], atrasentan did not reduce the risk of disease progression relative to placebo. How‐
ever exploratory analyses showed that alkaline phosphatase and PSA levels were
significantly lower in the treatment arm [90]. Another phase III study (SWOG S0421] tested
atrasentan combined with docetaxel/prednisone in metastatic CRPC as a first-line therapy
[100]. SWOG trial S0421 closed earlier based on interim finding that atrasentan added to do‐
cetaxel and prednisone did not confer additional survival benefit to patients with hormone-
refractory prostate cancer. The Data and Safety Monitoring Committee has determined that
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patients in phase III S0421 receiving atrasentan in addition to a standard chemotherapy regi‐
men for advanced prostate cancer did not have longer survival or longer progression-free
survival.

Zibotentan (ZD 4054]. Is another ET-A receptor antagonist, which showed evidence of activ‐
ity in a randomized phase II trial in men with castrate-resistant prostate cancer and bone
metastases [101]. Following these results two phase III trials [102, 103] were conducted. EN‐
THUSE M0 was discontinued following the results of an early efficacy review by the Inde‐
pendent Data Monitoring Committee. The company has concluded that zibotentan was
unlikely to meet its primary efficacy endpoints progression free survival and overall surviv‐
al. Results from ENTHUSE M1C are still awaited.

Tyrosine kinase inhibitors (TKIs) are important new class of target therapy that interfere with
specific cell signaling pathways and thus allow target specific therapy for selected malignan‐
cies. Sorafenib and sunitinib have been tested in prostate cancer in phase I and II trials.

Sorafenib. In the first stage of a phase II trial with sorafenib [104] 22 metastatic CRPC were
enrolled. Most of the patients [59%) had received prior therapy with docetaxel or mitoxan‐
trone. Sorafenib therapy failed to show >50% PSA reduction [51]. A second stage of the trial
was conducted with 24 more patients [105]. Of the 24 patients, 21 had previous chemothera‐
py with docetaxel. All patients had bone metastases, either alone (in 11] or with soft-tissue
disease (in 13]. At a median potential followup of 27.2 months, the median progression-free
survival was 3.7 months and the median overall survival was 18.0 months. For the whole
trial of 46 patients the median survival was 18.3 months. The authors concluded that sorafe‐
nib has moderate activity as a second-line treatment for metastatic castration-resistant pros‐
tate cancer in this trial population [106].

Another phase II study [98] included 57 chemotherapy naïve CRPC patients. Fifty-five pa‐
tients were evaluable. Two of these patients had >50% PSA reduction and 15 patients had
stable disease. Analysis of the results from a third phase II trial suggests that sorafenib ther‐
apy could affect PSA production or secretion regardless of its antitumor activity [107].

Sunitinib. A phase I/II trial of sunitinib in combination with docetaxel and prednisone
showed a PSA response in 56% of patients, a median time to PSA progression of 42.1 weeks,
and a partial response of measurable disease in 39% patients [108]. Sunitinib was also tested
in CRPC naïve and docetaxel refractory patients in other phase II trials [106, 107]. A phase
III trial comparing sunitinib plus prednisone versus prednisone alone, in patients with doce‐
taxel refractory metastatic CRPC, is ongoing. Overall survival is the primary endpoint of
this study [109].

Cabozantinib. Is an inhibitor of MET and VEGFR2 [90]. Both the MET and VEGF-type 2 re‐
ceptor signaling pathways appear to play important roles in the function of osteoblasts and
osteoclasts. MET signaling promotes tumor growth, invasion, and metastasis. Results from
cabozantinib trial were presented at ASCO Meeting, 2011. The authors concluded that cabo‐
zantinib showed clinical activity regardless of prior docetaxel in metastatic CRPC patients,
particularly in patients with bone disease, in addition to improvements in hemoglobin and
tumor regression.
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There are also other potential targets, such as IGF-1R signaling, vitamin D receptor, PTEN,
and phosphoinositide 3-kinase signaling; those are quite promising and could lead us to
new treatment options [3, 34]. New mechanisms, drugs, and clinically relevant molecular
targets show survival advantage and are new options available for patients after traditional
chemotherapy. As ongoing studies using all the mentioned agents continue to evolve, our
understanding of how and where these agents fit into the treatment paradigm for patients
with CRPC will become clearer. Improvements in progression-free survival and OS rates,
observed with novel agents, in metastatic prostate cancer have led to a shift in treatment
paradigm. The challenge will be to position the current established and expected novel
treatments in the new landscape of metastatic prostate cancer and to determine at what
point and time in the disease course they can best be administered. It is clear, however, that
our knowledge of the biologic mechanisms involved iin teh progression of metastaic castra‐
tion-resistant prostate cancer has reached a level at which the discovery of more effective
targeted approaches will probably futher improve outcomes.

Author details

Miguel Álvarez Múgica1, Jesús M. Fernández Gómez2,3, Antonio Jalón Monzón2,
Erasmo Miguelez García1 and Francisco Valle González1

1 Urology Department, Hospital Valle Nalón, Spain

2 Urology Department, HUCA, Spain

3 University of Oviedo, Spain

References

[1] American Cancer Society. http://www.cancer.org (accessed September 2010).

[2] Dolfsson J, Oksanen H, Salo JO, Steineck G. Localized prostate cancer and 30 years of
follow-up in a population-based setting. Prostate Cancer Prostatic Dis2000; 3: 37-42.

[3] Scardino PT. The Gordon Wilson Lecture. Natural history and treatment of early
stage prostate cancer. Trans Am Clin Climatol Assoc 2000; 111: 201–41.

[4] Tannock IA, de Wit R, Berry WR, Horti J, Pluzanska A, Chi KN, Oudard S, Théodore
C, James N, Turesson I, Rosenthal MA, Eisenberger MA. Docetaxel plus Prednisone
or Mitoxantrone plus Prednisone for Advanced Prostate Cancer. N Engl J Med 2004;
351: 1502-12.

[5] Petrylak DP, Tangen CM, Hussain MHA, et al. Docetaxel and estramustine com‐
pared with mitoxantrone and prednisone for advanced refractory prostate cancer. N
Engl J Med 2004; 351: 1513–20.

Novel Therapeutic Settings in the Treatment of Castration-Resistant Prostate Cancer
http://dx.doi.org/10.5772/52288

265



patients in phase III S0421 receiving atrasentan in addition to a standard chemotherapy regi‐
men for advanced prostate cancer did not have longer survival or longer progression-free
survival.

Zibotentan (ZD 4054]. Is another ET-A receptor antagonist, which showed evidence of activ‐
ity in a randomized phase II trial in men with castrate-resistant prostate cancer and bone
metastases [101]. Following these results two phase III trials [102, 103] were conducted. EN‐
THUSE M0 was discontinued following the results of an early efficacy review by the Inde‐
pendent Data Monitoring Committee. The company has concluded that zibotentan was
unlikely to meet its primary efficacy endpoints progression free survival and overall surviv‐
al. Results from ENTHUSE M1C are still awaited.

Tyrosine kinase inhibitors (TKIs) are important new class of target therapy that interfere with
specific cell signaling pathways and thus allow target specific therapy for selected malignan‐
cies. Sorafenib and sunitinib have been tested in prostate cancer in phase I and II trials.

Sorafenib. In the first stage of a phase II trial with sorafenib [104] 22 metastatic CRPC were
enrolled. Most of the patients [59%) had received prior therapy with docetaxel or mitoxan‐
trone. Sorafenib therapy failed to show >50% PSA reduction [51]. A second stage of the trial
was conducted with 24 more patients [105]. Of the 24 patients, 21 had previous chemothera‐
py with docetaxel. All patients had bone metastases, either alone (in 11] or with soft-tissue
disease (in 13]. At a median potential followup of 27.2 months, the median progression-free
survival was 3.7 months and the median overall survival was 18.0 months. For the whole
trial of 46 patients the median survival was 18.3 months. The authors concluded that sorafe‐
nib has moderate activity as a second-line treatment for metastatic castration-resistant pros‐
tate cancer in this trial population [106].

Another phase II study [98] included 57 chemotherapy naïve CRPC patients. Fifty-five pa‐
tients were evaluable. Two of these patients had >50% PSA reduction and 15 patients had
stable disease. Analysis of the results from a third phase II trial suggests that sorafenib ther‐
apy could affect PSA production or secretion regardless of its antitumor activity [107].

Sunitinib. A phase I/II trial of sunitinib in combination with docetaxel and prednisone
showed a PSA response in 56% of patients, a median time to PSA progression of 42.1 weeks,
and a partial response of measurable disease in 39% patients [108]. Sunitinib was also tested
in CRPC naïve and docetaxel refractory patients in other phase II trials [106, 107]. A phase
III trial comparing sunitinib plus prednisone versus prednisone alone, in patients with doce‐
taxel refractory metastatic CRPC, is ongoing. Overall survival is the primary endpoint of
this study [109].

Cabozantinib. Is an inhibitor of MET and VEGFR2 [90]. Both the MET and VEGF-type 2 re‐
ceptor signaling pathways appear to play important roles in the function of osteoblasts and
osteoclasts. MET signaling promotes tumor growth, invasion, and metastasis. Results from
cabozantinib trial were presented at ASCO Meeting, 2011. The authors concluded that cabo‐
zantinib showed clinical activity regardless of prior docetaxel in metastatic CRPC patients,
particularly in patients with bone disease, in addition to improvements in hemoglobin and
tumor regression.

Advances in Prostate Cancer264

There are also other potential targets, such as IGF-1R signaling, vitamin D receptor, PTEN,
and phosphoinositide 3-kinase signaling; those are quite promising and could lead us to
new treatment options [3, 34]. New mechanisms, drugs, and clinically relevant molecular
targets show survival advantage and are new options available for patients after traditional
chemotherapy. As ongoing studies using all the mentioned agents continue to evolve, our
understanding of how and where these agents fit into the treatment paradigm for patients
with CRPC will become clearer. Improvements in progression-free survival and OS rates,
observed with novel agents, in metastatic prostate cancer have led to a shift in treatment
paradigm. The challenge will be to position the current established and expected novel
treatments in the new landscape of metastatic prostate cancer and to determine at what
point and time in the disease course they can best be administered. It is clear, however, that
our knowledge of the biologic mechanisms involved iin teh progression of metastaic castra‐
tion-resistant prostate cancer has reached a level at which the discovery of more effective
targeted approaches will probably futher improve outcomes.
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1. Introduction

The successful application of therapeutic strategies to block the known growth stimulation
property of estrogen in breast cancer, namely the aromatase (CYP19) inhibitors formestane
(4-OH) and exemestane (Aromasin) [1], has paved the way for the investigation of inhibitors
of other P450 enzymes that might impart the growth of hormone-dependent cancers [2]. Cy‐
tochrome P450 17α-hydroxylase,C17,20-lyase (CYP17) is at the crossroads of androgen and
corticoid biosynthesis and has become a valuable target in prostate cancer (PC) treatment
[3-8]. Androgens, which are produced in steroidogenic tissues, bind to the androgen recep‐
tor (AR) and initiate transcription which in turn results in the synthesis of prostate-specific
proteins, as well as in cell proliferation. Systemic ablation of androgen by castration, either
surgical or chemical, is highly effective in treating PC when the disease is hormone-depend‐
ent [3]. However, within 18-24 months following the onset of primary hormonal therapies,
the disease becomes androgen-refractory by mechanisms in which AR-mediated signaling
and gene expression is still active despite castrate androgen levels [9]. The FDA approved
the combination of docetaxel (Taxotere) 1 and prednisone for the treatment of castrate-resist‐
ant PC (CRPC) which improves survival time in about 18 months [10, 11], and cabazitaxel
(Jevtana) 2 [12], a novel taxane derivative, for metastatic CRPC (mCRPC) which has pro‐
gressed following docetaxel therapy (Fig. 1). The immunotherapy Sipuleucel-T (Provenge) is
also approved for the treatment of asymptomatic or minimally symptomatic mCPRC. In
April 2011, abiraterone acetate (Zytiga) 3 became the first steroidal CYP17 inhibitor to be ap‐
proved by the FDA for the treatment of docetaxel-resistant mCRPC (Fig. 1) [13, 14]. Follow‐
ing abirateroneacetate 3, galeterone (TOK-001) 4 (Fig. 1), another steroidal CYP17 inhibitor,

© 2013 Salvador et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
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with AR antagonistic and ablative activities, is currently undergoing Phase I/II clinical trials
for the treatment of chemotherapy-naive CRPC [15, 16].
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Figure 1. Compounds used in the clinical practice for PC treatment, and galeterone4, currently undergoing clinical
trials for the treatment of chemotherapy-naive CRPC.

The first reports on steroidal CYP17 inhibitors date back to about 40 years ago [3, 8, 17-20].
Many different chemistries have been exploited in their development which has been com‐
plicated by the fact that no 3D structure of the enzyme is available. Nonetheless, structure-
activity analysis has revealed the general features of a good inhibitor and recent docking
and modeling studies have further shed some light on the way these molecules interact with
the enzyme’s active site [21, 22]. Moreover, additional effects of these compounds on other
PC-related targets have been studied and disclosed. This chapter will tell the success story
of the development of steroidal CYP17 inhibitors from their early discovery days to their
very recent introduction into the clinics for the treatment of advanced PC.

2. The CYP17 enzyme: One active site, two activities

The eukaryotic class II cytochrome P450 enzyme CYP17 is an endoplasmic reticulum mem‐
brane bound multifunctional protein with 17α-hydroxylase and C17,20-lyase activities, both
engaged on a single active site (Fig. 2) [23-28].
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Figure 2. CYP17 and androgen physiology. i. P450 cholesterol side-chain cleavage (P450scc); ii. 3β-Hydroxysteroid de‐
hydrogenase, Δ4,5-isomerase; iii. CYP17 (OHase); iv. CYP17 (lyase); v. 17β-Hydroxysteroid dehydrogenase; vi. 5α-Reduc‐
tase; vii. Aromatase (CYP19).

Alike other cytochrome P450 enzymes, this cysteinato-heme enzyme functions as a mono-
oxygenase by activating and cleaving molecular dioxygen so that one of the atoms is insert‐
ed into its substrate while the other gives rise to a water molecule [29, 30]. P450 reductase
transfer of electrons in the presence of nicotinamide adenine dinucleotide phosphate
(NADPH) is a requisite for both catalytic activities [29, 30]. Its natural substrates are pregne‐
nolone (Preg) and progesterone (Prog) which are first hydroxylated at the 17 position and
then their side chain is cleaved to afford 17-keto derivatives (dehydroepiandrosterone,
DHEA and androstenedione, AD respectively), which are androgen precursors. The andro‐
gens (testosterone, T and dihydrotestosterone, DHT) that result from further metabolization
of both DHEA and AD, bind to the AR and initiate transcription, triggering the synthesis of
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with AR antagonistic and ablative activities, is currently undergoing Phase I/II clinical trials
for the treatment of chemotherapy-naive CRPC [15, 16].
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PC-related targets have been studied and disclosed. This chapter will tell the success story
of the development of steroidal CYP17 inhibitors from their early discovery days to their
very recent introduction into the clinics for the treatment of advanced PC.
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Figure 2. CYP17 and androgen physiology. i. P450 cholesterol side-chain cleavage (P450scc); ii. 3β-Hydroxysteroid de‐
hydrogenase, Δ4,5-isomerase; iii. CYP17 (OHase); iv. CYP17 (lyase); v. 17β-Hydroxysteroid dehydrogenase; vi. 5α-Reduc‐
tase; vii. Aromatase (CYP19).
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then their side chain is cleaved to afford 17-keto derivatives (dehydroepiandrosterone,
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specific proteins and also cell proliferation [31, 32]. Apart from male physiology, androgens
are involved in PC development and progression, as at least 80% of human PCs respond fa‐
vorably to androgen ablation therapy [33-35]. This dependence of PC on androgen signal‐
ling has been known for about 70 years [36, 37] and the use of strategies that effectively
lower the levels of circulating androgens in PC patients has been the mainstay of PC therapy
for several decades.

CYP17 is localized to the adrenals, testes, placenta and ovaries and plays a fundamental role
in the synthesis of not only sex steroids but also corticosteroids. The testes are responsible
for about 90-95% of the circulating androgens and the adrenals for the remaining 5-10% [38].
Human CYP17 is expressed from a single gene mapped to a specific sub-band of chromo‐
some 10 at q24.3, in steroidogenic tissue [39-41]. This bifunctionality of the product of a sin‐
gle gene has been explained by modulation of the enzyme’s C17,20-lyase activity by several
factors such as the presence of the electron carrier P450 oxidoreductase (POR) [42, 43], cyto‐
chrome b5 (cyt. b5) [44-48], the phosphorylation of serine/threonine residues [44, 49-51], and
single amino acid mutations [52-55]. The effective ratio of C17,20-lyase to 17α-hydroxylase ac‐
tivities is under tight control during development in the human adrenal cortex, and becomes
greatly elevated in adrenarche, where a rise in DHEA body concentrations is observed with‐
out concomitant increase in glucocorticoid or mineralocorticoid production [56]. Thus, pro‐
duction of the mineralocorticoid aldosterone occurs in the adrenal zona glomerulosa where
CYP17 is absent. In the zona reticularis and in the gonads, the presence of both activities
drives the production of sex steroids, whereas overexpression of 17α-hydroxylase activity is
fundamental for the production of glucorticoids in the zona fasciculata.

The crystal structure of CYP17 remains yet to be determined since purification from its
membrane environment and subsequent reconstitution of activity in vitro has proved to be a
difficult task [26, 29, 30]. However, the availability of some cytochrome P450 crystal struc‐
tures, such as the ones from prokaryotic P450cam [57, 58], P450BM3 [59-61], and P450 CY‐
PeryF [62], as well as the eukaryotic CYP3A4 [63] and AYP2C9 [64] among others [65], has
been a valuable tool in building homology models. In addition, the high-resolution crystal
structures of mammalian P450s that are significantly homologous to CYP17 and complexed
to a variety of ligands [66] have now been uploaded onto the Protein Data Bank (PDB). A
very recent model has been developed based on these crystal structures from closely related
mammalian cytochrome P450s [21]. In another approach, a truncated, His-tagged version of
human CYP17 was generated from a synthetic complimentary DNA and expressed in E. coli
[22]. These models were used to dock known CYP17 inhibitors to the active site.

3. Steroidal CYP17 inhibitors

Clinical practice outcomes with ketoconazole 5 (Fig. 1), an orally administered non-steroidal
imidazole antifungal agent that was first reported to cause gynecomastia in male patients
[67-69], have further evidenced the value of inhibition of the steroid synthesis pathway as a
therapeutic strategy for advanced PC. This compound is used clinically as the racemate of
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the cis-isomer [17, 70], and is offered as secondary hormonal therapy to patients with CRPC,
despite some significant gastrointestinal and hepatic side-effects when administered in high
doses [71-73]. Following ketoconazole 5, several non-steroidal compounds have been syn‐
thesized which displayed better inhibitory properties. In addition, modification of the origi‐
nal core of the enzyme’s natural substrates has also afforded very potent steroidal inhibitors
[3, 8, 17-20]. Based on the knowledge that was generated by this approach which was recent‐
ly validated by computational studies, common features were established for optimal inter‐
action between enzyme and substrate. Thus, a good inhibitor should possess a sufficiently
large hydrophobic core, comparable to a steroid molecule, and bear electronegative groups
at its external positions [74]. The presence of a heteroatom-containing group capable of coor‐
dination to the heme iron of CYP17, ofa planar α-face to pack against the I helix; and in ad‐
dition of hydrogen bonding groups such as the 3β-hydroxylto interact with conserved polar
residues in a hydrogen binding network, has proved invaluable for optimal inhibition, as is
the case of both abiraterone acetate 3 and galeterone 4 [22].

3.1. Androstanes

The first reports on CYP17 steroidal inhibitors date back to 1971 when Arth et al. synthe‐
sized and evaluated testosterone derivatives against rat testicular CYP17, following the ob‐
servation that testosterone acetate 6 (Fig. 3, Table 1, entry 1) was a potent inhibitor of the
enzyme [75]. Almost total abrogation of the enzyme’s activity was observed after treatment
with 1.5 μM of compounds 7, 8, and 10 (Table 1, entries 2-3, and 5), with the acetamide de‐
rivative 9 being less potent (Table 1, entry 4). Competitive inhibition of pig CYP17 was re‐
ported for the anabolic steroids mestanolone 11, stanozolol12, and furazobol 13 (Fig. 3) [76].
Week inhibition in the high μM range was found with compounds 11 and 13 against the
C17,20-lyase activity whereas stanozolol 12 inhibited both enzyme activities with IC50 values
of 2.9 μM and 0.74 μM, for the 17α-hydroxylase and C17,20-lyase activities, respectively.

The irreversible inhibition of CYP17 by compound 14 (Fig. 3, Table 1, entry 6) was reported
to occur due to the presence of a cyclopropylamino moiety capable of being activated by the
enzyme by one-electron oxidation of the nitrogen atom, which causes ring opening to afford
a β-iminium radical that covalently binds to the enzyme, while the compound is still bound
in the active site [77]. Other related irreversible inhibitors reported include compounds
15-18 (Fig. 3, Table 1, entries 7-10) [78-81]. Compounds 15-17 were potent inhibitors of the
human CYP17 at 0.8 and 1 μM, after preincubation with the enzyme (Table 1, entries 7-9).
The ki values of the 4-amino derivatives 16-17 and of the sulfoxide derivatives 19-20 were
determined using cynomolgous monkey and porcine testicular CYP17, respectively (Table 1,
entries 8-9 and 11-12) [82]. Compound 18 also potently inhibited the activity of the monkey
cynomolgous CYP17 at 0.1 μM, after preincubation with the enzyme (Table 1, entry 10) [80].

The introduction of heterocyclic moieties into molecules is a commonly used strategy in
drug discovery and the design of potent steroidal CYP17 inhibitors based on this feature is
an example of success. Thus, several androstane derivatives have been synthesized bearing
a heterocycle ring at C17 either connected to it by a carbon (Fig. 4, Compounds 21-50) or a
nitrogen (Fig. 5, Compounds 53-60) atom. In 1995, Jarman et al. reported the synthesis of
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to occur due to the presence of a cyclopropylamino moiety capable of being activated by the
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an example of success. Thus, several androstane derivatives have been synthesized bearing
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abiraterone 21 (Fig. 4), a 17-(3-pyridyl)androstane derivative and a potent irreversible inhib‐
itor of human testicular CYP17 (Table 2, entry 1), about 16- and 9-fold more potent than ke‐
toconazole 5 for the inhibition of the hydroxylase and lyase activities, respectively, with IC50

values in the low nM range [86]. Its 3β-acetoxy derivative and prodrug, abiraterone acetate 3
(Table 2, entry 2) has helped to further evidence and establish the utility of specific CYP17
inhibition in metastatic PC (mPC) patients. In 2001, Hartmann et al. reported that the intro‐
duction of a pyrimidyl substituent at C17 originated compounds such as 22 and 23 (Fig. 4,
Table 2, entries 3-4) which were more potent inhibitors of the human enzyme than both ke‐
toconazole 5 and abiraterone 21, under the same assay conditions, and that compound 23
effectively lowered T plasma concentrations to castrate levels after administration to mice
[87, 88]. The thiazole and furan derivatives 24 and 25 were also synthesized and tested on
the monkey cynomolgous enzyme (Fig. 4, Table 1, entries 13-14) [83, 85].

Entry Compound
Inhibitor

concentration (µM)
% Inhibitiona Ki (nM) IC50 (µM) Ref.

1 6 1.5 65 __ __

[75]

2 7 1.5 95 __ __

3 8 1.5 100 __ __

4 9 1.5 85 __ __

5 10 1.5 90 __ __

6 14 __ __ 90b 4.6c [77]

7 15 0.8 64 __ __ [78,79]

8 16 1 84 339b __
[80,81]

9 17 1 86 286b __

10 18 0.1 79b __ __ [80]

11 19 __ __ 380c, d 1.9c

[82]
12 20 __ __ 380c, d 1.9c

13 24 0.1 58b __ 0.063b

[83-85]
14 25 0.1 53b __ __

Table 1. Inhibition of CYP17 by androstane derivatives. aHuman CYP17; bDetermined on cynomolgous monkey testis
enzyme; cPorcine testicular CYP17; dki for compound 14 under the same assay conditions was 3620 nM.

A series of interesting effects on PC cells other than just CYP17 inhibition was reported
by Brodie et al. for the imidazolyl, pyrazolyl, and isoxazolylandrostane derivatives 26-32
(Fig.  4,  Table 2,  entries 5-11).  The isoxazolyl compound 32  was not only a non-competi‐
tive inhibitor of human CYP17 but also a competitive inhibitor of 5α-reductase, with po‐
tency similar to finasteride,  while in addition bearing antiandrogenic activity [89-93].  Its
effects  were  confirmed using  PC xenograftmodels,  however,  its  short  half-life  and rela‐
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tively low bioavailability were reasoned to limit its efficacy in vivo  [93-95].  Less success‐
ful  attempts  of  CYP17 inhibitors  design include the 5’-methyl-2’-thiazolyl  androstane 33
(Fig.  4)  which  was  a  weak  inhibitor  of  human  CYP17  expressed  in  E.  coli  when  com‐
pared to ketoconazole 5  [3].  In 2006, Wolfling et al.  reported the synthesis of a series of
dihydrooxazine derivatives 34-45  (Fig. 4) which low inhibitory activity of CYP17 is most
likely due to the bulkiness of the C17 moieties and the absence of a double bond at C16
[96].  The same group later  reported the synthesis  of  the oxazolidone derivative 46  (Fig.
4, Table 2, entry 12) which inhibited the activity of rat testicular C17,20-lyase with an IC50

value of 3 μM [97]. Similar inhibition of the enzyme was observed with the halogenated
oxazoline derivatives 47 and 48 [98], and with the D-ring fused arylpyrazoline 51 (Fig. 4,
Table  2,  entries  13-14,  and 17)  [99].  The  N-phenylpyrazolyl  derivatives  49  and 50  were
however much less active, with IC50 values in the high μM range [100], as was the steroi‐
dal D-ring fused oxazolidine 52 (Fig. 4, Table 2, entries 15-16, and 18) [99].

Figure 3. Androstane based CYP17 inhibitors.

In 1996, Njar et al. reported the first steroidal inhibitors of CYP17 bearing a heterocyclic moi‐
ety bound to C17 by a nitrogen atom [101], which included compounds 53-55 (Fig. 5, Table
2, entries 19-21), among which the imidazolyl derivative 53 was found to be the most prom‐
ising [101-104]. Later, in 2005, the same group reported the synthesis of galeterone 4 and its
Δ4-3-keto derivative 56 (Fig. 5, Table 2, entries 22-23) [104-106].

Steroidal CYP17 Inhibitors for Prostate Cancer Treatment: From Concept to Clinic
http://dx.doi.org/10.5772/45948

281



abiraterone 21 (Fig. 4), a 17-(3-pyridyl)androstane derivative and a potent irreversible inhib‐
itor of human testicular CYP17 (Table 2, entry 1), about 16- and 9-fold more potent than ke‐
toconazole 5 for the inhibition of the hydroxylase and lyase activities, respectively, with IC50

values in the low nM range [86]. Its 3β-acetoxy derivative and prodrug, abiraterone acetate 3
(Table 2, entry 2) has helped to further evidence and establish the utility of specific CYP17
inhibition in metastatic PC (mPC) patients. In 2001, Hartmann et al. reported that the intro‐
duction of a pyrimidyl substituent at C17 originated compounds such as 22 and 23 (Fig. 4,
Table 2, entries 3-4) which were more potent inhibitors of the human enzyme than both ke‐
toconazole 5 and abiraterone 21, under the same assay conditions, and that compound 23
effectively lowered T plasma concentrations to castrate levels after administration to mice
[87, 88]. The thiazole and furan derivatives 24 and 25 were also synthesized and tested on
the monkey cynomolgous enzyme (Fig. 4, Table 1, entries 13-14) [83, 85].

Entry Compound
Inhibitor

concentration (µM)
% Inhibitiona Ki (nM) IC50 (µM) Ref.

1 6 1.5 65 __ __

[75]

2 7 1.5 95 __ __

3 8 1.5 100 __ __

4 9 1.5 85 __ __

5 10 1.5 90 __ __

6 14 __ __ 90b 4.6c [77]

7 15 0.8 64 __ __ [78,79]

8 16 1 84 339b __
[80,81]

9 17 1 86 286b __

10 18 0.1 79b __ __ [80]

11 19 __ __ 380c, d 1.9c

[82]
12 20 __ __ 380c, d 1.9c

13 24 0.1 58b __ 0.063b

[83-85]
14 25 0.1 53b __ __

Table 1. Inhibition of CYP17 by androstane derivatives. aHuman CYP17; bDetermined on cynomolgous monkey testis
enzyme; cPorcine testicular CYP17; dki for compound 14 under the same assay conditions was 3620 nM.

A series of interesting effects on PC cells other than just CYP17 inhibition was reported
by Brodie et al. for the imidazolyl, pyrazolyl, and isoxazolylandrostane derivatives 26-32
(Fig.  4,  Table 2,  entries 5-11).  The isoxazolyl compound 32  was not only a non-competi‐
tive inhibitor of human CYP17 but also a competitive inhibitor of 5α-reductase, with po‐
tency similar to finasteride,  while in addition bearing antiandrogenic activity [89-93].  Its
effects  were  confirmed using  PC xenograftmodels,  however,  its  short  half-life  and rela‐

Advances in Prostate Cancer280

tively low bioavailability were reasoned to limit its efficacy in vivo  [93-95].  Less success‐
ful  attempts  of  CYP17 inhibitors  design include the 5’-methyl-2’-thiazolyl  androstane 33
(Fig.  4)  which  was  a  weak  inhibitor  of  human  CYP17  expressed  in  E.  coli  when  com‐
pared to ketoconazole 5  [3].  In 2006, Wolfling et al.  reported the synthesis of a series of
dihydrooxazine derivatives 34-45  (Fig. 4) which low inhibitory activity of CYP17 is most
likely due to the bulkiness of the C17 moieties and the absence of a double bond at C16
[96].  The same group later  reported the synthesis  of  the oxazolidone derivative 46  (Fig.
4, Table 2, entry 12) which inhibited the activity of rat testicular C17,20-lyase with an IC50

value of 3 μM [97]. Similar inhibition of the enzyme was observed with the halogenated
oxazoline derivatives 47 and 48 [98], and with the D-ring fused arylpyrazoline 51 (Fig. 4,
Table  2,  entries  13-14,  and 17)  [99].  The  N-phenylpyrazolyl  derivatives  49  and 50  were
however much less active, with IC50 values in the high μM range [100], as was the steroi‐
dal D-ring fused oxazolidine 52 (Fig. 4, Table 2, entries 15-16, and 18) [99].

Figure 3. Androstane based CYP17 inhibitors.

In 1996, Njar et al. reported the first steroidal inhibitors of CYP17 bearing a heterocyclic moi‐
ety bound to C17 by a nitrogen atom [101], which included compounds 53-55 (Fig. 5, Table
2, entries 19-21), among which the imidazolyl derivative 53 was found to be the most prom‐
ising [101-104]. Later, in 2005, the same group reported the synthesis of galeterone 4 and its
Δ4-3-keto derivative 56 (Fig. 5, Table 2, entries 22-23) [104-106].

Steroidal CYP17 Inhibitors for Prostate Cancer Treatment: From Concept to Clinic
http://dx.doi.org/10.5772/45948

281



Figure 4. Androstane based CYP17 inhibitors.
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Entry Compound CYP17 inhibition (nM) Ref.

1 21
Human (OHase): 4

Human (lyase): 2.9
[86,107]

2 3
Human (OHase): 18

Human (lyase): 17

3 22

Rat: 220

Human: 24

E.coli a: 30
[87, 88]

4 23

Rat: 1460

Human: 38

E.coli a: 2500

5 26
Rat: 91

Human: 66

[89, 90]

6 27
Rat: 49

Human: 24

7 28
Rat: 79

Human: 58

8 29
NDb

Human: 21

9 30
Rat: 28

Human: 42

10 31
Rat: 76

Human: 59

11 32
Rat: 32

Human: 39

12 46 Rat: 3000 [97]

13 47 Rat: 4800
[98]

14 48 Rat: 5000

15 49 Rat: 22000
[100]

16 50 Rat: 59000

17 51 Rat: 5800
[99]

18 52 Rat: 26000

19 53

Rat: 9

Human: 8

LNCaP-CYP17 cellsc: 1.25

[102, 103]
20 54

Rat: 8

Human: 7

LNCaP-CYP17 cellsc: 2.96

21 55
Rat: 10

Human: 13
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Entry Compound CYP17 inhibition (nM) Ref.

LNCaP-CYP17 cellsc: 7.97

22 4 E.colia: 300
[105, 106]

23 56 E.colia: 915

24 61 LNCaP-CYP17 cellsc: 11500
[4]

25 62 LNCaP-CYP17 cellsc: 17100

Table 2. IC50 values for androstane CYP17 inhibitors. aRecombinant human CYP17 expressed in E.coli; bND = Not
Determined; cRecombinant human CYP17 expressed in LNCaP cells.

Thus, in vitro results with compounds 53-55 revealed a high inhibitory potential of the hu‐
man enzyme expressed in LNCaP cells. In addition, compounds 53 and 55 completely sup‐
pressed T and DHT stimulated growth of LNCaP cells below 5 μM, and displayed
antiandrogenic activity [102, 108]. In vivo experiments confirmed these results and showed
that the compounds were however less effective than castration [109]. The C17-benzimida‐
zole derivative 4 became the first example of a CYP17 inhibitor and antiandrogen that could
effectively suppress androgen-dependent tumor growth better than castration [105]. In 2007,
our group reported the synthesis of the 1H- and 2H-indazole androstanes 57-60 which de‐
spite being poor inhibitors of human CYP17 displayed selective inhibition of PC-3 cells sug‐
gesting that mechanisms other than interference with the AR could be involved in their
cytotoxicity [5]. We also synthesized a series of steroidal carbamates out of which com‐
pounds 61 and 62 (Fig. 5, Table 2, entries 24-25) were inhibitors of human CYP17 with IC50

values of 11.5 and 17.1 μM, respectively [4].
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3.2. Pregnanes

Among the pregnane CYP17 inhibitors, compounds 63-65 (Fig. 6, Table 3, entries 1-3) bear‐
ing 20-substituents with moderate to strong dipole properties were more active than ketoco‐
nazole in inhibiting human CYP17, displaying IC50 values of 16 to 230 nM and 16 to 190 nM
for the hydroxylase and lyase activities, respectively [90, 110, 111]. In 2000, Hartman et al.
tested several pregneneoximes 66-76 among which some were potent inhibitors of both rat
and human CYP17 (Fig. 6, Table 3, entries 4-11) [112]. Compound 66 was effective in vivo
and suppressed plasma T concentrations more potently than ketoconazole. The hydroxamic
acid derivative 77 (Fig. 6) was not a CYP17 inhibitor [113].

Figure 6. Pregnane based CYP17 inhibitors.
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Entry Compound CYP17 inhibition (nM) Ref.

1 63
Human (OHase): 16

Human (lyase): 16
[90, 110, 111]

2 64
Human (OHase): 180

Human (lyase): 190

3 65
Human (OHase): 230

Human (lyase): 160
[90, 110, 111, 114]

4 66

Rat: 520

Human: 77

E. coli b: 230

[112]

5 67
Rat: 140

Human: 180

6 69

Rat: a

Human: 170

E. coli b: 520

7 70
Rat: a

Human: 100

8 71

Rat: a

Human: 200

E. coli b: 420

9 72
Rat: a

Human: 200

10 74
Rat: 300

Human: 300

11 76
Rat: 2760

Human: 270

12 78
Rat: 210

Human: 540
[115, 116]

13 79
Rat: 34000

Human: 1520

14 80 Rat: 1200
[115]

15 81 Rat: 36000

16 82
Rat: 9670

Human: 970

[116]17 83
Rat: 430

Human: 290

18 84
Rat: 530

Human: 400
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Entry Compound CYP17 inhibition (nM) Ref.

19 85
Rat (OHase): 75.8

Rat (lyase): 55.8
[117]

20 86 Rat: 600 [118]

Table 3. IC50 values for pregnane CYP17 inhibitors. a≥ 125 µM; bE. Coli cells coexpressing human CYP17 and NADPH
reductase

A difference in the inhibitory potential of rat CYP17 of the aziridinylpregnanes 78-81 was ob‐
served between the S- and R-isomers, the S-isomers 78 and 80 being 162 and 30-fold more potent
than the R-isomers, respectively (Fig. 7, Table 3, entries 12-15) [115]. However, this finding was
not corroborated by later studies that used the human enzyme [116]. The activity of compounds
82-85 (Fig. 7, Table 2, entries 16-19) was also reported [116, 117]. Several fluorinated pregnanes
86–91and 93 were synthesized in search of greater metabolic stability (Fig. 7, Table 3, entry 20,
Table 4). Inhibition of the cynomolgous monkey enzyme at 1 μM, following preincubation with
the enzyme with compounds 87-93, is depicted on Table 4[118-122].
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1 63
Human (OHase): 16

Human (lyase): 16
[90, 110, 111]

2 64
Human (OHase): 180

Human (lyase): 190

3 65
Human (OHase): 230

Human (lyase): 160
[90, 110, 111, 114]

4 66

Rat: 520

Human: 77

E. coli b: 230

[112]

5 67
Rat: 140

Human: 180

6 69

Rat: a

Human: 170

E. coli b: 520

7 70
Rat: a

Human: 100

8 71

Rat: a

Human: 200

E. coli b: 420

9 72
Rat: a

Human: 200

10 74
Rat: 300

Human: 300

11 76
Rat: 2760

Human: 270

12 78
Rat: 210

Human: 540
[115, 116]

13 79
Rat: 34000

Human: 1520

14 80 Rat: 1200
[115]

15 81 Rat: 36000

16 82
Rat: 9670

Human: 970

[116]17 83
Rat: 430

Human: 290

18 84
Rat: 530

Human: 400

Advances in Prostate Cancer286

Entry Compound CYP17 inhibition (nM) Ref.

19 85
Rat (OHase): 75.8

Rat (lyase): 55.8
[117]

20 86 Rat: 600 [118]

Table 3. IC50 values for pregnane CYP17 inhibitors. a≥ 125 µM; bE. Coli cells coexpressing human CYP17 and NADPH
reductase

A difference in the inhibitory potential of rat CYP17 of the aziridinylpregnanes 78-81 was ob‐
served between the S- and R-isomers, the S-isomers 78 and 80 being 162 and 30-fold more potent
than the R-isomers, respectively (Fig. 7, Table 3, entries 12-15) [115]. However, this finding was
not corroborated by later studies that used the human enzyme [116]. The activity of compounds
82-85 (Fig. 7, Table 2, entries 16-19) was also reported [116, 117]. Several fluorinated pregnanes
86–91and 93 were synthesized in search of greater metabolic stability (Fig. 7, Table 3, entry 20,
Table 4). Inhibition of the cynomolgous monkey enzyme at 1 μM, following preincubation with
the enzyme with compounds 87-93, is depicted on Table 4[118-122].

R

NH
H

R = -OH; 5; 20S 78
R = -OH; 5; 20R 79
R = O; 4; 20S 80
R = O; 4; 20R 81

CH2

O

85

HO

R1

R2

R1 = R2 = H 92
R1 = R2 = F; 16 93

OH
F3C

O
HO

R2
R1

86
R1 = F; R2 = CH3 87
R1 = CH3; R2 = F 88
R1 = CH2OH; R2 = F 89
R1 = F; R2 = CH2OH 90

TBDMSO

O

CHF2

91

O

HO

R

H
N

R = H; 14; n = 0; 20R 82
R = H; 14; n = 0; 20S 83
R = H; n = 1; (21S,21R) 1:1 84

(n)

Figure 7. Pregnane based CYP17 inhibitors.

Steroidal CYP17 Inhibitors for Prostate Cancer Treatment: From Concept to Clinic
http://dx.doi.org/10.5772/45948

287



Entry Compound % Inhibition Ref.

1 87 61

[119-121]

2 88 60

3 89 61

4 90 94

5 91 85

[122]6 92 60

7 93 62

Table 4. Inhibition of cynomolgous monkey testicular CYP17 by pregnane derivatives, at 1 µM, following
preincubation with enzyme.

3.3. Other steroidal inhibitors

Other reported steroidal inhibitors of CYP17 are depicted on figure 8. The 17-aza derivative
94 inhibited human CYP17 with an IC50 value of 4.9 μM [123]. Compound 95 inhibited both
5α-reductase and CYP17 with ki values of 27 and 14 nM, respectively [124]. The oxime 96
was also a dual inhibitor with the ability to reduce serum and prostatic T and DHT concen‐
trations in vivo [125].

Figure 8. Other steroidal inhibitors of CYP17.
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4. Abiraterone and galeterone

As previously mentioned, abiraterone acetate 3 (Fig. 1) constitutes the first and still the only
steroidal CYP17 inhibitor approved by the FDA in 2011, being indicated for the treatment of
mCRPC after chemotherapy [14].

This drug was developed at the Institute of Cancer Research (UK) considering the known
efficacy and limitations of ketoconazole in this field and following the observation that non-
steroidal 3-pyridyl esters had improved selectivity for the inhibition of CYP17. This led to
the preparation of abiraterone 21 (Fig. 4), a Δ5,16-steroid with a 3-pyridyl group bound to
C17, which revealed to be a potent and selective irreversible inhibitor of both 17α-hydroxy‐
lase and C17,20-lyase activities of CYP17 [86, 126, 127]. In fact, it was observed that abirater‐
one 21 is not only a more potent CYP17 inhibitor than ketoconazole but also is a less
effective inhibitor of other CYP450 enzymes, responsible for the significant side effects and
potential pharmacological interactions of ketoconazole in PC therapy [14, 128]. Accordingly,
preclinical studies in mice demonstrated that abiraterone 21 reduced serumT to castrate lev‐
els, in spite of a compensatory significant increase in luteinizing hormone (LH) [126]. How‐
ever, when abiraterone acetate 3was tested in human PC patients for the first time as a
substitute to gonadotropin-releasing hormone (GnRH) analogues, sustained suppression of
T production was not observed due to an increase in LH levels [129]. For this reason, abira‐
terone 21was developed to be concomitantly used with GnRH analogues in mCRPC [130].
Studies in xenograft models devoid of testicular and adrenal androgens further evidenced
that abiraterone 21 inhibited CRPC growth and thus also seem to suppress androgen pro‐
duction in PC tumors [128].

Several Phase I clinical studies [131, 132] revealed that abiraterone acetate 3 is safe and effec‐
tive on lowering serum androgen levels in both ketoconazole naïve and exposed patients. In
addition, its antitumor activity was nearly equivalent in both groups. However, a significant
increase in adrenocorticotrophic hormone (ACTH) was developed leading to hypokalemia
and hypertension as the predominant toxicities. In order to reduce these side effects eplere‐
none, a mineralocorticoid antagonist, was introduced. As the highest studied dosage of abir‐
aterone acetate 3 (1000mg) did not lead to limiting toxicities, the useof 1000mg daily was
chosen in additional trials [8, 131, 133 135].

The concomitant use of the corticosteroids dexamethasone or prednisone in the efficacy of
abiraterone acetate 3in several conditions was studied in Phase II trials [133-135]. A signifi‐
cant decrease in hyperaldosteronism-related symptoms was observed and therefore predni‐
sone 5mg b.i.d. was included in all subsequent studies, as well as in the FDA label
indication. Other Phase II studies evaluated the efficacy of abiraterone in docetaxel-treated
CRPC patients, and continued to evidence the importance of this steroidal drug in this stage
of the pathology [135].

A Phase III study compared the use of abiraterone acetate 3and prednisone versus predni‐
sone alone in 1195 ketoconazole-naïve men with mCRPCshowing disease progression dur‐
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ing or after therapy withdocetaxel. The primary endpoint was overall survival and the
secondary endpoints were PSA decline, time to PSA progression and progression-free sur‐
vival. In this study an increased median overall survival in the abiraterone acetate 3+ predis‐
one group was observed when compared to that of patients treated with prednisone alone
(14.8 vs 10.9 months; hazard ratio of 0.65). In addition, all the other endpoints were met and
as expected the toxicities caused by CYP17 blockage occurred mostly in the abiraterone ace‐
tate 3+ prednisone group. Another Phase III study set to be completed in 2014 is evaluating
the use of abiraterone acetate 3 and prednisone versus prednisone alone in CRPC prior to
chemotherapy [136].

Due  to  all  these  beneficial  results  and  after  the  first  Phase  III  studies,  in  April  2011,
abiraterone  acetate  3was  approved  by  the  FDA for  the  treatment  of  mCRPC after  che‐
motherapy [14].

Abiraterone 3 is being used in the form of its 3β-acetyl prodrug in order to increase its oral
bioavailability, and is quickly deacetylated to the active drug once absorbed. In spite of the
fact that high-fat meals increase its oral absorption, it is recommended that this drug should
be taken on an empty stomach. Other pharmacokinetic studies revealed that this drug is
highly bound to plasma proteins and has a plasma half-life of 10-14h [131, 132]. At present,
several other clinical trials are ongoing, mainly for the study of the combination of abirater‐
one acetate 3 with other relevant drugs in PC treatment [137].

Galeterone 4 (Fig. 1) is structurally similar to abiraterone 21 and was rationally designed as
an androgen biosynthesis inhibitor via CYP17 inhibition [8]. In fact, as previously men‐
tioned, several research works evidenced that modification of the C17 substituent of Δ16-ste‐
roids, particularly by attachment of nitrogen heterocycles, was a relevant strategy to
produce potent inhibitors of the enzyme. Following these considerations, Handratta et al.
designed and prepared several Δ16-steroidal C17 benzoazoles and pyrazines and evaluated
their CYP17 and 5α-reductase inhibitory activities, binding to and transactivation of the AR,
as well as their antiproliferative effects against two human PC cell lines (LNCaP and
LAPC4). Some of the compounds including 4 and its Δ4-3-ketone derivative 56 (Fig. 5) were
potent CYP17 inhibitors and antagonists of both wild type and mutant AR. These com‐
pounds were the first reported examplesbearing such a dual activity. In addition, these ste‐
roids inhibited the growth of DHT-stimulated LNCaP and LACP4 PC cells with IC50 values
in the low micromolar range. Galeterone 4 and compound 56 were further studied for phar‐
macokinetic properties and antitumor activities against androgen-dependent LAPC4 human
prostate tumor xenografts in severe combined immunodeficient (SCID) mice. Galeterone 4
was more effective than castration in its in vivo antitumor activity [104]. Taking this into ac‐
count, Vasaitis et al. demonstrated by in vitro and in vivo studies that unlike bicalutamide
and castration, galeterone 4 also caused down-regulation of AR protein expression, which
appears to contribute to its antitumor efficacy. The authors also evidenced that this com‐
pound caused a significant regression of LAPC4 tumors in xenograft models, being more
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potent than castration, and that treatment with galeterone 4 was also very effective in pre‐
venting the formation of LAPC4 tumors [138].

An in vitro  study using high-passage LNCaP cells demonstrated that galeterone 4  inhib‐
ited  the  proliferation  of  these  cells  that  were  no  longer  sensitive  to  bicalutamide  and
had increased AR expression. In addition, the combination of galeterone 4with inhibitors
of signal transduction pathways such as gefitinib and everolimus, was proven to be syn‐
ergistic when compared to either agent alone and superior to their combination with bi‐
calutamide  [139].  Later,  in  vivo  studies  with  LNCaP  and  high-passage  LNCaP  tumor
xenografts  in  SCID mice indicated that  dual  inhibition of  AR and mammalian target  of
rapamycin  (mTOR)  in  castration-resistant  models  can  restore  the  sensitivity  of  tumours
to  anti-androgen  therapy.  The  results  observed  in  this  study  also  indicated  that  the
CYP17  and  AR  inhibitor  galeterone  4  combined  with  the  mTOR  inhibitor  everolimus
may be effective in resistant PC [140].

A very recent in vitro study with LNCaP and LAPC4 cells demonstrated that both galeterone
4 and abiraterone 21 directly down-regulated the expression and activation of the AR via
multiple mechanisms, in addition to their CYP17 inhibitory activities [141].

Due to the impressive biological activities observed, galeterone 4  is currently being eval‐
uated  in  a  phase  I/II  open  label  clinical  trial  (ARMOR1  study)  as  a  potential  drug  for
the  treatment  of  castration  resistant  prostate  cancer.  This  study  began  in  2009  and  has
as primary outcomes the incidence of adverse effects (phase I) and the proportion of pa‐
tients with 50% or greater decrease in PSA from baseline (phase II) [137].

Recently,  in  a  continuing  study  of  the  clinical  candidate  4  and  analogues  as  potential
agents  for  PC  treatment,  putative  metabolites  of  4  and  metabolically  stable  derivatives
were prepared. Putative metabolites included compounds with no double bonds at C16,
C5,  or  both  as  well  as  their  corresponding  3-oxo  derivatives.  Metabolically  stable  ana‐
logues of 4, developed to optimize its potency and to increase its stability and oral bioa‐
vailability,  included  their  3α-azido,  3ξ-fluoro,  3β-mesylate  and  3β-O-sulfamoyl
derivatives.  Several  in  vitro  studies,  including CYP17 inhibitory activity,  binding to  and
transactivation of AR, as well  as antiproliferative effects against LNCaP and LAPC4 cell
lines,  demonstrated that  none of  the compounds were superior to 4  in the observed ef‐
fects.  The  3ξ-fluoro  analogue  was,  however,  nearly  2-fold  more  efficacious  vs  LAPC4
xenografts  than  4.  Nonetheless,  the  toxicity  observed  with  this  halogenated  compound
was of concern [142].

5. Conclusion

PC is one of the most prevalent causes of death in Europe and USA. In spite of important
advances in the treatment of localized disease, advanced PC is still incurable. One of the
most relevant PC therapeutic strategies involves the inhibition of androgen biosynthesis by
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pounds were the first reported examplesbearing such a dual activity. In addition, these ste‐
roids inhibited the growth of DHT-stimulated LNCaP and LACP4 PC cells with IC50 values
in the low micromolar range. Galeterone 4 and compound 56 were further studied for phar‐
macokinetic properties and antitumor activities against androgen-dependent LAPC4 human
prostate tumor xenografts in severe combined immunodeficient (SCID) mice. Galeterone 4
was more effective than castration in its in vivo antitumor activity [104]. Taking this into ac‐
count, Vasaitis et al. demonstrated by in vitro and in vivo studies that unlike bicalutamide
and castration, galeterone 4 also caused down-regulation of AR protein expression, which
appears to contribute to its antitumor efficacy. The authors also evidenced that this com‐
pound caused a significant regression of LAPC4 tumors in xenograft models, being more
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potent than castration, and that treatment with galeterone 4 was also very effective in pre‐
venting the formation of LAPC4 tumors [138].

An in vitro  study using high-passage LNCaP cells demonstrated that galeterone 4  inhib‐
ited  the  proliferation  of  these  cells  that  were  no  longer  sensitive  to  bicalutamide  and
had increased AR expression. In addition, the combination of galeterone 4with inhibitors
of signal transduction pathways such as gefitinib and everolimus, was proven to be syn‐
ergistic when compared to either agent alone and superior to their combination with bi‐
calutamide  [139].  Later,  in  vivo  studies  with  LNCaP  and  high-passage  LNCaP  tumor
xenografts  in  SCID mice indicated that  dual  inhibition of  AR and mammalian target  of
rapamycin  (mTOR)  in  castration-resistant  models  can  restore  the  sensitivity  of  tumours
to  anti-androgen  therapy.  The  results  observed  in  this  study  also  indicated  that  the
CYP17  and  AR  inhibitor  galeterone  4  combined  with  the  mTOR  inhibitor  everolimus
may be effective in resistant PC [140].

A very recent in vitro study with LNCaP and LAPC4 cells demonstrated that both galeterone
4 and abiraterone 21 directly down-regulated the expression and activation of the AR via
multiple mechanisms, in addition to their CYP17 inhibitory activities [141].

Due to the impressive biological activities observed, galeterone 4  is currently being eval‐
uated  in  a  phase  I/II  open  label  clinical  trial  (ARMOR1  study)  as  a  potential  drug  for
the  treatment  of  castration  resistant  prostate  cancer.  This  study  began  in  2009  and  has
as primary outcomes the incidence of adverse effects (phase I) and the proportion of pa‐
tients with 50% or greater decrease in PSA from baseline (phase II) [137].

Recently,  in  a  continuing  study  of  the  clinical  candidate  4  and  analogues  as  potential
agents  for  PC  treatment,  putative  metabolites  of  4  and  metabolically  stable  derivatives
were prepared. Putative metabolites included compounds with no double bonds at C16,
C5,  or  both  as  well  as  their  corresponding  3-oxo  derivatives.  Metabolically  stable  ana‐
logues of 4, developed to optimize its potency and to increase its stability and oral bioa‐
vailability,  included  their  3α-azido,  3ξ-fluoro,  3β-mesylate  and  3β-O-sulfamoyl
derivatives.  Several  in  vitro  studies,  including CYP17 inhibitory activity,  binding to  and
transactivation of AR, as well  as antiproliferative effects against LNCaP and LAPC4 cell
lines,  demonstrated that  none of  the compounds were superior to 4  in the observed ef‐
fects.  The  3ξ-fluoro  analogue  was,  however,  nearly  2-fold  more  efficacious  vs  LAPC4
xenografts  than  4.  Nonetheless,  the  toxicity  observed  with  this  halogenated  compound
was of concern [142].

5. Conclusion

PC is one of the most prevalent causes of death in Europe and USA. In spite of important
advances in the treatment of localized disease, advanced PC is still incurable. One of the
most relevant PC therapeutic strategies involves the inhibition of androgen biosynthesis by
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CYP17 inhibition. In fact, starting from the structure of the natural substrates of this enzyme,
several steroids, mainly with a heterocyclic ring bound to C17, have been developed over
the years as CYP17 inhibitors. All these studies successfully led to the approval of abirater‐
one acetate 3 by the FDA in 2011 for the treatment of mCRPC after chemotherapy. In addi‐
tion, other clinical trials involving this drug are being performed in order to expand its
clinical usefulness, namely in CRPC prior to chemotherapy and in combination with other
drugs. Another steroid that is in Phase I/II clinical trials for CRPC is galeterone 4, which is
structurally similar to abiraterone 21. However, in addition to bearing a potent and selective
CYP17 inhibitory activity, this compound also modulates AR activity. As it is now clear that
function of the AR axis remains crucial to a majority of patients with CRPC, its mechanism
of action can be of great advantage in PC therapy, either alone or in combination with other
AR-modulating agents.In the future it is expected that the invaluable knowledge provided
by the use of CYP17 inhibitors in PC treatment will shed more light on the most significant
biological pathways involved in this disease. The establishment of a possible role for combi‐
nation regimens including CYP17 inhibitors in earlier stages of PC as a means to prevent
surgery and classical chemotherapy drugs would undoubtedly contribute to improving the
quality of life of PC patients.
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1. Introduction

Prostate cancer is the leading cause of cancer and the second leading cause of cancer-related
deaths among men in the Western world [1]. For early stage prostate cancer treatment with
surgery and radiation is often curative; however, about 10–20% of men with prostate cancer
present with metastatic disease at diagnosis, while 20–30% of patients diagnosed with local‐
ized disease will eventually develop metastases [2]. Primary tumor involvement outside the
prostatic capsule or relapse following radical prostatectomy results generally in incurability
[3,4]. Androgen suppression (AS) is the mainstay of initial therapy in these patients, and or‐
chidectomy or use of LHRH analogs and steroidal or nonsteroidal antiandrogens consistent‐
ly results in a 90–95% reduction in circulating testosterone levels [5]. However, nearly all
patients that respond initially will develop progressive disease, termed castration-resistant
prostate cancer (CRPC), after a median duration of 18–24 months. Although CRPC may re‐
spond to secondary hormonal manipulations (including antiandrogens, estrogens and keto‐
conazole) this benefit is usually short-lived.

Although continuous androgen suppression [CAS] therapy has been a cornerstone of the
management of prostate cancer for more than 50 years, controversy remains regarding its
optimum application. Generally, AS is performed as continuous treatment, resulting in
apoptotic regression of the tumor cells in a high percentage of cases. The side-effects of CAS
are well described and include anaemia, osteoporosis, impotence, cognitive functional ef‐
fects, gynaecomastia, muscle atrophy, depression, dyslipidaemia and generalized lethargy
[5]. Following failure of the antiandrogenic therapy, chemotherapy is used as secondary
treatment. However, responses to cytotoxic therapy are low and only recently several stud‐
ies revealed a possible benefit of incorporating chemotherapeutic agents in treatment regi‐
men for prostate cancer [6]. In the last years new agents were approved by the U.S. Food
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and Drug Administration (FDA), comprising an immunotherapeutic product (sipuleucel-T),
the novel taxane, cabazitaxel, which showed a survival advantage over mitoxantrone in do‐
cetaxel-pretreated patients and an androgen synthesis inhibitor, abiraterone acetate, which
was also reported to improve survival when evaluated against placebo in docetaxel-pre‐
treated patients [3,7].

In order to reduce side effects of the CAS and to prolong the duration of the hormone-re‐
sponsive state of prostate cancers intermittent androgen suppression (IAS) was introduced
as new clinical concept [8]. Stopping CAS has the hypothetical advantage of reducing the
selection pressure which favors the clones that have initiated molecular adaptations to ach‐
ieve androgen-independent growth. If there is a population of androgen-dependent clones
left then these will proliferate and repopulate the gland, and androgen dependence will re‐
sume. Experimental animal models involving androgen-dependent xenografts supported
the hypothesis that during limited regrowth in the antiandrogenic treatment cessation peri‐
ods tumorigenic cells are residing in an androgen-responsive state. The concept of IAS was
experimentally developed using the androgen-dependent Shionogi mouse mammary tu‐
mor, investigating regular phases of growth, regression and recurrence of xenograft tumors
during serial transplantation [9]. For the androgen-dependent Shionogi carcinoma regular
cycles of treatment cessations and castration-induced regressions were successfully repeated
four times before tumor growth became androgen-independent during the fifth cycle [10].
The average duration of one cycle was 30 days and progression to androgen-insensitivity
was observed after 150 days. Serial determinations of the proportion of stem cells in the
Shionogi tumor revealed a constant part during the first three cycles, but a 15-fold increase
between the third and fourth cycles [11]. Therefore, it was concluded that independent of
intermittent or continuous androgen withdrawal, conversion to hormone-insensitivity oc‐
curs when the tumor has accumulated one-third to one-half of the total stem cell compart‐
ment with androgen-independent cells. The next step included the switch to a human
prostate cancer xenograft model using the LNCaP androgen-dependent prostate cancer cell
line, where serum PSA levels correlated well with tumor volume and decreased rapidly fol‐
lowing castration, followed by appearance of androgen-independency after 3-4 weeks [12].
IAS therapy prolonged time to androgen-independent PSA production threefold, from an
average of 26 days in the CAS group to 77 days in the IAS group. It was concluded that IAS
in the LNCaP model delayed the onset of androgen-independent PSA gene regulation mark‐
edly, most likely due to androgen-induced differentiation and/or downregulation of andro‐
gen-suppressed gene expression. In summary, the animal experimental data indicated that
androgen-dependent tumor xenografts can be subjected to several cycles of androgen with‐
drawal/replacement and revealed prolonged hormone-dependency compared to CAS.

Since induction of androgen independence may occur early after treatment initiation, cessa‐
tion of antiandrogen therapy prior to this switch is expected to maintain the apoptotic po‐
tential of the tumor cells and keep them sensitive to retreatment. Serial serum PSA
determinations are used to decide on AS, treatment cessation and reinitiation of therapy
[13]. Generally, IAS consists of an initial androgen suppression period of up to nine months
combining LHRH antagonists and antiandrogens, which is followed by treatment cessation
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until a certain PSA threshold is reached, then AS is reinitiated for the same time period as
the initial suppression phase (Figure 1) In initial pilot trials regrowing tumors of patients
undergoing IAS were consistently reported to be sensitive to several cycles of androgen
withdrawal [14,15]

Figure 1. Schematic presentation of IAS. Patients undergo an initial phase of AS. If successful, AS is paused until pro‐
gression to 4 (localized disease) or 10-20 (metastatic disease) ng/ml PSA. Then AS is resumed and cycles repeated until
progression to androgen-independent disease that is treated with diverse regimens second-line.

Therefore, the primary goal of IAS was the prolongation of the hormone-sensitivity of the
tumors, which in turn was expected to result in increased survival eventually. Furthermore,
IAS was expected to reduce the side effects of CAS, comprising reduced sexual activity, car‐
diovascular problems, metabolic consequences and osteoporosis among others. Based on the
available evidence, IAS nowadays represents a valid treatment option for patients with non‐
metastatic prostate cancer, including those with locally advanced disease, either with or
without lymph node involvement, and those who biochemically relapsed following appa‐
rently curative treatment. IAS has been researched since the mid-1980s in a number of clini‐
cal phase II and III trials in an effort to prolong hormone-dependency and reduce adverse
effects and costs of CAS [16]. With preclinical evidence suggesting a potential benefit for IAS
in terms of time to androgen independence, with phase II and phase III studies producing
optimistic results, and with the potential for decreased costs and complications IAS has now
become a popular modality of therapy worldwide. Quite recently, according to results of a
Phase III trial presented in a plenary session at the 2012 ASCO Annual Meeting, IAS was
shown to be less effective than CAS for a subgroup of patients with hormone-sensitive meta‐
static prostate cancer, questioning the use of IAS as standard therapy for these patients [17].
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2. Clinical evaluation of intermittent androgen suppression

2.1. Introduction

Maximal androgen ablation through combination therapy increases treatment-related side
effects and expenses and fails to prolong time to progression to androgen-independence
and, furthermore, preliminary evidence indicates that a low androgen milieu is associated
with tumor aggressiveness. Transition to androgen-independence is a complex process and
involves both selection and outgrowth of preexisting androgen-resistant clones, as well as
adaptative upregulation of genes that enable cancer cells to survive and grow after CAS [18].
CAS in men with prostate cancer increases the risk of osteoporotic fractures, type 2 diabetes
and, possibly, cardiovascular events [19]. The benefits of CAS in treating non-metastatic
prostate cancer need to be carefully weighed against the risks of CAS-induced adverse
events. Management of the metabolic sequelae of CAS includes optimal reduction of cardio‐
vascular risk factors, with particular attention to weight, blood pressure, lipid profile, smok‐
ing cessation and glycemic control. Supported by preclinical and first clinical IAS results,
several centers tested the feasibility of IAS in non-randomized groups of prostate cancer pa‐
tients with serum PSA as trigger point followed by a number of extended phase II and III
trials [16,20]

2.2. Clinical phase II studies of IAS

2.2.1. Comparison of therapeutic efficacies of IAS and CAS

Following apparently successful pilot studies, a number of phase II IAS trials were conduct‐
ed (Table 1) [16]. Since the end points of most phase II studies were safety and feasibility of
IAS, survival data were not reported in general. Out of the 19 studies reviewed by Abra‐
hamsson only five involved more than 100 patients (102, 103, 146, 250 and 566 patients, re‐
spectively) and the other smaller studies employed a mean number of 52 patients [16].
Although patients with advanced, metastatic prostate cancer were included in several stud‐
ies, most patients treated in phase II IAS trials had localized disease or biochemical progres‐
sion following prostatectomy/radiation therapy. The number of IAS cycles given ranged
from 1 to 12, with an average of 2–3 per patient, and the length of time off therapy generally
decreased or remained stable with each succeeding cycle. Most of the studies reported off-
treatment periods of approximately 50% of the duration of the IAS cycles, dependent on the
tumor stage of the respective prostate cancer patients [16]. A metaanalysis by Shaw et al. in‐
volving ten phase II trials reported a median number of two cycles per patient and a median
time off-therapy of 15.4 months [21]. Time on treatment also varied but was usually in the
region of 6–9 months [16]. The proportion of men in whom serum testosterone normalized
was generally high following the first cycle (70–90%) but tended to decrease during subse‐
quent cycles [16]. Factors influencing time to delay in testosterone normalization may in‐
clude advanced age, low baseline testosterone levels, and duration of AS. Testosterone
recovery to baseline values was achieved in 79% during the first and in 65% during the sec‐
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ond IAS cycle, respectively [22]. No significant difference was observed up to 1000 days be‐
tween IAS and CAS with regard to time to androgen-independent tumor progression.

Table 1. Overview of the published phase II IAS trials

In a study by Bruchovsky et al. men who quickly recovered serum testosterone levels expe‐
rienced a more rapid rise in PSA levels and a shorter time off therapy [23]. Generally, low
levels (2–16%) of progression to hormone-refractory prostate cancer have been reported
[16,22]. In a review by Zhu et al. there were 16 trials that compared IAS with CAS with a
total of 3264 patients (1624 with IAS and 1640 with CAS) [24]. Pooled effects indicated no
significant difference between IAS and CAS groups in terms of death and progression rate
(hazard ratio HR=0.99, 95% CI 0.80-1.23, and HR=1.03, 95% CI 0.84-1.26 respectively). Calcu‐
lated results indicated that quality of live (QoL) on sexual activity was significantly higher
in the IAS group (HR=0.24, 95% Cl 0.17-0.33, p<0.00001). Moreover, IAS could effectively re‐
duce side effects associated with AS. Thus, the therapeutic efficacy was not significantly dif‐
ferent between the IAS and CAS groups. However, IAS could effectively preserve the QoL
(in particular sexual life) and reduce the side effects.

2.2.2. Comparison of the side effects/QoL of IAS and CAS

Because it became increasingly clear that the time to androgen-independence seems not to
be prolonged by IAS, trials focussed on the impact of the intermittent therapy on side effects
of AS and QoL. Malone et al estimated that approximately 50% of patients recovered from
anaemia during off-therapy periods and that the weight gain normally associated with CAS
was prevented [25]. Bouchot et al reported hot flushes in most cases during the on-therapy
period, which showed significant improvement during treatment cessation periods and pain
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significantly improved during on-therapy periods with no new pain occurring once therapy
was withdrawn [26]. Goldenberg et al. observed that all patients tolerated therapy well and
responded in a positive physical and psychological manner to the cycling approach [27]. The
attenuation of spine and hip bone mineral density (BMD) decline after 3-year IAS compared
with those reported for CAS appears to be due to testosterone-driven BMD recovery in the
cessation period [28]. Failure of testosterone recovery was associated with worse final BMD.
Patients experienced the greatest average change in BMD during early treatment periods of
IAS with a smaller average change thereafter and fractures were rare [29]. During the first
off-treatment period (median duration 37.4 weeks), BMD recovery at the spine was signifi‐
cant; however, subsequent periods had heterogeneous changes of BMD without significant
average changes. By reducing the potential risk for adverse bone complications, intermittent
therapy may become an important consideration when the therapeutic ratio is narrow [30].
We examined the effect of IAS on bone metabolism by determinations of CrossLaps levels, a
biochemical marker of collagen degradation, in blood samples of prostate cancer patients.
Measurements of the CrossLaps concentration in patients under IAS revealed that treatment
cessation phases rapidly reversed increased bone degradation, which was associated with
the AS phases, in good agreement with the clinical observations of reduced loss of BMD in
IAS [31]. Since pretreatment concentrations of CrossLaps were restored within several
months of treatment cessation and mean duration of the off-treatment periods ranged from
8–16 months in our patients, this protective effect of IAS is expected to be effective for sever‐
al treatment cycles. Additionally, procollagen I N-terminal peptide (PINP), a parameter of
bone synthesis was increased during off-treatment phases in IAS [32].

Improvement  of  sexual  activity  was  highlighted  in  several  studies  and  concerned  ap‐
proximately half of the patients [16]. Sato et al reported significant worsening of potency
and physical well-being during AS and significant improvements in potency, lack of en‐
ergy, social/family well-being, and ability to enjoy life during off-therapy periods [33]. In
a  study  by  Spry  et  al.  QoL  scores  also  deteriorated  during  androgen  suppression,  but
had  generally  achieved  baseline  levels  by  the  end  of  the  off-treatment  period  [28].  In
summary,  IAS showed benefits  in  the treatment  of  prostate  cancer  with respect  to  QoL
in the majority of trials.

2.2.3. IAS phase II studies – conclusion

In phase II studies there has been considerable variation in the particular approaches in re‐
gard to medication, duration of AS phases, target PSA nadir and selection of the PSA value
for restarting therapy. At that time preliminary results of the the ongoing randomized con‐
trolled trials have generated evidence that the use of IAS in patients with advanced or local‐
ly advanced disease was at least as safe as CAS [16,24]. In conclusion, phase II studies of IAS
demonstrated that several cycles of IAS were feasible, the duration of response was not
worse than historical controls of CAS and well-being was better during treatment cessation
periods. Patients with localized disease fared superior under IAS compared to patient with
extended disease. The need for randomized phase III trials was stressed in order to get firm
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data on progression-free and overall survival (OS) as well as time to androgen insensitivity
for IAS and CAS, respectively.

2.3. Clinical phase III studies of IAS

Nowadays a number of phase III trials have been completed comparing IAS with CAS [16].
Of the ten reported trials, two included patients with relapse after radical prostatectomy or
radiation therapy, all others studied locally advanced and metastatic disease [22,34]. The
number of patients in these trials varied from 68 to 1386, but only four involved >500 pa‐
tients; the average age of patients was around 70 years. Full details of trial design are not
available for all studies, several reports are available only in abstract form [16]. The treat‐
ment regimen in all but one of the trials consisted of a LHRH agonist and an antiandrogen.
The exception was Verhagen et al., in which antiandrogen monotherapy (cyproterone ace‐
tate/CPA) was the sole regimen studied [35]. Although there was generally consistency in
the PSA levels designated for AS discontinuation (0.1/4 ng/ml or 20% of the initial PSA val‐
ue), the criteria for resuming treatment were less uniform, with 4 ng/ml for biochemical re‐
lapses and 10 or 20 ng/ml 20 ng/ml for locally advanced or metastatic disease, respectively.
The low PSA nadir and reinitiation values used by Tunn et al. and Klotz et al. are due to the
fact that the study involved patients who had relapsed after radical prostatectomy [22,34].
End points in these studies also varied to some degree: whereas the majority had time to
progression as the primary end point, three assigned survival and one focussed on QoL out‐
comes [35]. Average follow-up times in these studies have all been >2 yr, with a maximum
of 12 years cited by Calais da Silva et al. [13].

2.3.1. South European uroncological trial [13]

Patients with locally advanced or metastatic with histologically confirmed prostate adeno‐
carcinoma, cT3–cT4 M0, cT3–cT4 M1, PSA >4 ng/ml, were recruited for this study and end
point was time to subjective or objective progression. All registered patients had an initial 3-
months induction treatment with CPA (200 mg daily for two weeks) followed by monthly
depot injections of a LHRH analog plus 200 mg of CPA daily. Patients (n = 626) whose PSA
level decreased to <4 ng/ml or by at least 80% of the initial level by the end of the induction
were randomized. Time to any progression was slightly longer in the continuous arm, with
an HR of progression of 0.81. Both metastatic status and PSA level were independent predic‐
tors of progression, with M1 and PSA level > 4 ng/ml associated with a greater hazard of
progressing. In the intermittent and continuous arm there was no significant difference in
OS (p = 0.84) and the HR was 0.99 for CAS compared with IAS. The greater number of can‐
cer deaths in the IAS treatment group was balanced by a greater number of cardiovascular
deaths under CAS. Both PSA level and metastatic status at randomization were independ‐
ently associated with survival. A significant interaction of metastatic status with treatment
was almost reached (p = 0.07). Among M0 patients, the HR for continuous therapy com‐
pared with intermittent therapy was 0.86 (95% CI: 0.65–1.14), favouring continuous; among
M1 patients, the HR was 1.26 (95% CI: 0.90–1.78), favouring intermittent. It was concluded
that IAS should be considered for use in routine practice because it is associated with no re‐
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for restarting therapy. At that time preliminary results of the the ongoing randomized con‐
trolled trials have generated evidence that the use of IAS in patients with advanced or local‐
ly advanced disease was at least as safe as CAS [16,24]. In conclusion, phase II studies of IAS
demonstrated that several cycles of IAS were feasible, the duration of response was not
worse than historical controls of CAS and well-being was better during treatment cessation
periods. Patients with localized disease fared superior under IAS compared to patient with
extended disease. The need for randomized phase III trials was stressed in order to get firm
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comes [35]. Average follow-up times in these studies have all been >2 yr, with a maximum
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carcinoma, cT3–cT4 M0, cT3–cT4 M1, PSA >4 ng/ml, were recruited for this study and end
point was time to subjective or objective progression. All registered patients had an initial 3-
months induction treatment with CPA (200 mg daily for two weeks) followed by monthly
depot injections of a LHRH analog plus 200 mg of CPA daily. Patients (n = 626) whose PSA
level decreased to <4 ng/ml or by at least 80% of the initial level by the end of the induction
were randomized. Time to any progression was slightly longer in the continuous arm, with
an HR of progression of 0.81. Both metastatic status and PSA level were independent predic‐
tors of progression, with M1 and PSA level > 4 ng/ml associated with a greater hazard of
progressing. In the intermittent and continuous arm there was no significant difference in
OS (p = 0.84) and the HR was 0.99 for CAS compared with IAS. The greater number of can‐
cer deaths in the IAS treatment group was balanced by a greater number of cardiovascular
deaths under CAS. Both PSA level and metastatic status at randomization were independ‐
ently associated with survival. A significant interaction of metastatic status with treatment
was almost reached (p = 0.07). Among M0 patients, the HR for continuous therapy com‐
pared with intermittent therapy was 0.86 (95% CI: 0.65–1.14), favouring continuous; among
M1 patients, the HR was 1.26 (95% CI: 0.90–1.78), favouring intermittent. It was concluded
that IAS should be considered for use in routine practice because it is associated with no re‐
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duction in survival, no clinically meaningful impairment in QoL, better sexual activity, and
considerable economic benefit to the individual and the community. Since this study used
only three months of therapy before stopping treatment in the intermittent arm, without im‐
pairing survival, there are significant savings for a patient receiving IAS for one year relative
to CAS.

2.3.2. Study by De Leval et al. [36]

In this trial, a total of 68 evaluable patients with hormone-naive advanced or relapsing pros‐
tate cancer were randomized to receive AS (goserelin and flutamide) according to a continu‐
ous (n = 33) or intermittent (n = 35) regimen. The outcome variable was time to androgen-
independence and mean follow-up was 30.8 months. The estimated 3-year progression rate
was significantly lower in the IAS group (7.0%) than in the CAS group (38.9%). It was con‐
cluded that IAS treatment may maintain the androgen-dependent state of advanced human
prostate cancer, as assessed by PSA measurements, at least as long as CAS treatment. This
study may be regarded as underpowered to assess the full impact of IAS and the authors
recommended further studies with longer follow-up times and larger patient cohorts to de‐
termine the comparative impacts of CAS and IAS with certainty.

2.3.3. Study by Miller et al. [37]

This randomized study compared AS with goserelin + bicalutamide in CAS with IAS. The
primary endpoint was time to clinical and/or biochemical progression of the disease and
secondary endpoints were survival time, QoL and side effects. Patients had histologically
confirmed adenocarcinoma of the prostate in clinical stage T1-4N1-3M0 or T1-4N0-3M1 (D1
or D2). After an induction phase of six months with AS, 335 patients whose PSA decreased
under 4 ng/ml or 90% from baseline were randomized. About two-thirds of the patients of
both the intermittent and the continuous therapy arm (65% versus 66%, ITT population) ex‐
perienced a clinical and/or biochemical disease progression. The median time to progression
was longer for patients randomised to IAS (16.6 months) compared with patients random‐
ized to CAS (11.5 months; difference not significant). The median time to death from any
cause was 51.4 months in the intermittent arm compared and 53.8 months in the continuous
therapy arm (p = 0.658). There were no differences in the incidence of patients with any safe‐
ty parameter. Patients' self-assessment of their overall health and of their sexual activity ap‐
peared to be favourable in the IAS therapy arm. It was concluded that IAS in D1 and D2
prostate cancer patients seems to be safe and superior in respect to QoL.

2.3.4. TAP22 investigators group trial [38]

This study aimed at comparing CAS to IAS with AS consisting of leuproreline and fluta‐
mide in patients  with newly diagnosed metastatic  prostate  cancer with bone metastases
(stage D2). All patients had a positive bone or CT scan and a PSA > 20 ng/ml. After a 6
months  induction  period  with  AS,  they  were  randomized  into  two  groups  if  the  PSA
was < 4 ng/ml. CAS was continued after randomization and in the IAS group treatment
was discontinued until PSA > 10 ng/ml or clinical progression. AS was then resumed for
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3 months periods until the PSA became < 4 ng/ml and then treatment was then stopped
again until the next progression for a new cycle. 341 patients were selected and received
a 6  months induction AS period,  and 173 were  randomized:  83  to  CAS and 86 to  IAS.
Patients were off-treatment approximately 50% of the first  cycle,  without decline in suc‐
ceeding  cycles  and  most  had  testosterone  recovery.  A  progression  occurred  in  127  pa‐
tients  (73.4%).  The  overall  QoL did  not  differ  significantly  between both  arms.  Median
OS was 52 months for  CAS and 42.2  months for  IAS (p=0.74)  and the median progres‐
sion-free survial was 15 months for CAS and 20.7 months for IAS (p=0.73). This random‐
ized trial comparing CAS to IAS in metastatic prostate cancer patients suggests that IAS
may be as safe as CAS in D2 prostate cancer patients.

2.3.5. Therapy Upgrading Life in Prostate cancer (TULP) study [39,40]

Eligible patients (n = 290) had histologically proven advanced prostate cancer with positive
lymph nodes or distant metastases (T2-4N1-3M0 or T2-4NxM1). They received AS with bu‐
serelin and nilutamide for 6 months. Patients who had a normalisation of PSA (< 4 ng/ml)
after the course, were randomized between IAS (n=97) or CAS (n=96). Median time to clini‐
cal progression or PSA escape was 18.0 months in the IAS arm and 24.1 months in the CAS
arm. In particular, the 2-year risk of progression for baseline PSA < 50 ng/ml, 50 to <500
ng/ml, and ≥500 ng/ml was 25%, 55%, and 76% (P = 0.03) in CAS, and 38%, 64%, and 85% (p
= 0.006) in IAS, respectively. There was no clinically significant difference in QoL scores be‐
tween patients. Metastatic prostate cancer patients with high baseline PSA, pain, and high
PSA nadir, after a 6-months induction course, have a poor prognosis with hormonal thera‐
py. Overall, in this study patients on IAS seem to do worse than CAS patients. Also, patients
receiving IAS with low PSA nadir had significantly higher progression rates than CAS pa‐
tients. In IAS testosterone recovery during the off-treatment phase was incomplete, explain‐
ing the missing benefit for QoL, even though more side effects occurred during CAS.
Therefore, it was concluded from this study that IAS constitutes not a good treatment option
for most metastatic prostate cancer patients.

2.3.6. European trial EC507 [22]

In this multicentre European prospective randomized phase III trial EC507, testosterone se‐
rum concentrations under AS were analyzed in prostate cancer patients with PSA progres‐
sion after radical prostatectomy. Patients were randomized to either CAS or IAS therapy
using a 3-months depot with leuprorelin acetate as microcapsule formulation. In 109 pa‐
tients testosterone recovery to baseline values was achieved in 79% during the first and in
65% during the second IAS cycle, respectively. Median time to testosterone normalization
was 100 days in the first and 115 days in the second cycle, respectively. There also appeared
to be a QoL benefit during off-treatment intervals owing to the recovery of serum testoster‐
one levels. No significant difference was observed up to 1000 days between IAS and CAS
with regard to time to androgen-independent progression. This was the first prospective
study of leuprolide, demonstrating normalization of testosterone levels in the off-treatment
period in patients undergoing IAS.
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2.3.7. Study by Verhagen et al. [35]

This randomized trial compared efficacy and QoL of IAS and CAS treatment by CPA of
asymptomatic patients with prostate cancer metastatic to the bone. A total of 366 patients
with metastatic prostate cancer received 3 to 6 months CPA (100 mg daily) depending on
their PSA response. Patients with a good or moderate response were randomized to contin‐
uous or intermittent treatment. Intermittent hormonal therapy of metastatic prostate cancer
by CPA has advantages in important QoL domains. However, cognitive function scores ap‐
peared reduced in the intermittent group.

2.3.8. NCIC CTG PR.7/SWOG PR.7/CTSU JPR.7/UK trial [34]

This Intergroup randomized phase III trial compared IAS vs. CAS to test for non-inferiority
of IAS with respect to OS. Patients had rising PSA > 3.0 ng/ml >1 year post radical radiother‐
apy (RRT), either initial or salvage, for localized prostate cancer. Stratification factors were
time since RRT (>1-3 vs >3 years), initial PSA (<15 vs >15), prior radical prostatectomy and
prior AS. IAS was delivered for 8 months in each cycle with restart when PSA reached >10
ng/ml off-treatment. Primary endpoint was OS, secondary endpoints included time to hor‐
mone refractory state, QoL, duration of treatment/non-treatment intervals, time to testoster‐
one and potency recovery. The trial was halted after a planned interim analysis
demonstrated that a prespecified stopping boundary for non-inferiority was crossed. 1,386
patients were randomized to IAS (690) or CAS (696) arms. IAS patients completed a median
of 2 x 8 months cycles (range: 1-9) and median follow-up was 6.9 years. 524 deaths were ob‐
served (268 on IAS vs. 256 on CAS). Median OS was 8.8 vs. 9.1 years on IAS and CAS arms,
respectively (HR 1.02, 95%CI 0.86-1.21; p for non-inferiority [HR IAS vs CAS ≥ 1.25] = 0.009).
The IAS arm had more disease related (122 vs. 97) and fewer unrelated (134 vs. 146) deaths.
Time to androgen insensitivity was statistically significantly improved on the IAS arm (HR
0.80, 95%CI 0.67-0.98; p = 0.024). IAS patients had reduced hot flashes, but otherwise there
was no evidence of differences in adverse events, including myocardial events or osteopor‐
otic fractures. Thus, in men with PSA recurrence after RRT IAS was non-inferior to CAS
with respect to OS.

2.3.9. SWOG 9346 intergroup trial [17]

The largest trial comparing IAS and CAS in metastatic patients was reported by Hussain
et  al.  [17].  Between 1995 and 2008,  the  study enrolled 3040 men with newly diagnosed
metastatic  disease and PSA levels ≥ 5 ng/mL. The study population was preselected for
hormone sensitivity and when PSA level fell to ≤ 4 ng/mL, patients were randomized to
either  IAS (n  =  770)  stopping treatment  at  that  point  until  a  rise  in  PSA level  was  ob‐
served (an increase to 20 ng/mL, or for those with baseline value < 20 ng/mL, when PSA
returned to baseline) or CAS (n = 765). Hormone therapy consisted of goserelin and bica‐
lutamide for 7 months, which was in use in 1995 when the study was launched. At ran‐
domization,  patients  were  stratified  according  to  performance  status,  extent  of  disease,
and prior exposure to hormone therapy.
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At a median follow-up of 9.2 years, median overall survival was 5.1 years with IAS and 5.8
years with CAS, an absolute difference of slightly more than 6 months favoring CAS in the
entire study population. The study design specified that survival with IAS would be non-
inferior to CAS if the upper 95% confidence bound for the HR did not reach or include 1.2.
This specification would rule out with high confidence the possibility of a 20% or greater
increase in the relative risk of death with IAS. The difference between the two treatments
resulted in a HR of 1.09 in favor of CAS, but the upper boundary of the 95% confidence in‐
terval was 1.24, so the conclusion was that the two treatments could not be called equivalent
and survival with IAS therapy was regarded inferior to IAS by these authors. For this study,
survival in both arms was much better than the expected 3-year median OS. In all examined
subgroups, CAS was slightly better than IAS, with exception of extensive disease, where IAS
achieved comparable survival (5 years on IAS vs 4.4 years on CAS). In this subgroup analy‐
sis, patients with minimal disease had a median overall survival of 5.2 years in the IAS
group vs. 7.1 years with CAS, suggesting that the loss of almost two years of life in the inter‐
mittent group could not be ruled out. In this study "minimal disease" was defined as disease
that had not spread beyond the lymph nodes or the bones of the spine or pelvis and "exten‐
sive disease" as disease that had spread beyond the spine pelvis, and lymph nodes or to the
lungs or liver.

Trial participants also compared QoL measures across the two study arms during the first
15 months following patient randomization, including measures of sexual function (impo‐
tence and libido), physical and emotional function, and energy level. They found improved
sexual function in men who received IAS as compared to those on continuous therapy.

2.3.10. FinnProstate study VII [41,42]

The FinnProstate study VII enrolled 852 men with locally advanced or metastatic prostate
cancer to receive AS for 24 weeks [41]. Study inclusion criteria were M1 disease at any PSA,
M0 disease at PSA 60 ng/ml or greater, or T3-4 M0 prostate cancer at PSA 20 ng/ml or great‐
er, or previously surgically or radiotherapy treated localized prostate cancer and PSA recur‐
rence of 20 ng/ml or greater. Patients in whom PSA decreased to less than 10 ng/ml, or by
50% or more if less than 20 ng/ml at baseline, were randomized to IAS or CAS. In the inter‐
mittent therapy arm AS was withdrawn and resumed again for at least 24 weeks based
mainly on PSA decrease and increase. Of the 852 men, 554 patients were randomized and
observed for a median follow-up of 65.0 months. Of these patients 71% died, including 68%
in the intermittent and 74% in the continuous arm (p = 0.12). There were 248 prostate cancer
deaths, comprised of 43% under IAS and 47% under CAS (p = 0.29). Median times to pro‐
gression were 34.5 and 30.2 months in the intermittent and continuous arms, respectively.
Median times to death (all cause) were 45.2 and 45.7 months, to prostate cancer death 45.2
and 44.3 months, and to treatment failure 29.9 and 30.5 months, respectively. Therefore, ac‐
cording to this trial, IAS is a feasible, efficient and safe method to treat advanced prostate
cancer compared with CAS. However, the prevalence of adverse events was not significant‐
ly lower with IAS [42].
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ng/ml off-treatment. Primary endpoint was OS, secondary endpoints included time to hor‐
mone refractory state, QoL, duration of treatment/non-treatment intervals, time to testoster‐
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metastatic  disease and PSA levels ≥ 5 ng/mL. The study population was preselected for
hormone sensitivity and when PSA level fell to ≤ 4 ng/mL, patients were randomized to
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At a median follow-up of 9.2 years, median overall survival was 5.1 years with IAS and 5.8
years with CAS, an absolute difference of slightly more than 6 months favoring CAS in the
entire study population. The study design specified that survival with IAS would be non-
inferior to CAS if the upper 95% confidence bound for the HR did not reach or include 1.2.
This specification would rule out with high confidence the possibility of a 20% or greater
increase in the relative risk of death with IAS. The difference between the two treatments
resulted in a HR of 1.09 in favor of CAS, but the upper boundary of the 95% confidence in‐
terval was 1.24, so the conclusion was that the two treatments could not be called equivalent
and survival with IAS therapy was regarded inferior to IAS by these authors. For this study,
survival in both arms was much better than the expected 3-year median OS. In all examined
subgroups, CAS was slightly better than IAS, with exception of extensive disease, where IAS
achieved comparable survival (5 years on IAS vs 4.4 years on CAS). In this subgroup analy‐
sis, patients with minimal disease had a median overall survival of 5.2 years in the IAS
group vs. 7.1 years with CAS, suggesting that the loss of almost two years of life in the inter‐
mittent group could not be ruled out. In this study "minimal disease" was defined as disease
that had not spread beyond the lymph nodes or the bones of the spine or pelvis and "exten‐
sive disease" as disease that had spread beyond the spine pelvis, and lymph nodes or to the
lungs or liver.

Trial participants also compared QoL measures across the two study arms during the first
15 months following patient randomization, including measures of sexual function (impo‐
tence and libido), physical and emotional function, and energy level. They found improved
sexual function in men who received IAS as compared to those on continuous therapy.

2.3.10. FinnProstate study VII [41,42]

The FinnProstate study VII enrolled 852 men with locally advanced or metastatic prostate
cancer to receive AS for 24 weeks [41]. Study inclusion criteria were M1 disease at any PSA,
M0 disease at PSA 60 ng/ml or greater, or T3-4 M0 prostate cancer at PSA 20 ng/ml or great‐
er, or previously surgically or radiotherapy treated localized prostate cancer and PSA recur‐
rence of 20 ng/ml or greater. Patients in whom PSA decreased to less than 10 ng/ml, or by
50% or more if less than 20 ng/ml at baseline, were randomized to IAS or CAS. In the inter‐
mittent therapy arm AS was withdrawn and resumed again for at least 24 weeks based
mainly on PSA decrease and increase. Of the 852 men, 554 patients were randomized and
observed for a median follow-up of 65.0 months. Of these patients 71% died, including 68%
in the intermittent and 74% in the continuous arm (p = 0.12). There were 248 prostate cancer
deaths, comprised of 43% under IAS and 47% under CAS (p = 0.29). Median times to pro‐
gression were 34.5 and 30.2 months in the intermittent and continuous arms, respectively.
Median times to death (all cause) were 45.2 and 45.7 months, to prostate cancer death 45.2
and 44.3 months, and to treatment failure 29.9 and 30.5 months, respectively. Therefore, ac‐
cording to this trial, IAS is a feasible, efficient and safe method to treat advanced prostate
cancer compared with CAS. However, the prevalence of adverse events was not significant‐
ly lower with IAS [42].
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2.3.11. Phase III studies - Summary

In general, the phase III trials comparing IAS with CAS involved a varying number of pa‐
tients, prostate cancer tumor stages ranging from biochemical relapse to metastatic and re‐
curring disease and widely differing durations of initial AS as well as differing PSA values
for the start of treatment cessations and reinitiations. Therefore, conclusions to be drawn are
restricted to specific tumor stages and treatment schemes.

2.3.11.1. IAS – phase III – impact on survival

The Miller randomized trial of IAS versus continuous CAS in 335 patients with advanced
(lymph node-positive or metastatic) prostate cancer demonstrated equivalent survival [37].
Patients in the intermittent arm were off-treatment >40% of the time. It is important to note
that testosterone recovery after discontinuation of the LHRH agonist is often delayed and
may depend on treatment duration, age, baseline testosterone, and ethnicity [22,43]. In the
TULP trial of IAS versus CAS for advanced prostate cancer, 193 patients were randomized
and, after a mean follow-up of 34 months, no difference in survival was observed [40]. The
larger de Silva trial randomized 312 men to CAS and 314 men to IAS [13]. With a median
follow-up of 51 months from randomization, there were fewer cancer deaths (84 vs. 106),
more cardiovascular deaths (52 vs 41), and an equivalent number of total deaths (169 vs.
170) in the continuous versus intermittent arms respectively. Median time off AS was 52
weeks for patients in the intermittent arm [13]. It should be noted that the randomization
criteria for all of these trials are a PSA decline of 80–90%, or to <4 ng/ml, on initial AS.

In the study by Miller et al. about two thirds of patients receiving either IAS or CAS experi‐
enced clinical and/or biochemical progression, with no significant differences between
groups with respect to median time to tumour progression or median time to death [37].
Similarly, Mottet et al. reported no significant difference between patients receiving IAS and
CAS with respect to median overall survival (OS; 1265 vs 1560 days) and median progres‐
sion-free survival (PFS) (620 vs 452 days) [38]. Tunn et al. also reported equivalency between
IAS and CAS with respect to PFS (91.7 vs 93.6%) and median time to progression (1.86 vs
2.36 yr), although estimated mean PFS was longer in the IAS group compared with the CAS
group (1234 vs 1010 days) [22]. In the TULP study, median time to progression was longer
in the CAS arm (24.1 vs 18 months; significance not stated); more recent data from this study
show no difference in OS between groups (mean follow-up of 66 months) [39,40]. The Inter‐
group randomized phase III trial demonstrated non-inferiority of IAS with respect to OS
and time to hormone refractory state for patients with biochemical relapses after radical ra‐
diotherapy [34]. Similarly, the FinnProstate Study VII, found no significant differences in
time to progression and OS, concluding that IAS is an efficient method to treat advanced
prostate cancer compared with CAS [41].

However, differences in OS between CAS and IAS have been reported in two studies. De
Leval et al. reported that the estimated risk of 3-year progression in CAS patients was signif‐
icantly higher than in the IAS group (38.9% vs. 7%; p = 0.0052) [36]. In patients with a Glea‐
son score >6, 3-year progression rates were significantly higher in CAS than in IAS patients
(p = 0.018) but not in patients with lower Gleason scores. Compared with CAS, the IAS
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group had better results with respect to the number of deaths from hormone-refractory dis‐
ease (4 vs. 2), number of patients with disease progression (10 vs. 3), and mean time to pro‐
gression (21 vs. 28 months) (level of significance not stated for any outcome). In patients
without bone metastases at initiation, risk of progression was significantly higher in CAS
than IAS patients (p < 0.001). The largest trial comparing IAS to CAS is the SWOG 9346 in‐
tergroup trial, which included metastatic prostate cancer patients [17]. At a median follow-
up of 9.2 years, the median overall survival was six months longer with CAS in the entire
study population. This was caused by a comparable survival in extensive disease and an in‐
ferior survival in response to IAS in patients with minimal metastatic disease. The results of
these two studies point to an inferior clinical results of IAS in metastatic prostate cancer.

2.3.11.2. IAS – phase III – impact on QoL

Early results from the study by Calais da Silva et al. showed no clinically meaningful differ‐
ences between groups in virtually all QoL parameters and no evidence that IAS carries a sig‐
nificantly higher risk of death [13]. Mottet et al. also reported no significant difference in
QoL outcomes in patients receiving either IAS or CAS [38]. However, updated results from
a larger cohort of the Calais da Silva study (maximum follow-up of 7 years; median: 2 years)
suggest a better tolerability profile for IAS versus CAS, with up to three times as many pa‐
tients in the CAS arm reporting side effects compared with IAS patients (hot flushes: 23% vs.
7%; gynaecomastia: 33% vs. 10%; headaches: 12% vs. 5%; all p < 0.0001) [44]. Levels of sexual
activity also increased in the IAS group compared with the CAS group, reported in 28 vs.
10% of patients after 15 months. Similarly, Miller et al. reported that patients’ self-assess‐
ment of their overall health and sexual activity appeared to favour IAS; however, no differ‐
ences in incidence of adverse events or other safety parameters were noted in this study
[37]. Further evidence of QoL advantages comes from Verhagen et al. who note that EORTC
scores on physical and emotional function were significantly better in the IAS group than in
the CAS group. Role and social function were equivalent between groups, although cogni‐
tive function was surprisingly reduced in the IAS group, but not in the CAS group [35]. AS-
related side effects were reported in most patients by de Leval et al., most of which resolved
in the IA group on discontinuation of therapy [36]. In the TULP study, 26 preliminary with‐
drawals were reported due to adverse events, 20 in the CAS group and 6 in the IAS group
[39,40]. The FinnProstate Study VII reported no significant difference in the prevalence of
adverse with IAS [42]. Improved sexual function in men who received IAS as compared to
CAS was confirmed in the SWOG 9346 intergroup trial [17].

2.3.11.3. IAS – phase III trials – Conclusion

Following pilot and phase II clinical trials comparing IAS to CAS, results of phase III studies
were awaited eagerly to get a definite judgement of these different regimens of AS. The clin‐
ical results, time to progression and OS, seem to be comparable between IAS and CAS for
prostate cancer patients with biochemical relapses and localized disease. With the exception
of two studies, namely trials performed by the South European Uroncological Group and
the SWOG 9346 intergroup, IAS was not inferior to CAS in respect to progression of disease
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and OS in metastatic prostate cancer. In the two dissenting studies, patients with limited
metastatic disease seem to have an impaired OS under IAS. However, the statement that IAS
is possibly inferior to CAS and not standard therapy of all prostate cancer patients is an
oversimplification [17]. Improvements in QoL parameters were confirmed by most studies,
depending on testosterone recovery and extent of disease.

Table 2. Overview of the IAS trials currently under investigation

2.4. IAS trials currently under investigation

Table 2. lists the trials comprising IAS treatment of prostate cancer patients registered in the
United States National Institute of Health (NIH) clinical studies site. With exception of a few
further trials comparing IAS to CAS in metastatic cancer patients, several drugs are investi‐
gated for their potential to prolong the off-treatment phase of IAS. Exisulind (Aptosyn or su‐
lindac sulfone) may be useful as a treatment for men with advanced prostate cancer,
achieving disease stabilization. This drug increases the rate of programmed cell death in
cancer cells without damaging normal tissue by interfering with cyclic GMP phosphodies‐
terase in abnormally growing precancerous and cancerous cells [45]. Zactima (vandetanib) is
an oral inhibitor of vascular endothelial growth factor receptor 2 (VEGFR-2), epidermal
growth factor receptor (EGFR) and Ret tyrosine kinases involved in tumor growth, progres‐
sion and angiogenesis [46]. Although, as single agent, no significant antitumor activity has
been observed for Zactima in small cell lung cancer, advanced ovarian, colorectal, breast,
prostate cancer and multiple myeloma. Further drugs target the androgen-stimulated
growth by exploiting distinct mechanism or new formulations. Dutasteride is a non-selec‐
tive inhibitor of steroid 5α-reductase, an enzyme responsible for conversion of testosterone
to a more potent androgen dihydrotestosterone (DHT) approved for clinical use in treat‐
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ment of benign prostate hyperplasia (BPH) and currently tested in clinical trials for preven‐
tion and treatment of prostate cancer [47]. Degarelix is a GnRH antagonist, that was found
to be at least as effective as leuprolide in the ability to suppress serum testosterone to < or
=0.5 ng/mL for up to 1 year in prostate cancer patients in different doses and in depot form
[48]. Finally, Eligard constitutes a new leuprorelin acetate formulation that appears to ach‐
ieve a testosterone suppression of 20 ng/dL in 98% of patients, while maintaining a side ef‐
fect profile comparable to other products in its class [49]. It remains to be investigated,
whether this use of drugs targeting androgen-independent mechanisms or improving AS
can prolong the duration of the off-treatment periods of IAS and, possibly, contribute to ex‐
tended survival compared to CAS.

3. Discussion

In many patients with prostate cancer, androgen deprivation therapy is administered over
prolonged periods of time. The benefits of long-term AS in patients with advanced disease
are well established, nevertheless, because this therapy has potential long-term side effects
strategies should be applied that manage or prevent long-term complications [50]. One such
strategy is IAS, in which patients receive regular cycles of AS, the duration of which is usu‐
ally determined by PSA levels [51]. Canadian prostate cancer researchers have led the field
of androgen withdrawal therapy for many years, from Nobel prize winner (Halifax born)
Charles Huggins in 1940 to Nicholas Bruchovsky's Vancouver team's preclinical and clinical
work on intermittent therapy in the early 1990s [52]. The basic premise of IAS is that periods
(or cycles) on androgen deprivation for cancer control are followed by periods off therapy
for testosterone recovery and improvements in quality of life parameters (such as libido,
sexual function, energy, cognition and sense of masculinity). Preclinical studies suggest that
the reintroduction of testosterone into the cellular milieu during the off-treatment period
keeps the remaining cancer cells androgen-dependent, allowing for the next successful
round of AS and delaying progression to hormone-resistant prostate cancer [51]. Accumu‐
lating data indicate that this approach improves the tolerability of AS and patients' QoL,
without compromising clinical outcomes.

Consequently, the latest European Association of Urology guidelines state that IAS should
no longer be considered investigational. Furthermore, given the adverse effects of CAS,
there may be beneficial effects and potential cost savings in time off therapy with intermit‐
tent treatment, particularly if suppressive effects on prostate cancer are equivalent to CAS
[53,54]. Seruga and Tannock, reviewing >1000 randomised patients, concluded that compel‐
ling data indicate that IAS should be regarded as standard therapy [54]. Likewise, Spend‐
love and Crawford put forward a strong argument that IAS has now demonstrated that it is
no less effective than CAS and that it clearly reduces the impact of the side effects of hor‐
mone therapy on patient QoL [55]. Although current evidence suggests that IAS may be rea‐
sonable for some patients with hormone-sensitive prostate cancer, there are still questions
about patient selection, timing, and methodology of IAS [56].
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Results of the IAS phase III trials were expected to finally give some answers in regard to
the clinical applicability and feasibility of this novel form of AS in prostate cancer patients.
Phase II trials pointed to a non-inferiority of IAS as compared to CAS and improved tolera‐
bility of AS; however, these findings were only partially confirmed in phase III studies. Ac‐
cording to the part of these trials involving patients with biochemical progression and
confined disease, IAS can be regarded as non-inferior to CAS and superior in respect to
QoL. For metastatic prostate cancer patients the situation seems to be different: whereas in
patients with extended disease the intermittent and continuous form of AS were equivalent
in respect to disease progression and OS, patients with limited metastatic disease fare worse,
according to preliminary data stemming from the South European Uroncological Group tri‐
al and to definitive data from the SWOG 9346 intergroup trial [13,17]. The latter study could
not exclude the loss of two years in OS in patients in which the disease that had not spread
beyond the lymph nodes or the bones of the spine or pelvis. The results of Hussain et al. did
not apply to men without metastases, who constitute a much larger group getting hormonal
therapy. For those men IAS remain a reasonable option and even men with metastatic can‐
cer might still opt for IAS to give their years more live instead of giving their live more
years. It should be noted that the metastatic prostate cancer patients in this study had an un‐
usual mean OS and AS consisted of a 7 months course, that may be short of the minimum of
8 months requested by Bruchovsky et al. for full downstaging [57].

The question that needs to be discussed is the selection of the prostate cancer patients who
will get an optimal benefit from IAS instead of CAS. Men with local or biochemical failures
after radiotherapy would benefit from IAS because they are treatment-free for longer peri‐
ods of time and so are less likely to develop hormone-refractory disease [58]. De la Taille et
al. identified patients >70 years of age with localised prostate cancer, a Gleason score of < 7,
and a first off-therapy period of >1 year as the best candidates for IAS [59]. Grossfeld et al.
recommend investigation of IAS in patients with clinically localised cancer who are not ap‐
propriate for definitive local treatment, but have significant risk of tumour progression, pa‐
tients who refuse all local treatment options despite risk of progression, and those who have
failed prior local therapy [60]. Poor candidates for IAS have been described as those with
initial bulky tumors, with numerous lymph nodes or bone metastases, PSA doubling time
<9 months, and initial serum PSA >100 ng/ml or severe pain [61]. Gleave et al. suggest that
patients who fail to achieve a PSA nadir of <4 ng/ml after 6 months of therapy and most men
with TxNxM1 disease should not be offered IAS, whereas those with TxN1-3M0 who are
sexually active, compliant, or intolerant of AS side effects make good candidates, as long as
they are informed of its investigational status [62]. Patients most likely to benefit are those
with locally advanced prostate cancer with or without lymph node metastases but without
any evidence of bone metastases. Also, those patients with biochemical failure following ra‐
diologic or surgical therapy for prostate cancer, those who cannot tolerate side effects of
CAS, and those who wish to remain sexually active would appear to be good candidates.
However, treatment should be restricted to those who can comply with close follow-up.
Clearly, IAS is impossible in a significant fraction of men who do not respond to an initial
course of AS.
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Although the American Urological Association has not yet included IAS in its treatment
guidelines for prostate cancer, the European Association of Urology acknowledged that IAS
is at present widely offered to patients with prostate cancer in various clinical settings and
states that its status should no longer be regarded as investigational [63,64]. This is in con‐
trast to the American Society of Clinical Oncology practice guidelines, which state that there
are currently insufficient data to support the use of IAS outside of clinical trials [65]. The
2008 UK National Institute for Health and Clinical Excellence (NICE) recommends that IAS
be offered as a first-line hormonal therapy option to men with newly diagnosed or relapsing
metastatic cancer, provided they are aware of its unproven status [66]. They also note that
results from uncontrolled studies have shown satisfactory outcomes and that IAS will prob‐
ably be more cost effective than CAS, despite the need for close monitoring. Irrespective of
official guideline recommendations, IAS is a treatment option used worldwide by both urol‐
ogists and oncologists outside of clinical trials. Based on available evidence and general clin‐
ical opinion, IAS is a valid treatment option in non-metastatic prostate cancer cases, that is,
patients with locally advanced disease with or without lymph node involvement and those
experiencing relapse following curative treatment. These patients have a higher chance of
survival than those with more advanced disease, making QoL a key consideration.

Since the introduction of PSA screening in the late 1980s, more prostate cancers have been
detected, and at an earlier stage that are low grade and slow growing and will not need ag‐
gressive therapy [67,68]. With this long natural history and a median survival without treat‐
ment that often approaches at least 15 to 20 years many patients will die rather with than of
prostate cancer. Approximately one-third of patients who undergo radical prostatectomy
will develop a detectable PSA level within 10 years [69]. Management of PSA recurrence is
controversial, as prostate cancer may take an indolent course, or it may develop aggressive‐
ly into metastatic disease. Prostate cancer is over-treated at present but a short course of AS
might identify those patients for whom the outcome would be good with IAS by identifying
those with a good PSA response. Multivariate models show the power of the initial PSA lev‐
el and PSA nadir, and type of treatment and the PSA threshold for restarting treatment, in
predicting outcome [21]. In those patients who rapidly achieve a good PSA nadir it is safe to
shorten treatment to < 4 months. In the presence of evidence of metastasis, treatment must
be protracted to ≥ 8 months. Restarting treatment when the PSA level approaches 15 ng/mL
is associated with improved survival in patients with metastases, indicating the need for a
more aggressive treatment strategy in these patients. Maximum androgen blockade or
LHRH analog should be the standard for patients treated with IAS. The duration of bio‐
chemical remission after a period of IAS is a durable early indicator of how rapidly progres‐
sion and death will occur, and will make a useful endpoint in future trials. The initial PSA
level and PSA nadir allow the identification of patients with prostate cancer in whom it
might be possible to avoid radical therapy.

Twenty years ago it was expected that the IAS regimen would be associated with extended
survival, mainly through postponing the castration-resistant status [70]. The expected asso‐
ciated benefits were a decrease in the adverse effects of castration, such as hot flushes, de‐
creased libido and erection, bone and muscle problems, depression, and metabolic
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syndrome (Table 3). Regarding the expected QoL and adverse effects benefits, few prospec‐
tive data from randomized trials are available comparing IAS to CAS treatment. The report
from Salonen et al. shows some benefit in QoL for activity limitation, physical capacity, and
sexual functioning [41,42]. Surprisingly, no difference was observed in drug-induced ad‐
verse effects, such as hot flushes or night sweats. This lack of a clear sexual benefit is disap‐
pointing and a little different from what is observed in other trials, especially the South
European Urooncological Group or the Miller trial [13,37]. The different questionnaires
might partly explain this difference, as might the different treatment modalities, such as var‐
ied duration of treatment cycles and combined treatments or monotherapy. It was also hop‐
ed that IAS would decrease the treatment adverse effects; this decrease, at best, has been
marginally obtained as the claimed QoL benefit. The thresholds, which were different from
trial to trial, were only empirically chosen. The lower the PSA level after the AS induction
period, the longer the survival. Therefore, the threshold of 4 ng/ml to stop the treatment in
most metastatic trials might be too high and the threshold of 20 ng/ml to resume treatment
might also be too high; however, it allows a longer off-treatment period, although not long
enough to lead to a clear large QoL benefit [70]. Mottet concludes that apart from treatment
cost, IAS does not hold to its promises and should probably be considered with caution in
the most advanced situations, even in patients with a clear PSA response.

Table 3. Summary of the achievements and shortcomings of IAS
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These findings for IAS are far from what was initially expected, and the presented SWOG
9346 trial added even more questions regarding IAS [17]. It has long been said that IAS does
not appear to be inferior to CAS. Those results were obtained from under-powered trials or
large trials including heterogeneous patients, such as the FinnProstate Study VII [41] or even
the large, recently presented SWOG JPR7 [17] trial in postradiotherapy relapsing patients.
None of the trials even suggested increased overall or specific survival. IAS was expected to
postpone androgen independence; this finding, however, as well as an increase in OS has
never been obtained in any trial. Thus, the marked elongation of hormone-dependency in
the Shionogi mouse model could not be materialized in patients, which may be most likely
due to increased cycle length of several months in humans compared to one month these
animals, allowing for better adaptation to hormone deprivation. Furthermore, the Shionogi
study was done on androgen-dependent mouse mammary carcinoma. This animal model
may be insufficient to explain homeostasis of human stem cells and their progenies in rela‐
tion to human prostate cancer. Miki et al. reported that human prostate cancer stem cells
had no androgen receptors or PSA [71]. Guzmán-Ramírez and coworkers presented a simi‐
lar protein expression pattern of prostate cancer stem cells [72]. There is a high probability
that human prostate cancer stem cells are really androgen-independent. Another possibility
is that two populations of stem cells exist within human prostate cancer and that the first
population is androgen-sensitive and the second is androgen-independent. Our knowledge
of prostate cancer stem cells is still too immature to support the rational approach for IAS
therapy. Furthermore, Pfeiffer and Schalken reported difficulties in finding stem cells within
established prostate cell lines in vitro, reflecting their limited use in such research [73].

In the world of medicine it has been estimated that it takes an average of 17 years for prac‐
tice changing evidence to reach the bedside [52]. The first phase II study of IAS was publish‐
ed in 1995 and after 17 years it was advised to accept that multiple randomized controlled
trials have supported its use as a non-inferior option to CAS in defined populations and to
reintroduce suitable men with prostate cancer intermittently to the pleasure of their andro‐
gens [52]. High-risk patients seem to be poor candidates for any type of androgen suppres‐
sion. In summary, it can be concluded from the trials that IAS is neither inferior nor superior
to CAS with respect to clinical end points, namely the time period until hormone-resistance
as well as cancer-specific survival, but offers significant advantages in terms of adverse ef‐
fects, quality of life and costs. The off-treatment periods particularly offer the possibility to
apply drugs, such as finasteride, or chemotherapeutics in order to delay disease progression
[74]. However, the clinical lack of prolongation of the hormone-sensitive state of prostate
cancers by IAS raises doubts about the underlying hypothesis of keeping the prostate cancer
cell in an androgen responsive state by cycling between AS and off-treatment periods. Fun‐
damental tumor biology studies in patients would be needed to clarify this issue. Otherwise
IAS may be regarded as treatment regimen aiming simple for AS reduction to a level that
does not permit efficient tumor growth and simultaneously lowers the side effects of AS. Pa‐
tients that respond well to a first cycle of AS may go on off-treatment for years [75]. Clearly,
IAS is not standard therapy for all prostate cancer patients, but a valid and favourable regi‐
men for a significant part of selected patients.
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Stem Cells and Prostate Cancer

Vildan Bozok Çetintaş, Burçin Tezcanlı Kaymaz and
Buket Kosova

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/52289

1. Introduction

Latest statistics based on GLOBOCAN 2008, the standard set of worldwide estimates of can‐
cer incidence and mortality produced by the International Agency for Research on Cancer
(IARC), revealed that prostate cancer (PC) is the most commonly diagnosed malignancy and
the second leading cause of cancer-related mortality in male in developed countries [1]. The
options in the treatment of PC are surgical tumor resection, hormonal therapy, radiothera‐
py, and adjuvant chemotherapy. These therapies, alone or in combination, show beneficial
effects and a significant curative rate in treating patients with localized PC in the early
stages. However, the development of locally advanced and/or metastatic hormone-refracto‐
ry prostate cancers (HRPCs) eventually results in disease recurrence. Most patients who un‐
dergo potentially curative resection for advanced and/or metastatic HRPCs subsequently
relapse due to the persistence of foci and micro-metastases. Therefore systemic chemothera‐
py may represent another option to eradicate the PC cells, including the highly tumorigenic
stem/ progenitor cells that can drive tumor growth at primary neoplasms and distant meta‐
static sites.

The existence of stem cells (SCs) was firstly demonstrated by James Till and the late Ernest
McCulloch in 1963 in their earlier work on the radiation sensitivity of mouse bone marrow
cells by showing that limited numbers of cells could give rise to clonal colonies of erythroid
and myeloid cells in the spleens of the irradiated hosts [2]. Although, much improvement
has been achieved in the development of methods to kill cancer cells that form a variety of
malignancies; nevertheless, relapse is an ongoing problem along with the development of
metastatic tumors at sites remote from that of the original tumor. One suggestion to account
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supporting the cancer stem cell (CSC) hypothesis from the laboratory of John Dick appeared
in 1997, in which they demonstrated that an isolated cell type was capable of initiating acute
myeloid leukemia (AML) [3]. With the knowledge provided by the science of stem cell biol‐
ogy, the Nobel Prize in Physiology or Medicine in the year 2007 was awarded jointly to Mar‐
io R. Capecchi, Sir Martin J. Evans and Oliver Smithies "for their discoveries of principles for
introducing specific gene modifications in mice by the use of embryonic stem cells".

Stem cells possess some unique properties: a) they are undifferentiated and unspecialized;
b) they are able to multiply for long periods while remaining undifferentiated (slowly cy‐
cling); c) they are capable of differentiating into specialized cells of a particular tissue (pro‐
duce progeny in at least two lineages); and d) they can be serially transplanted. The
combination of these properties is often referred to as “stemness” [4]. Stem cells can divide
symmetrically or asymmetrically. A symmetrical division occurs when two daughter cells
share the same stem cell features and happens when their numbers (stem cell pool) need to
be expanded, such as during embryonic development or after tissue injury. An asymmetri‐
cal division occurs when one of the progeny remains undifferentiated, thereby replenishing
the pool of SCs, while the other daughter cell can proliferate and differentiate into special‐
ized cells to generate new tissue mass.

Stem cells have long been implicated in prostate gland formation. The prostate undergoes
regression after androgen deprivation and regeneration after testosterone replacement. Re‐
generative  studies  suggested that  those  stem cells  are  found in  the  proximal  ducts  and
basal layer of the prostate. Many characteristics of PC also indicate that it originates from
stem cells. In this chapter, the biological and clinical implications of stem cells in prostat‐
ic carcinogenesis and the involvement of prostate cancer stem cells (PCSCs) in the many
faces of PC are demonstrated and summarized. The theory of a stem cell  origin of can‐
cers represents a major paradigm shift that may completely revamp to diagnosis, monitor‐
ing, and therapy of PC.

2. Prostate epithelium and stem cells

Human prostate is an exocrine gland that consists of basal, luminal and neuroendocrine cell
types embedded in a fibro-muscular stroma. The basal cells are relatively undifferentiated,
not dependent on androgens and hence express low levels of androgen receptors (ARs). Ad‐
ditionally, basal cells generate some secretory products such as CD44 [5], p63 [6], p27kip and
c-Met [7], cytokeratin 5 (CK 5) and CK 14 [8]. In contrast to the basal layer of cells, luminal
(or secretory) cells are terminally differentiated and specifically secrete the prostate like
prostate specific antigen (PSA) and prostatic acid phosphatase (PAP) into the glandular me‐
dulla in response to androgens. Because, survival of these luminal cells depend on andro‐
gens they express ARs on a high level; whereas, their other specific secretory products are
CD57 [5], CK 8 and CK 18 [8]. The third type of cell in the cellular organization of the pros‐
tate epithelium is the neuroendocrine (NE) cell. The specific functions of NE cells have not
been deduced so far. However, Bonkhoff suggested that they are post-mitotic cells derived
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from luminal secretory cells [9]. NE cells are terminally differentiated, androgen insensitive
and scattered throughout the epithelium. Unlike the luminal cells, NE cells do not express
AR or PSA; but, they do express NE-specific markers such as chromogranin A and synapto‐
physin [10]. Basal and luminal cells can also be distinguished by comparing expression pro‐
files of other genes; like basal cells do mainly express CK 5 and CK 14, whereas luminal cells
express CK 8 and CK 18 [8]. Morphologically basal cells are small, flattened cells with con‐
densed chromatin and small amounts of cytoplasm. Luminal cells instead have increased cy‐
toplasm and their chromatin appear more opened [11]. Finally, the stroma is located under
the epithelial layer of prostate. Stromal cells are androgen responsive and they do express
AR. Development, maintenance and differentiation of epithelial cells are provided by these
stromal cells [12].

2.1. Prostate stem cells

Prostate stem cells (PSCs) need to carry following characteristics: they must be castration-
resistant, able to renew themselves and regenerate new tissue [13]. In contrast to the epithe‐
lial tissue of other adult organs, the prostate and mammary glands exert hormonal-
dependence. Therefore, to account for changes in hormone levels the PSCs should be
responsive to, but not dependent on, androgen for survival. This property is referred to as
castration-resistance. PSCs should have tissue-regenerative capacity to replenish the gland
after routine cell death. But, when compared to the hematopoietic stem cells that must gen‐
erate a vast array of mature lineages, PSCs only must regenerate a relatively simple double-
layered epithelium. Eventually, and most importantly, PSCs must be able to self-renew
meeting the needs of the organ over the course of a man’s lifetime.

2.2. Localization of stem cells within the prostate epithelium

In the 1980s, John Isaacs and colleagues performed classic androgen cycling experiments
and suggested that prostate epithelium must contain a SC population. Than, when rodents
are deprived of androgen by surgical or medical castration, the gland atrophies due to apop‐
tosis of terminally differentiated cells which are dependent on androgen for their survival
[14]. However, when androgen is replaced the gland regenerates and resumes its normal
functions. This involution and regeneration can be repeated for many sequential cycles. The
regenerative capacity has been attributed to a population of long lived SCs within adult
prostate epithelium that are thought not androgen-dependent for survival, but androgen-
sensitive and androgen-responsive. Apoptosis occurs mostly in androgen-dependent lumi‐
nal cell epithelium, while the androgen-independent basal cells generally remain unaffected
[15]. In accordance with this, the regenerative capacity is referred to the action of basal SCs,
while the harbor of these self-renewing cells is confined to the basal-cell layer [14, 16]. Later,
also other observations and studies have supported this hypothesis in many ways; like, that
basal cells exhibit a higher proliferation rate in normal and hyperplastic acini than luminal
epithelial cells [9]. Or for example, as bromodeoxyuridine (BrdU) labeling studies have sug‐
gested that prostatic tumor-initiating cells reside in the basal cell compartment and express
a p63+ signature [17]. And, that basal cells preferentially survive after androgen ablation;
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not dependent on androgens and hence express low levels of androgen receptors (ARs). Ad‐
ditionally, basal cells generate some secretory products such as CD44 [5], p63 [6], p27kip and
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densed chromatin and small amounts of cytoplasm. Luminal cells instead have increased cy‐
toplasm and their chromatin appear more opened [11]. Finally, the stroma is located under
the epithelial layer of prostate. Stromal cells are androgen responsive and they do express
AR. Development, maintenance and differentiation of epithelial cells are provided by these
stromal cells [12].

2.1. Prostate stem cells

Prostate stem cells (PSCs) need to carry following characteristics: they must be castration-
resistant, able to renew themselves and regenerate new tissue [13]. In contrast to the epithe‐
lial tissue of other adult organs, the prostate and mammary glands exert hormonal-
dependence. Therefore, to account for changes in hormone levels the PSCs should be
responsive to, but not dependent on, androgen for survival. This property is referred to as
castration-resistance. PSCs should have tissue-regenerative capacity to replenish the gland
after routine cell death. But, when compared to the hematopoietic stem cells that must gen‐
erate a vast array of mature lineages, PSCs only must regenerate a relatively simple double-
layered epithelium. Eventually, and most importantly, PSCs must be able to self-renew
meeting the needs of the organ over the course of a man’s lifetime.

2.2. Localization of stem cells within the prostate epithelium

In the 1980s, John Isaacs and colleagues performed classic androgen cycling experiments
and suggested that prostate epithelium must contain a SC population. Than, when rodents
are deprived of androgen by surgical or medical castration, the gland atrophies due to apop‐
tosis of terminally differentiated cells which are dependent on androgen for their survival
[14]. However, when androgen is replaced the gland regenerates and resumes its normal
functions. This involution and regeneration can be repeated for many sequential cycles. The
regenerative capacity has been attributed to a population of long lived SCs within adult
prostate epithelium that are thought not androgen-dependent for survival, but androgen-
sensitive and androgen-responsive. Apoptosis occurs mostly in androgen-dependent lumi‐
nal cell epithelium, while the androgen-independent basal cells generally remain unaffected
[15]. In accordance with this, the regenerative capacity is referred to the action of basal SCs,
while the harbor of these self-renewing cells is confined to the basal-cell layer [14, 16]. Later,
also other observations and studies have supported this hypothesis in many ways; like, that
basal cells exhibit a higher proliferation rate in normal and hyperplastic acini than luminal
epithelial cells [9]. Or for example, as bromodeoxyuridine (BrdU) labeling studies have sug‐
gested that prostatic tumor-initiating cells reside in the basal cell compartment and express
a p63+ signature [17]. And, that basal cells preferentially survive after androgen ablation;
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whereas, 90% of luminal epithelial cells are lost through programmed cell death [18]. An‐
drogen treatment restores the secretory glandular structure, hinting towards that the basal
compartment contains SCs that undergo transit amplification to repopulate the luminal epi‐
thelium [19]. Cell types expressing an intermediate phenotype of basal and luminal cell
characteristics have been identified in the developing and adult prostate [19].

On the other hand, there are also some studies that do not support the idea that SCs reside
in the basal cell compartment. Experiments in mice where SCs were labeled with BrdU, sug‐
gested that stem cells are not restricted to the basal cell compartment; but, may also reside in
luminal cell layer as a slow proliferating population in the proximal part of prostatic ducts
[20]. Using tissue rescue experiments, Gerald R. Cunha and colleagues have demonstrated
that the embryonic p63 null urogenital sinus developed into prostate when engrafted under
the renal capsule of male mice [21]. Although, basal cells were absent the grafts contained
luminal and NE cells, demonstrating that p63 was essential for basal but not for luminal and
NE cell differentiation [21].

In human prostate, there is a consistent body of evidence that the SCs reside in the basal
layer. Within the basal layer, CD133+/α2β1

hi  (high expression of α2β1  integrin) cells repre‐
sent a small subpopulation of quiescent cells with SC characteristics: they have a high pro‐
liferative potential in vitro and can reconstruct functional prostate acinar structures in vivo
[22].  Molecular  characterization  of  these  cells  revealed  that  they  do  not  express  AR  at
mRNA level [23], indicating that they are not dependent on androgen for their survival.
Using CD49f and tumor-associated calcium signal transducer-2 (TROP2) as markers, Gold‐
stein and collaborators identified basal cells with enhanced sphere-forming and tissue re‐
generating abilities [24].

2.3. Characterization of prostatic stem cells

Recent studies have revealed that a very small subpopulation of multipotent and undiffer‐
entiated PSCs, comprising about 0.1–3.0% of the total prostatic epithelial cell population,
principally reside within specialized areas or “niches” localized in the basal cell layer of aci‐
nar and ductal regions of the human prostate gland [5]. Anne T. Collins and colleagues iso‐
lated and characterized human adult SCs based on the identity of cell surface integrin
antigens [25]. They showed that, in vivo, putative SCs express higher levels of the α2-integrin
subunit than other cells within the basal layer. Later, it was shown that a subpopulation of
α2β1

hi basal cells express the CD133 antigen and that this expression correlates with a high
proliferative potential and ability to regenerate a fully differentiated prostatic epithelium
with expression of prostatic secretory products in vivo [22]. CD133+ cells possess three im‐
portant attributes of epithelial stem cells: they are rare, comprise a high in vitro proliferative
potential, and are capable of reconstituting highly branched ductal structures. Besides, Patri‐
cia E. Burger and colleagues reported that SCs can be purified from isolated proximal duct
regions by virtue of their high expression of the cell surface protein stem cell antigen 1
(SCA-1) [26]. Subsequently, it was demonstrated that the Sca-1 surface antigen can be used
to enrich for murine prostate cells displaying multiple properties of primitive cells including
androgen independence, replication quiescence, multi lineage differentiation, and in vivo
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prostate regenerative capacity [27]. Combined cell surface markers such as
CD45−CD31−Ter119−Sca-1+CD49f+ were defined by Devon A. Lawson and colleagues who
found that prostate cells can self-renew to form spheres for many generations and can differ‐
entiate to produce prostatic tubule structures containing both basal and luminal cells in vivo.
These cells also localize to the putative PSC niche in the proximal region of the prostate
gland [28].

2.4. Prostate stem cell niche

In all epithelial organs, adult SCs are maintained in a tissue niche that regulates stem cell
fate decisions. The niche provides structural support, as well as the biological cues that in‐
fluence the SCs’ decision to self-renew or divide into more differentiated progeny. Integrin
and junctional proteins play a major role in regulating SC differentiation in the prostate [29].
For instance, integrin α6 shows a wider distribution amongst SC populations in the prostate
tissue [28]. It was also shown that the high surface expression of α2β1 integrin in human
prostate epithelium correlates with colony forming ability and the potential to regenerate a
fully differentiated prostate epithelium in vivo [25]. Additionally, proteins belonging to the
connexin, cadherin and catenin families were reported as key molecules mediating cell-cell
and cell-extracellular matrix interaction that dictate cell differentiation decisions [30].

Prostate homeostasis is maintained as a result of androgenic regulation of stromal epithelial
interactions. Mesenchyme is the key androgen target tissue during development of prostate
and many androgenic effects expressed in epithelium are elucidated trough paracrine influ‐
ences from the mesenchyme [31].

The pathways controlling SC fate in prostate include NOTCH1 and Transforming growth
factor beta-1 (TGFβ1) signaling. NOTCH signaling is critical for normal cell proliferation
and differentiation in the prostate, and deregulation of this pathway may facilitate prostatic
oncogenesis [32]. Increased TGFβ1 signaling has been found in the quiescent proximal re‐
gion of the ducts in an androgen-replete animal and cells in this region were also overex‐
pressing the B-cell leukemia/lymphoma-2 (Bcl-2) protein, which protects them from
apoptosis [33]. This signaling seems to be responsible for a quiescent stem cell niche.

3. Cancer stem cells

The cancer stem cell (CSC) theory has started more than a century ago with the “embryonal
rest hypothesis” that was relying on histological similarities between teratocarcinomas and
embryonic tissue [34] and later was than accelerated by findings that leukemia could be
transferred by a single cell in a mouse model system [35]. Later investigations clarified that
when this single cell was transplanted to non-severe combined immunodeficiency (SCID)
mice it could induce leukemia that was phenotypically identical to the parental tumor lead‐
ing to the conclusion that a leukemic tumor stem cell had developed from hematopoietic
stem cells [3]. The first CSCs in a solid tumor was discovered for breast cancer in the year
2003 [36]. Following that, CSCs were also found in solid tumors like liver, lung, thyroid,
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prostate regenerative capacity [27]. Combined cell surface markers such as
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2.4. Prostate stem cell niche

In all epithelial organs, adult SCs are maintained in a tissue niche that regulates stem cell
fate decisions. The niche provides structural support, as well as the biological cues that in‐
fluence the SCs’ decision to self-renew or divide into more differentiated progeny. Integrin
and junctional proteins play a major role in regulating SC differentiation in the prostate [29].
For instance, integrin α6 shows a wider distribution amongst SC populations in the prostate
tissue [28]. It was also shown that the high surface expression of α2β1 integrin in human
prostate epithelium correlates with colony forming ability and the potential to regenerate a
fully differentiated prostate epithelium in vivo [25]. Additionally, proteins belonging to the
connexin, cadherin and catenin families were reported as key molecules mediating cell-cell
and cell-extracellular matrix interaction that dictate cell differentiation decisions [30].

Prostate homeostasis is maintained as a result of androgenic regulation of stromal epithelial
interactions. Mesenchyme is the key androgen target tissue during development of prostate
and many androgenic effects expressed in epithelium are elucidated trough paracrine influ‐
ences from the mesenchyme [31].

The pathways controlling SC fate in prostate include NOTCH1 and Transforming growth
factor beta-1 (TGFβ1) signaling. NOTCH signaling is critical for normal cell proliferation
and differentiation in the prostate, and deregulation of this pathway may facilitate prostatic
oncogenesis [32]. Increased TGFβ1 signaling has been found in the quiescent proximal re‐
gion of the ducts in an androgen-replete animal and cells in this region were also overex‐
pressing the B-cell leukemia/lymphoma-2 (Bcl-2) protein, which protects them from
apoptosis [33]. This signaling seems to be responsible for a quiescent stem cell niche.

3. Cancer stem cells

The cancer stem cell (CSC) theory has started more than a century ago with the “embryonal
rest hypothesis” that was relying on histological similarities between teratocarcinomas and
embryonic tissue [34] and later was than accelerated by findings that leukemia could be
transferred by a single cell in a mouse model system [35]. Later investigations clarified that
when this single cell was transplanted to non-severe combined immunodeficiency (SCID)
mice it could induce leukemia that was phenotypically identical to the parental tumor lead‐
ing to the conclusion that a leukemic tumor stem cell had developed from hematopoietic
stem cells [3]. The first CSCs in a solid tumor was discovered for breast cancer in the year
2003 [36]. Following that, CSCs were also found in solid tumors like liver, lung, thyroid,
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skin, pancreas, colon and prostate cancer [37]. Nevertheless, through the 1960s transplant
experiments had proven that cancers were composed of heterogeneous cell populations
with some differences in their self-renewal capability and potential for reconstituting a tu‐
mor following transplantation [38-40]. These early investigations made the researchers think
that the actual tumor cell population could be arisen from a small group of CSCs and two
theories were suggested upon this idea [39]. In the stochastic theory, every cell in a tumor
population is believed to be a potentially tumor initiating cell; but, each cell’s possibility of
entering the cell cycle is low and controlled stochastically. Whereas, the hierarchy theory as‐
sumes that the tumor is functionally heterogeneous and only a small subpopulation of cells
in it have the ability to initiate tumor growth [40]. Regardless of the theories, CSC is general‐
ly accepted as the original cell of a tumor that generates an accumulation of self-sustaining
cells with unlimited self-renewal capability. Meaning it is that one cell that later raises the
formation of a heterogeneous bulk tumor which differentiates, comprises metastatic ability,
preserves itself by activating anti-apoptotic pathways, and is responsible of tumor relapse.
In this context, the self-renewal capability is very important to SCs; i.e. the one or both
daughter cells -that result after cell division- that keep the ability to replicate and form the
same differentiated cell lineage as the parental cell. CSCs have the capability of creating the
generations of a constantly growing tumor and can either arise from the stem cells of a cor‐
responding tissue or from mutation bearing tissue cells that dedifferentiate to become can‐
cerous SCs [41].

3.1. Cell division in cancer stem cells

Stem cells can divide symmetrically or asymmetrically: while the symmetric division results
in two new SCs; asymmetric division gives rise to a new stem cell and a daughter cell that
undergoes a differentiation process. Stem cells alternate between these two division types.
Asymmetric cell division is regulated by some intrinsic factors such as the specific arrange‐
ment of cell polarity and/or cell fate factors like Numb or PAR-aPKC, and by extrinsic mech‐
anism like the stem cell niche. Thus, asymmetric division is not necessary for stem-cell
identity but rather is a tool that stem cells can use to maintain appropriate numbers of prog‐
eny. The facultative use of symmetric or asymmetric divisions by stem cells may be a key
adaptation that is crucial for adult regenerative capacity [42]. The result of each division is
different; since symmetric cell division gives rise to induce new tumors, the machinery that
promotes asymmetric cell divisions has an evolutionarily conserved role in tumor suppres‐
sion [43, 44].

3.2. Regulatory mechanisms of CSCs

Regulatory proteins and pathways establish a balance between a CSC’s self-renewal ability
and its death by apoptosis. The WNT, SHH, NOTCH, and PI3K/AKT/mTOR signaling path‐
ways are especially important in this regulation and are often found be impaired in tumors.
The WNT signaling pathway is mainly involved in cell proliferation and differentiation. A
mutation in one of its components resulting either in an up-regulation or disruption of the
signaling cascade can accelerate tumorigenesis; dysregulation of the WNT pathway compo‐
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nent E-cadherin can also lead to metastasis [45, 46]. Differentiation and self-renewal of adult
SCs is usually controlled by the SHH pathway and disruption of it results in their aberrant
differentiation and proliferation [47]. The NOTCH signaling pathway also regulates the dif‐
ferentiation, proliferation and self-renewal of adult SCs. Dysregulation of this pathway af‐
fects specific tissues and often leads to basal cell carcinoma, breast-, kidney- and prostate
cancer [48-50]. In mouse models a significant inhibition of tumor growth could be achieved
when the NOTCH signaling cascade was blocked [51]. The PTEN, a tumor suppressor pro‐
tein with function in cell cycle regulation, is acting on the PI3K/AKT/mTOR signaling path‐
way. Inactivating mutations of PTEN can cause uncontrolled growth and cell division and
are often found in tumors such as brain, bladder, prostate and kidney cancers [52-54].

3.3. Therapeutic approaches to target CSCs

Searching for powerful therapeutic approaches that specifically target CSCs is an accelerat‐
ing area of research, after the discovery that CSCs significantly influence metastatic diseases
and drug resistance. For instance, relapse is a result of a small CSCs population’s survival
which has self-renewal ability. If these CSCs are not exterminated by chemotherapy or tar‐
geted disruption of the SHH or NOTCH signaling pathways, they stay dormant in the target
organs or bone marrow until triggered to regenerate the heterogeneous cell populations of a
tumor [55]. But, attention should be focused on whether all solid tumors are sustained by
CSCs and whether cell surface specific markers could be found that differentiate between
normal SCs and CSCs. A great improvement will be achieved in cancer therapy when CSCs
are selectively eliminated, while normal SCs are spared and thus left unaffected. Identifica‐
tion of a specific CSC marker in cancer of interest would simplify the development of anti-
cancer drugs that eliminate the CSCs from the tumor cell population [56].

4. Prostate cancer stem cells

4.1. Origin of PCSCs

The origin of PCSCs continues to stay as a controversial issue. Different cells in origin may
generate clinically relevant subtypes with different prognosis and outcome. There are two
possible cell origin resources in PC: the basal and luminal cell-of-origin.

4.1.1. Basal cell-of-origin

Much stronger studies came from several independent laboratories that used different PC
models to support the view that basal stem cells provide the cell-of-origin for PC. When
CD49fhiTrop2hi cells were selected from the basal fraction, transfected with Akt/Erg vectors
and transplanted to induce initiation of prostatic intraepithelial neoplasia [57]; these basal
cells derived from primary benign human prostate tissue initiated PC in immunodeficient
mice [24]. It was also reported that Lin-Sca-1+CD49fhi cells isolated from the basal fraction of
murine prostate produced luminal-like disease characteristics of human PC after transplan‐
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skin, pancreas, colon and prostate cancer [37]. Nevertheless, through the 1960s transplant
experiments had proven that cancers were composed of heterogeneous cell populations
with some differences in their self-renewal capability and potential for reconstituting a tu‐
mor following transplantation [38-40]. These early investigations made the researchers think
that the actual tumor cell population could be arisen from a small group of CSCs and two
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ly accepted as the original cell of a tumor that generates an accumulation of self-sustaining
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cerous SCs [41].
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3.2. Regulatory mechanisms of CSCs
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and its death by apoptosis. The WNT, SHH, NOTCH, and PI3K/AKT/mTOR signaling path‐
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geted disruption of the SHH or NOTCH signaling pathways, they stay dormant in the target
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tumor [55]. But, attention should be focused on whether all solid tumors are sustained by
CSCs and whether cell surface specific markers could be found that differentiate between
normal SCs and CSCs. A great improvement will be achieved in cancer therapy when CSCs
are selectively eliminated, while normal SCs are spared and thus left unaffected. Identifica‐
tion of a specific CSC marker in cancer of interest would simplify the development of anti-
cancer drugs that eliminate the CSCs from the tumor cell population [56].

4. Prostate cancer stem cells

4.1. Origin of PCSCs

The origin of PCSCs continues to stay as a controversial issue. Different cells in origin may
generate clinically relevant subtypes with different prognosis and outcome. There are two
possible cell origin resources in PC: the basal and luminal cell-of-origin.

4.1.1. Basal cell-of-origin

Much stronger studies came from several independent laboratories that used different PC
models to support the view that basal stem cells provide the cell-of-origin for PC. When
CD49fhiTrop2hi cells were selected from the basal fraction, transfected with Akt/Erg vectors
and transplanted to induce initiation of prostatic intraepithelial neoplasia [57]; these basal
cells derived from primary benign human prostate tissue initiated PC in immunodeficient
mice [24]. It was also reported that Lin-Sca-1+CD49fhi cells isolated from the basal fraction of
murine prostate produced luminal-like disease characteristics of human PC after transplan‐

Stem Cells and Prostate Cancer
http://dx.doi.org/10.5772/52289

339



tation [58]. Recently, Norman J. Maitland and colleagues reported that selected cells with
basal phenotypes are tumor initiating and basal SCs are the source of a luminal progeny
[23]. In addition, a small population of TRA-1-60+ CD151+ CD166+ tumor initiating cells
(TICs) isolated from human prostate xenograft tumors exhibited stem-like cell characteris‐
tics and recapitulated the cellular hierarchy of the original tumor in serial xenotransplanta‐
tion experiments [59]. Moreover, these cells expressed basal cell markers and showed
increased Nuclear factor-κB (NF-ĸΒ) signaling.

4.1.2. Luminal cell-of-origin

Luminal cells are believed to be the cells of origin for human PC, because the disease is char‐
acterized by AR+ luminal cell expansion. That is why pathologists diagnose PC based on the
absence of basal cell markers. It is known, that rare luminal cells which express the homeo‐
box gene Nkx3.1 in the absence of testicular androgens (castration-resistant Nkx3.1-express‐
ing cells, CARNs) are bipotential with self-renewal capability in vivo [60]. Single-cell
transplantation of CARNs can reconstitute prostate ducts in renal grafts. Besides, targeted
deletion of PTEN in CARNs results in rapid formation of carcinoma following androgen-
mediated regeneration. Hanneke Korsten and colleagues [61] showed that genetic altera‐
tions are first seen in a subset of luminal cells expressing the progenitor markers TROP2 and
SCA-1, implying that the luminal cells are the cell-of-origin in this model.

The reason why the origin of PC and the cell type of origin remains a controversial issue is
in part of the distinct functional assays that were employed. Furthermore, since PC is a very
heterogeneous disease it is plausible that different PCs are derived from different originat‐
ing cell types.

4.2. Characterization and markers of PCSCs

Every stem cell does not express the defined markers that are used to isolate SCs from various
cancerous or normal tissues. Although the CD133, CD44, SCA1 and THY1 cell surface mark‐
ers are commonly used to enrich CSCs; they are also expressed in normal stem cells as well as
in many non-stem cells in various tumors and tissues. Eventually, the majority of cells ex‐
pressing these markers are not SCs. Apart from that, a marker that is found to be functional in
identifying a SC from one tissue may not be useful for identifying the SC in another tissue.
Another feasible way of identifying SCs, besides searching for specific cell surface markers, is
by label retention (BrdU incorporation) assays [62]. This DNA labeling assay depends on the
label retaining characteristics of the seldom dividing SCs [63]. Finally, CSCs can be isolated by
the detection of a “side population (SP)” of cells that actively transport lipophilic dyes out of
the cells by drug-transporting proteins [64]. Margaret A. Goodell and colleagues first ob‐
served that a small population of bone marrow-derived cells that were incubated with the lip‐
ophilic dye Hoechst 33342 failed to accumulate an appreciable amount of this dye [65]. This
subpopulation  was  identified  by  dual-wavelength  flow  cytometry  analysis  as  the
HoechstlowSP. Remarkably, the SP was highly enriched for hematopoietic stem cells. Subse‐
quently, the SP technique was widely employed to enrich stem-like cells from solid cancers.
This technique was also used for PC cells and the SP of cells derivable from this primary pros‐
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tate tumors was ∼1% [66]. Since the gold standard to confirm CSCs is in vivo tumor develop‐
ment, analyzed and sorted SP cells were inoculated into immune-deficient mice and tested for
tumor producing ability. By this, it was found out that cell surface markers combined with SP
analysis are a more accurate way in identifying the real SC population.

The density of CSCs in a tumor is probably less than 0.1% [37]. Therefore, to obtain a good
yield after isolation these cells certainly should be specified first. So far, identification can be
achieved via characteristic cell surface markers, DNA labeling, and the cells’ ability to expel
dyes. Table 1 presents the expression profiles of cell surface proteins that are specific for SCs
or tumors. But, it should kept in mind, that many cell surface proteins are not too specific to
CSCs, because they are also expressed on physiological stem cells; and thus, using antibod‐
ies to detect them can lead to false-positive results due to non-specific cross reactivity.

Tumor type Cancer stem cell marker

Acute myeloid leukemia CD34/CD38

Breast carcinoma CD44/CD24-/ALDH

Bladder carcinoma Side Population [67]

Colorectal carcinoma CD133, CD44, EPCM, ALDH

Ewing’s sarcoma CD133

Gastric carcinoma CD44

Medulloblastoma, Glioma CD133

Pancreatic carcinoma CD133, CD44, CD24, ALDH, EPCM

Prostate carcinoma CD133, CD44, ALDH

Hepatocellular carcinoma CD133, CD44, ALDH

Lung carcinomas (non-small cell and small cell) CD133, Side Population [67], ALDH

Head and neck carcinoma CD44, Side Population [67], ALDH

Endometrial carcinoma CD133, Side Population [67]

Table 1. Established CSC markers expressed in tumors of different tissues in human [56]

4.3. Methods for assaying PCSCs

Although, a SC in any type of adult tissue has the common self-renewal and differentiation
abilities, it will be wrong to generalize the results obtained from one tissue while defining a
SC in another tissue. SCs in different tissues can differ significantly from one another. The
actual assay to identify a CSC that has self-renewal and tumor progression capability is an in
vivo model known as the serial transplantation in animal models. Other assays are usually
generated in an in vitro environment and to be ideal, they have to full-fill the following crite‐
ria: they should be quantitative, highly specific in measuring only the cells of interest, suffi‐
ciently sensitive to measure candidate stem cells even at low frequencies, and fast [37].
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tation [58]. Recently, Norman J. Maitland and colleagues reported that selected cells with
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(TICs) isolated from human prostate xenograft tumors exhibited stem-like cell characteris‐
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increased Nuclear factor-κB (NF-ĸΒ) signaling.

4.1.2. Luminal cell-of-origin
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acterized by AR+ luminal cell expansion. That is why pathologists diagnose PC based on the
absence of basal cell markers. It is known, that rare luminal cells which express the homeo‐
box gene Nkx3.1 in the absence of testicular androgens (castration-resistant Nkx3.1-express‐
ing cells, CARNs) are bipotential with self-renewal capability in vivo [60]. Single-cell
transplantation of CARNs can reconstitute prostate ducts in renal grafts. Besides, targeted
deletion of PTEN in CARNs results in rapid formation of carcinoma following androgen-
mediated regeneration. Hanneke Korsten and colleagues [61] showed that genetic altera‐
tions are first seen in a subset of luminal cells expressing the progenitor markers TROP2 and
SCA-1, implying that the luminal cells are the cell-of-origin in this model.

The reason why the origin of PC and the cell type of origin remains a controversial issue is
in part of the distinct functional assays that were employed. Furthermore, since PC is a very
heterogeneous disease it is plausible that different PCs are derived from different originat‐
ing cell types.

4.2. Characterization and markers of PCSCs

Every stem cell does not express the defined markers that are used to isolate SCs from various
cancerous or normal tissues. Although the CD133, CD44, SCA1 and THY1 cell surface mark‐
ers are commonly used to enrich CSCs; they are also expressed in normal stem cells as well as
in many non-stem cells in various tumors and tissues. Eventually, the majority of cells ex‐
pressing these markers are not SCs. Apart from that, a marker that is found to be functional in
identifying a SC from one tissue may not be useful for identifying the SC in another tissue.
Another feasible way of identifying SCs, besides searching for specific cell surface markers, is
by label retention (BrdU incorporation) assays [62]. This DNA labeling assay depends on the
label retaining characteristics of the seldom dividing SCs [63]. Finally, CSCs can be isolated by
the detection of a “side population (SP)” of cells that actively transport lipophilic dyes out of
the cells by drug-transporting proteins [64]. Margaret A. Goodell and colleagues first ob‐
served that a small population of bone marrow-derived cells that were incubated with the lip‐
ophilic dye Hoechst 33342 failed to accumulate an appreciable amount of this dye [65]. This
subpopulation  was  identified  by  dual-wavelength  flow  cytometry  analysis  as  the
HoechstlowSP. Remarkably, the SP was highly enriched for hematopoietic stem cells. Subse‐
quently, the SP technique was widely employed to enrich stem-like cells from solid cancers.
This technique was also used for PC cells and the SP of cells derivable from this primary pros‐
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tate tumors was ∼1% [66]. Since the gold standard to confirm CSCs is in vivo tumor develop‐
ment, analyzed and sorted SP cells were inoculated into immune-deficient mice and tested for
tumor producing ability. By this, it was found out that cell surface markers combined with SP
analysis are a more accurate way in identifying the real SC population.

The density of CSCs in a tumor is probably less than 0.1% [37]. Therefore, to obtain a good
yield after isolation these cells certainly should be specified first. So far, identification can be
achieved via characteristic cell surface markers, DNA labeling, and the cells’ ability to expel
dyes. Table 1 presents the expression profiles of cell surface proteins that are specific for SCs
or tumors. But, it should kept in mind, that many cell surface proteins are not too specific to
CSCs, because they are also expressed on physiological stem cells; and thus, using antibod‐
ies to detect them can lead to false-positive results due to non-specific cross reactivity.

Tumor type Cancer stem cell marker

Acute myeloid leukemia CD34/CD38

Breast carcinoma CD44/CD24-/ALDH

Bladder carcinoma Side Population [67]

Colorectal carcinoma CD133, CD44, EPCM, ALDH

Ewing’s sarcoma CD133

Gastric carcinoma CD44

Medulloblastoma, Glioma CD133

Pancreatic carcinoma CD133, CD44, CD24, ALDH, EPCM

Prostate carcinoma CD133, CD44, ALDH

Hepatocellular carcinoma CD133, CD44, ALDH

Lung carcinomas (non-small cell and small cell) CD133, Side Population [67], ALDH

Head and neck carcinoma CD44, Side Population [67], ALDH

Endometrial carcinoma CD133, Side Population [67]

Table 1. Established CSC markers expressed in tumors of different tissues in human [56]

4.3. Methods for assaying PCSCs

Although, a SC in any type of adult tissue has the common self-renewal and differentiation
abilities, it will be wrong to generalize the results obtained from one tissue while defining a
SC in another tissue. SCs in different tissues can differ significantly from one another. The
actual assay to identify a CSC that has self-renewal and tumor progression capability is an in
vivo model known as the serial transplantation in animal models. Other assays are usually
generated in an in vitro environment and to be ideal, they have to full-fill the following crite‐
ria: they should be quantitative, highly specific in measuring only the cells of interest, suffi‐
ciently sensitive to measure candidate stem cells even at low frequencies, and fast [37].
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For SC studies, human primary cells are the optimal tools to mimic and represent the origi‐
nal characteristics of tissues; however, it is quite difficult to get primary cell cultures from
PC tissues due to limited access. Furthermore, cell lines can serve as a resource for CSC
studies, but there are several disadvantages in utilization of this in vitro model: it cannot rep‐
licate exact in vivo conditions during the long-term culture process and some cell property
changes might take place like gene alterations; the in vitro cultured cells often lose their orig‐
inal differentiated function; and it cannot stably maintain the exact properties of the original
organ. Nevertheless, primary PC cells, established PC cell lines, xenograft and animal mod‐
els have all been utilized to identify PCSCs with different surface markers.

4.3.1. In vivo systems

Gerald R. Cunha and Ben Lung have developed tissue recombination of a rodent model for
the growth of normal epithelial cells in 1978 [68]. In this system, tissue fragments of fetal ur‐
ogenital sinus mesenchyme were used to support the growth of normal prostate epithelial
tissue fragments when implanted in collagen under the renal capsule of immunodeficient
mice. This system was later modified to evaluate the growth activities of different prostate
cell subpopulations using mechanical and enzymatic digestion to dissociate both, the uro‐
genital sinus mesenchyme and adult murine prostate tissue into single cell suspensions [69].
Dissociated prostate epithelia regenerate ductal structures that histologically resemble nor‐
mal murine prostate. Matrigel transplantation method was described that provides a recon‐
stitution assay of prostatic cells. It was shown that the prostate contains stem cells capable of
reconstituting the whole prostate and this method can be used to analyze prostate stem
cells, epithelial mesenchymal interactions, and prostate cancer stem cells [70]. Ken Goto and
colleagues performed serial transplantation that was analogous to the serial reconstitution
method to investigate PSCs self-renewal [71]. They showed that regenerated prostate tissue
could be dissociated and transplanted to regenerate prostate tissue at least three times.

4.3.2. In vitro culture systems and assays

There are two types of culture system to study CSCs: primary cell cultures and cell lines.
Primary cell cultures are directly established from human tissues and have the advantage
that their cells represent the original features of the tissue. However, difficulties including
the limited access to biopsy materials, the need for the exclusion of contamination by cancer
or normal cells, their limited lifespan, and the small population of the putative SCs are its
disadvantages [72]. Cell lines are permanent cell cultures with unlimited proliferation ca‐
pacity. They are widely used in many aspects of research as the most common in vitro cul‐
ture model, because they have a big advantage in being easy to handle for their infinite
reproducible quantities. So far, most of the human PC cell lines have been established from
metastatic lesions or from xenograft tumors.

Prostate colony assay: The clonal and population analyses of mammalian stem cells was first
accomplished by using two dimensional culture conditions [73]. Co-culture with irradiated
fibroblast feeder layer is now also used to cultivate human prostate epithelial cells. In this
assay, the feeder layer contains serum free medium (but, growth factors added) and low cal‐
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cium [74]. Under these conditions, murine prostate epithelial cells form colonies of cells that
express epithelial cytokeratins when cultured with irradiated 3T3 feeder cells [28].

Prostate sphere assay: Colonies that are derived from primitive cells cannot be passaged effi‐
ciently, since culture conditions promote cell differentiation. The three dimensional sphere
is a non-adherent culture system that has been used as a useful model to elucidate stem cell
characteristics [75]. A suspension culture system like this is thought to keep cancer stem
cells in their undifferentiated state facilitating their enrichment; like for AR-negative and
AR-positive PC cell lines that both can form prostaspheres [76]. Actually, all PC cell lines
can form prostaspheres; but, because heterogeneity exists only a subpopulation of cells in
each cell line can form these prostaspheres. The expression of stem cell markers, such as
CD133 and CD44, is also significantly enhanced in a prostasphere.

In contrast to the suspension sphere culture systems 3-D culture in Matrigel, which is a
widely used commercially available basement membrane, has been demonstrated to pro‐
mote the differentiation of PSCs. It was possible to induce morphological and phenotypical
differentiation in normal and malignant prostate epithelial cell lines with Matrigel [72].

4.4. Alterations in signaling pathways of PCSCs

Alterations in the signaling pathways are probably one of the reasons why cancer stem cells
gain a tumorigenic potential. Thus, disclosing the signaling pathways’ expressional regula‐
tions might provide potential therapeutic targets. The WNT, JAK/STAT, NF-ĸΒ, NOTCH,
and PI3K/AKT/mTOR signaling pathways were found to be the regulators of CSC biology in
prostate tissue and therefore are candidate targets. The idea of inhibiting signaling that in‐
duces proliferation and survival could mean an effective therapy for PC [77].

Proteins acting in the WNT signaling pathway are usually over-expressed in PCSCs. Hence,
tumorigenesis is promoted and prostaspheres which have self-renewal capacity exhibit pro‐
liferation, differentiation, and heterogeneous expression of stem cell-associated markers
such as CD44, ABCG2 and CD133. When WNT inhibitors are applied the size of prosta‐
spheres and their self-renewal ability can be reduced; plus, the CD133 and CD44 expressions
are down-regulated. WNT activity also regulates the self-renewal capacity of PC cells that
have stem cell-like features and inhibition of WNT signaling potentially reduces the self-re‐
newal ability of PCSCs with an enviable therapeutic outcome [76].

The JAK/STAT signaling pathway seems to be important in PCSC biology. Than, when
PCSCs expressing aldehyde dehydrogenase (ALDH+), which is involved in the formation of
bone metastasis, were treated via a galiellactone- a specific STAT3 signaling inhibitor-; apop‐
tosis of cancerous cells could be induced [78]. Besides, in vivo targeting of STAT3 in a drug
treated DU145 xenograft gave also desired results. Therefore, targeting of JAK/STAT signal‐
ing pathway components might be a promising therapeutic resulting in ALDH1A1 expres‐
sional down-regulation in PSCSs [78]. The importance of the NF-ĸΒ signaling pathway came
up after the finding of enhanced functional signaling in purified naïve stem-like human pro‐
static TICs. When cells were treated with small molecular inhibitors that targeted the NF-κB
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For SC studies, human primary cells are the optimal tools to mimic and represent the origi‐
nal characteristics of tissues; however, it is quite difficult to get primary cell cultures from
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the growth of normal epithelial cells in 1978 [68]. In this system, tissue fragments of fetal ur‐
ogenital sinus mesenchyme were used to support the growth of normal prostate epithelial
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mice. This system was later modified to evaluate the growth activities of different prostate
cell subpopulations using mechanical and enzymatic digestion to dissociate both, the uro‐
genital sinus mesenchyme and adult murine prostate tissue into single cell suspensions [69].
Dissociated prostate epithelia regenerate ductal structures that histologically resemble nor‐
mal murine prostate. Matrigel transplantation method was described that provides a recon‐
stitution assay of prostatic cells. It was shown that the prostate contains stem cells capable of
reconstituting the whole prostate and this method can be used to analyze prostate stem
cells, epithelial mesenchymal interactions, and prostate cancer stem cells [70]. Ken Goto and
colleagues performed serial transplantation that was analogous to the serial reconstitution
method to investigate PSCs self-renewal [71]. They showed that regenerated prostate tissue
could be dissociated and transplanted to regenerate prostate tissue at least three times.

4.3.2. In vitro culture systems and assays

There are two types of culture system to study CSCs: primary cell cultures and cell lines.
Primary cell cultures are directly established from human tissues and have the advantage
that their cells represent the original features of the tissue. However, difficulties including
the limited access to biopsy materials, the need for the exclusion of contamination by cancer
or normal cells, their limited lifespan, and the small population of the putative SCs are its
disadvantages [72]. Cell lines are permanent cell cultures with unlimited proliferation ca‐
pacity. They are widely used in many aspects of research as the most common in vitro cul‐
ture model, because they have a big advantage in being easy to handle for their infinite
reproducible quantities. So far, most of the human PC cell lines have been established from
metastatic lesions or from xenograft tumors.

Prostate colony assay: The clonal and population analyses of mammalian stem cells was first
accomplished by using two dimensional culture conditions [73]. Co-culture with irradiated
fibroblast feeder layer is now also used to cultivate human prostate epithelial cells. In this
assay, the feeder layer contains serum free medium (but, growth factors added) and low cal‐
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cium [74]. Under these conditions, murine prostate epithelial cells form colonies of cells that
express epithelial cytokeratins when cultured with irradiated 3T3 feeder cells [28].

Prostate sphere assay: Colonies that are derived from primitive cells cannot be passaged effi‐
ciently, since culture conditions promote cell differentiation. The three dimensional sphere
is a non-adherent culture system that has been used as a useful model to elucidate stem cell
characteristics [75]. A suspension culture system like this is thought to keep cancer stem
cells in their undifferentiated state facilitating their enrichment; like for AR-negative and
AR-positive PC cell lines that both can form prostaspheres [76]. Actually, all PC cell lines
can form prostaspheres; but, because heterogeneity exists only a subpopulation of cells in
each cell line can form these prostaspheres. The expression of stem cell markers, such as
CD133 and CD44, is also significantly enhanced in a prostasphere.

In contrast to the suspension sphere culture systems 3-D culture in Matrigel, which is a
widely used commercially available basement membrane, has been demonstrated to pro‐
mote the differentiation of PSCs. It was possible to induce morphological and phenotypical
differentiation in normal and malignant prostate epithelial cell lines with Matrigel [72].

4.4. Alterations in signaling pathways of PCSCs

Alterations in the signaling pathways are probably one of the reasons why cancer stem cells
gain a tumorigenic potential. Thus, disclosing the signaling pathways’ expressional regula‐
tions might provide potential therapeutic targets. The WNT, JAK/STAT, NF-ĸΒ, NOTCH,
and PI3K/AKT/mTOR signaling pathways were found to be the regulators of CSC biology in
prostate tissue and therefore are candidate targets. The idea of inhibiting signaling that in‐
duces proliferation and survival could mean an effective therapy for PC [77].

Proteins acting in the WNT signaling pathway are usually over-expressed in PCSCs. Hence,
tumorigenesis is promoted and prostaspheres which have self-renewal capacity exhibit pro‐
liferation, differentiation, and heterogeneous expression of stem cell-associated markers
such as CD44, ABCG2 and CD133. When WNT inhibitors are applied the size of prosta‐
spheres and their self-renewal ability can be reduced; plus, the CD133 and CD44 expressions
are down-regulated. WNT activity also regulates the self-renewal capacity of PC cells that
have stem cell-like features and inhibition of WNT signaling potentially reduces the self-re‐
newal ability of PCSCs with an enviable therapeutic outcome [76].

The JAK/STAT signaling pathway seems to be important in PCSC biology. Than, when
PCSCs expressing aldehyde dehydrogenase (ALDH+), which is involved in the formation of
bone metastasis, were treated via a galiellactone- a specific STAT3 signaling inhibitor-; apop‐
tosis of cancerous cells could be induced [78]. Besides, in vivo targeting of STAT3 in a drug
treated DU145 xenograft gave also desired results. Therefore, targeting of JAK/STAT signal‐
ing pathway components might be a promising therapeutic resulting in ALDH1A1 expres‐
sional down-regulation in PSCSs [78]. The importance of the NF-ĸΒ signaling pathway came
up after the finding of enhanced functional signaling in purified naïve stem-like human pro‐
static TICs. When cells were treated with small molecular inhibitors that targeted the NF-κB
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signaling pathway secondary sphere formation in vitro and tumor-initiation in vivo could be
inhibited [59].

Cell fate specification, initiation of differentiation, and SC maintenance is regulated by the
NOTCH signaling pathway in many tissues [79]. The over-expression of various proteins
that function in the NOTCH signaling cascade has been found in a number of different tu‐
mors including PC. For example JAGGED-1, a NOTCH receptor ligand, has been found to
be significantly more expressed in metastatic PC when compared with localized PC or be‐
nign prostatic tissue samples. This up-regulation also correlated with clinical features like
recurrence, progression and metastasis of PC [80]. When Jagged-1 expression was down-
regulated with small interfering RNAs (siRNAs) cell growth was inhibited and cell cycle ar‐
rest achieved in the S phase of cell division [81].

The PI3K/AKT/mTOR signaling pathway member PTEN was first identified as a candidate
tumor suppressor gene that was frequently mutated in brain, breast, and prostate tumors
[82]. Introduction of PTEN into cancer cells that lack PTEN function down-regulated cell mi‐
gration and survival, and induced cell cycle arrest and apoptosis [82]. PTEN is the most mu‐
tated gene in metastatic PC that is advanced and has an aggressive tumor phenotype; and
has been associated with cancer progression in 30–60% of PC cases [83]. An association be‐
tween androgen-independent tumor growth and PTEN mutations has also been discovered
[84]. A number of mouse models for PC suggested that PTEN might play a role in the initia‐
tion or early progression of this disease. PTEN heterozygous mice are likely to develop epi‐
thelial dysplasia and hyperplasia resembling high-grade PIN and adenocarcinoma [53, 85].
While PTEN mutations lead to a predisposition for PC in mouse models, such an association
could not be shown for human yet [83, 84].

4.5. Endocrine effects on PCSCs

In PC, the stromal niche or microenvironment plays a critical role in regulating differentia‐
tion of CSCs, probably by altered endocrine and/or paracrine signaling. Direct androgen
binding to epithelial ARs is not required for epithelial differentiation, but is essential for the
induction and maintenance of a secretory activity [11].

AR is a member of the steroid hormone receptor family and its over-expression is involved
prostate tumorigenesis. Consequently, androgen deprivation therapy (ADT) has been used
to treat locally advanced and metastatic PC [86]. Despite initial regression of the tumor the
majority of patients inevitably develop castrate-resistant prostate cancer (CRPC), which es‐
tablishes metastases relatively rapidly and is subsequently incurable by current treatment
strategies. Mouse model studies revealed that androgen ablation can select for more aggres‐
sive and metastatic disease, which means that current hormonal therapies do not affect the
AR--CSCs [87]. ADT may promote disease progression by causing an increase in the cas‐
trate-resistant SC pool and/or activating quiescent SCs to repopulate the tumor with andro‐
gen-independent SCs. Vander et al. reported that unlike normal adult human prostate SCs,
CD133+ PCSCs are AR+ and suggested that AR+ prostate TICs are derived from a malignant‐
ly transformed intermediate cell that acquired “stem-like activity”. The AR signaling path‐
way might therefore comprise another therapeutic target, especially for prostate TICs [88].
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In addition to androgens, estrogens play key roles in prostate carcinogenesis and progres‐
sion. However, the mechanisms are not fully understood. Although there is still no direct
evidence that estrogens initiate PC in humans, there is accumulating evidence pointing to‐
wards a central role for estrogens in PC [89]. To give just some examples are the rising E2:T
ratio in aging men, association of estrogen metabolizing gene polymorphisms and elevated
urine hydroxy-estrone ratios with higher PC risk, progressive increase in aromatase expres‐
sion in PCs upon advancement to metastatic disease, and marked alterations in estrogen re‐
ceptor expression with cancer progression. Normal human prostate progenitor cells are
responsive to estrogens with increased rates of self-renewal, implicating them as direct es‐
trogen targets.

The importance of estrogen receptor (ER) expression, e.g. ERα and ERβ, is unknown; but, is
of interest based on the integral role of estrogens in prostate carcinogenesis. The expression
of ERα is low and hard to detect in prostatic epithelial cells, where ERβ is predominantly
expressed. An ERβ agonist compound could selectively induce apoptosis in castrate-resist‐
ant CD133+ basal cells, providing a rationale for further exploring the role of ERβ in PC and
PCSCs [90].

Prolactin (PRL) is a peptide hormone that is secreted by the pituitary gland. It regulates sev‐
eral physiological functions, many of which relate to male and female reproduction. In hu‐
mans PRL is also produced by prostate epithelial cells under normal physiological
conditions. Local PRL profoundly affects the prostate epithelial compartment, with dramatic
expansion of basal and stem-like epithelial cells, markedly enhanced epithelial cell prolifera‐
tion, and strong activation of the STAT5 pathway as three hallmarks of tumorigenesis [91].

4.6. Potential role of PCSCs in metastasis

PC is the second leading cause of cancer death in male; but, because of the progress made in
the diagnosis and treatment of primary PC, mortality in 70 - 80% of the patients is increas‐
ingly linked to its metastatic disease. The bone marrow is the most frequent site for metasta‐
sis in PC; and stem cells, besides their role in tumorigenicity, are highly migratory cells that
are involved in bone metastasis formation [92].

CSCs contain a subpopulation of cells that are exclusively capable of disseminating and sub‐
sequently providing the substrate for tumor metastasis; e.g. CD44+ PC cells are more tumori‐
genic and metastatic than the corresponding CD44- cells [93]. Stromal cell derived factor and
its C-X-C chemokine receptor type 4 (CXCR4) form a critical regulatory axis for SC migra‐
tion, engraftment and homing, and also function in the metastasis of breast and prostate
cancer [94]. Using a mouse/human comparative translational genomics approach an 11-gene
signature that consistently displays a stem cell–like expression pattern in metastatic lesions
of prostate carcinomas could be recovered from multiple distant target organs [95].

On the other hand, some incidents do not support the CSC involvement in metastasis. For
example, CD44+CD24- and CD44+CD24+ breast CSCs have same metastatic potential [96].
Then, in an orthotopic pancreatic cancer model CD133+ cells were not metastatic, whereas
CD133+CXCR4+ cells showed strong metastasis [97]. Also, CD133- colon cancer cells were
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signaling pathway secondary sphere formation in vitro and tumor-initiation in vivo could be
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binding to epithelial ARs is not required for epithelial differentiation, but is essential for the
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AR is a member of the steroid hormone receptor family and its over-expression is involved
prostate tumorigenesis. Consequently, androgen deprivation therapy (ADT) has been used
to treat locally advanced and metastatic PC [86]. Despite initial regression of the tumor the
majority of patients inevitably develop castrate-resistant prostate cancer (CRPC), which es‐
tablishes metastases relatively rapidly and is subsequently incurable by current treatment
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sive and metastatic disease, which means that current hormonal therapies do not affect the
AR--CSCs [87]. ADT may promote disease progression by causing an increase in the cas‐
trate-resistant SC pool and/or activating quiescent SCs to repopulate the tumor with andro‐
gen-independent SCs. Vander et al. reported that unlike normal adult human prostate SCs,
CD133+ PCSCs are AR+ and suggested that AR+ prostate TICs are derived from a malignant‐
ly transformed intermediate cell that acquired “stem-like activity”. The AR signaling path‐
way might therefore comprise another therapeutic target, especially for prostate TICs [88].
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PC is the second leading cause of cancer death in male; but, because of the progress made in
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ingly linked to its metastatic disease. The bone marrow is the most frequent site for metasta‐
sis in PC; and stem cells, besides their role in tumorigenicity, are highly migratory cells that
are involved in bone metastasis formation [92].

CSCs contain a subpopulation of cells that are exclusively capable of disseminating and sub‐
sequently providing the substrate for tumor metastasis; e.g. CD44+ PC cells are more tumori‐
genic and metastatic than the corresponding CD44- cells [93]. Stromal cell derived factor and
its C-X-C chemokine receptor type 4 (CXCR4) form a critical regulatory axis for SC migra‐
tion, engraftment and homing, and also function in the metastasis of breast and prostate
cancer [94]. Using a mouse/human comparative translational genomics approach an 11-gene
signature that consistently displays a stem cell–like expression pattern in metastatic lesions
of prostate carcinomas could be recovered from multiple distant target organs [95].

On the other hand, some incidents do not support the CSC involvement in metastasis. For
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CD133+CXCR4+ cells showed strong metastasis [97]. Also, CD133- colon cancer cells were
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more aggressive and metastatic than their CD133+ counterparts [98]. In conclusion, metasta‐
sis and tumor initiation might be processed by distinct cancer cell populations, probably by
metastatic CSCs.

Tumor microenvironment facilitates cancer metastasis by several mechanisms. When hu‐
man PC cells were injected into the dorsal prostate of a nude mouse more metastasis was
generated, than when cells were injected subcutaneous [99]. Later, it was shown that dorsal
prostate-implanted human PC cells over-express many CSC genes including osteoponin,
CXCR4, CD133, ABCG2, CD44 and CD24. Some of these genes clearly have functional roles
in PC metastasis [100]. But, the exact molecular mechanisms that account for the microenvir‐
onment regulated PC cell metastasis are still not known.

4.7. MicroRNA-mediated regulation of PCSCs

For the identification of novel PC therapeutic targets it is important to evaluate functional
genes that are related with CSCs self-renewal and survival abilities. The experiences with
PC therapy showed that PC recurs frequently; meaning that chemotherapy, radiotherapy,
androgen-ablation therapy, and radical prostatectomy are not sufficient enough to eliminate
TICs or metastatic cells. PCSCs are androgen independent and therapy resistant cells. Thus,
generating novel therapies that specifically target PCSCs may be more effective than those
that target differentiated PC cells. New approaches depend on CSC exterminating rather
than total tumor decay. The limitation for these studies is to be able to specifically target
CSCs in normal tissue that also contains its specific SCs; since, they have similar expression‐
al and antigenic profiles [101]. Consequently, new markers are needed to distinguish CSCs
from tissue specific SCs. microRNAs (miRNA) can be considered as such novel therapeutic
target molecules for distinguishing PCSCs from normal SCs. MicroRNAs are 21- to 25-nu‐
cleotide (nt)–long, noncoding RNAs that induce the target mRNA degradation or repress
mRNA translation by imperfect binding to their 3'-untranslated region (UTR) [102].

Depending on their expressional profiles and their target-mRNA types miRNAs can be divid‐
ed into two classes: one that act like oncogenes (oncomiRs) and the other that act like tumor
suppressor genes. OncomiRs are commonly up-regulated in tumors and target tumor suppres‐
sor mRNA transcripts, causing a decrease of tumor suppressor protein syntheses and thus
function. Tumor suppressor miRNAs on the other hand are mostly down-regulated in tumors
and therefore cannot target and inhibit the syntheses of the specific oncogene mRNA tran‐
scripts  into  oncoproteins.  When tumor  suppressor  miRNAs are  experimentally  over-ex‐
pressed in cancer cells they inhibit their proliferation, invasion and proliferation capacity [103].

Expression profiling of miRNAs in PC have showed that some miRNAs were significantly
up- or down-regulated when compared to normal prostate tissue, pointing to the impor‐
tance of miRNAs in tumor progression and pathogenesis; e.g. miR-34a and miR-34c were
found to have an important role in AR-dependent and p53-mediated apoptosis [104, 105].
miR-125b was an up-regulated miRNA in clinical PC samples and androgen independent
cell lines; thus, its up-regulation might be related with androgen-independence and survival
[103]. Another up-regulated miRNA in PC was miR-21; but, it affected tumorigenesis, inva‐
sion and metastasis by inhibiting the synthesis of proteins that normally function in these
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pathways. miR-21 also inhibits apoptosis [103]; and, contributes to drug resistance of PC to
docetaxel treatment [106, 107]. miR-148a was defined as an androgen-responsive microRNA
that promoted growth when up-regulated in the PC cell line LNCaP and one if its mRNA
targets was found to be the cullin associated and neddylation-dissociated 1 (CAND1) tran‐
script, coding for a tumor suppressor protein [108].

In contrast, miRNAs like miR-15a and miR-16-1 were found to be down-regulated in PC; their
over-expression achieved by intra-cell delivery methods showed significant tumor regression
capacity in vivo [103]. Other down-regulated miRNAs with tumor suppressor function in PC
were miR-125b, miR-99a, miR-99b and miR-100. Again, when their expressions were restored,
PSA expressions could be reduced and PC cell proliferation was inhibited [109].

miR-145 and miR-143 are tumor suppressor miRNAs that are commonly dysregulated in all
cancer types. miR-145 and miR143 are also first transcribed together on a cluster and cleaved
off during the miRNA maturation process. In PC miR-145 is down-regulated and over-ex‐
pression of it has an anti-tumorigenic effect, resulting with the inhibition of migration and
invasion of PC cells [103].

Some miRNAs take part in formation of androgen-independent PC; and, by comparing an‐
drogen-dependent and -independent PC samples, miR-146a has been revealed as such [110].
Finally, an example of a miRNA that is regulated by its target is miR-34a. The tumor sup‐
pressor and transcription factor p53 directly regulates the expression of miR-34a, which is
decreased in CD44+ PC cells. When normally expressed it could inhibit PC regeneration and
metastasis by directly repressing CD44 [111, 112]. The list of miRNAs which expressions are
most significantly altered in PC are given in Table 2.

4.8. New therapeutic approaches in targeting PCSCs

Despite progress in the therapeutic approaches that significantly increased the survival rate
of PC patients, most prostate aggressive tumors become resistant to currently used treat‐
ment protocols. PC that initially responded well to a standard chemotherapy often recur
with selective outgrowth of tumor cell subpopulations and get resistant not only to the orig‐
inal chemotherapeutic agent but also to other therapeutics. Thus, for most patients with re‐
lapse of castration-resistant metastatic PC currently no curative treatment exists. It has been
suggested that AR expression in PC is modulated by CSCs and the CSC model may be re‐
sponsible for the degree of sensitivity to anti-androgen therapy [114], [115].

The majority of studies to date have focused on the identification of characteristics that po‐
tentially could define CSCs. However, more questions have been raised on the issue which
of these characteristics would be better suited as target and now research has seemed to shift
towards identifying the way these CSCs behave that make them different from bulk tumor
cells. Two important features of acute myeloid leukemia (AML) that allowed to discovery of
new therapeutic agents were CD34+/CD38- and CD33+. Anti-CD33 antibodies have become
an important aspect of CSCs targeted therapy. A drug called Gemtuzumab ozogamacin or
Mylotarg, approved by the FDA in 2000, combines the cytotoxic antibiotic calicheamicin
with the monoclonal anti-CD33 antibody [116].
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[103]. Another up-regulated miRNA in PC was miR-21; but, it affected tumorigenesis, inva‐
sion and metastasis by inhibiting the synthesis of proteins that normally function in these

Advances in Prostate Cancer346

pathways. miR-21 also inhibits apoptosis [103]; and, contributes to drug resistance of PC to
docetaxel treatment [106, 107]. miR-148a was defined as an androgen-responsive microRNA
that promoted growth when up-regulated in the PC cell line LNCaP and one if its mRNA
targets was found to be the cullin associated and neddylation-dissociated 1 (CAND1) tran‐
script, coding for a tumor suppressor protein [108].

In contrast, miRNAs like miR-15a and miR-16-1 were found to be down-regulated in PC; their
over-expression achieved by intra-cell delivery methods showed significant tumor regression
capacity in vivo [103]. Other down-regulated miRNAs with tumor suppressor function in PC
were miR-125b, miR-99a, miR-99b and miR-100. Again, when their expressions were restored,
PSA expressions could be reduced and PC cell proliferation was inhibited [109].

miR-145 and miR-143 are tumor suppressor miRNAs that are commonly dysregulated in all
cancer types. miR-145 and miR143 are also first transcribed together on a cluster and cleaved
off during the miRNA maturation process. In PC miR-145 is down-regulated and over-ex‐
pression of it has an anti-tumorigenic effect, resulting with the inhibition of migration and
invasion of PC cells [103].

Some miRNAs take part in formation of androgen-independent PC; and, by comparing an‐
drogen-dependent and -independent PC samples, miR-146a has been revealed as such [110].
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of PC patients, most prostate aggressive tumors become resistant to currently used treat‐
ment protocols. PC that initially responded well to a standard chemotherapy often recur
with selective outgrowth of tumor cell subpopulations and get resistant not only to the orig‐
inal chemotherapeutic agent but also to other therapeutics. Thus, for most patients with re‐
lapse of castration-resistant metastatic PC currently no curative treatment exists. It has been
suggested that AR expression in PC is modulated by CSCs and the CSC model may be re‐
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The majority of studies to date have focused on the identification of characteristics that po‐
tentially could define CSCs. However, more questions have been raised on the issue which
of these characteristics would be better suited as target and now research has seemed to shift
towards identifying the way these CSCs behave that make them different from bulk tumor
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Androgen-Independent miRNAs

Up-regulated Down-regulated

miR-184 miR-128b

miR-361 miR-221

miR-424 miR-222

miR-616 miR-146a/b

miR-148a

miR-663

Cancer Stem Cell, Invasion or Metastasis Related miRNAs

Up-regulated Down-regulated

miR-377 miR-34a

miR-141 miR-143

miR-145

miR-15

miR-16

Common Cancer Related miRNAs

Up-regulated Down-regulated

miR-182 miR-125b

miR-96 miR-15a/16-1

miR-375 miR-34a

miR-205

miR-145

miR-221

miR-222

miR-181b

miR-31

miR-200c

Table 2. Up- and down-regulated microRNAs in postate cancer [113]

Novel therapeutic strategies against locally advanced and/or metastatic hormone-refracto‐
ry prostate cancers (HRPCs) by targeting different oncogenic signaling cascade elements
are listed in Table 3. Recent studies have revealed that the blockade of these tumorigenic
signaling cascades could be beneficial as adjuvant therapy in the early phases of PC for
decreasing the risk of  relapse as well  as in the late stages for improving the efficacy of
current  androgen deprivation therapy,  radiotherapy,  and/or  systemic  chemotherapy and
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patient survival rates [117]. Inhibition of the epidermal growth factor (EGFR) pathway by
anti-EGFR antibody or EGFR tyrosine kinase inhibitor causes a cell  cycle arrest,  inhibits
invasion and/ or induces apoptosis in metastatic PC cells when applied in vitro or in vivo
[118-120]. Blockade of the SHH signaling pathway, which is important in stem cell self-re‐
newal, by cyclopamine leads to long-term PC regression without recurrence, strongly sug‐
gesting a connection between this pathway and PCSCs [121].  Salinomycin, a structurally
related compound to monensin, was recently identified as a potent PCSC inhibitor [122].
It inhibited the growth of PCs, but did not affect non-malignant prostate epithelial cells.
That salinomycin impaired PCSC growth and function was evident by the findings of re‐
duced CD44+ cell fraction and ALDH activity. Moreover, salinomycin reduced the expres‐
sion of  MYC, AR and ERG; induced oxidative stress;  and,  inhibited NF-κB activity and
cell migration.

Regulation of the cell cycle is frequently altered in PC, in part, by the interplay of activation
of oncogenic cascades with diverse hormones, growth factors, and cytokines. Thus, inhibi‐
tors of cell cycle regulatory proteins have become an area of increased interest in targeting
CSCs [123]. The cyclin-dependent kinase inhibitor VMY-1-103 inhibited at very low concen‐
trations the Erb-2/Erb-3/heregulin-induced cell proliferation in LNCaP PC cells. [124]. It was
also observed that VMY-1-103 induced apoptosis via decreased mitochondrial membrane
polarity; and induced p53 phosphorylation, caspase-3 activation, and PARP cleavage in
these PC cells, which do express endogen wild type p53. But, VMY-1-103 failed to induce
apoptosis in the p53-null PC cell line PC3 [124]. These results, strongly suggest that
VMY-1-103 may be an effective therapeutic agent, either alone or in combinations with other
drugs, in treating PC.

Adhesion receptors of the integrin family, particularly αv-integrins, have functions including
bone homing by cancer cells, tumor-induced angiogenesis, and osteoclastic bone resorption.
Targeting of integrins by an αv-integrin antagonist (GLPG0187) could inhibit the de novo for‐
mation and progression of bone metastases in PC by antitumor (including inhibition of epi‐
thelial-to-mesenchymal transition and the size of the PCSC population), antiresorptive, and
antiangiogenic mechanisms [125].

Targeting the local microenvironment niche and stromal components of the CSCs would
comprise two other promising therapeutic approaches. For instance, it is known that partic‐
ularly the combined use of antiangiogenic agents with cytotoxic drugs inhibits tumor
growth and invasion. Combining docetaxel with the EGFR-targeting agent cetuximab and
the antiangiogenic agent sunitinib (SUTENT) inhibits tumor growth approximately 50% at
the end of the 3rd week dosing schedule [126]. Targeting the fibroblast-to-myofibroblast tran‐
sition with halofuginone (inhibitor of collagen type I) may also synergize with low doses of
chemotherapy in achieving a significant antitumor effect, avoiding the need of high-dose
chemotherapy and its toxicity without impairing treatment efficacy [57]. These results all
support the idea that targeting PCSCs, their further differentiated progenies, and microen‐
vironment could be more effective to counteract PC transition to invasive and metastatic
stages.
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ry prostate cancers (HRPCs) by targeting different oncogenic signaling cascade elements
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decreasing the risk of  relapse as well  as in the late stages for improving the efficacy of
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patient survival rates [117]. Inhibition of the epidermal growth factor (EGFR) pathway by
anti-EGFR antibody or EGFR tyrosine kinase inhibitor causes a cell  cycle arrest,  inhibits
invasion and/ or induces apoptosis in metastatic PC cells when applied in vitro or in vivo
[118-120]. Blockade of the SHH signaling pathway, which is important in stem cell self-re‐
newal, by cyclopamine leads to long-term PC regression without recurrence, strongly sug‐
gesting a connection between this pathway and PCSCs [121].  Salinomycin, a structurally
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duced CD44+ cell fraction and ALDH activity. Moreover, salinomycin reduced the expres‐
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trations the Erb-2/Erb-3/heregulin-induced cell proliferation in LNCaP PC cells. [124]. It was
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polarity; and induced p53 phosphorylation, caspase-3 activation, and PARP cleavage in
these PC cells, which do express endogen wild type p53. But, VMY-1-103 failed to induce
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Targeting of integrins by an αv-integrin antagonist (GLPG0187) could inhibit the de novo for‐
mation and progression of bone metastases in PC by antitumor (including inhibition of epi‐
thelial-to-mesenchymal transition and the size of the PCSC population), antiresorptive, and
antiangiogenic mechanisms [125].

Targeting the local microenvironment niche and stromal components of the CSCs would
comprise two other promising therapeutic approaches. For instance, it is known that partic‐
ularly the combined use of antiangiogenic agents with cytotoxic drugs inhibits tumor
growth and invasion. Combining docetaxel with the EGFR-targeting agent cetuximab and
the antiangiogenic agent sunitinib (SUTENT) inhibits tumor growth approximately 50% at
the end of the 3rd week dosing schedule [126]. Targeting the fibroblast-to-myofibroblast tran‐
sition with halofuginone (inhibitor of collagen type I) may also synergize with low doses of
chemotherapy in achieving a significant antitumor effect, avoiding the need of high-dose
chemotherapy and its toxicity without impairing treatment efficacy [57]. These results all
support the idea that targeting PCSCs, their further differentiated progenies, and microen‐
vironment could be more effective to counteract PC transition to invasive and metastatic
stages.
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Target Effect Molecules Reference

EGFR signaling pathway

Anti-EGFR antibody
Cetuximab, Erbitux, mAb-

C225, IMCC225

[118, 120]

EGFR tyrosine kinase inhibitor
Gefinib, Erlotinib,

EKB-569

SHH signaling pathway Signaling inhibition

GDC-0449 [127]

Cyclopamine [121]

Anti-SHH antibody [128]

Cell signaling pathway
Reducing ALDH activity and CD44+ cell

fraction

Salinomycin [122]

STAT3 signaling pathwaySTAT3 signaling inhibitor Galiellalactone [78]

WNT/β-Catenin

signaling pathway

Suppression of the WNT co-receptor LRP6

expression

Silibinin [129]

Cell cycle Cyclin-dependent kinase inhibitor VMY-1-103 [124]

Adhesion receptors αv-integrin antagonist GLPG0187 [125]

Niche and stromal

components

Collagen type I inhibitor Halofuginone [57]

Anti-angiogenic agent Sunitinib, SUTENT [126]

Telomerase reverse transcriptase (hTERT)

promoter-induced CXCR4 knockdown

siRNA [130]

Table 3. Novel targets for therapy against advanced prostate cancer

5. Conclusion

Despite all recent developments in cancer diagnosis and therapy, PC still remains one of the
leading causes of cancer related deaths in men. Nevertheless, designed new tools for precise
diagnosis will enable researchers to distinguish patients “who will be recurred earlier, but
will require more extensive treatments” from those “who will have lifespan less effected
from their disease”. Unlike some other solid tumors, PC is one of these tumor types in
which limited treatment options are available so far and gain of drug-resistance is seen more
often. That is why there is an urgent need for alternative and novel therapies.

CSCs are believed to be a subpopulation of cancer cells that modulate malignancy and show
resistance to current anticancer treatments, which make them indicators of poor prognosis.
There are still many aspects of CSCs that remain to be discovered; like, which main mecha‐
nisms regulate normal SC function and how are they used by malignant cells to propagate
the disease? A careful dissection of the main differences between normal adult SCs and
CSCs as well as of their overlapping aspects are important to distinguish how cancers pro‐
ceed. Transforming the gained knowledge in CSC biology into effective therapies would
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then help patients to regain their health much earlier. Altogether, that is the reason why the
relation between the expressed CSC markers and resulting malignant behavior needs to be
sufficiently understood, as they are primarily relevant with the prognosis of cancer.
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1. Introduction

Salinomycin is a carboxylic polyether ionophore which was isolated from the culture super‐
natant of the bacterium Streptomyces albus in 1974 [1]. Structurally, it is composed of a penta‐
cyclic molecule with a unique tricyclic spiroketal ring system and a unsaturated six-
membered ring (Fig. 1). Its lipophilic property enables salinomycin to act in cytoplasmic and
mitochondrial membranes as an ionophore with a strong preference for potassium. There‐
fore, it promotes cellular and mitochondrial potassium efflux and inhibits mitochondrial ox‐
idative phosphorylation [2, 3].

Salinomycin exhibits a broad antimicrobial spectrum against gram-positive bacteria includ‐
ing mycobacteria, Bacillus subtilis, Staphylococcus aureus and some filamentous fungi, but not
against gram-negative bacteria and yeast [1]. Moreover, salinomycin has been shown to kill
protozoan parasites, such as Plasmodium falciparum and Eimera spp., that cause severe cocci‐
diosis in the livestock and poultry industries. Owing to its anti-parasite properties, salino‐
mycin has been used to control coccidiosis in parasite-infected chickens and cows [4, 5].

More recently, the anticancer property of salinomycin has been recognized based on its abil‐
ity to induce apoptosis and cause growth inhibition in diverse types of apoptosis- and che‐
motherapeutic-resistant cancer cells [6]. Salinomycin-mediated apoptosis in these cells is
independent of known mediators of the cell death signal pathway, such as the p53 tumor
suppressor protein, the 26S proteasome and the CD95/DC95 ligand system. This drug also
triggers apoptosis by overcoming ATP-Binding Cassette (ABC) transporter-mediated multi‐
drug resistance, as was observed in the case of KG-1a human leukemia cells [7, 8]. Salinomy‐
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cin caused massive tumor cell apoptosis and associated regression of breast tumor growth
and metastasis in vivo in a mouse xenograft tumor model [9]. In fact, in high-throughput
screening of ~16,000 small molecule chemicals, breast cancer stem cells (CSCs) were found to
be inhibited selectively by salinomycin [9]. CSCs are a subpopulation of cells within the tu‐
mor mass that are thought to account for cancer recurrence by virtue of their refractivity to
cytotoxic cancer treatment agents such as radiation and a wide variety of chemotherapeutic
agents. Susceptibility of CSCs to salinomycin bolsters the possibility that this drug may tar‐
get treatment-resistant advanced human cancers. Delineation of the mechanism(s) that un‐
derlies cancer cell apoptosis by salinomycin is needed in order to rigorously evaluate the
potential of this drug as a novel cancer therapeutic.

Figure 1. Structural formula of salinomycin. It has a molecular mass of 751 Da and a molecular formula of C42H70O11.

Apoptosis is a regulated cell death process that requires the cascaded activation and execu‐
tion of a series of regulatory molecules and cysteine-aspartic proteases, known as caspases
[10]. Stress agents, such as reactive oxygen species (ROS), ultraviolet radiation, viral infec‐
tions, and anticancer agents are well-characterized apoptosis triggers. Mitochondria are the
primary site of origin for the initiating signals of apoptosis, although a death receptor-de‐
pendent extramitochondrial apoptotic pathway also exists. Mitochondrially originated
apoptotic signals include a change in the electron transport system, loss of mitochondrial
membrane potential (MMP, ΔΨm), failure of Ca2+ flux homeostasis, generation of ROS, and
release of caspase activators. Early apoptosis is invariantly marked by a breakdown in the
MMP, which precedes DNA fragmentation in all cell types and under all types of apoptotic
stimuli [11]. Production of endogenous ROS as mitochondrial byproducts of respiration is
tightly controlled by MMP. Disruption in the ROS homeostasis plays a critical role in the
regulation of mitochondrial dysfunction and apoptotic events [12].

Prostate cancer initially responds to androgen deprivation, which is a standard-of-care ther‐
apy when the androgen-dependent malignant cells meet with apoptotic death in an environ‐
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ment of low, castrate-level circulating androgens. Relapse, however, is a common
occurrence at which point the recurrent cancer cells are castration resistant and have the
ability to progress on chemotherapeutics to become completely therapy resistant [13-15].

In this chapter, we describe our recent findings that salinomycin induces apoptosis of pros‐
tate cancer cells by elevating oxidative stress through intracellular ROS production, which
leads to the disruption of mitochondrial function and subsequent release of cytochrome c to
the cytosol, activation of caspase-3, and cleavage of PARP-1 in androgen-independent, che‐
motherapeutic-refractive PC-3 human prostate cancer cells [16].

2. Salinomycin in human prostate cancer cells

Prostate cancer is the most frequently diagnosed cancer and the second leading cause of can‐
cer death among men in the United States. Considerable progress has been made in the ear‐
ly detection and treatment of prostate cancer over the last two decades. Nevertheless,
mortality from prostate cancer remains a significant health care problem [17]. Androgen
deprivation therapy is increasingly becoming a central component in the management of
prostate cancer. Although initially effective, patients acquire resistance and eventually de‐
velop metastatic castration-resistant prostate cancer (CRPC) [18-20]. For treatment in pa‐
tients with CRPC, chemotherapy with docetaxel represents the standard first-line treatment.
However, in order to prolong overall survival time after treatment with docetaxel, develop‐
ment of novel therapeutic strategies is essential.

2.1. Salinomycin reduced viability of prostate cancer cells at a lower dose than non-
malignant prostate epithelial cells

Our recent study has revealed that salinomycin induces apoptosis in human prostate cancer
cells by accumulated reactive oxygen species and mitochondrial membrane depolarization
[20]. Using androgen-independent PC-3 and DU-145, the androgen-dependent LNCaP pros‐
tate cancer cells and non-malignant RWPE-1 prostate epithelial cells, we examined the ef‐
fects of salinomycin on the viability of prostate cancer cells. When the cells were treated
with increasing concentrations of salinomycin for different time periods, the viability of
prostate cancer cells were reduced in a dose- and time-dependent manner (Fig. 2A, 2B and
2C). By comparison, RWPE-1 cells were relatively less sensitive to salinomycin, since at 0.15
μM concentration, the drug did not significantly inhibit viable cell number (Fig. 2D), unlike
the all three cancer cells, which showed significant drop in viability in MTT assay. To some
extent, differential sensitivity to the drug was also seen for LNCaP vs PC3 and DU-145 cells,
since at 1.33 μM of the drug, LNCaP cells manifested a stronger inhibition -- viability re‐
duced to ~55%, 38%, 35% and 22% (after 12 h, 24 h, 36 h and 48 h, respectively), whereas
>50% of PC-3 and DU-145 cells remained viable after 36 h treatment of the drug (at 1.33
μM), and even at 48 h, >30% of PC-3 cells and >50% of DU-145 cells remained viable (Fig. 2B
vs. Figs 2A & 2C). At 0.15 μM salinomycin, the three cell lines showed approximately simi‐
lar sensitivity to the drug. To summarize, these results indicate that the chemo-resistance of
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the hormone-independent cancer cells to salinomycin is higher than that of the hormone-de‐
pendent cells, and compared to the cancer cells, non-malignant prostate epithelial cells (such
as RWPE-1) are relatively more resistant to salinomycin. We next focused on the PC-3 cell
model to investigate the molecular events associated with the salinomycin-induced loss of
cell viability [20].

Figure 2. Salinomycin inhibited viability of prostate cancer cells. (A) PC-3 (B) LNCaP (C) DU-145 (D) RWPE-1 cells. 5 ×
104 cells/ml were treated with salinomycin (0.15–4.00 μM) at different time points (12 h, 24 h, 36 h and 48 h). Cell
viability was determined by MTT assay. Data are presented as mean ± SD (n = 3 in each group). #p<0.05, p<0.01,
*p<0.001 vs. the control group.

2.2. Salinomycin induced PC-3 cell apoptosis

To examine if the salinomycin effect is due to apoptosis, we examined PC-3 cells for the nu‐
clear morphology, annexin V staining and induction of various apoptosis-related molecular
events before and after salinomycin treatment [20]. Laser scanning confocal microscopy of
DAPI-stained PC-3 cells showed that in the absence of the drug, the nuclei were round and
homogeneous, whereas salinomycin treatment caused a reduction of cell volume, nuclear
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condensation (a hallmark feature of apoptotic cells), and increased non-adherence of the
cells to the culture surface (Fig. 3A). Induction of apoptosis was rigorously substantiated by
examining the flow cytometry pattern of annexin V stained cells (Fig. 3B). Apoptotic cells
accounted for 27.13% and 34.61% of the cells in early apoptosis plus late apoptosis, and ne‐
crotic cells were 13.03% and 21.24% of total cells, in response to salinomycin treatment at
1.33 μM and 4.00 μM, respectively (Fig. 3B). Taken together, these results show that salino‐
mycin induced apoptotic cell death; at higher doses necrosis may also account for cell death.

Figure 3. Salinomycin induced apoptosis in PC-3 cells. (A) Morphological changes. After treatment with salinomycin
(1.33 and 4.00 μM) for 24 h and 48 h, nuclear fragmentation was observed by laser scanning confocal microscopy.
Magnification, at × 1,800. (B) Flow cytometric analysis of annexin V/propidium iodide (PI) staining. PC-3 cells were
treated with various concentrations of salinomycin for 48 h. The dual parameter dot plots combining annexin V and PI
show the viable cell population in the lower left quadrant (annexin V-PI-), apoptotic cells in the lower right quadrant
(annexin V+PI-) and the upper right quadrant (annexin V+PI+), and necrotic cells in the upper left quadrant (annexin V-PI
+). (C) Bax and Bcl-2 expression in total cell lysates, detected by western blotting. (D) Pro-caspase-3 and poly (ADP-
ribose) polymerase (PARP-1, cleaved and uncleaved) levels. (E) Caspase-3 activity, determined by a colorimetric assay
kit using the specific substrate Ac-DEVD-pNA. Data show mean ± SD (n = 3 in each group). #p<0.01 vs. the control
group.

Recently,  a similar study has been performed by Ketola et al.,  describing that salinomy‐
cin is capable of inhibiting the growth of prostate cancer cells, but not affecting non-ma‐
lignant prostate epithelial cells [21]. However, in contrast to our results that salinomycin
induces apoptosis in PC-3 cells, the authors were not able to detect caspase-3- and 7-medi‐
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pendent cells, and compared to the cancer cells, non-malignant prostate epithelial cells (such
as RWPE-1) are relatively more resistant to salinomycin. We next focused on the PC-3 cell
model to investigate the molecular events associated with the salinomycin-induced loss of
cell viability [20].

Figure 2. Salinomycin inhibited viability of prostate cancer cells. (A) PC-3 (B) LNCaP (C) DU-145 (D) RWPE-1 cells. 5 ×
104 cells/ml were treated with salinomycin (0.15–4.00 μM) at different time points (12 h, 24 h, 36 h and 48 h). Cell
viability was determined by MTT assay. Data are presented as mean ± SD (n = 3 in each group). #p<0.05, p<0.01,
*p<0.001 vs. the control group.

2.2. Salinomycin induced PC-3 cell apoptosis

To examine if the salinomycin effect is due to apoptosis, we examined PC-3 cells for the nu‐
clear morphology, annexin V staining and induction of various apoptosis-related molecular
events before and after salinomycin treatment [20]. Laser scanning confocal microscopy of
DAPI-stained PC-3 cells showed that in the absence of the drug, the nuclei were round and
homogeneous, whereas salinomycin treatment caused a reduction of cell volume, nuclear
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condensation (a hallmark feature of apoptotic cells), and increased non-adherence of the
cells to the culture surface (Fig. 3A). Induction of apoptosis was rigorously substantiated by
examining the flow cytometry pattern of annexin V stained cells (Fig. 3B). Apoptotic cells
accounted for 27.13% and 34.61% of the cells in early apoptosis plus late apoptosis, and ne‐
crotic cells were 13.03% and 21.24% of total cells, in response to salinomycin treatment at
1.33 μM and 4.00 μM, respectively (Fig. 3B). Taken together, these results show that salino‐
mycin induced apoptotic cell death; at higher doses necrosis may also account for cell death.

Figure 3. Salinomycin induced apoptosis in PC-3 cells. (A) Morphological changes. After treatment with salinomycin
(1.33 and 4.00 μM) for 24 h and 48 h, nuclear fragmentation was observed by laser scanning confocal microscopy.
Magnification, at × 1,800. (B) Flow cytometric analysis of annexin V/propidium iodide (PI) staining. PC-3 cells were
treated with various concentrations of salinomycin for 48 h. The dual parameter dot plots combining annexin V and PI
show the viable cell population in the lower left quadrant (annexin V-PI-), apoptotic cells in the lower right quadrant
(annexin V+PI-) and the upper right quadrant (annexin V+PI+), and necrotic cells in the upper left quadrant (annexin V-PI
+). (C) Bax and Bcl-2 expression in total cell lysates, detected by western blotting. (D) Pro-caspase-3 and poly (ADP-
ribose) polymerase (PARP-1, cleaved and uncleaved) levels. (E) Caspase-3 activity, determined by a colorimetric assay
kit using the specific substrate Ac-DEVD-pNA. Data show mean ± SD (n = 3 in each group). #p<0.01 vs. the control
group.
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ated apoptosis  in prostate  carcinoma cells,  VCaP and LNCaP,  by salinomycin treatment
(see below). This discrepancy is probably due to the different prostate cell lines were used
in each study.

2.3. Salinomycin differentially altered the levels of Bcl-2 family proteins and induced
caspase-3 activation and PARP-1 cleavage in PC-3 cells

In addition, we examined the expression of Bax and Bcl-2, the apoptosis and cell survival
related protein, respectively, and also cleavage of pro-caspase-3, and PARP-1 (a caspase-3
substrate) using western blotting [16]. Salinomycin increased Bax expression and decreased
Bcl-2 expression in a dose-dependent manner within total cell lysates (Fig. 3C). Furthermore,
declining pro-caspase-3 levels and increasing cleavage of PARP-1 were evident with increas‐
ingly higher salinomycin concentrations (Fig. 3D). Caspase-3 activity assay using an in vitro
colorimetric method further confirmed caspase-3 activation in the presence of salinomycin.
Treatment of PC-3 cells with the drug for 48 hr resulted in a dose-dependent increase of cas‐
pase-3 activity (Fig. 3E). Thus, salinomycin mediated a cascaded series of molecular events
that led to an attenuated level of Bcl-2, augmented level of the pro-apoptotic protein Bax,
and activation of the executer apoptosis enzyme caspase-3.

2.4. Intracellular production of ROS in PC-3 cells increased markedly after salinomycin
treatment

Cancer chemotherapy is  known to induce tumor cell  death in a  variety of  cell  types in
part  by  promoting  the  production  of  intracellular  ROS  [21].  In  order  to  demonstrate
whether ROS production is associated with salinomycin-induced apoptosis of PC-3 cells,
we assessed the state of ROS at various time points after salinomycin treatment by exam‐
ining  the  fluorescence  intensity  of  DCHF-DA-incubated  cells.  A  representative  fluores‐
cence pattern from flow cytometry (Fig. 4A, upper panel) shows that the intracellular ROS
level increased after 4 h of salinomycin treatment, and pretreatment of the cells with the
antioxidant  N-acetylcysteine  (NAC),  a  known quencher  of  ROS,  left  shifted the  fluores‐
cence  peak  closer  to  the  peak  generated  by  cells  with  no  treatment  or  NAC treatment
without subsequent exposure to salinomycin. The number of DCF-positive cells increased
as early as 15 min following exposure to 1.33 μM salinomycin, and the peak production of
ROS was after 4 h incubation of the drug (Fig.  4A, lower panel).  As expected,  pretreat‐
ment  of  the  cells  with  NAC  reduced  the  number  of  DCF-positive  cells.  NAC  also  in‐
creased the cell viability from 41.96% to 57.08% for 1.33 μM and from 25.4% to 41.21% for
4.00 μM of salinomycin (Fig. 4B).  Salinomycin-induced caspase-3 activation in PC-3 cells
was also inhibited by NAC (Fig. 4C).  These findings suggest that intracellular ROS pro‐
duction is closely linked to caspase-3 activation and to the viability of PC-3 cells [20]. Con‐
sistent  with  these  data,  similar  results  has  observed that  salinomycin  induces  oxidative
stress  in  VCaP  and  LNCaP  cells  detemined  by  the  expression  level  of  oxidative  stress
markers and intracellular level of ROS [22].
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Figure 4. Salinomycin mediated ROS-induced apoptosis. (A) The intracellular ROS level. Cells were treated with salino‐
mycin (1.33 μM) for indicated time periods with or without prior 1 h incubation with N-acetylcysteine (NAC; 10 mM).
The dichlorodihydrofluorescein (DCF) fluorescence intensity in the cells was detected by flow cytometry. (B) Cytotoxici‐
ty. Cells were treated with salinomycin for 48 h with or without pre-treatment for 1 h with NAC (10 mM). (C) Cas‐
pase-3 activity. Cells were treated with salinomycin for 48 h with or without NAC (10 mM, 1 h). Data are presented as
mean ± SD (n = 3 in each group). p<0.01, *p < 0.001 vs. the control group.

2.5. Salinomycin induced loss of mitochondrial membrane potential in PC-3 cells

ROS is known to be involved in specific aspects of mitochondrial dysfunctions such as open‐
ing of the mitochondrial permeability transition pore that causes depolarization of the mito‐
chondrial transmembrane potential (MMP; ΔΨm), release of apoptogenic factors and loss of
oxidative phosphorylation. Flow cytometry of DiOC6 fluorescence dye-labeled PC-3 cells
showed progressive left shift of fluorescence intensity, indicating reduction in MMP, after
treatment with 1.33 μM and 4.00 μM salinomycin (Fig. 5A, upper panel). Reduction in MMP
was also prevented in NAC-pretreated cells, as shown in the results of intracellular ROS lev‐
el (Fig. 5A, lower panel). These data suggest that dissipation of MMP in salinomycin-treated
PC-3 cells is dependent on intracellular ROS production [20].
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Figure 4. Salinomycin mediated ROS-induced apoptosis. (A) The intracellular ROS level. Cells were treated with salino‐
mycin (1.33 μM) for indicated time periods with or without prior 1 h incubation with N-acetylcysteine (NAC; 10 mM).
The dichlorodihydrofluorescein (DCF) fluorescence intensity in the cells was detected by flow cytometry. (B) Cytotoxici‐
ty. Cells were treated with salinomycin for 48 h with or without pre-treatment for 1 h with NAC (10 mM). (C) Cas‐
pase-3 activity. Cells were treated with salinomycin for 48 h with or without NAC (10 mM, 1 h). Data are presented as
mean ± SD (n = 3 in each group). p<0.01, *p < 0.001 vs. the control group.

2.5. Salinomycin induced loss of mitochondrial membrane potential in PC-3 cells

ROS is known to be involved in specific aspects of mitochondrial dysfunctions such as open‐
ing of the mitochondrial permeability transition pore that causes depolarization of the mito‐
chondrial transmembrane potential (MMP; ΔΨm), release of apoptogenic factors and loss of
oxidative phosphorylation. Flow cytometry of DiOC6 fluorescence dye-labeled PC-3 cells
showed progressive left shift of fluorescence intensity, indicating reduction in MMP, after
treatment with 1.33 μM and 4.00 μM salinomycin (Fig. 5A, upper panel). Reduction in MMP
was also prevented in NAC-pretreated cells, as shown in the results of intracellular ROS lev‐
el (Fig. 5A, lower panel). These data suggest that dissipation of MMP in salinomycin-treated
PC-3 cells is dependent on intracellular ROS production [20].
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Figure 5. Salinomycin induced dysfunctions of mitochondrial membrane in PC-3 cells. (A) Mitochondrial membrane
potentials (MMP). Cells were treated with salinomycin (1.33 and 4.00 μM) for 48 h in the presence or absence of 1 h
pre-incubation with NAC (10 mM). MMP changes were determined from DiOC6 fluorescence, measured by flow cy‐
tometry analysis. Data are presented as mean ± SD (n = 3 in each group). p<0.01, *p<0.001 vs. the control group. (B)
Bax translocation and release of cytochrome c. The levels of Bax and cytochrome c in the cytosol fraction and mito‐
chondrial fraction were determined by western blotting. (C) Mitochondrial Bax translocation. Confocal microscopic
images were observed by using the mitochondria staining dye Mitotracker Red CMXROS and anti-Bax antibody. Mag‐
nification, at × 1,800.

2.6. Salinomycin promoted Bax translocation to mitochondria and cytosolic release of
cytochrome c

Participation of mitochondrial components in salinomycin-induced apoptosis was deter‐
mined by assessing the subcellular localization of Bax and cytochrome c before and after sal‐
inomycin treatment. The drug triggered Bax translocation onto the mitochondrial
membrane (Fig. 5B, upper panel) and mitochondrial cytochrome c release into the cytosol
(Fig. 5B, lower panel), revealed from western blot assay. Bax translocation to mitochondria
was visually confirmed by confocal microscopy (Fig. 5C), which showed a greatly enhanced
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staining for Bax in the mitochondrial compartment after treatment with salinomycin (1.33
μM) for 24 h or 48 h. These data suggest that salinomycin plays a pivotal role in the mito‐
chondrial uptake of Bax and concomitant release of cytochrome c [20].

3. Salinomycin in human cancer stem cells and cancer cells

Anticancer activity of salinomycin was first described by Gupta et al. [9]. They developed an
automated high-throughput screening method to discover compounds showing selective
toxicity for breast CSCs. Among more than 16,000 small molecule chemicals, only one com‐
pound, salinomycin, was identified as a selective inhibitor of breast CSCs, and salinomycin
pretreatment resulted in a >100-fold decrease in tumor-seeding ability relative to paclitaxel,
a commonly used breast cancer chemotherapeutic drug [23], indicating that CSCs within
breast cancer cell populations are resistant to paclitaxel but sensitive to treatment with sali‐
nomycin [9].

Salinomycin has been validated for its anticancer effects on CD4+ T-cell leukemia cells from
from the peripheral blood of a patient with acute T-cell leukemia [7]. While salinomycin
failed to induce apoptosis in normal CD4+ T cells, various human leukemia and lymphoma
cells undergo apoptosis by salinomycin treatment. Interestingly, salinomycin induces apop‐
tosis selectively in human cancer cells that exhibit resistance to apoptosis by lacking p53 ex‐
pression and anticancer agents by overexpression of Bcl-2, P-glycoprotein or 26S
proteasomes with enhanced proteolytic activity [7, 24]. Although the exact mechanism of
salinomycin-induced apoptosis is unknown, this study highlights that salinomycin activates
a distinct apoptotic pathway in cancer cells that is not accompanied by cell cycle arrest and
that is independent of p53, caspase activation, the CD95/CD95L system and the 26S protea‐
some [7]. In addition, a new study demonstrated that salinomycin massively induces apop‐
tosis in human leukemia stem cell-like cells which is expressing various ABC transporters
conferring resistance to a broad spectrum of chemotherapeutic drugs [8].

In order to identify and improve conditions for increasing sensitivity of cancer cells to dox‐
orubicin (DOX) or etoposide (ETO), various human cancer cells were co-treated with salino‐
mycin and DOX- or ETO-pretreated cells [25]. The authors has shown that salinomycin is
able to sensitize cancer cells to the effects of DOX or ETO. Intriguingly, they also has demon‐
strated for the first time that salinomycin sensitizes cancer cells with two different path‐
ways, which mediated by increased DNA damage and reduced p21 protein levels through
increased proteasome activity [25]. These findings suggest that salinomycin may be used for
combination chemotherapy with DOX or ETO to reduce the viability of cancer cells.

The in vitro effects of salinomycin on aldehyde dehydrogenase (ALDH)-positive lung cancer
cell line A549 has been observed [26]. ALDH is highly expressed in several tumor types in‐
cluding brain, breast, liver, colon, pancreas and lung [27], and ALDH positive cells from
these tumors has been shown to enrich for tumor initiating cells with increased proliferation
rate, migration and adhesion ability, and more recently with metastatic potential [28]. Treat‐
ment of salinomycin not only ruptured the lung cancer tumorospheres from ALDH positive
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automated high-throughput screening method to discover compounds showing selective
toxicity for breast CSCs. Among more than 16,000 small molecule chemicals, only one com‐
pound, salinomycin, was identified as a selective inhibitor of breast CSCs, and salinomycin
pretreatment resulted in a >100-fold decrease in tumor-seeding ability relative to paclitaxel,
a commonly used breast cancer chemotherapeutic drug [23], indicating that CSCs within
breast cancer cell populations are resistant to paclitaxel but sensitive to treatment with sali‐
nomycin [9].

Salinomycin has been validated for its anticancer effects on CD4+ T-cell leukemia cells from
from the peripheral blood of a patient with acute T-cell leukemia [7]. While salinomycin
failed to induce apoptosis in normal CD4+ T cells, various human leukemia and lymphoma
cells undergo apoptosis by salinomycin treatment. Interestingly, salinomycin induces apop‐
tosis selectively in human cancer cells that exhibit resistance to apoptosis by lacking p53 ex‐
pression and anticancer agents by overexpression of Bcl-2, P-glycoprotein or 26S
proteasomes with enhanced proteolytic activity [7, 24]. Although the exact mechanism of
salinomycin-induced apoptosis is unknown, this study highlights that salinomycin activates
a distinct apoptotic pathway in cancer cells that is not accompanied by cell cycle arrest and
that is independent of p53, caspase activation, the CD95/CD95L system and the 26S protea‐
some [7]. In addition, a new study demonstrated that salinomycin massively induces apop‐
tosis in human leukemia stem cell-like cells which is expressing various ABC transporters
conferring resistance to a broad spectrum of chemotherapeutic drugs [8].

In order to identify and improve conditions for increasing sensitivity of cancer cells to dox‐
orubicin (DOX) or etoposide (ETO), various human cancer cells were co-treated with salino‐
mycin and DOX- or ETO-pretreated cells [25]. The authors has shown that salinomycin is
able to sensitize cancer cells to the effects of DOX or ETO. Intriguingly, they also has demon‐
strated for the first time that salinomycin sensitizes cancer cells with two different path‐
ways, which mediated by increased DNA damage and reduced p21 protein levels through
increased proteasome activity [25]. These findings suggest that salinomycin may be used for
combination chemotherapy with DOX or ETO to reduce the viability of cancer cells.

The in vitro effects of salinomycin on aldehyde dehydrogenase (ALDH)-positive lung cancer
cell line A549 has been observed [26]. ALDH is highly expressed in several tumor types in‐
cluding brain, breast, liver, colon, pancreas and lung [27], and ALDH positive cells from
these tumors has been shown to enrich for tumor initiating cells with increased proliferation
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A549 lung cells but also reduced the expression of stem cell markers such as OCT-4,
NANOG and SOX2 [26]. This study suggests that salinomycin may be a promising agent for
lung cancer chemotherapy.

Anticancer effects of salinomycin on cancer stem-like cells in human colorectal cancers
(CRC) have been described [29]. CD133+ cell subpopulations within CRC have been identi‐
fied as cancer stem-like cells, which are resistant to many current cancer therapies [30]. Sali‐
nomycin reduced the proportion of CRC CD133+ cell subpopulations and upregulated
expression of E-cadherin in CRC cells, suggesting that salinomycin may induce the mesen‐
chymal-epithelial transition in the CRC cells. Furthermore, treatment of salinomycin re‐
duced clonogenicity and mobility of the CRC cells [29].

A recent study has shown that salinomycin is active against human squamous cell carcino‐
mas (SCCs) [31]. Based on the expression level of surface E-cadherin, SCCs can be classified
into mesenchymal-like (Ecad-lo) cells and epithelial-like (Ecad-hi) cells, and upon down-reg‐
ulating surface expression of E-cadherin, SCCs acquire mesenchymal-like phenotypes in‐
creasing resistance to both cytotoxic and targeted agents [32]. In contrast to cisplatin which
selectively depleted Ecad-hi cells, salinomycin displayed comparable efficacy against both
Ecad-hi and Ecad-lo cells [31].

More recently, the biochemical mechanism of anticancer effects of salinomycin has been
demonstrated in chronic lymphocytic leukemia cells and osteosarcoma cells [33, 34]. As an
inhibitor of Wnt/β-catenin signaling which plays a crucial role in embryonic development
and cancer [35-37], salinomycin has been shown to block the phosphorylation of the Wnt
coreceptor lipoprotein receptor related protein 6 (LRP6) and induce its degradation [33, 34].
These findings suggest that the anticancer properties of salinomycin may be mediated by
Wnt inhibition, and targeting Wnt receptors LRP6 could represent a novel therapeutic treat‐
ment for cancers [37].

Using human ovarian cancer cell line OV2008, Dong et al. [38] very recently has reported
that salinomycin inhibits the growth of ovarian cancer cells by inducing apoptosis in vitro
and in vivo. To examine the signal pathway involved in salinomycin-induced growth inhibi‐
tory effect and apoptosis in OV2008 cells, the authors determined the phosphorylation of
p38 MAPK which is implicated in cancer cell apoptosis and is induced by several chemo‐
therapeutic drugs [39]. They observed that salinomycin treatment to OV2008 cells increases
in the phosphorylation of p38 MAPK in a time-dependent and a concentration-dependent
mode, suggesting that the activation of p38 MAPK appears to contribute to the proapoptotic
effect of salinomycin in OV2008 cells [38].

4. Conclusion

The pharmacologic action of salinomycin has garnered increased attention in recent years in
view of its potential as a new cancer chemotherapeutic based on its activity as a selective
inhibitor of breast cancer stem cells. Salinomycin treatment also reduced formation of meta‐
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static nodules by CSCs [6, 40]. Since CSCs are inert to all current cancer therapy interven‐
tions, they are likely to drive tumor recurrence and progression. The absence of androgen
receptor expression in the putative CSCs in prostate cancer suggests that targeting of the an‐
drogen receptor pathway will not yield lasting therapy for advanced prostate cancer. A re‐
cent finding that salinomycin is detrimental to the viability of androgen-dependent and
androgen-independent prostate cancer cells due to the onset of apoptosis hints at the possi‐
bility that this drug or more likely, a significantly less cytotoxic derivative of this drug activ‐
ity, may have clinical utility as part of a future treatment strategy for advanced prostate
cancer [20].

Our present study shows 1) salinomycin decreased viability of the androgen-dependent
LNCaP and androgen-independent PC-3 and DU-145 prostate cancer cells in MTT assay in a
time- and dose-dependent manner. The non-malignant RWPE-1 prostate epithelial cells
were resistant to the drug-induced lethality at a lower salinomycin dose, which was still ef‐
fective in inhibiting LNCaP, PC-3 and DU-145 cells; 2) Early and late apoptosis and necrosis
in salinomycin-treated PC-3 cells was revealed from the nuclear morphology of DAPI-
stained cells and from flow cytometry of annexin V-labeled cells; 3) Biochemical evidence of
apoptosis came from the results that salinomycin activated caspase-3, induced cleavage of
PARP-1 and caused a dose-dependent decreased expression of the survival protein Bcl-2
and increased expression of the pro-apoptotic protein Bax; 4) Bax was translocated to the
mitochondria and cytochrome c was released into the cytosol of salinomycin-treated PC-3
cells, in agreement with the known coordinated events in the apoptosis pathway in which
translocated Bax forms a transmembrane pore across the outer mitochondrial membrane,
which in turn helps the cytosolic release of cytochrome c; 5) Finally, new evidence presented
here shows that salinomycin promotes escalation of intracellular ROS levels which is accom‐
panied by decreased mitochondrial membrane potential and increased caspase-3 activity of
PC-3 cells and these effects of salinomycin were prevented by pretreatment of the cells with
the antioxidant NAC (Fig. 6).

Previously it was reported that cancer chemopreventive agents induce apoptosis in part
through ROS generation and disruption of redox homeostasis [41]. It is also known that the
pro-apoptotic signal(s) emanating from accumulated ROS triggers the mitochondrial release
of caspase-activating proteins, such as cytochrome c, apoptosis inducting factor (AIF) and
Smac/DIABLO to the cytosol [42]. ROS shows secondary messenger function because of its
ability to influence MMP and mitochondrial function and to induce intracellular Ca2+ flux
and eventual activation of the caspase cascade [43]. Although our results provide clear evi‐
dence of salinomycin-induced ROS generation, mitochondrial membrane depolarization
and augmentation of caspase-3 activity in PC-3 cells, we did not detect any change in the
intracellular Ca2+ level [20].

The mechanistic implication of our data is that salimomycin-mediated ROS production, in‐
itiated upstream of  mitochondrial  dysfunction,  is  a  determining event  that  commits  the
cancer cells to apoptotic death subsequent to the loss of MMP, cytosolic release of cyto‐
chrome  c  and  activation  of  the  caspase  zymogen  cascade.  The  link  between  ROS  and
apoptosis in salinomycin-exposed cells was also evident from the inhibition of apoptosis
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A549 lung cells but also reduced the expression of stem cell markers such as OCT-4,
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These findings suggest that the anticancer properties of salinomycin may be mediated by
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Using human ovarian cancer cell line OV2008, Dong et al. [38] very recently has reported
that salinomycin inhibits the growth of ovarian cancer cells by inducing apoptosis in vitro
and in vivo. To examine the signal pathway involved in salinomycin-induced growth inhibi‐
tory effect and apoptosis in OV2008 cells, the authors determined the phosphorylation of
p38 MAPK which is implicated in cancer cell apoptosis and is induced by several chemo‐
therapeutic drugs [39]. They observed that salinomycin treatment to OV2008 cells increases
in the phosphorylation of p38 MAPK in a time-dependent and a concentration-dependent
mode, suggesting that the activation of p38 MAPK appears to contribute to the proapoptotic
effect of salinomycin in OV2008 cells [38].

4. Conclusion

The pharmacologic action of salinomycin has garnered increased attention in recent years in
view of its potential as a new cancer chemotherapeutic based on its activity as a selective
inhibitor of breast cancer stem cells. Salinomycin treatment also reduced formation of meta‐
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static nodules by CSCs [6, 40]. Since CSCs are inert to all current cancer therapy interven‐
tions, they are likely to drive tumor recurrence and progression. The absence of androgen
receptor expression in the putative CSCs in prostate cancer suggests that targeting of the an‐
drogen receptor pathway will not yield lasting therapy for advanced prostate cancer. A re‐
cent finding that salinomycin is detrimental to the viability of androgen-dependent and
androgen-independent prostate cancer cells due to the onset of apoptosis hints at the possi‐
bility that this drug or more likely, a significantly less cytotoxic derivative of this drug activ‐
ity, may have clinical utility as part of a future treatment strategy for advanced prostate
cancer [20].

Our present study shows 1) salinomycin decreased viability of the androgen-dependent
LNCaP and androgen-independent PC-3 and DU-145 prostate cancer cells in MTT assay in a
time- and dose-dependent manner. The non-malignant RWPE-1 prostate epithelial cells
were resistant to the drug-induced lethality at a lower salinomycin dose, which was still ef‐
fective in inhibiting LNCaP, PC-3 and DU-145 cells; 2) Early and late apoptosis and necrosis
in salinomycin-treated PC-3 cells was revealed from the nuclear morphology of DAPI-
stained cells and from flow cytometry of annexin V-labeled cells; 3) Biochemical evidence of
apoptosis came from the results that salinomycin activated caspase-3, induced cleavage of
PARP-1 and caused a dose-dependent decreased expression of the survival protein Bcl-2
and increased expression of the pro-apoptotic protein Bax; 4) Bax was translocated to the
mitochondria and cytochrome c was released into the cytosol of salinomycin-treated PC-3
cells, in agreement with the known coordinated events in the apoptosis pathway in which
translocated Bax forms a transmembrane pore across the outer mitochondrial membrane,
which in turn helps the cytosolic release of cytochrome c; 5) Finally, new evidence presented
here shows that salinomycin promotes escalation of intracellular ROS levels which is accom‐
panied by decreased mitochondrial membrane potential and increased caspase-3 activity of
PC-3 cells and these effects of salinomycin were prevented by pretreatment of the cells with
the antioxidant NAC (Fig. 6).

Previously it was reported that cancer chemopreventive agents induce apoptosis in part
through ROS generation and disruption of redox homeostasis [41]. It is also known that the
pro-apoptotic signal(s) emanating from accumulated ROS triggers the mitochondrial release
of caspase-activating proteins, such as cytochrome c, apoptosis inducting factor (AIF) and
Smac/DIABLO to the cytosol [42]. ROS shows secondary messenger function because of its
ability to influence MMP and mitochondrial function and to induce intracellular Ca2+ flux
and eventual activation of the caspase cascade [43]. Although our results provide clear evi‐
dence of salinomycin-induced ROS generation, mitochondrial membrane depolarization
and augmentation of caspase-3 activity in PC-3 cells, we did not detect any change in the
intracellular Ca2+ level [20].

The mechanistic implication of our data is that salimomycin-mediated ROS production, in‐
itiated upstream of  mitochondrial  dysfunction,  is  a  determining event  that  commits  the
cancer cells to apoptotic death subsequent to the loss of MMP, cytosolic release of cyto‐
chrome  c  and  activation  of  the  caspase  zymogen  cascade.  The  link  between  ROS  and
apoptosis in salinomycin-exposed cells was also evident from the inhibition of apoptosis
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in NAC-pretreated PC-3 cells [20]. The NAC inhibition hints at the possibility that the ex‐
tent  of  salinomycin-induced cytotoxicity in a therapeutic  setting may be controlled with
the intermittent use of an antioxidant in the therapeutic regimen of prostate cancer treat‐
ment.  In  contrast,  however,  a  recent  study has  shown that  salinomycin inhibits  growth
and migration of prostate cancer cell lines, VCaP and LNCaP, by reducing the expression
of some prostate cancer oncogenes such as MYC, AR and ERG, inducing oxidative stress,
decreasing  the  antioxidative  capacity  and the  proportion  of  CSCs,  but  not  by  inducing
apoptosis  [21].  Nevertheless,  these  studies  suggest  that  salinomycin  may  have  multiple
mechanisms to inhibit prostate cancer cell growth.

Figure 6. Schematic representation of salinomycin-induced apoptosis in human prostate cancer cells.

Future extension of the studies will constitute evaluating the anticancer efficacy of salino‐
mycin on human prostate cancer xenograft models and on patient-derived primary prostate
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tumor cells, and the investigation of a group of salinomycin derivatives which are more ef‐
fective and less toxic for humans is a challenge in the near future.
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1. Introduction

Prostate cancer (PCa)is the most frequent malignant neoplasia in men. The number of cases
has continuously increased over the past decades, partly due to the higher life expectancy.
Additional factors are the high caloric diet and lack of physical exercise, typically seen in the
Western countries. Notably, up to 40% of cancer incidents are preventable by consuming a
healthy diet, regular physical activity, and maintenance of optimum body weight, and more
than 20% by consuming vegetables and fruits. PCa represents an ideal candidate disease for
chemoprevention. It is typically diagnosed in elderly men and even a modest delay in the
neoplastic development could result in substantial reduction in the incidence of the clinical‐
ly detectable disease.In this chapter we will review the history, the development, and the
applications of some of the most common animal models of PCa,and we will discuss of the
role of animal models in translational research.

2. Body

Prostate cancer (PCa) is the most common non-cutaneous malignant neoplasm in men in
Western  countries,  responsible  for  the  deaths  of  approximately  30,000  and  85,000  men
per  year  in  the  United States  and Europe,  respectively  [1,2].The  number  of  cases  is  in‐
creasing rapidly in step with the growing number of men >50 worldwide, strategies for
the prevention of PCa and its progression are urgently required. Since studies of chemo‐

© 2013 Lattanzio et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.



[33] Lu D, Choi MY, Yu J, Castro JE, Kipps TJ, Carson DA. Salinomycin inhibits Wnt sig‐
naling and selectively induces apoptosis in chronic lymphocytic leukemia cells. Proc
Natl Acad Sci USA 2011;108(32) 13253-13257.

[34] Tang QL, Zhao ZQ, Li JC, Liang Y, Yin JQ, Zou CY, Xie XB, Zeng YX, Shen JN, Kang
T, Wang J. Salinomycin inhibits osteosarcoma by targeting its tumor stem cells. Can‐
cer Lett 2011;311(1) 113-121.

[35] Clevers H. Wnt/beta-catenin signaling in development and disease. Cell 2006;127(3)
469–480.

[36] Moon RT, Kohn AD, De Ferrari GV, Kaykas A. WNT and beta-catenin signalling:
Diseases and therapies. Nat Rev Genet 2004;5(9) 691–701.

[37] King TD, Suto MJ, Li Y. The Wnt/β-catenin signaling pathway: a potential therapeu‐
tic target in the treatment of triple negative breast cancer. J Cell Biochem 2012;113(1)
13-18.

[38] Zhang B, Wang X, Cai F, Chen W, Loesch U, Bitzer J, Zhong XY. Effects of salinomy‐
cin on human ovarian cancer cell line OV2008 are associated with modulating p38
MAPK. Tumour Biol DOI 10.1007/s13277-012-0445-9 (accessed 7 July 2012).

[39] Wagner EF, Nebreda AR. Signal integration by JNK and p38 MAPK pathways in can‐
cer development. Nat Rev Cancer 2009;9(8) 537–549.

[40] Maitland NJ, Collins AT. Prostate cancer stem cells: a new target for therapy. J Clin
Oncol 2008;26(17) 2862-2870.

[41] Hail N Jr, Lotan R. Cancer chemoprevention and mitochondria: targeting apoptosis
in transformed cells via the disruption of mitochondrial bioenergetics/redox state.
Mol Nutr Food Res 2009;53(1) 49-67.

[42] Circu ML, Aw TY. Reactive oxygen species, cellular redox systems, and apoptosis.
Free Radic Biol Med 2010;48(6) 749-762.

[43] Ly JD, Grubb DR, Lawen A. The mitochondrial membrane potential (Δψm) in apop‐
tosis; an update. Apoptosis 2003;8(2) 115-128.

Advances in Prostate Cancer376

Chapter 16

Natural Compounds, Antioxidant and Antiandrogens
in the Prevention of Prostate Cancer: In vivo Evidences
from Murine Models and Human Clinical Studies

Rossano Lattanzio, Alessia Lamolinara,
Mauro Piantelli and Manuela Iezzi

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/45948

1. Introduction

Prostate cancer (PCa)is the most frequent malignant neoplasia in men. The number of cases
has continuously increased over the past decades, partly due to the higher life expectancy.
Additional factors are the high caloric diet and lack of physical exercise, typically seen in the
Western countries. Notably, up to 40% of cancer incidents are preventable by consuming a
healthy diet, regular physical activity, and maintenance of optimum body weight, and more
than 20% by consuming vegetables and fruits. PCa represents an ideal candidate disease for
chemoprevention. It is typically diagnosed in elderly men and even a modest delay in the
neoplastic development could result in substantial reduction in the incidence of the clinical‐
ly detectable disease.In this chapter we will review the history, the development, and the
applications of some of the most common animal models of PCa,and we will discuss of the
role of animal models in translational research.

2. Body

Prostate cancer (PCa) is the most common non-cutaneous malignant neoplasm in men in
Western  countries,  responsible  for  the  deaths  of  approximately  30,000  and  85,000  men
per  year  in  the  United States  and Europe,  respectively  [1,2].The  number  of  cases  is  in‐
creasing rapidly in step with the growing number of men >50 worldwide, strategies for
the prevention of PCa and its progression are urgently required. Since studies of chemo‐
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preventive agents  in  humans are  hampered by the long latency period and challenging
epidemiological  problems,  reliable  preclinical  models  can  be  useful  to  overcome  these
problems.  Early  prostate  tumorigenesis  is  apparently  characterised  by  dysplasia  that
starts  with proliferative  inflammatory atrophy as  the  prelude to  low-grade Prostatic  In‐
traepithelial Neoplasia (PIN), high-grade PIN, primary cancer, metastatic cancer, and hor‐
mone-refractory  cancer.  During  this  progression,  genetic  damage  accumulates  within
cancer cells  [3,4].  Animal modelling has made a significant  contribution to the study of
prostate development and disease. Identification of the molecular features of PCa patho‐
genesis  and  progression  could  be  greatly  facilitated  by  laboratory  and  clinical  models.
However, a prerequisite for the elaboration of useful models is a better understanding of
the molecular characteristics  of  human PCa.  This  puzzle,  in addition to the well-known
inter- and intra-individual heterogeneity of the disease itself and its multi-faceted nature,
has necessitated the development of several complementary model systems. The most ef‐
fective animal models will  be those that most closely mimic the phenotypic and genetic
changes  accompanying  the  progression  of  the  human  disease.  Systems  shown  to  be
promising include the dog, the rat,  the human xenograft,  and the genetically manipulat‐
ed mouse.  They have been widely  employed to  test  preventive  regimens,  combinations
of  chemopreventive  agents  and/or  drugs,  cancer  vaccines,  and  targeted  treatments
[5-12].This paper reviews the history, development, and applications of some of the most
common animal models, and discusses their pros and cons in translational research.

3. Canine models

The dog is the animal known to commonly develop high-grade PIN and PCa spontaneously
in a human-like manner [13]. The many similarities between the canine and the human form
include the morphologic and phenotypic heterogeneity of the tumoral lesions, the age-de‐
pendency of tumor occurrence, and the propensity to metastasize to bones in an osteoblastic
manner [14,15]. Androgen-dependency, on the other hand, is ruled out by a similar inci‐
dence in castrated animals [15], while a relatively long latency, the low incidence of sponta‐
neous disease, the impracticability of genetic manipulation, and the high expense of
maintaining dog colonies [16,17] are other limitations of canine systems.

4. Rat models

Spontaneous PCa is sometimes observed in some strains of rats [18]. The Dunning model
[19] is the most popular. The original R-3327 tumor arose spontaneously in an inbred Co‐
penhagen rat, and was translated into a syngenic Copenhagen x Fisher F1 rat. It is a slow
growing, well differentiated and non-metastatic form. Several sublines with different char‐
acteristics mimicking some aspects of the human disease have since been developed [20-23].
Copenhagen and Wistar rats also develop a wide range of PCa phenotypes [24,25]. This var‐
iability, however, coupled with the rarity and long latency of these tumors, and their lack of
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metastases, bar the realistic employment of such models [12], though the recent elaboration
of knockout methods [26-28] indicates that greater use could be made of genetically engi‐
neered rats in the future [29].

5. Xenograft models

In immunodeficient nude mice tumors grow after injection of cancer cells or xenograft im‐
plantation with no evidence of a graft-versus-host response. In function of the number of
cells injected, or the size of the xenograft, the tumor will develop over 1–8 weeks, 1–4
months, or longer, and its response to treatment can be studied [30]. By comparison with in
vitro studies, this approach offers several advantages, especially a 3D structure complete
with tumor-induced angiogenesis, hormonal, paracrine/autocrine factors, and metastasis
[12]. Xenografting of human PCa began in the 1970s [31]. Thereafter several cell lines that
displayed different PCa phenotypes when injected into athymic nude mice have been devel‐
oped [32,33]. This model has been used to show the ability of tumor xenografts to metasta‐
size to the lymph node and bone, the two most common human sites [34].

Mice with an autosomal recessive Severe Combined Immuno Deficiency mutation (SCID
mice) were identified in 1983 [35]. This mutation results in a lack of T- and B-lymphocyte
function. However, normal natural killer (NK) cells and myeloid function are present, and
in some SCID mice, some B and T cells are still present [36]. In this model subcutaneous in‐
jection of HER2/neu overexpressing human CLNCaP cells has shown that HER2/neu indu‐
ces androgen-independent tumor growth through modulation of the androgen receptor
signalling pathway[37].

In 1995, the features of this model were improved by crossing SCID mice with nonobese dia‐
betic (NOD) mice, which lack in NK cells, antigen-presenting cells, and circulating comple‐
ment [38]. NOD-SCID mice accepted foreign tissue more successfully and were more
immunodeficient than SCID mice. This strain has been used to elaborate a model for ortho‐
topic implantation of PC-3 and DU145 cells with a tumor take efficacy of >80% for both lines
[39]. Some xenograft models result in metastasis to bone after intracardiac injection of bone
cells that probably survive in a niche whose microenvironment is optimal for their seeding
and growth. However intracardiac injection is not an ideal procedure and attention has thus
been focused on xenografts to orthotopic sites such as the prostate. The success rates depend
on the host strain and the use of hormones or Matrigel to provide adequate growth factors
and a scaffold for cell growth [40-42].

The immunodeficiency mouse model has been further improved by crossing NOD-SCID
mice with interleukin-2 receptor gamma null mice (NOG/NSG mice). These long-living mice
(median 90 weeks) totally lack B, T, and NK cell activities, and cytokine signaling, together
with no age-related “leakiness”. They have a higher xenograft success rate and are more ef‐
fective than other models, particularly in long-term studies involving prostate and non pros‐
tate cancer cells [43-45].
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For preclinical prostate studies, most laboratories employ human PCa cell lines xenograft‐
ed in mice. Many excellent reviews of the characteristics of these lines have been publish‐
ed [46-50]. The most widely used, each with thousands of studies published according to
PubMed, are the classic three lines PC-3, LNCaP, and DU145, while each of the other lines
has less than 200 citations [8]. These cell lines do not represent the steps of PCa progres‐
sion. For example,  almost all  cell  lines,  including the most popular,  were obtained from
metastatic  deposits:  PC-3  from bone,  LNCaP from lymph node,  and DU145 from dural
metastasis. In addition, PC-3 and DU145 are androgen receptor (AR) negative and LNCaP
expresses a mutated AR. Again, cell lines, and their sublines in particular, are not fully ge‐
netically, functionally and phenotypically characterized, nor is there a method for stand‐
ardization [8,46-48].

6. Transgenic mouse models

The last ten years have witnessed a remarkable shift in animal-based cancer research from
xenograftedtumor to transgenic models since it is believed that they will recapitulate the
complete course of carcinogenesis more accurately[48].This assumption stems from the rec‐
ognition of several advantages that transgenic models offer when compared to xenograft
systems. Among these are that the process of carcinogenesis begins with normal cells, pro‐
gresses through distinct genetic and histological stages, occurs in an immuno-competent
host and in its own cellular microenvironment, and that metastasis can occur along routes
and to sites relevant to the clinical disease. A perhaps unrecognized attribute lies in the fact
that, because the disease is not initiated by human action but by a genetic program that
passes through the germline, the disease process is ‘‘reset’’ each generation. Statistically, the
progression of a transgenic model of cancer should therefore be precisely recapitulated
across time and between colonies. Given appropriate record keeping and data analysis, this
feature should allow epidemiological- style investigations of great statistical power, free
from both the mathematical noise of genetic and environmental variation, and from many of
the economic and ethical constraints of human medicine.

Genetically engineered mouse (GEM) models have been utilized to identify pathways in‐
volved in carcinogenesis and investigate the role of particular gene mutations/deletions, and
validate key genes as therapeutic targets. These models have been widely employed to test
preventive regimens, combinations of chemopreventive agents and/or drugs, cancer vac‐
cines, and targeted PCa treatments [5-12]. To mimic the human disease, GEMs could be gen‐
erated through several mechanisms, such as overexpression or activation of oncogenes,
elimination of target suppressor genes (Knock-outs), or generating dominant negative pro‐
teins that disrupt the function of regulatory genes.

The methods initially reported for genetic mouse modification involved the introduction of
DNA constructs designed to induce the expression of proteins under the control of strong
tissue-specific promoters, such as probasin and PSA. Simian virus 40 (SV40) large T antigens
(Tag) were widely used because of their transforming ability. They interact with and sup‐
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press the tumor suppressor protein p53 and retinoblastoma [51,52]. In addition, the small t
antigen interacts with the serine/threonine-specific protein phosphatase 2α to induce trans‐
formation [53].

The first model involving the expression of SV40 tumor antigens to develop PCa in the
mouse was the C3(1)-Tag model[54].Targeting the Tag expression to the prostate was ach‐
ieved by using a region of the C3 (1) gene, the rat prostatic steroid binding protein gene.
Most C3(1)-Tag mice developed PIN after about eight weeks of age. Invasive adenocarcino‐
mas followed after 28 weeks in about 40%. These tumors rarely metastasized (<4%), and al‐
ways to the lungs. However, SV 40 expression was also detected in the mammary and
salivary gland, while all females develop mammary intraepithelial neoplasia that may prog‐
ress to mammary carcinomas[55].More effective prostate targeting was obtained in later
models. Relatively few studies have used the C3 (1)/Tag model.

The transgenic adenocarcinoma of the mouse prostate (TRAMP) mouse [56,57] is the best
known and most widely used PCa model because it closely mimics the human disease.In
this model, expression of both large and small SV40 early genes (T and t antigen, Tag) are
driven by the prostate-specific promoter probasin that leads to cell transformation within
the prostate. In this model, Tag are under the control of the minimal rat probasin –426/+C28
fragment. All male TRAMP mice develop PCa spontaneously: as in humans, they develop
PIN, and well- or moderately- differentiated adenocarcinomas (between 10 and 20 weeks of
age) and undifferentiated carcinomas (expressing or not AR) as well as phyllode tumors in
the seminal vesicles [58,59]. Most adenocarcinomas arose in the dorsolateral lobe, which is
considered most analogous to the peripheral zone where the human disease originates [10].
TRAMP was the first mouse model to display distant organ metastases, albeit rarely to the
skeleton. Metastatic progression can be observed after 28 weeks of age, when almost all mice
display lymphatic and >60% lung metastases from AR-, poorly differentiated (PD) tumors
that constitute the main “lethal phenotype” in the TRAMP mouse on account of their fast
growth and consequent acute renal damage due to compression, and also because they are
the source of distant metastases and systemic cachexia [60]. These phenomena can also oc‐
cur in the absence of other physiologic sequelae of metastatic disease [61]. An issue with the
TRAMP model is that its most frequent lethal and metastatic malignancy (i.e. the PD tumor),
has been reported to be of neuroendocrine nature and origin, while the simultaneous loss of
p53 and Rb could increase susceptibility to neuroendocrine cancer [62-64].

The TRAMP mouse has become a popular preclinical model for studying chemoprevention/
treatment of PCa, and elucidation of the antitumorigenic effects of many classes of chemo‐
preventive/therapeutic regimens, including anti-androgen, anti-estrogen, anti-angiogenic,
ornithine decarboxylase inhibitors, green tea polyphenols, COX-2 inhibitors, phytoestro‐
gens, retinoic acid, grape seed extract, flavonolignans, etc (Table 1).This model enables com‐
parison of the efficacy of treatments. A significant decrease of incidence and a delay of
tumor progression was observed following anti angiogenic treatment (endostatin and an‐
giostatin gene therapy), and lycopene and tomato supplementation. Other promising anti-
oxidant agents include green tea, soy, resveratrol, crucifers, curcumin, tocotrienols,
triterpenoids and methyl-selenium.
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Regimen Compound Reference Year

Anti-androgen Flutamide 108 2000

Ornithine decarboxylase inhibition alpha-difluoromethylornithine 109 2000

Green tea Polyphenolic extract 110 2001

Soy Genistein 111 2001

Anti-estrogen Toremifene 112 2002

Anti-inflammatory Celecoxib 113 2004

Anti-inflammatory Celecoxib, exisulind 114 2004

Soy Genistein 115 2004

Differentiative, antiangiogenic Retinoic acid 116 2004

Green tea Polyphenolic extract 117 2004

Green tea Epigallocatechin-3-gallate (EGCG) 118 2004

Green tea Polyphenolic extract 119 2004

Green tea Polyphenolic extract 120 2005

Anti-inflammatory Etodolac 121 2005

Block of the α1-adrenergic receptors Doxazosin 122 2005

Rye Bran 123 2005

Soy Genistein 124 2005

Anti-inflammatory Celecoxib 125 2006

Anti-oxidative Spinach extract, EGCG, acetylcysteine 126 2006

DNA methyltransferase inhibition 5-aza-2’-deoxycytidine 127 2006

Estrogen metabolite 2-Methoxyestradiol 128 2006

Grape seeds Polyphenolicextracy 129 2007

Anti-β-Catenin Apigenin 130 2007

Soy Genistein 131 2007

Anti-angiogenic Endostatin and angiostatin gene therapy 132 2007

Green tea Epigallocatechin-3-gallate (EGCG) 133 2007

Milk thistle(Silybummarianum) seeds Silibin 134 2007

Combined immunoprophylaxis Allogeneic cells and recombinant IL-12 135 2007

Saw palmetto Liposterolic extract 136 2007

Grape Resveratrol 137 2007

Plant flavonoid Apigenin 138 2007

Milk thistle(Silybummarianum) seeds Silibin 139 2008

Milk thistle(Silybummarianum) seeds Silibin 140 2008

Advances in Prostate Cancer382

Regimen Compound Reference Year

Cruciferous vegetables Sulphoraphane 141 2009

Green tea Polyphenolic extract 142 2009

Milk thistle(Silybummarianum) seeds Silibin 143 2009

Anti-oxidative γ-Tocopherol 144 2009

Systemic buffers 145 2012

Anti-oxidative γ-Tocopherol 146 2012

Anti-inflammatory Ursolic acid 147 2012

High-fat diet Whole walnuts 148 2012

Pomegranate Fruit exctract 149 2012

Plant flavonoid Apigenin 150 2012

Cancer therapy Docetaxel, Dexametasone, Octeotride 151 2012

Bitter melon Fruit exctract 152 2011

Diet Folate deficiency 153 2011

Anti-inflammatory Ursolic acid 154 2011

Anti-inflammatory + anti-hormonal Celecoxib, Hormone ablation 155 2011

Garlic Diallyltrisulfide 156 2011

Anti-oxidative Indolole-3-carbinole 157 2011

Anti-oxidative Whole tomatoes 158 2010

Anti-oxidative Lycopene beadlet, tomato paste 159 2010

Diet Western diet 160 2010

Anti-oxidative Seleniun 161 2011

Triterpenoids Synthetic CDDO 162 2011

Mitocondrial Hsp90 inhibition 163 2011

Arginine metabolism Modulators 164 2011

Anti-oxidative Methyl-seleniun 165 2009

Hormonal Methoxyestradiol 166 2009

Interferon-alpha 167 2009

3,3’-Diindolylmethane 168 2010

Anti-oxidative Mixed tocotrienols 169 2010

Diet Zinc 170 2010

Cancer therapy Treatment targeting HIF-a and Stat3 171 2011

Crucifers Indole-3-carbinol 172 2011

Table 1. Preventive/Therapeutic Regimens Tested in the TRAMP Model of Prostate Cancer
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Anti-inflammatory Celecoxib, exisulind 114 2004

Soy Genistein 115 2004
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Green tea Epigallocatechin-3-gallate (EGCG) 118 2004

Green tea Polyphenolic extract 119 2004

Green tea Polyphenolic extract 120 2005
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Soy Genistein 131 2007
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Green tea Epigallocatechin-3-gallate (EGCG) 133 2007

Milk thistle(Silybummarianum) seeds Silibin 134 2007
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Plant flavonoid Apigenin 138 2007
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Milk thistle(Silybummarianum) seeds Silibin 140 2008

Advances in Prostate Cancer382

Regimen Compound Reference Year
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Table 1. Preventive/Therapeutic Regimens Tested in the TRAMP Model of Prostate Cancer

Natural Compounds, Antioxidant and Antiandrogens in the Prevention of Prostate Cancer: In vivo Evidences...
http://dx.doi.org/10.5772/45948

383



To increase the transgene expression beyond that obtained with the minima probasin pro‐
moter, as in the TRAMP mouse, an 11.5 kb 5’ flanking fragment of the prostate-specific pro‐
basin promoter (large probasin) has since been isolated [65], and used to direct large T-
antigen expression to the dorsolateral and ventral prostate (Lady mouse model). The second
key difference in this model is that the large probasin promoter was linked to a deletion mu‐
tant of the SV40 T-antigen that expressed only the large T-antigen [66,67]. The Lady model is
advantageous because expression is high, but the PCa progression is less aggressive, begin‐
ning with low to high-grade PIN and proceeding to carcinoma with neuroendocrine fea‐
tures. However, metastatic progression was not seen [5,67]. Several other trangenic mouse
models have been developed with or without the involvement of SV40 antigens and with
different strategies (reviewed in ref. [12]). In summary, while T antigen expression generally
induces castration-resistant, aggressive and metastatic PCas, often with a neuroendocrine
phenotype, the specific expression of other oncogenes in the prostate results in a mild phe‐
notype that rarely progresses to adenocarcinoma.

7. Knockout mice

7.1. Whole body models

The roles of genes significant in prostate carcinogenesis can also be studied in, whole-body
knockout models. Here, however, the gene involved is knocked out ubiquitously, and its
specific role in a given organ cannot be readily determined. Estrogen receptor b knockout
mice display hyperplastic foci in the prostate or even no pathological changes [68]. Deletion
of retinoic acid receptor γ determines squamous metaplasia of prostate and seminal vesicles,
but not carcinomas [69]. p27knockout mouse display prostatic hyperplasia histologically
similar to that observed in human BPH, but not PIN, and a pathogenetic role of p27 loss in
BPH development in both mice and humans has been suggested [70]. Inactivation of T
(phosphatase and tensin homolog deleted on chromosome 10) prevents activation of AKT
and apoptosis resulting in embryonic lethality. However, haploinsufficiency leads to early
stages (PIN) of prostatic carcinogenesis [71]. Double-knockout models in which loss of
PTEN is associated with loss of other tumor suppressors (p27, Nkx3.1, and p53), are charac‐
terized by more aggressive tumor phenotype.The highest stage of tumor progression was
adenocarcinoma (PTEN x p27 mouse) [72], lymph node metastases (PTEN x Nkx3.1 mouse)
[73], and high grade PIN (PTEN x p53 mouse) [74]. In addition, several mouse models with
up to 5 genetic hits demonstrated, as expected, the complexity of the events required for a
complete progression of prostatic tumors from low-grade PIN to metastatic disease (see re‐
view [75]).

7.2. Conditional models

The “old” (1979) [76] Cre-loxP system was used to produce mice with prostate-specific alter‐
ations. Cre is a recombinase that promotes specific genetic recombination in trans at loxP
sites. The Cre-loxP system was developed and used for genetic recombination first in yeast
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and later in mice [77,78]. Many genes knocked out with the whole body strategy were also
knocked out by using a conditional approach that results in higher prostate tumor severity.
As an example, tissue-specific deletion indicated that homozygous loss of prostatic PTEN
led to most stages of prostate tumor progression (metastatic disease) when compared to
whole-body haploinsufficiecy, where only PIN was present [79]. At present, the Cre-lox sys‐
tem is diffusely employed to generate mouse models characterized by cell-type-specific and
tissue-specific genetic modification (see recent review in ref. [12]). The probasin and the
prostate specific antigen (PSA) promoters were extensively utilized to induce targeted Cre
expression in the prostate. PB-Cre and PSA-Cre mice have been employed to delete the in‐
traprostatic expression of PTEN, Rb, p53, APC, IGF1 and PTEN, Nkx3, respectively.

E-Resources for mouse models of human cancer, including PCa, are also available online
(http://emice.nci.nih.gov/,http://cancermodels.nci.nih.gov/,andhttp://cancerimag‐
es.nci.nih.gov/).

8. Clinical trials

Mouse  models  have  significantly  contributed  to  our  understanding  of  PCa  biology
through their identification of new cancer genes and biomarkers, and their illustration of
the  molecular  and  cellular  mechanisms  underlying  tumor  initiation  and  progression.
They  have  also  been  employed  in  a  preclinical  setting  to  test  novel  preventive  and/or
therapeutic strategies [5,6,8-12,80]. Mice, in fact, offer several advantages. They are small,
relatively inexpensive, and reproduce rapidly with large litters. More importantly, techni‐
cal advances have facilitated the generation of defined genetic modifications that can also
be spatially controlled, to mimic human prostate carcinogenesis. In general, and perhaps
not surprisingly,  a variety of phenotypes are obtained depending on the specific geneti‐
cally  engineered  mouse  model,  but  none  exactly  mimics  the  human  disease.  Although
preclinical studies and the epidemiological evidence suggest that specific dietary compo‐
nents  or  nutritional  supplements  influence  overall  mortality  and/or  reduce  the  risk  of
PCa, randomized, controlled clinical trials provide high-quality evidence of benefit, no ef‐
fect, or even harm. Examples of ongoing clinical trials are reported in Table 2. In the last
ten years, several primary prevention trials have been reported (reviewed in ref. [11,81]).
Preventive  strategies  in  a  clinical  setting  have  focused  on  two  approaches:  antioxidant
regimens to reduce DNA damage and suppression of androgenic stimulation [82].  Since
a wealth of preclinical and epidemiologic data indicated that selenium and vitamin E re‐
duce  PCa,  these  compounds  were  evaluated  in  humans.  The  Nutritional  Prevention  of
Cancer (NPC) trial found a 63% reduction of PCa incidence (secondary endpoint) follow‐
ing the administration of selenized yeast [83]. The Alpha-Tocopherol Beta-Carotene Can‐
cer  prevention  study  (ATBC),  one  of  the  first  large  studies  (14,569  subjects  enrolled),
investigated  the  prevention  of  lung  cancer  among  male  smokers.  The  results  indicated
that beta carotene supplements increased the risk of lung cancer, rather than preventing
it,  and that  vitamin E had no effect  [84-86].  However,  a  significantly lower risk of  PCa
was  observed  for  participants  receiving  vitamin  E  alone.  The  NPC and ATBC findings
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and later in mice [77,78]. Many genes knocked out with the whole body strategy were also
knocked out by using a conditional approach that results in higher prostate tumor severity.
As an example, tissue-specific deletion indicated that homozygous loss of prostatic PTEN
led to most stages of prostate tumor progression (metastatic disease) when compared to
whole-body haploinsufficiecy, where only PIN was present [79]. At present, the Cre-lox sys‐
tem is diffusely employed to generate mouse models characterized by cell-type-specific and
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not surprisingly,  a variety of phenotypes are obtained depending on the specific geneti‐
cally  engineered  mouse  model,  but  none  exactly  mimics  the  human  disease.  Although
preclinical studies and the epidemiological evidence suggest that specific dietary compo‐
nents  or  nutritional  supplements  influence  overall  mortality  and/or  reduce  the  risk  of
PCa, randomized, controlled clinical trials provide high-quality evidence of benefit, no ef‐
fect, or even harm. Examples of ongoing clinical trials are reported in Table 2. In the last
ten years, several primary prevention trials have been reported (reviewed in ref. [11,81]).
Preventive  strategies  in  a  clinical  setting  have  focused  on  two  approaches:  antioxidant
regimens to reduce DNA damage and suppression of androgenic stimulation [82].  Since
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duce  PCa,  these  compounds  were  evaluated  in  humans.  The  Nutritional  Prevention  of
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underpinned  the  NCI-sponsored  selenium  and  vitamin  E  cancer  prevention  trial  (SE‐
LECT).  This  randomized 35,533 men into four groups:  (1)  selenium/placebo,  (2)  vitamin
E/placebo,  (3)  both  agents,  and  (4)  placebo  alone  [87].  At  a  mean  of  5.5  years  neither
agent reduced risk of  PCa.  However,  at  a  mean of  7  years and with an additional  per‐
son-year  of  follow-up,  men receiving  vitamin  E  alone  had a  significantly  increased  the
risk of PCa (Hazard Ratio 1.17, 99% CI 1.004– 1.36, P  = 0.008) [88].  Does vitamin E pre‐
vent or promote cancer? More research on the biological activities of the forms and mix‐
tures of tocopherols (alpha, gamma, and delta), and their baseline serum levels should be
considered (analyses and discussion in ref. [81,89,90]).

The most promising agents for preventing PCa are probably the 5-alpha reductase inhibitors
(5-ARIs). Five-alpha reductase catalyzes the conversion of testosterone to the more active di‐
hydrotestosterone. The Prostate Cancer Prevention Trial (PCPT) and the Reduction by Du‐
tasteride of Prostate Cancer Events (REDUCE) Trial evaluated the activities of two 5-ARIs,
finasteride and dutasteride, respectively (reviewed in ref. [81,91]). 5-ARI use for 4-7 years re‐
duced the overall risk of biopsy-detectable PCa by 23-25%. All the prevented cases are either
low-grade (PCPT) or GS ≤3 + 4 = 7 prostatic carcinoma (REDUCE). It is unclear whether the
slightly increased risk of high-grade cancers in both trials is real or an artifact. In addition to
the risk of androgen-independent tumors, the side effects of 5-ARI such as neurodegenera‐
tion, osteoporosis, cardiovascular diseases, genitourinary dysfunctions, and hormonal disar‐
rangement limit their use as primary chemopreventive drugs [92-94].

Clinical translation has thus proved to be a general failure when viewed against the opti‐
mism aroused by preventive treatments (antioxidant, anti-hormonal, anti-inflammatory, an‐
ti-angiogenic etc agents) in the preclinical setting. It has been proposed that species-specific
differences, and differences in time of treatment intervention age, trial design enrolment cri‐
teria, genetic variation, and the choice, dose, and bioavailability of preventive/therapeutic
agents are lie behind for the discrepancy [11]. The most substantial challenge posed by
mouse models of PCa, as for other tumors, is their species-specific differences. The lifespan
of a mouse is 25-50 times shorter than that of humans, and mice are 3000 times smaller, with
consequent differences in pharmacokinetics [95,96]. Anatomically, the human prostate is a
single alobular organ with a central, a transitional, and a peripheral zone, whereas the mur‐
ine prostate comprises four paired lobes located around the urethra, namely the anterior (or
coagulating gland), dorsal, lateral, and ventral prostate. The dorsal and lateral lobes are
treated as one (the dorsolateral lobe) as they share a ductal system. This lobe has been de‐
scribed as the most similar to the human peripheral zone where most carcinomas arise
[97,98]. According to the Bar Harbor Pathology Panel consensus opinion, however, there is
no direct relationship between any mouse lobe and any of the human zones [58]. Histologi‐
cally, the mouse and the human prostate display similar cell types (secretory, basal and neu‐
roendocrine), but their ratio varies from one species to another [99,100]. Mice have fewer
basal cells and a discontinuous layer on the basal membrane, whereas in humans, this layer
is continuous between secretory cells and the basal membrane. Neuroendocrine cells, rare in
humans, are even more rare in mice. The human prostate is characterized by an abundant
fibromuscular stoma, whereas the murine gland has a small stromal component. Mice are
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susceptible to malignancies. By comparison with humans, however, they tend to have more
sarcomas and lymphomas and very few epithelial tumors, probably due to differences in
relative telomere activity [101-103]. Telomerase, mostly inactive in cells from adult humans,
is present in mouse cells, which can thus be transformed/immortalized more easily than
their human counterparts, and fewer genetic hits are required to bring about neoplastic
transformation in mice than in men. Inactivation of telomerase in the mouse model may be
necessary to more accurately recapitulate human cancer phenotypes [80,104].

Most  primary PCa prevention studies  used mice  with  an average age  of  4-8  weeks,  by
which time they are considered to have attained sexual maturity and are unlikely to have
sustained hormone-induced oxidative stress.  In  the mouse,  a  delay in the start  of  treat‐
ment results in a reduced or even no effect. Most human PCa prevention trials were con‐
ducted on men aged 50 or more. In addition, the agent dose in animals is 50-80% of the
maximally tolerated dose, whereas in humans lower doses may be required for bioethical
reasons. The excellent review of Pienta et al. (Prostate Cancer Model Working Group) of‐
fers a list of limitations of preclinical models that have hampered the translation of their
findings to human clinical trials [8].

Agent* Trial No. Type Institution Phase Status

Green tea NCT00685516 Therapy Jonsson Comprehensive Cancer

Center

II Recruiting

NCT00253643 Prevention Oregon Health and Science

University

Recruiting

NCT00003367 Therapy Memorial Sloan-Kettering Cancer

Center

III Active

NCT00676780 Basic science Louisiana State University Active II Active

NCT00744549 Therapy University Health Network, Toronto II Recruiting

Genistein NCT00546039 Basic science University Hospital, Aker Active II

NCT00005827 Therapy North Carolina University

LinebergerCenter

I Completed

NCT00058266 Therapy Robert H. Lurie Cancer Center II Active

NCT00584532 Therapy University of California, Davis II/III Completed

NCT00376948 Therapy Barbara Ann Karmanos Cancer

Institute

II Suspended

NCT00499408 Therapy Wake Forest University II Recruiting

Pomegranate NCT00413530 Therapy M. D. Anderson Cancer Center Recruiting

NCT00719030 Prevention University of California, Los Angeles Recruiting

NCT00732043 Prevention Radiant Research II Recruiting

NCT00731848 Therapy Radiant Research II Recruiting
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susceptible to malignancies. By comparison with humans, however, they tend to have more
sarcomas and lymphomas and very few epithelial tumors, probably due to differences in
relative telomere activity [101-103]. Telomerase, mostly inactive in cells from adult humans,
is present in mouse cells, which can thus be transformed/immortalized more easily than
their human counterparts, and fewer genetic hits are required to bring about neoplastic
transformation in mice than in men. Inactivation of telomerase in the mouse model may be
necessary to more accurately recapitulate human cancer phenotypes [80,104].
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sustained hormone-induced oxidative stress.  In  the mouse,  a  delay in the start  of  treat‐
ment results in a reduced or even no effect. Most human PCa prevention trials were con‐
ducted on men aged 50 or more. In addition, the agent dose in animals is 50-80% of the
maximally tolerated dose, whereas in humans lower doses may be required for bioethical
reasons. The excellent review of Pienta et al. (Prostate Cancer Model Working Group) of‐
fers a list of limitations of preclinical models that have hampered the translation of their
findings to human clinical trials [8].
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NCT00253643 Prevention Oregon Health and Science
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III Active

NCT00676780 Basic science Louisiana State University Active II Active

NCT00744549 Therapy University Health Network, Toronto II Recruiting
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NCT00376948 Therapy Barbara Ann Karmanos Cancer

Institute
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NCT00499408 Therapy Wake Forest University II Recruiting
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Agent* Trial No. Type Institution Phase Status

NCT00336934 Therapy Roll International Corporation III Recruiting

NCT00060086 Therapy Jonsson Comprehensive Cancer

Center

II Active

NCT00433797 Therapy University of Oslo I/II Recruiting

Lycopene NCT00042731 Therapy H. Lee Moffitt Cancer Center Completed

NCT00416325 Prevention University of Illinois I Completed

NCT00178113 PIN Prevention University of Pittsburgh I Completed

NCT00093561 Prevention University of Illinois Completed I Completed

NCT00450749 Therapy M. D. Anderson Cancer Center II Recruiting

NCT00006078 Prevention University of Illinois I Completed

NCT00322114 Prevention University of Illinois II Recruiting

NCT00402285 Therapy University of California San

Francisco

Active

NCT00450957 Prevention University of Illinois I Active

NCT00068731 Therapy North Central Cancer Treatment

Group

II Active

NCT00744549 Therapy University Health Network, Toronto II Recruiting

NCT00669656 Therapy Norris Comprehensive Cancer

Center

II Recruiting

n-3 poly NCT00458549 Therapy Dana-Farber Cancer Institute Recruiting

unsaturated

fatty acids

NCT00402285 Therapy California San Francisco Helen Diller

Center

Active

* Data from ref. [105]

Table 2. Clinical Trials of Preventive/Therapeutic Regimens for Prostate Cancer

9. Conclusions

Genetically engineered mouse models of PCa have paved the way to many important dis‐
coveries and helped to define the molecular events of prostate tumorigenesis. However, no
single model precisely recapitulates all the molecular or cellular features of the progression
of PCa from the normal gland to metastatic, hormone-refractory carcinoma, especially since
its early stages are not those of single-cell-type disease, but must be viewed as a complex
system of epithelial cells that display dysregulated growth within both a microenvironment
composed of many cells which support such growth, and the host macroenvironment with
its unique genotype and immune system. Further research is needed to better define these
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interactions, many of which are potential therapeutic targets. Several in vivo models can be
utilized to study specific components of tumor initiation and progression. Meaningful inter‐
pretation of their results, however, demands a full understanding of the properties and lim‐
its of each model, along with employment of the model most consonant with the subject to
be studied. Preclinical models have been poorly predictive of results in human studies be‐
cause of both their inadequacy and their inappropriate use leading to the designing of clini‐
cal trials that do not mirror the preclinical model testing [106]. However, the
chemoprevention field is particularly challenging since discrepancies have also been found
between initial findings in several trials, secondary analyses and epidemiologic data, and
subsequent randomized studies in humans [107]. These inconsistencies may reasonably be
supposed to stem from the fact that dietary agents may act long before the scheduled com‐
mencement of a chemoprevention trial. Since such trials need to find outcomes (cancers),
they invariably start with populations at higher risk of developing clinically detectable can‐
cer, namely middle-aged and older subjects. However, dietary elements may either have a
lifelong effect in their changes to the baseline risk for cancer or act at key points by priming
the pump for its future development. In either case, dietary chemoprevention might be pos‐
sible, but its indisputable demonstration in a trial would be highly unlikely. Do these dis‐
crepancies mean that all the preclinical and epidemiologic studies are wrong? It must
primarily be considered that the timing of such interventions is unclear. Their employment
in very high risk subjects, indeed, may actually be too late to significantly prevent cancer
formation. Future studies will require both the use of other models founded on our in‐
creased understanding of human cancer proteomic genetics and epigenetics to define the
very first steps in the progression of the disease and the ability of agents to impair or retard
it, and a better “translational approach” achieved through preclinical studies that utilize the
appropriate agent doses, and pharmacokinetic and pharmacodynamic parameters to take
into account the differences in metabolism between mice and humans, together with clinical
trials whose design takes account of how the preclinical testing was accomplished.
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1. Introduction

Prostate cancer (PCa) is a long latency type of tumour that usually develops in men older
than 50 years of age. Prostate epithelial neoplasia (PIN), the initial malignant lesion, pro‐
gresses to invasive carcinoma over the course of years. Because of the particular features of
prostate carcinogenesis, this type of tumour may represent a paradigm for cancer preven‐
tion. The lack of a comprehensive aetiology for prostate cancer and the need for an effective
and inexpensive biological treatment modality, devoid of side effects, has resulted in a mul‐
titude of therapeutic trials. Present evidence suggests that chemo preventive agents may be
used in cancer treatment (Tallberg et al. 2008; Crohns et al. 2009). Because they are consid‐
ered pharmacologically safe and derived from natural sources, most chemo preventive
agents can be used in combination with chemotherapeutic agents to enhance the effect at
lower doses and thus minimize chemotherapy-induced toxicity. There are various therapies
that can successfully reduce the size of tumours, however, often patients suffer a relapse and
the tumour re-grows. Some researchers believe that this happens because the therapies fail
to eradicate a small proportion of cells that drive tumour growth known as cancer stem
cells. They believe that these are the cells that should be targeted to eliminate the tumour
forever.

Today, cancer is considered to be a complex multistep disorder, the result of a combination
of factors including exposure to radiation and/or carcinogens (damage to DNA), infection,
genetics, aging, immune function disorders, and lifestyle factors such as smoking (Nelson et
al. 2003; Mahan et al. 2004). Several clinical trials have evaluated the effect of dietary nu‐
trients on prostate tumour development. These dietary agents may help to suppress the
transformative, hyper proliferative and inflammatory processes that initiate carcinogenesis.
The curative effect does not seem to involve apoptosis (Tallberg and Atroshi, 2011).

© 2013 Crohns et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
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Most human diseases are due to chronic inflammation resulting in loss of  function of a
joint,  a  blood  vessel  or  an  entire  organ.  In  some  organs,  such  as  the  heart  and  brain,
acute inflammation can be fatal. Oxidative stress is a major by-product of cellular metab‐
olism  and  its  regulation  is  critical  for  preventing  disease  and  aging.  Levels  of  reactive
oxygen species  (ROS)  are  generally  higher  in  proliferating  tumour  cells  than in  normal
cells,  and this may explain why ROS is a key component in the efficacy of chemothera‐
peutic drugs (Crohns et al. 2009).

This review focuses on the mechanisms of free radical formation and ROS signalling in pros‐
tate cancer on the basis of current literature. We also highlight the mechanisms by which in‐
flammatory processes contribute to prostatic carcinogenesis and how antioxidants react to
neutralize free radicals.

2. Prostate cancer as an age-related disease

Prostate cancer is the common among men in the developed world. The risk increases after
the age of 50 (Sakr et al., 1994; Abate-Shen and Shen, 2000; Schaeffer, 2003; Yancik 2005). Ag‐
gressive treatment for older men is not advisable because of an increased risk of short-term
and long-term treatment-related adverse effects (Lu-Yao et al. 1999). The development of
cancer lesions can be in two different regions of the prostate gland, in the peripheral zone,
which is most common, and the remaining lesions are found in the transition zone located in
the periurethral region (McNeal, 1988). Prostatic cancer multifocality makes accurate clinical
staging difficult, and repeated revisions have been undertaken in an effort to optimize prog‐
nostic accuracy (McNeal, 1988; Andreoiu and Cheng, 2010).

Normal aging is  associated with changes in body composition. While treatments for the
disease continue to improve with each passing decade, the disease itself  has likely been
around since ancient times. Recently it was documented that a mummy - thought to be a
man in  his  50s  -  had  numerous  sclerotic  spots  throughout  the  bones  of  his  pelvis  and
lower spine that were most consistent in appearance with metastases from prostate can‐
cer (Prates et al., 2011).

3. Risk factors for prostate cancer

The  etiological  factors  associated  with  prostate  cancer  are  poorly  studied  compared  to
other common cancers. It is suggested that diet (Fair et.  1997; Schulman et al.  2001) and
environmental  differences  (Muir  et  al.  1991)  play  important  roles  (Shimizu  et  al.,  1991;
Minami et  al.,  1993).  For example,  it  is  not  known whether decreasing fat  or  increasing
fruits  and  vegetables  in  the  diet  helps  to  decrease  the  risk  of  prostate  cancer  or  death
from prostate  cancer.  High intake  of  fat,  especially  total  fat  and saturated fat,  is  a  risk
factor for prostate cancer (Andersson et al. 1996; Kolonel, 2001). This has been explained
by  the  evidence  indicating  that  fat  may  be  mediated  through  endogenous  hormones
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(Bosland,  2000).  Phytoestrogen  metabolites  have  been  studied,  and  dietary  habits  are
probably an important factor contributing to the geographic variations observed in some
Asian men compared to European men, which may explain the low incidence of prostate
cancer in Asia (Adlercreutz et al., 1993).

4. Mechanism of prostate cancer cell

Living cells have three main systems for protection and repair under oxidative stress: (1) di‐
rect antioxidant enzymes (Superoxide dismutase (SOD), catalase, peroxidises), (2) proteases
and phospholipases activated by oxidative modification of membranes, (3) lipid and water
soluble antioxidants (Sies, 1997; Finkel and Holbrook, 2000). Normalization of malignant
gene transcription in an organ requires dietary correction of the etiologic long-standing met‐
abolic deficiency involving six or more inter-linked natural factors aided by hormonal equi‐
librium, enhanced by specific autologous immunotherapy. In bio-immunotherapy this
therapeutic bio-modulation is aims to simulate specific leukaemia, adenocarcinoma or sarco‐
ma regulatory codes, leading to cancer cure by forcing tumour cells back into healthy gene
transcription, without apoptosis. According to Lukacs et al. (2010), prostate cancer can be in‐
itiated by so many different mutations, and if a key regulator of self-renewal can be found,
then partially one may control the growth of the cancer, no matter what the mutation is.
Their approach, which aims to attack the process that allows the cancer cells to grow indefi‐
nitely, may provide an alternative way of treating cancer by targeting the core mechanism of
cancer cell self-renewal and proliferation (Lukacs et al.2010).

Cells are often exposed to a high load of oxidants and free radicals. Oxidative stress can
occur  as  a  result  of  increased  metabolic  rate,  increased  oxygen  tension,  compromise  of
normal cellular antioxidants and many others endogenous and exogenous factors (Figure
1). Cell motility is a complex biological process, involved in development, inflammation,
homeostasis,  and  pathological  processes  such  as  the  invasion  and  metastatic  spread  of
cancer  (Collins  et  al.  2006).  Cancer  metabolism is  a  factor  that  might  be  exploited  as  a
potential  therapeutic  target  for  drug  discovery  also  on  how  a  cancer  cell  differs  in  its
metabolism to that of a rapidly proliferating normal cell (Vander Heiden et al. 2009). By
small  interfering RNA–based functional screening of over 200 metabolic enzymes,  trans‐
porters,  and regulators to identify those selectively required for prostate cancer cell  sur‐
vival.  Ros  and  co-workers  showed  that  treatment  with  a  chemical  antioxidant  rescued
the viability of PFKFB4 (one of the genes identified) -deficient prostate cancer cells,  fur‐
ther suggesting that PFKFB4 mediates ROS detoxification in cancer cells.  Together, these
findings reveal  that  prostate  cancer  cells  are  exquisitely sensitive to metabolic  perturba‐
tions  that  affect  the  balance  between  glucose  and  the  pentose  phosphate  pathway  and
implicate PFKFB4 as a potential therapeutic target (Ros et al 2012).

Under normal conditions, the antioxidant defence systems are probably capable of main‐
taining a low steady-state level of damage and thus protecting the cells (Zhou et al.2003).
Among the risk factors for the development of prostate cancer are ageing and lifestyle. Un‐
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der situations of oxidative stress and with increasing age the organism may not be able to
maintain homeostasis with deleterious and potentially unfortunate consequences.

Figure 1. The prostanoid system may belong to the adaptive mechanisms by which the cell reacts to its environment.
The reaction may be triggered by chemical, mechanical and other stimuli. Prostacyclin (PGI2) and PGE2 stimulate AT‐
Pases and the formation of intracellular cyclic AMP, which usually stabilize the cell membrane. TXA2 among others
may activate calcium-related processes which may lead to smooth muscle contraction, platelet aggregation and secre‐
tory events. PGE2 has the capacity for both excitatory and inhibitory activities and it is often released in stressful situa‐
tions. (Parantainen et al.1988)

5. Inflammation and prostate cancer

Inflammation involves the induction of complex, coordinated chemical signals and associat‐
ed physiological processes following injury that promote “healing” of damaged tissues
(Balkwill and Mantovani, 2001; Rakoff-Nahoum, 2006; Mantovani et al, 2008). Early respons‐
es include increases in vascular permeability and activation, together with the directed mi‐
gration of leukocytes (neutrophils, monocytes and eosinophils) towards the site of injury,
where the ground-work is being laid for the formation of a new extracellular matrix. The di‐
rectional migration is mediated by secreted chemokines that form a concentration gradient
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towards the site of inflammation (Koopmann and Krangel, 1997). The extracellular matrix
provides the structure upon which cells (fibroblasts and endothelial cells) can migrate and
proliferate, regenerating new tissue and a vascular network. In later stage of the inflamma‐
tory response, the macrophages are the dominant cell type, orchestrating and directing the
healing process. Normally, inflammation is a self-limiting process due to the production of
anti-inflammatory cytokines, which buffer the effect of pro-inflammatory cytokines. The cy‐
tokine/chemokine pattern persisting at the inflammatory site is important in the develop‐
ment of chronic disease. Deregulation of any of the cooperating factors can lead to
prolonged inflammation with chronic exposure to cytotoxic mediators (Coussens and Werb,
2002). Chronic inflammation can be caused by a variety of factors, including bacterial, viral,
and parasitic infections, chemical irritants, and non-digestible particles, but often the under‐
lying cause is unknown. The longer the inflammation persists, the higher the risk of associ‐
ated carcinogenesis (Shacter et al., 2002, Coussens and Werb, 2002).

At the site of inflammation, caused by either wounding or infection, phagocytic cells (e.g.
neutrophils and macrophages) generate reactive oxygen and nitrogen substances (Atroshi et
al. 1988; Gallin, 1992), but these cells also synthesize and secrete large quantities of growth
factors and a number of potent angiogenic factors, cytokines, and proteases, all of which are
important mediators in the tissue regeneration, but can also potentiate neoplastic tumori‐
genesis. Prostaglandins, cytokines, nuclear factor NFkB, chemokines and angiogenic factors
are the main molecular players that link inflammation to genetic alterations. However, free
radical species derived from oxygen (ROI) and nitrogen (RNI) are the main chemical effec‐
tors (Jackson et al. 1997; Baron and, Sandler, 2000; Federico et al. 2007). Various carcinomas
(including cancers of the liver, bladder, colon, stomach, and oesophagus) have been shown
to arise from areas of infection and inflammation (Federico et al. 2007). Over 15% of all ma‐
lignancies worldwide are attributable to infectious agents, and inflammation is a major com‐
ponent of these chronic infections (Kuper et al., 2000; Ibrahim and Makkiya, 2011). Colon
cancers arising in individuals with inflammatory bowel disease (e.g. chronic ulcerative coli‐
tis or Crohn’s disease) and stomach cancers caused by chronic Helicobacter pylori infection
are among the most intensively studied and well established types of cancer associated with
inflammation of different origins (Coussens and Werb, 2002).

6. The role of inflammation in the pathogenesis of prostate

Although it has been established that chronic inflammation plays a causative role in the de‐
velopment of many human cancers, the contribution of inflammatory processes to the devel‐
opment of prostate cancer has not been extensively studied. Bioactive food components are
increasingly being evaluated as potential prostate chemopreventive agents (Barqawi et al.
2004; Chong and Rashid, 2005; Sonn, et al. 2005; Hsu et al 2010; Schellhammer, 2012). One
such agent is resveratrol, a phytochemical which has been considered as a chemopreventive
for human prostate cancer (Ratan et al. 2002; Stewart et al. 2003 ).

The contribution of inflammatory intermediates such as eicosanoids in cancer initiation and
progression is another area of interest. These intermediates might form the link between in‐
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flammation and cancer. Interest in the relationship between chronic prostatic inflammation
and prostate cancer is increasing. Proliferative inflammatory atrophy, or proliferative in‐
flammatory atrophy (PIA), consists of lesions in the prostate characterized by atrophy of the
epithelium and by an increased proliferative index (De Marzo et al. 1999). These lesions are
common in older men and have been hypothesized to be a precursor of prostate cancer (Nel‐
son et al. 2004; De Marzo et al. 2007). More knowledge about the risk factors could lead to
better preventive measures together with better treatments.

Evidence suggests that inflammation is vital for the aetiology of prostate cancer and the
pathogenesis of PCa reflects both hereditary and environmental components. These evi‐
dence stems from epidemiological, histopathological and molecular pathological studies
(Ames et al., 1995; De Marzo et al. 1999; Coussens and Werb, 2002). More general evidence
of a relationship between inflammation and prostate cancer has been provided by reports
indicating that daily use of non-steroidal anti-inflammatory drugs (NSAIDs) may be associ‐
ated with a reduce incidence of prostate cancer (Gupta et al. 2000). The exact mechanism
whereby inflammation might act in tumour development and progression remains to be
elucidated, but is likely to be complex.

Some studies have suggested that prostatitis, inflammation of the prostate gland that in‐
cludes acute or chronic bacterial infection, may be linked to an increased risk of prostate
cancer (Dennis et a. 2002; Roberts et al. 2004). This link was explained that chronic inflam‐
mation within the prostate due to the exposure of microbial agents stimulates the produc‐
tion of ROS and inflammatory cytokines leading to carcinogenesis (Coussens and Werb,
2002; De Marzo et al. 2007).

Chronic inflammation has been associated with the development of malignancy in several
other organs such as the oesophagus, stomach, colon, liver and urinary bladder. Inflamma‐
tion is thought to incite carcinogenesis by causing cell and genome damage, promoting cel‐
lular turnover, and creating a tissue microenvironment that can enhance cell replication,
angiogenesis and tissue repair. Epidemiological data have correlated prostatitis and sexually
transmitted diseases with an increased risk of prostate cancer and intake of anti-inflammato‐
ry drugs and antioxidants with a decreased risk. Evidence from genetic and molecular stud‐
ies also supports the hypothesis that prostate inflammation and/or infection may be a cause
of prostate cancer. In 1999 De Marzo et al proposed that proliferative inflammatory atrophy
(PIA) is a precursor to PIN and cancer. Further research will provide opportunities for the
discovery and development of strategies for treatment and prevention of prostate cancer
(Sugar, 2006).

Accumulating epidemiologic and molecular evidence suggests that inflammation is an im‐
portant component in the aetiology of prostate cancer. Supporting this hypothesis, popula‐
tion studies have found an increased risk of prostate cancer in men with a prior history of
certain sexually transmitted infections or prostatitis. More general evidence of a relationship
between inflammation and prostate cancer has been provided by reports indicating that dai‐
ly use of non steroidal anti-inflammatory drugs (NSAIDs) may be associated with a lower
incidence of prostate cancer. The exact mechanism whereby inflammation might act in tu‐
mour development and progression remains to be elucidated, but is likely to be complex.
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Cancer lesions can develop in two different regions of the prostate gland, most commonly
(in ~80% of cases) in the periphery zone, while most of the remaining lesions are found in
the transition zone, which is located in the periurethral region (McNeal, 1968, 1988).

7. Possible interaction between prostaglandins and glutathione
metabolism in prostate cancer

Prostaglandins (PGs) constitute a whole family of peroxidized lipids formed in most cells.
Almost any kind of stimuli be it mechanical, chemical, physiological or traumatic, may ini‐
tiate the formation of different kinds of PGs (Atroshi et al. 1986). Thus the particular impor‐
tance of the local PG-impact is usually very difficult to evaluate. Some PGS, like PGEs and
PGI2 (prostacyclin), are potent triggers of inflammatory symptoms. The main roles for PGEs
and PGI2 in inflammation may in fact be in the generation of hyperalgesia, sensitization of
the tissue to the irritant and pain producing activity of the amine and peptide type of media‐
tors of inflammation (Ferreira and Nakamura, 1979; Ferreira 2002). On the other hand, these
PGs have a marked tissue protective function, e.g. in preventing vasoconstriction and plate‐
let aggregation. Other prostanoids (PG-like substances), like PGD2, PGF2α and thromboxane
A2 (TXA2), are mostly vasoconstrictors. Their formation may be associated with allergic and
other reactions of hypersensitivity, and TXA2 is a very potent aggregator of platelets.

Prostaglandins play a role in the regulation of several important physiological and patho‐
logical processes, and evidence (Marnett, 1992; Thun et al., 1991; Taketo, 1998; Samuelsson
et al., 2007) suggests that they could be involved in tumour progression. Studies have dem‐
onstrated that PGE2 and its EP receptors are implicated in promoting carcinogenesis in dif‐
ferent types of cancer (Wang and Klein, 2007). Arachidonic acid (AA) is the precursor for
prostaglandin E2 (PGE2) synthesis and increases growth of prostate cancer cells (Van et al.,
1998). However, the real sources of PGs are not well known and are a matter of speculation.
For example we do not know for sure if the PGs originate in the blood, inflamed tissue, etc.
There are several possibilities:

1. Bacterial toxins might contribute to the PG-release (figure 2). This was clearly demon‐
strated by Giri and coworkers (1984), and similar mechanisms might operate in the
spontaneous disease as well (Liu et al. 2011; Sanz-Motilva et al. 2012).

2. The production of PGs is greatly increased by polymorphonuclear leukocytes. Neutro‐
phil invasion is a typical feature in inflammation (Atroshi et al. 1988).

3. Changes in tissue protein and electrolyte contents are factors that have marked effects
on PG-production (atroshi et al. 1988). Albumin is a typical factor increasing the forma‐
tion of PGs, particularly that of PGF2α.

4. Inflammatory mediators are factors that might contribute to the formation of PGs. (e.g.
monoamines and peptide hormones).
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Figure 2. Possible interaction between erythrocyte and inflamed tissue during infection/inflammation. Oxygen free
radicals produced by hypoxia, bacterial toxins and phagocytosis increase lipid peroxidation and peroxidative stress in
the erythrocyte. Pyogenic bacteria as well as white cells may stimulate the synthesis of mucoproteins. The pus formed
has antioxidant activity and the formation of oxygen free radicals is needed. GSH and other antioxidant enzymes rep‐
resent the intracellular charged compounds, potential sources of reducing equivalents. The intracellular enzymes
(GSH, GSHPX etc.) may greatly affected by oxygen free radicals and lipid peroxidation associated e.g. in infection, hy‐
poxia and cancer. Destruction of erythrocytes is one possible source of GSH and other antioxidant enzymes which are
elevated in the inflamed tissue. (Atroshi et al.1986)

8. Possible importance of leukotrienes

Leukotrienes (LTs) are biologically active fatty acids derived from the oxidative metabolism
of arachidonic acid through the 5-lipoxygenase pathway (Matsuyama et al. 2010; Haegg‐
ström and Funk, 2011). Leukotrienes and other lipoxygenase products are synthesized from
the same precursor fatty acids as PGs, and substantial changes in PG/LT balance are possible
during inflammation and infection (Figure 3). LTs are highly vasoactive, and together with
PGs they may contribute to the local haemodynamic changes in the inflamed tissue. More‐
over, some LTs are very active leukotactic agents, and LTB4 in particular could contribute to
the massive invasion of neutrophils in the inflammatory area. PGE2 and LTB4 are involved
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in inflammation and carcinogenesis in several tissues. PGE2 and inflammation may be asso‐
ciated to stromal benign prostatic hyperplasia whereas LTB4 may play a role in prostate car‐
cinogenesis; cancerous samples had higher LTB4 levels than pericancerous samples, but
there was no difference in PGE2 levels (Larré et al. 2008).

Figure 3. Enzymes with peroxidase activity are needed to reduce the endoperoxide PGG2 to PGH2 (1), and specific
isomerases resembling GSH-S-transferase (2) reduce PGH2 further to PGs and prostacyclin (3). GSH and GSH-enzymes
are involved in the formation of leukotrienes as well. One molecule of GSH (4) is attached to LTA 4 to form LTC4, the
first of the cysteinyl leukotrienes (C, D, E). The peroxidative capacity of erythrocytes may participate in the conversion
of LTA 4 to LTB4. Peroxidases are also needed to reduce other lipid hydroperoxides to corresponding alcohols (6) to
prevent the enzyme destruction caused by oxygen free radicals (7). The activity of LTB4 may be mediated by PGs (5).
(Atroshi et al. 1986)

Lipoxygenase-like activities are seen in the phagocytosis and bacterial killing. Lipid peroxi‐
dation as such is a source of oxygen free radicals. On the other hand, the radicals are among
the most potent triggerers of lipid peroxidation. Some free radicals, particularly the hydrox‐
yl radical (•OH) are very toxic to the tissues. During reduction of the 15-hydroperoxide, to
the corresponding alcohol •OH is formed and the enzyme systems that form PGI2 may be
injured. Leukotriene B4 (LTB4) has been implicated in prostate and colon carcinogenesis. The
anticancer effect of celecoxib is COX-2-independent in HT-29 and PC-3 cells and in HT-29
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cells primarily via down-regulating LTB4 production (Gao et al., 2010). Matsuyama and co-
workers (2010) have demonstrated that CysLT1R expressed in urological cancer may play a
crucial role in carcinogenesis and may therefore be a novel target in the treatment of urolog‐
ical cancer. An increasing body of evidence supports an acute role for 5-LO products al‐
ready during the earliest stages of pancreatic, prostate, and colorectal carcinogenesis
(Steinhilber et al., 2010).

9. The role of GSH-enzymes in the metabolism of arachidonic acid

The tissue content of GSH is normally very high, in some tissues the level is up to the 5 mM.
The functions of GSH are often tissue protective, and there are numerous enzymes in which
GSH plays a central role as a cofactor.

Typical GSH-enzymes include GSH-peroxidase (GSH-Px), located in the circulation almost
exclusively in the red cells, various GSH-transferases that have peroxidise-like activity and
bind chemicals and γ-glutamyl transferase which reflects the function of the liver and is in‐
volved in the transport of amino acids across the cell membrane. GSH is also consumed by
some cytochromes, most notably cytochrome P-450.

Several steps in the metabolism of arachidonic acid may be normally regulated by GSH-en‐
zymes (Rouzer et al. 1982). It was an early observation that GSH may function as a chemical
cofactor or coenzyme in the formation of some PGs, particularly PGEs (Mimata et al. 1988).
Specific, atypical GSH-S-transferases are needed in the isomeration of PG-endoperoxides
(the intermediary step) to PGEs and PGDs (Hubatsch et al. 2002). Ghosh (2004) demonstrat‐
ed that selenium significantly reduced the incidence of clinical prostate cancer. A high in‐
take of dietary fat containing arachidonic acid or its precursor fatty acids should be
administered when selenium is used for the management of prostate cancer, as it has been
suggested that a combination of selenium and 5-lipoxygenase inhibitors may be an effective
regimen for prostate cancer control (Ghosh and Myers, 1998; Ghosh, 2004). A low prostatic
arachidonic acid level was found in patients undergoing prostate surgery for either benign
or malignant disease. Showed a low prostatic arachidonic acid level, which was explained as
a result of the increased use of arachidonic acid for the production of prostaglandins and/or
leukotrienes (Faas et al. 2003; Tilg and Moschen, 2006; Calder 2012 ).

There is little data available on these parameters in the prostate. Richie et al (2012), working
with age related changes in selenium and glutathione levels in different lobes of the rat
prostate found an increased level of oxidative stress together with decreases in selenium and
the major cellular antioxidant glutathione (GSH). They compared the levels of selenium,
GSH and protein-bound GSH (GSSP) in blood and prostate tissues in rats. Their findings of
age-related changes in GSSP and selenium in the DL prostate are consistent with the sensi‐
tivity of this lobe to carcinogenesis and, thus, may be playing a mechanistic role (Richie et al.
2012). Selenium is an integral part of GSH peroxidase, the enzyme that mediates antioxi‐
dants by glutathione (Parantainen et al. 1988). Studying the metabolic profiles of human
prostate cancer tissues it was shown a significant decrease in reduced glutathione (GSH)
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during cancer progression from low- to high-grade Gleason scores (Sreekumar et al. 2009;
Pavlou and Diamandis, 2009). Some studies found a lower Se concentration in the whole
blood and plasma in benign prostatic hyperplasia (BPH) patients compared to healthy con‐
trols was observed by Eichholzer et al. (2012); also they found a lower activity of erythrocyte
GPx. A significant inverse association between serum Se concentrations and the risk of BPH
was shown (Eichholzer et al. 2012).

The formation of PGs is a very specific form of lipid peroxidation, and in these processes
GSH-Px may have a central regulatory role. Some pGs inhibit the formation of lipid perox‐
ides, while a certain level of peroxides is needed to maintain normal PG-production (Hemler
and Land, 1980; Sugino et al. 2001). Such a “peroxide tone” is a crucial factor in the regula‐
tion of the metabolism of arachidonic acid in toto. Peroxidases may have a key role in elimi‐
nating the oxygen free radical during the conversion of endoperoxides to corresponding
alcohols. The hydroxyl radical formed from 15-HPETE may thus be trapped (Chance et al.
1979; Flohé and Ursini, 2008).

Considering the circulatory peroxides, the functioning of the erythrocyte GSH-Px may have
a crucial role. During infection and inflammation there may be a marked reduction in the
erythrocyte count. Such anaemia may be due to haemolytic processes in which lipid peroxi‐
dation and the formation of free radicals may be the key event.

In the formation of leukotrienes, the GSH-enzymes γ-GT and GSH-S-transferases have a key
role. The whole group of cysteinyl leukotrienes are formed by adding GSH to LTA4, which
gives rise to LTC4 and, when the GSH is split, to LTD4, LTE4 and LTF4. In the formation of
the other type, LTB4, GSH does not have a direct role (Morris et al.1981). However, LTA4 is
reduced to LTB4 on contact with erythrocytes, which points to a certain importance of the
peroxidise-like mechanisms, possibly GSH-Px, so abundant in the red cell. Leukotriene B4

(LTB4) is a potent lipid mediator of inflammation, implicated in numerous diseases includ‐
ing prostate cancer. An LTB4 tissue level was shown to play a role in in benign and cancer‐
ous prostates. Cancerous from patients’ sample had higher LTB4 than pericancerous samples
(Larre et al. 2008).

10. Diet, inflammation and prostate cancer

The causes of cancer have been largely attributed to genetic and environmental factors, includ‐
ing lifestyle, and are generally thought of as either avoidable or unavoidable. Dietary habits
have been considered for years in epidemiological and case controlled studies to have an im‐
pact on cancer development and prevention. However, this association between diet and can‐
cer has never been as clear as the correlation between smoking and cancer. Differences in diet
and lifestyle may account for the variability of prostate cancer rates in different countries (Man‐
olio et al. 2009). Good nutrition may reduce the incidence of prostate cancer and help reduce
the risk of prostate cancer progression (Miller et al 2012). Several studies suggest a relationship
between diet and prostate cancer risk; however, nutritional studies are difficult to perform be‐
cause of the inherent heterogeneity of any study population (Klein et al.2006), the variations in
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individual lifestyles, and the quantitative and qualitative complexity in food and food prod‐
ucts (Giovannucci et al, 1993; Huang, 2006). Therefore, randomized and carefully controlled
studies can address the relation between prostate cancer and nutrition.

The importance of nutrition in disease prevention and treatment has gained much attention
in recent years. Diet may represent a modifiable prostate cancer risk factor, but a vegetable-
based prostate-healthy diet is a major change for most men (Carmody et al. 2008). Other
study suggest that keeping the appropriate body mass and level of cholesterol by proper di‐
et and physical exercises may be the prophylaxis of prostate cancer (Pilch et al 2012). The
cancer preventive activity of vitamin E has been suggested by many epidemiologic studies.
Yang and co-workers suggested that vitamin E, as ingested in the diet or in supplements
that are rich in γ- and δ-tocopherols, is cancer preventive; whereas supplementation with
high doses of α-tocopherol is not (Yang et al 2012). It has been suggested that intake of vege‐
tables and fruit plays a role in protecting against prostate cancer development (Chan and
Giovannucci, 2001; Key et al., 2004). Furthermore, vitamins and trace elements have been
studied for their roles in prostate cancer pathogenesis (Chanand Giovannucci, 2001; Moyad
et al. 2002; Tallberg and Atroshi, 2011).

In order to disentangle the association of diet and prostate carcinogenesis better understand‐
ing of the human genome will further accelerate nutrigenomics applications and the devel‐
opment of nutritional modifications including personalized nutrition for our well-being and
will also present a strong influence on future drug discovery (Lundstrom,2012). However,
antioxidant supplements so far tested seem to offer little improvement over a well-balanced
diet, possibly because of the choice of the substances tested or of an excessive dosage (Fair
and Wynder, 1996; Dolara et al. 2012). Future trials of nutritional medication might help to
disentangle the association of diet and prostate carcinogenesis.

The effect of diet can be direct, via the cumulative effect of exposure to nutrients and carci‐
nogens in foods; in this case, the balance of cancer-promoting and -protective substances
may contribute in defining cancer risk (Antila et al. 1996; Adhami and mukhtar, 2012; Adha‐
mi et al.2012). There are also indirect ways by which diet affects the cancer process. These
include the effects of diet on energy balance and risk of obesity and the hormonal and meta‐
bolic responses related to energy balance.

There is an emerging consensus that situations of acute or chronic imbalance between the
antioxidative capacity of cells and tissues, and the production of pro oxidative species, is as‐
sociated with the development of a number of human diseases. Despite enormous interest in
the area of antioxidants as therapeutic tools, the development of foreign compounds as ther‐
apeutic antioxidants has provided little therapeutic benefit.

1. Many important physiological functions, such as the regulation of cell cycle (mitogene‐
sis and apoptosis), are known to be tightly coupled to the induction of controlled epi‐
sodes of oxidative stress in biological systems. This entails problems in terms of
potential side effects for antioxidant therapy, which have been largely ignored in most
clinical use of antioxidants. This may have serious implications for the choice of antioxi‐
dant principle to be used.
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2. The actual choice of antioxidant therapy is it xenobiotic or endogenous, should be indi‐
cated based on sound molecular knowledge of the involvement of oxidative stress in
the actual pathology.

3. Dietary habits are probably an important factor that contributes to the geographic varia‐
tions in prostate cancer rates. A large number of epidemiological studies have investi‐
gated the association between dietary factors and prostate cancer. Epidemiologic
studies on prostate cancer have extensively investigated dietary risk factors (Kolonel,
2001; Park et al. 2007). Suggesting that diet and environmental differences play impor‐
tant roles in prostate cancer (Shimizu et al., 1991; Minami et al.,1993).

11. Conclusion

Cancer is due to the accumulation of DNA mutations that confer a growth advantage and
invasive properties on clones of cells. A variety of external factors including nutrients in the
environment interacting with genetic susceptibility influence the accumulation of mutations
in cells. Nutrition is important at every stage of carcinogenesis from initiation to promotion
to progression and metastasis. In spite of the fact that prostate cancer is the most common
male cancer in many countries in the developed world, little is known of risk factors and
predisposing conditions.

The number of prostate cancer cases around the world is increasing. Its incidence has been
associated with ageing, environmental factors and changes in lifestyle. Based on some re‐
search in animals and people, certain dietary measures have been suggested to prevent the
progression of prostate cancer. However, there is no solid evidence that a healthy diet can
prevent people from developing prostate cancer. The reasons that patients with prostate
cancer are using the dietary supplements are to enhance their health. Such dietary elements
may also limit drug efficiency.

Oxidative  stress  has  been  suggested  to  play  a  key  role  in  carcinogenesis.  Free  radicals
have been shown to mediate the anti-cancer actions of many chemotherapeutic regimens.
Despite  active investigation,  knowledge is  lacking concerning the local  and systemic ef‐
fects of free radical-generating treatments in cancer. Free radicals are among the environ‐
mental factors that might contribute to cancer process (Atroshi et  al.  2010).  While it  has
not been conclusively determined whether free radicals are a cause or an effect of prostate
cancer,  it  is  clear  that  characteristic  types  of  free  radical  damage  increase  with  cancer.
However,  understanding  the  nature  of  that  particular  tumour  can  help  us  to  optimize
therapy  or  to  design  therapeutic  approaches.  Recently,  Maddams  and  co-workers  have
shown that a large increase in cancer can be expected in the oldest age groups in the com‐
ing  decades,  and therefore  there  is  an  increased demand upon the  right  treatment  and
health services (Maddams et al. 2012).
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1. Introduction

The association between prostate cancer and inflammation was first formally addressed in
the nineteen century and since then many authors have confirmed the biological and clinical
evidence of this association. However, the molecular mechanism involved is yet to be deci‐
phered.

There are two well established pathways linking inflammation and cancer: the extrinsic
pathway from conditions that cause non-resolving smouldering inflammatory responses
and the intrinsic pathway where the misregulation of oncogenes and tumor suppressor
genes switch on the expression of inflammation-related programs.

Prostate cancer is a complex and progressive disease. Over time the cells become resistance
to hormonal therapies that are designed to block the release and/or the uptake of androgens.
During this stage androgen receptor (AR) mutants are able to bind promiscuous steroids,
and may convert AR antagonists to agonists. Other hormones and their receptors are in‐
volved in the abnormal growth of the gland. Particularly, oestrogens and oestrogen recep‐
tors defined a subclass of prostate cancer with a very aggressive clinical phenotype (such as
the TMPRSS2-ERG fusion). In addition, other signaling cascades are switched on bypassing
the androgen/AR axis and favoring tumor progression. Among them, cyclooxygenase-2
(COX-2), neuroendocrine differentiation and the loss of the tumor suppressor phosphatase
and tensin homolog (PTEN), with the concomitant inhibition of the PI3K/Akt, resulting in
Bcl-2 overexpression and the burst of pro-inflammatory cytokines, chemokines and other
growth factors production, contributing all to the progression to the hormonal-resistance
disease. As in other malignancies in prostate cancer, reactive oxygen species (ROS) cause ox‐

© 2013 Gueron et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.



Chapter 18

Inflammatory Microenvironment in
Prostate Carcinogenesis

Geraldine Gueron, Javier Cotignola and
Elba Vazquez

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/52636

1. Introduction

The association between prostate cancer and inflammation was first formally addressed in
the nineteen century and since then many authors have confirmed the biological and clinical
evidence of this association. However, the molecular mechanism involved is yet to be deci‐
phered.

There are two well established pathways linking inflammation and cancer: the extrinsic
pathway from conditions that cause non-resolving smouldering inflammatory responses
and the intrinsic pathway where the misregulation of oncogenes and tumor suppressor
genes switch on the expression of inflammation-related programs.

Prostate cancer is a complex and progressive disease. Over time the cells become resistance
to hormonal therapies that are designed to block the release and/or the uptake of androgens.
During this stage androgen receptor (AR) mutants are able to bind promiscuous steroids,
and may convert AR antagonists to agonists. Other hormones and their receptors are in‐
volved in the abnormal growth of the gland. Particularly, oestrogens and oestrogen recep‐
tors defined a subclass of prostate cancer with a very aggressive clinical phenotype (such as
the TMPRSS2-ERG fusion). In addition, other signaling cascades are switched on bypassing
the androgen/AR axis and favoring tumor progression. Among them, cyclooxygenase-2
(COX-2), neuroendocrine differentiation and the loss of the tumor suppressor phosphatase
and tensin homolog (PTEN), with the concomitant inhibition of the PI3K/Akt, resulting in
Bcl-2 overexpression and the burst of pro-inflammatory cytokines, chemokines and other
growth factors production, contributing all to the progression to the hormonal-resistance
disease. As in other malignancies in prostate cancer, reactive oxygen species (ROS) cause ox‐

© 2013 Gueron et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.



idative damage to macromolecules in epithelial cells and can react with other cellular com‐
ponents initiating a free radical chain reaction, thus sustaining the prostate carcinogenic
process and its progression.

The molecular mechanisms that prime the pathogenesis of cancer-related inflammation are
complex and involve a delicate interplay between tumor and its microenvironment. In pros‐
tate tumors, the switch to an angiogenic phenotype is known to be critical for its progres‐
sion. Unless a tumor can stimulate the formation of new blood vessels, it remains restricted
to a microscopic size. Inflammation and hypoxia are widely accepted as key elements in the
induction of angiogenesis.

Dissection of the diversity of cancer-related inflammation is critical for the design of innova‐
tive diagnostic and therapeutic strategies in prostate cancer.

Specifically, the following topics and molecular events are reviewed and discussed in this
chapter:

• The cytokine and chemokine orchestration and the associated downstream genetic events
that cause neoplastic transformation in the prostatic tissue.

• Acknowledging the oxidative stress imbalance in the tumoral niche as key mediators of
signaling cascades.

• The relevance of microRNAs as oncogenes and tumor suppressor genes and how micro‐
RNA expression profiles can be used for markers of prostate cancer prevention and thera‐
peutics.

• The potential of prostate tumoral cells in the inflammatory microenvironment to express
an endothelial-like phenotype and mimic vasculogenic networks.

2. Body

2.1. The cytokine & chemokine orchestration in prostate cancer: Strategies, avenues and
traits

Cytokines are a family of cell-signaling protein molecules that are secreted by various cell
types and are a category of signaling molecules used extensively in intercellular communi‐
cation. Cytokines can be classified as proteins, peptides, or glycoproteins. A variety of cyto‐
kines are secreted by cells in the tumor microenvironment and can impact on prostate
cancer growth. These cytokines can then act in a paracrine fashion on tumor cells to stimu‐
late a variety of physiological activities including cell proliferation, invasion, migration, che‐
moresistance, etc.

The tumor inflammatory microenvironment is characterized by immune cell infiltration: tu‐
mor-associated macrophages, mast cells, dendritic cells, natural killer cells, neutrophils, eo‐
sinophils and lymphocytes. These cells produce a variety of cytotoxic mediators such as
ROS and reactive nitrogen species (RNS), serine and cysteine proteases, matrix metallopro‐
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teinase (MMP), tumor necrosis factor α (TNFα), interleukins, interferons and enzymes, as
COX-2, lipooxygenase-5 and phospholipase A2, which activate or are activated by transcrip‐
tion factors such as nuclear factor κB (NF-κB) and signal transducers and activators of tran‐
scription-3 (STAT3), activator protein 1 and hypoxia-inducible factor 1α (HIF-1α) that
mediate tumor cell proliferation, transformation, metastasis, survival, invasion, angiogene‐
sis, chemoresistance and radioresistance.

Present discoveries highlight chemokines and their receptors as relevant factors for inflam‐
mation. The directed migration of a cell toward the source of a secreted protein signal,
known as chemotaxis, has been commonly associated to the leukocyte trafficking triggered
by infection and to secondary lymphoid organs. Although extensively studied as part of the
immune system, chemokines have lately been investigated as mediators of tumor develop‐
ment. Chemokines, the executors of chemotactic signals, are constitutively expressed in des‐
tined cell types and tissues maintaining the homeostasis of the hematopoietic and the
immune system. However, inflammatory chemokines, either produced by the tumor cells or
by tumor-associated cells, behave differently and their expression is induced upon inflam‐
matory stimuli promoting proliferation and angiogenesis, contributing to the malignant pro‐
gression. They certainly modify the sensitivity of prostate cancer cells to environmental
stresses such as hypoxia, oxidative stress, DNA damage, altering several pathways crosstalk
and producing hormone-refractory aggressive tumors. In addition to the classical roles de‐
scribed above, their pleiotropic effects include: potentiating the production of growth fac‐
tors, inducing growth signals, attenuating apoptosis, further linking the cytokine signaling
to the hypothesis that inflammation and inflammatory mediators rise as the seventh hall‐
mark of cancer [1]. In this section we will focus on some of the several cytokines implicated
in the prostate cancer microenvironment given that there are too many factors to describe.

2.1.1. The chemokine family acquaintance

To date, over 50 chemokines and 20 chemokine receptors have been recollected. These are
grouped into four categories, C, CC, CXC and CX3C, according to the location of the main
cysteine residues near the N-terminal domain of these proteins [2]. Chemokine binding to
their corresponding seven transmembrane-domain G-protein-coupled receptors causes the
activation of signal transduction networks leading to chemotaxis. These receptors have been
implicated in the migration of breast, prostate and lung cells to secondary sites in the bone
[3]. Up to date the most relevant chemokine receptors in prostate cancer dissemination, are
CXCR4, CXCR7 and CXCR6 [3].

The CXCR4/CXCL12 axis exerts multifactorial effects and has been related to both, the hom‐
ing of tumor cells to specific organs and the growth of tumor cells at specific locations.
CXCL12, also known as SDF-1 (stromal derived factor 1), is considered a homeostatic che‐
mokine which regulates the hematopoietic cell trafficking and secondary lymphoid tissue
architecture. It is constitutively expressed in several organs including lung, liver, skeletal
muscle, brain, kidney, heart, skin, bone marrow and its secretion is linked to tissue damage.
CXCR4 is expressed in endothelial cells and pericytes of hypoxic, injured, or pathological
tissues. Of note, endothelial precursor cells also express and secrete CXCL12. In turn,
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CXCR4 is widely expressed on hematopoietic cells including CD34+ hematopoietic stem
cells, T- and B-lymphocytes, monocytes and macrophages, neutrophils and eosinophils as
well as by brain, lung, colon, heart, kidney, liver endothelial and epithelial cells, microglia,
astrocytes, neuronal cells, and progenitor cells including endothelial and smooth muscle
progenitors. Functional CXCR4 is expressed on embryonic pluripotent stem cells and sever‐
al types of tissue-committed stem cells. These cells with functional CXCR4 expression mi‐
grate and/or invade along CXCL12 gradients. CXCR4+ pro-angiogenic cells include
immature and mature hematopoietic cells, endothelial precursor cells, and smooth muscle
cell progenitors, which have direct or indirect pro-angiogenic properties. Interestingly,
CXCL12 plays a role in the mobilization and recruitment of these cells to the neo-angiogenic
niches supporting revascularization of ischemic tissue and tumor growth [4]. This axis has
been strongly implicated in prostate cancer tumorigenesis and progression [5].

2.1.2. Chemokines and their relevance in the metastatic behavior of prostate cancer

Metastases is a multistep process including: invasion of the primary tumor cells to adjacent
tissue, intravasation, dissemination through the blood or lymph, extravasation and seeding,
adapting to a different tissue microenvironment and finally proliferating in such distant or‐
gans. This process involves both the selection of features that favor cancer cells growth and
the concomitant alteration of the stroma generating a “fertile soil” which facilitates invasion,
anchoring and survival of metastatic cells [6].

Prostate neoplasms have a striking tendency to metastasize to bone. The molecular mecha‐
nisms underlying the bone homing behavior have yet to be decoded. However, such mecha‐
nisms may include signaling cascades that induce a vascular pathway, that produce the
trigger of chemotactic factors by bone marrow stromal cells and the production of growth
factors within the bone, reinforcing the survival and proliferation of tumoral cells. It is of
common knowledge that hematopietic stem cells are directed to the bone during bone mar‐
row transplantation and human fetal development [7, 8] and CXCL12/CXCR4 appears in
this scene as key molecules in bone seeding. Metastatic prostate cancer cells may use a simi‐
lar pathway to localize to the bone. Several human prostate cancer cell lines express func‐
tional CXCR4 and differential levels of its ligand alter physiological processes of these cells
such as adhesion, migration and invasion, assigning a role for this axis in prostate advanced
disease. It is worth mentioning some controversial reports regarding the expression of this
receptor and its ligand in prostate cancer. Mochizuki et al. [9] reported that the expression of
CXCR4, but not its ligand, was increased in prostate carcinoma indicating that prostate can‐
cer cells may also be affected by exogenous SDF-1. However, other authors showed high ex‐
pression of both, ligand and receptor [10].

Interestingly, the blockade of CXCR4 inhibited the expression of vascular endothelial
growth factor (VEGF) and the concomitant angiogenesis and even reduced significantly
bone metastasis in vivo [11]. Furthermore, CXCR4 is positively regulated by AR [12]. Andro‐
gen-induced CXCR4 expression was functional in TMPRSS2-ERG-positive prostate cancer
cells, further indicating the relevance of this chemokine in prostate cancer metastasis [13].
The immunohistochemical pattern of CXCR4 expression in patients with metastatic prostate
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cancer has shown that high expression of this chemokine in tumors had poorer cancer-spe‐
cific survival than patients with low expression of CXCR4. This receptor expression has
proved to be a useful prognostic factor for patients with metastatic prostate cancer treated
with androgen-withdrawal therapy [14].

Strikingly, regulation of CXCL12 expression in the tumor microenvironment has been poor‐
ly studied. Some reports indicate that hypoxia may induce its expression in endothelial cells
and in prostate tumor cells [5]. Could CXCL12 have an additional role to its chemo-attrac‐
tant properties? Could it also act as a growth factor or prevent the apoptosis of tumoral cells
enabling metastasis to take place? These questions still need to be answered.

CXCR7 (RDC1), a second receptor for CXCL12, regulates a spectrum of normal and patho‐
logical processes but fails to couple to G-proteins and to induce the typical chemokine recep‐
tor mediated cellular responses. It also binds to CXCL11 and dimerizes with CXCR4. This
receptor with dual specificity is up-regulated in many tumors, but its function within the tu‐
moral niche needs further clarification [15]. Studies show that CXCR7 expression provides
proliferation and survival advantages and increased adhesion properties between prostate
cancer cells and the host endothelial cells. It is also more highly expressed in prostate meta‐
stases (specially those to the bone) compared to primary tumors and elevated levels of
CXCR7 correlate with the aggressiveness of the disease. In the vasculature, the expression of
CXCR7 is elevated in endothelial cells associated with tumors [16] and this chemokine re‐
ceptor has been further linked to tumor angiogenesis in vivo [17].

Other inflammatory mediators may regulate CXCR7 function. Of note, high serum levels of
IL8 have been reported in patients with advanced metastatic prostate cancer. In primary
prostate carcinoma tissues, IL8 strongly correlates with biochemical prostate specific antigen
(PSA) recurrence and CXCR7 expression is induced by IL8 in prostate tumor cells. As sur‐
vival following androgen deprivation is a critical step in the emergence of castration-resist‐
ant tumors, IL8–induced up-regulation of CXCR7 may enhance the survival and
proliferation properties of those tumor cells. Thus the up-regulation of CXCR7 induced by
IL8 emerges as a promoter of castration-resistant tumors survival [15]. Moreover, CXCR7-
depleted tumors showed significantly reduced levels of relevant factors for prostate tumori‐
genesis like cyclin D1, VEGF and phosphorylated epidermal growth factor receptor [15].
There is also additional evidence for a potential role of CXCR7 as a CXCL12 scavenger, sug‐
gesting that this receptor in turn modulates the activity of CXCR4 in tumor formation and is
critical for the fine-tuning of the motility of hematopoietic cells in the bone marrow and
lymphoid organs.

However, the blockade of the CXCR4 and CXCR7 only partially impaired the metastatic be‐
havior of prostate cancer in vivo, arguing that other functional chemokine/chemokine recep‐
tor pairs may be envolved in prostate cancer progression [18].

The third chemokine receptor noteworthy in prostate cancer is CXCR6, displaying high ex‐
pression not only in prostate cancer cell lines but also in prostate tissues [19]. This receptor
is also known as Bonzo, STRL33 or TYMSTR. In humans, Bonzo is expressed by small sub‐
sets of T cells and CD16+ cells, but not by B cells, monocytes or dendritic cells [20].
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CXCR4 is widely expressed on hematopoietic cells including CD34+ hematopoietic stem
cells, T- and B-lymphocytes, monocytes and macrophages, neutrophils and eosinophils as
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gans. This process involves both the selection of features that favor cancer cells growth and
the concomitant alteration of the stroma generating a “fertile soil” which facilitates invasion,
anchoring and survival of metastatic cells [6].

Prostate neoplasms have a striking tendency to metastasize to bone. The molecular mecha‐
nisms underlying the bone homing behavior have yet to be decoded. However, such mecha‐
nisms may include signaling cascades that induce a vascular pathway, that produce the
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The immunohistochemical pattern of CXCR4 expression in patients with metastatic prostate
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cancer has shown that high expression of this chemokine in tumors had poorer cancer-spe‐
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enabling metastasis to take place? These questions still need to be answered.
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logical processes but fails to couple to G-proteins and to induce the typical chemokine recep‐
tor mediated cellular responses. It also binds to CXCL11 and dimerizes with CXCR4. This
receptor with dual specificity is up-regulated in many tumors, but its function within the tu‐
moral niche needs further clarification [15]. Studies show that CXCR7 expression provides
proliferation and survival advantages and increased adhesion properties between prostate
cancer cells and the host endothelial cells. It is also more highly expressed in prostate meta‐
stases (specially those to the bone) compared to primary tumors and elevated levels of
CXCR7 correlate with the aggressiveness of the disease. In the vasculature, the expression of
CXCR7 is elevated in endothelial cells associated with tumors [16] and this chemokine re‐
ceptor has been further linked to tumor angiogenesis in vivo [17].

Other inflammatory mediators may regulate CXCR7 function. Of note, high serum levels of
IL8 have been reported in patients with advanced metastatic prostate cancer. In primary
prostate carcinoma tissues, IL8 strongly correlates with biochemical prostate specific antigen
(PSA) recurrence and CXCR7 expression is induced by IL8 in prostate tumor cells. As sur‐
vival following androgen deprivation is a critical step in the emergence of castration-resist‐
ant tumors, IL8–induced up-regulation of CXCR7 may enhance the survival and
proliferation properties of those tumor cells. Thus the up-regulation of CXCR7 induced by
IL8 emerges as a promoter of castration-resistant tumors survival [15]. Moreover, CXCR7-
depleted tumors showed significantly reduced levels of relevant factors for prostate tumori‐
genesis like cyclin D1, VEGF and phosphorylated epidermal growth factor receptor [15].
There is also additional evidence for a potential role of CXCR7 as a CXCL12 scavenger, sug‐
gesting that this receptor in turn modulates the activity of CXCR4 in tumor formation and is
critical for the fine-tuning of the motility of hematopoietic cells in the bone marrow and
lymphoid organs.

However, the blockade of the CXCR4 and CXCR7 only partially impaired the metastatic be‐
havior of prostate cancer in vivo, arguing that other functional chemokine/chemokine recep‐
tor pairs may be envolved in prostate cancer progression [18].

The third chemokine receptor noteworthy in prostate cancer is CXCR6, displaying high ex‐
pression not only in prostate cancer cell lines but also in prostate tissues [19]. This receptor
is also known as Bonzo, STRL33 or TYMSTR. In humans, Bonzo is expressed by small sub‐
sets of T cells and CD16+ cells, but not by B cells, monocytes or dendritic cells [20].
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CXCL16 is one of the two known transmembrane chemokines. It is also constitutively ex‐
pressed on fibroblasts, keratinocytes and cancer cells of various origin tissues [19]. CXCL16
was identified as the ligand for this receptor and was found to signal through NF-κB via
heterotrimeric G proteins/PI3K/PDK-1/Akt/IKK/IκB [21]. It was also reported to signal
through the Akt/mTOR pathway [22]. A variety of chemokines contain a conserved se‐
quence motif (ELR, glutamic acid-leucine-arginine) that precedes the first cysteine residue
near the amino-terminal end which is critical for the receptor binding, for the chemotactic
activity and for the promotion of angiogenesis. Intriguingly, although lacking an ELR motif
in the chemokine domain, CXCL16 appears as proangiogenic. CXCR6 was shown to regu‐
late blood vessel formation by an autocrine/paracrine loop established between prostate
cancer and endothelial cells and was observed that both IL8 and IL6 levels were altered in
response to changes in CXCR6 expression [18]. The striking similarities between CXCL16
and CXCL12 are likely to result in additive effects [23]. Moreover, CXCL12 and CXCL16
were observed in tissues enriched with plasma cells and in cultured human bone marrow
stromal cells [23]. Thus, plasma cells are likely to be recruited to bone marrow and other tar‐
get tissues via CXCR4 and CXCR6 [18]. CXCL16 not only attracts T cells and natural killer T
cells toward dendritic cells but also supports their firm adhesion to dendritic cells [24]. Tak‐
en together, high CXCL16/CXCR6 expression may be strongly related to aggressive cancer
behavior, and particularly, high-secreted ligand expression to bone metastases of prostate
cancer [19].

While it is well accepted that chemokines promote tumor development, these molecules
may in turn be used to the benefit of cancer patients, acting in the recruitment of dendritic
cells and /or effector cells or for their angiostatic properties. However, chemokine-mediated
recruitment of immature dendritic cells within tumors, due to factors produced by the tu‐
mor milieu, may induce immune tolerance. In this context, the balance between positive and
negative effects should be examined when designing novel strategies to eradicate tumors
based on chemokine targeting.

2.1.3. Role of IL8 and IL6 in the transition to hormone refractory prostate cancer

Prostate cancer cells and the surrounding stroma are exposed to a plethora of interleukins
and chemokines, receiving their signaling stimuli, re-enforcing tumor-promoting functions.
Similar to other chemokines that recognize and bind G-protein-coupled receptors, IL8 acts
through CXC receptors. The expression of CXCL8 (also known as IL8), one of the best-char‐
acterized members of the chemokine family, has been described as a key effector in prostate
cancer. Normal prostate epithelial cells and tissues produce low amount of IL8, whereas
prostate cancer cells from primary and metastatic tumors produce progressively greater
amounts [25]. High levels of CXCL8 also correlate to an elevated adherence of the prostate
tumor cells to the endothelium, hence increasing angiogenesis, tumorigenicity and lymph
node metastasis in vivo [26, 27]. Even more, CXCL8 is a transcriptional target of NF-κB and
its expression is elevated in androgen independent prostate cancer, contributing to the tran‐
sition to a castration-resistant state and to resistance to standard chemotherapeutic drugs
[28]. To date, the chemotherapy strategy utilized for advanced prostate cancer disease is
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based on the combination of docetaxel (a cytostatic drug) with prednisone (a glucocorticoid
prodrug). However, this therapeutic strategy shows a modest survival benefit over pallia‐
tive care, where many patients respond initially, but eventually develop a resistance to do‐
cetaxel. Among other factors, increased IL8 production decreases the sensitivity of hormone-
resistant cells to the cytotoxic chemotherapeutic agents and also reduces prostate cancer cell
apoptosis induced by tumor necrosis factor-related apoptosis-inducing ligand (TRAIL). In
experimental prostate cancer a naphthalimide was shown to decrease IL8 expression and to
enhance taxol activity when co-administered with this compound. Thus, negative regulators
of this chemokine could emerge as second line treatment for patients with docetaxel-resist‐
ant advanced prostate cancer [29].

One of the most interesting mediators clearly implicated in prostate cancer is IL6, a multi‐
functional cytokine, produced by inflammatory cells, osteoblasts and even prostate cancer
cells. There are multiple lines of clinical and experimental evidence preponderantly showing
that IL6 contributes to prostate cancer progression. Both, patients with prostate cancer and
patients with advanced metastatic disease display high expression levels of IL6 and its solu‐
ble receptor in the circulating plasma [30]. These observations have led to study whether
this axis could predict biochemical recurrence in radical prostatectomy patients [31] provid‐
ing a rationale for the clinical relevance of IL6 as a prognostic factor. In particular, a phase II
study assessed the efficacy of siltuximab, in men with castrate resistant prostate cancer that
had been treated with one prior chemotherapy with the primary endpoint being PSA re‐
sponse rate (defined by a 50% reduction of PSA) [32]. This drug, also known as CNTO 328,
is a human-mouse chimeric monoclonal neutralizing IL6 antibody. The response rate was
small and no men with disease had a Response Evaluation Criteria in Solid Tumors (RE‐
CIST) response. This criterion defines a set of rules that assesses whether a patient improves
("responds"), stays the same ("stabilizes"), or worsens ("progression") during treatments. The
results obtained evidenced the lack of a beneficial therapeutic effect of IL6 neutralization in
patients with advanced androgen resistant disease. However, there are still some positive
prospects for IL6 neutralization, providing an additional benefit to other chemotherapy re‐
gimes, especially in light of its anti-apoptotic effects [33].

In addition to the clinical observations, in vitro studies have provided evidence that IL6
modulates prostate cancer cell growth of hormone-refractory cells, but had no effect on the
growth of hormone-dependent cell lines [33].

IL6 has also been implicated in other aspects of prostate cancer pathophysiology such as tu‐
morigenesis in the prostate microenvironment. IL6 foremost effect is the activation of Janus
kinase (JAK) signaling and of signal transducers and activators of transcription (STAT) pro‐
teins, especially STAT3. Through this signaling pathway, IL6 stimulates autocrine activation
of insulin-like type I growth factor receptor (IGF-IR) to confer tumorigenesis [34]. Depend‐
ing on the cellular context, IL6 can also signal through MAPK and phosphatidylinositol-3
kinase (PI3K) pathways [35, 36].

This cytokine can be produced autocrinaly in castrate resistant prostate cells and can trans‐
activate the AR in those cells. However, the AR status as well as other interacting signaling
cascades will define the role of IL6 on ligand-independent AR activation, tumor formation,
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CXCL16 is one of the two known transmembrane chemokines. It is also constitutively ex‐
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quence motif (ELR, glutamic acid-leucine-arginine) that precedes the first cysteine residue
near the amino-terminal end which is critical for the receptor binding, for the chemotactic
activity and for the promotion of angiogenesis. Intriguingly, although lacking an ELR motif
in the chemokine domain, CXCL16 appears as proangiogenic. CXCR6 was shown to regu‐
late blood vessel formation by an autocrine/paracrine loop established between prostate
cancer and endothelial cells and was observed that both IL8 and IL6 levels were altered in
response to changes in CXCR6 expression [18]. The striking similarities between CXCL16
and CXCL12 are likely to result in additive effects [23]. Moreover, CXCL12 and CXCL16
were observed in tissues enriched with plasma cells and in cultured human bone marrow
stromal cells [23]. Thus, plasma cells are likely to be recruited to bone marrow and other tar‐
get tissues via CXCR4 and CXCR6 [18]. CXCL16 not only attracts T cells and natural killer T
cells toward dendritic cells but also supports their firm adhesion to dendritic cells [24]. Tak‐
en together, high CXCL16/CXCR6 expression may be strongly related to aggressive cancer
behavior, and particularly, high-secreted ligand expression to bone metastases of prostate
cancer [19].

While it is well accepted that chemokines promote tumor development, these molecules
may in turn be used to the benefit of cancer patients, acting in the recruitment of dendritic
cells and /or effector cells or for their angiostatic properties. However, chemokine-mediated
recruitment of immature dendritic cells within tumors, due to factors produced by the tu‐
mor milieu, may induce immune tolerance. In this context, the balance between positive and
negative effects should be examined when designing novel strategies to eradicate tumors
based on chemokine targeting.

2.1.3. Role of IL8 and IL6 in the transition to hormone refractory prostate cancer

Prostate cancer cells and the surrounding stroma are exposed to a plethora of interleukins
and chemokines, receiving their signaling stimuli, re-enforcing tumor-promoting functions.
Similar to other chemokines that recognize and bind G-protein-coupled receptors, IL8 acts
through CXC receptors. The expression of CXCL8 (also known as IL8), one of the best-char‐
acterized members of the chemokine family, has been described as a key effector in prostate
cancer. Normal prostate epithelial cells and tissues produce low amount of IL8, whereas
prostate cancer cells from primary and metastatic tumors produce progressively greater
amounts [25]. High levels of CXCL8 also correlate to an elevated adherence of the prostate
tumor cells to the endothelium, hence increasing angiogenesis, tumorigenicity and lymph
node metastasis in vivo [26, 27]. Even more, CXCL8 is a transcriptional target of NF-κB and
its expression is elevated in androgen independent prostate cancer, contributing to the tran‐
sition to a castration-resistant state and to resistance to standard chemotherapeutic drugs
[28]. To date, the chemotherapy strategy utilized for advanced prostate cancer disease is
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based on the combination of docetaxel (a cytostatic drug) with prednisone (a glucocorticoid
prodrug). However, this therapeutic strategy shows a modest survival benefit over pallia‐
tive care, where many patients respond initially, but eventually develop a resistance to do‐
cetaxel. Among other factors, increased IL8 production decreases the sensitivity of hormone-
resistant cells to the cytotoxic chemotherapeutic agents and also reduces prostate cancer cell
apoptosis induced by tumor necrosis factor-related apoptosis-inducing ligand (TRAIL). In
experimental prostate cancer a naphthalimide was shown to decrease IL8 expression and to
enhance taxol activity when co-administered with this compound. Thus, negative regulators
of this chemokine could emerge as second line treatment for patients with docetaxel-resist‐
ant advanced prostate cancer [29].

One of the most interesting mediators clearly implicated in prostate cancer is IL6, a multi‐
functional cytokine, produced by inflammatory cells, osteoblasts and even prostate cancer
cells. There are multiple lines of clinical and experimental evidence preponderantly showing
that IL6 contributes to prostate cancer progression. Both, patients with prostate cancer and
patients with advanced metastatic disease display high expression levels of IL6 and its solu‐
ble receptor in the circulating plasma [30]. These observations have led to study whether
this axis could predict biochemical recurrence in radical prostatectomy patients [31] provid‐
ing a rationale for the clinical relevance of IL6 as a prognostic factor. In particular, a phase II
study assessed the efficacy of siltuximab, in men with castrate resistant prostate cancer that
had been treated with one prior chemotherapy with the primary endpoint being PSA re‐
sponse rate (defined by a 50% reduction of PSA) [32]. This drug, also known as CNTO 328,
is a human-mouse chimeric monoclonal neutralizing IL6 antibody. The response rate was
small and no men with disease had a Response Evaluation Criteria in Solid Tumors (RE‐
CIST) response. This criterion defines a set of rules that assesses whether a patient improves
("responds"), stays the same ("stabilizes"), or worsens ("progression") during treatments. The
results obtained evidenced the lack of a beneficial therapeutic effect of IL6 neutralization in
patients with advanced androgen resistant disease. However, there are still some positive
prospects for IL6 neutralization, providing an additional benefit to other chemotherapy re‐
gimes, especially in light of its anti-apoptotic effects [33].

In addition to the clinical observations, in vitro studies have provided evidence that IL6
modulates prostate cancer cell growth of hormone-refractory cells, but had no effect on the
growth of hormone-dependent cell lines [33].

IL6 has also been implicated in other aspects of prostate cancer pathophysiology such as tu‐
morigenesis in the prostate microenvironment. IL6 foremost effect is the activation of Janus
kinase (JAK) signaling and of signal transducers and activators of transcription (STAT) pro‐
teins, especially STAT3. Through this signaling pathway, IL6 stimulates autocrine activation
of insulin-like type I growth factor receptor (IGF-IR) to confer tumorigenesis [34]. Depend‐
ing on the cellular context, IL6 can also signal through MAPK and phosphatidylinositol-3
kinase (PI3K) pathways [35, 36].

This cytokine can be produced autocrinaly in castrate resistant prostate cells and can trans‐
activate the AR in those cells. However, the AR status as well as other interacting signaling
cascades will define the role of IL6 on ligand-independent AR activation, tumor formation,
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and subsequent growth. Additionally, IL6 has been proposed to initiate an intracrine signal‐
ing pathway, alternative to the androgen receptor axis, affecting metabolic enzyme levels.
Surprisingly, testosterone plasma levels were significantly increased when IL6 overexpress‐
ing prostate cancer cells were inoculated in castrated mice, showing that this cytokine regu‐
lates the expression of esteroidogenic genes in tumoral cells [5].

Overall, IL6 strongly correlates with more advanced stages of the disease, therapy resist‐
ance, poor prognosis and can be predictive of recurrence after treatment of localized cancer.
Based on all the clinical and preclinical evidence, further exploration for IL6 inhibition is jus‐
tified; however, its efficacy may greatly depend on the stage of disease or other individual‐
ized factors.

2.1.4. Tumor Necorsis factor: Linking inflammation to prostate cancer

TNF was named for its ability to induce rapid haemorrhagic necrosis of experimental can‐
cers [37]. However, it soon became noticeable that this cytokine presented anti-tumoral ac‐
tivity and cytotoxicity against several tumoral cells [38]. Currently, TNF is considered as a
relevant player in host defense and inflammation with several activities extending far be‐
yond its original anti-tumoral action. Among its effects, TNF signaling may lead to both, cell
apoptosis and necrosis, and also to tumor progression and metastasis by switching on sur‐
vival genes [39].

TNF signals through TNF receptor 1 (TNF-R1) and TNF-R2. While TNF-R1 is expressed con‐
stitutively in most tissues, TNF-R2 is modulated and is mostly found on immune system
cells. TNF binds to the death domain containing TNF-R1 to recruit TNF receptor-associated
death domain (TRADD), Fas-associated death domain (FADD) and caspase-8, forming the
death-inducing signaling complex [40]. Interestingly, when TNF-R1 is activated, it also re‐
cruits receptor-interacting protein (RIP) and TNF receptor-associated factor 2 (TRAF2) and
activates NF-κB, involved in cell survival, proliferation, anti-apoptotic activity and highly
implicated in the inflammatory response [41].

TNFα plays critical roles in cancer pathophysiology building an elaborate association be‐
tween inflammation and cancer. It functions as a key regulator of the tumor microenviron‐
ment, promoting tumor progression, even in the absence of invading inflammatory cells
[42]. It facilitates cancer development acting directly on neoplastic cells or indirectly through
endothelial and other inflammatory cells [43]. However, the mechanisms by which TNFα
enables these events are not fully described. A recent publication from Davis et al. [44] ex‐
plains the dichotomy of TNFα effect on the control of apoptosis in prostate cancer cells.
These authors propose a physiologic role for TNFα in prostate regression after androgen
withdrawal. This factor is required for castration-induced prostate regression, but mem‐
brane-bound TNFα protein and stromal cell specific TNFα mRNA levels increase in rat
prostate after castration, which is coincident with a paracrine effect of TNFα in prostate can‐
cer regression. However, when wild-type non-castrated mice were treated with TNFα no re‐
gression of the gland was observed [44]. All these evidences showed that this cytokine acts
in the context of supplemental castration-induced signals.
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Summarizing, the chemokine scene displays a vast crosstalk of pathways involved in the
day-to-day dialogue between the cancer cells and the inflammatory microenvironment. The
challenge relies in identifying the homeostatic target/targets that govern this setting in order
to successfully re-direct the therapeutic efforts against prostate cancer.

2.2. The oxidative stress imbalance in the prostate tumor: Gearing the journey to cancer

The development of cancer is a complex process. Cancer cells associate, both in primary
as well as in secondary colonization sites with resident stromal fibroblasts, smooth muscle
cells,  macrophages,  endothelium,  neurons  and  migrating  cells  at  metastatic  niches  and
phenotypically  and  genotypically  activate  them,  triggering  different  signaling  mecha‐
nisms. During this process, the cancer cells and cells in the cancer microenvironment “co-
evolve” in part due to oxidative stress, and acquire the ability to mimic other cell  types
(which can be termed osteomimicry, vasculomimicry, neuromimicry and stem cell mimi‐
cry),  and undergo transition from epithelium to mesenchyme with definitive behavioral
modifications. Prostate cancer cells co-evolve in their genotypic and phenotypic characters
with stroma and acquire  osteomimetic  properties  allowing these cells  to  proliferate  and
survive in the skeleton as bone metastasis [45]. ROS, RNS and other factors implicated in
oxidative  and  nitrosative  stress  alters  the  homeostatic  milieu,  affecting  macromolecules
and damaging cell membranes, altering organelles permeability and function. Thus co-tar‐
geting different players in this complex scenario will be an effective treatment alternative
for prostate cancer progression.

2.2.1. The prostate and its oxidative defense barriers

The normal prostate epithelium consists of prostatic ducts that contain basal cells, stem cells,
secretory luminal cells and neuroendocrine cells. The stromal component consists of smooth
muscle, fibroblasts, vascular endothelial cells, nerve cells, inflammatory cells, insoluble ma‐
trix and soluble factors. Inflammation is clearly associated to the early stages of prostate car‐
cinogenesis [46]. The macrophages in the tumor microenvironment produce ROS and RNS.
The increase in reactive radicals such as superoxide (O2•−), hydrogen peroxide (H2O2), hy‐
droxyl radical (HO•), etc. produces DNA damage, causes genetic mutations and initiates/
promotes cancer progression. Some molecules implicated in prostate atrophy include p53
and AR mutations, hypermethylation of the CpG island of the promoter of gluthathione S
tranferase-P1 (GSTP1), decreased activity of manganese superoxide dismutase (MnSOD)
and increased expression of NADPH oxidase 1, which initiate high grade prostatic intraepi‐
thelial neoplasia (PIN) and progressive prostate cancer [45].

The prostate gland depends on the androgen/AR signaling for growth. Activation of this ax‐
is in advanced prostate cancer has been attributed to various mechanisms, including AR hy‐
persensitivity, de novo intraprostatic androgen synthesis, promiscuous AR activation via
adrenal androgens, non-androgenic steroids and non-canonical AR activation via growth
factors and cytokines through intracellular signal-transduction pathways [47]. These mecha‐
nisms may result from abnormalities in the AR status (e.g., mutation, splice variants) and/or
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and subsequent growth. Additionally, IL6 has been proposed to initiate an intracrine signal‐
ing pathway, alternative to the androgen receptor axis, affecting metabolic enzyme levels.
Surprisingly, testosterone plasma levels were significantly increased when IL6 overexpress‐
ing prostate cancer cells were inoculated in castrated mice, showing that this cytokine regu‐
lates the expression of esteroidogenic genes in tumoral cells [5].

Overall, IL6 strongly correlates with more advanced stages of the disease, therapy resist‐
ance, poor prognosis and can be predictive of recurrence after treatment of localized cancer.
Based on all the clinical and preclinical evidence, further exploration for IL6 inhibition is jus‐
tified; however, its efficacy may greatly depend on the stage of disease or other individual‐
ized factors.

2.1.4. Tumor Necorsis factor: Linking inflammation to prostate cancer

TNF was named for its ability to induce rapid haemorrhagic necrosis of experimental can‐
cers [37]. However, it soon became noticeable that this cytokine presented anti-tumoral ac‐
tivity and cytotoxicity against several tumoral cells [38]. Currently, TNF is considered as a
relevant player in host defense and inflammation with several activities extending far be‐
yond its original anti-tumoral action. Among its effects, TNF signaling may lead to both, cell
apoptosis and necrosis, and also to tumor progression and metastasis by switching on sur‐
vival genes [39].

TNF signals through TNF receptor 1 (TNF-R1) and TNF-R2. While TNF-R1 is expressed con‐
stitutively in most tissues, TNF-R2 is modulated and is mostly found on immune system
cells. TNF binds to the death domain containing TNF-R1 to recruit TNF receptor-associated
death domain (TRADD), Fas-associated death domain (FADD) and caspase-8, forming the
death-inducing signaling complex [40]. Interestingly, when TNF-R1 is activated, it also re‐
cruits receptor-interacting protein (RIP) and TNF receptor-associated factor 2 (TRAF2) and
activates NF-κB, involved in cell survival, proliferation, anti-apoptotic activity and highly
implicated in the inflammatory response [41].

TNFα plays critical roles in cancer pathophysiology building an elaborate association be‐
tween inflammation and cancer. It functions as a key regulator of the tumor microenviron‐
ment, promoting tumor progression, even in the absence of invading inflammatory cells
[42]. It facilitates cancer development acting directly on neoplastic cells or indirectly through
endothelial and other inflammatory cells [43]. However, the mechanisms by which TNFα
enables these events are not fully described. A recent publication from Davis et al. [44] ex‐
plains the dichotomy of TNFα effect on the control of apoptosis in prostate cancer cells.
These authors propose a physiologic role for TNFα in prostate regression after androgen
withdrawal. This factor is required for castration-induced prostate regression, but mem‐
brane-bound TNFα protein and stromal cell specific TNFα mRNA levels increase in rat
prostate after castration, which is coincident with a paracrine effect of TNFα in prostate can‐
cer regression. However, when wild-type non-castrated mice were treated with TNFα no re‐
gression of the gland was observed [44]. All these evidences showed that this cytokine acts
in the context of supplemental castration-induced signals.
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oxidative  and  nitrosative  stress  alters  the  homeostatic  milieu,  affecting  macromolecules
and damaging cell membranes, altering organelles permeability and function. Thus co-tar‐
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droxyl radical (HO•), etc. produces DNA damage, causes genetic mutations and initiates/
promotes cancer progression. Some molecules implicated in prostate atrophy include p53
and AR mutations, hypermethylation of the CpG island of the promoter of gluthathione S
tranferase-P1 (GSTP1), decreased activity of manganese superoxide dismutase (MnSOD)
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The prostate gland depends on the androgen/AR signaling for growth. Activation of this ax‐
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in the levels of its co-regulators. Furthermore, some AR splice variants have been identified
with constitutive effects in the absence of ligands [48].

ROS are endogenously generated during cellular metabolic processes. It can also come from
external sources. Thus, excessive ROS production or impairment of antioxidant defense sys‐
tems can induce oxidative stress. This increase in ROS levels may contribute to the initiation
and development of various cancers, including prostate cancer, because oxidative stress reg‐
ulates cellular fate in various systems. ROS are considered to be tumor initiators/promoters
given the potential for induction of DNA damage. Furthermore, signaling pathways in re‐
sponse to intracellular changes in ROS levels may trigger proliferation, apoptosis and senes‐
cence, events highly implicated in all the stages of the carcinogenic process. However, little
is known about the exact molecular machinery that mediates ROS function in the tumori‐
genic process. Several transcription factors that regulate AR activity/transcription are impli‐
cated in oxidative stress, among them, NF-κB, c-Myc, CREB, Sp1 and Foxo3a [49].
Interestingly, castration-induced oxidative stress in prostate cancer cell lines increased AR
levels through the overexpression of an oncogene member of the basic helix-loop-helix tran‐
scription factor Twist 1, which regulates the expression of AR by binding to E-boxes in its
promoter, resulting in a gain of castration resistant phenotype [50] and being responsible of
metastasis [51]. Evidently, there is a connection between oxidative stress and androgen dep‐
rivation in prostate cancer, which is also supported by previous observations of increased
oxidative damage associated to the development of malignancies [52]. Of interest, when
comparing the expression profile of castration resistant prostate cancer gene with the genetic
landscape of hormonal sensitive tumors, the endogenous antioxidant defense system is
clearly repressed, in particular MnSOD, which regulates ROS production by converting su‐
peroxide to a less reactive species, acting as a ROS scavenger. Hence, MnSOD in advanced
prostate cancer could be mechanistically linked to AR reactivation. An array for transcrip‐
tion factor DNA binding activity showed that AR (among other transcription factors) binds
to DNA after MnSOD knocked-down [53]. These findings correlate with a clear transcrip‐
tional repression of stress-related genes [54].

2.2.2. Is oxidative stress governing the co-regulators of nuclear receptors?

Co-regulators of transcription orchestrate the action of nuclear receptors. Each tissue has a
"quantitative finger print" of co-activators based on the relative inherited concentrations of
these molecules. When the cellular concentration of a co-activator is altered, genetic dys‐
function usually leads to a pathologic outcome. Co-regulators contain the potential to effi‐
ciently promote cellular pathologies by coordinately misdirecting multiple independent
functions such as oncogenesis. During the development and progression of prostate tumors
there are a misregulation of AR co-activators, many of them play a critical role in redox
maintenance protecting cells from cytotoxicity produced by oxidative stress. That is the case
with peroxiredoxin (Prx), a gene elevated in cancer with anti-oxidant capacity. Prx1, a co-
activator that facilitates the binding of androgen to the AR, is regulated by nuclear factor
(erythroid-derived 2)-related factor 2 (Nrf2), a transcription factor also induced by oxidative
stress. Another member of this family, Prx2, is also regulated by oxidative stress but in this
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case through Foxo3a, another transcription factor implicated in AR transcription and cellu‐
lar responses to oxidative stress and overexpressed in the castrate resistant-disease. Remark‐
ably, the subcellular distribution of co-regulators seems to be relevant in the regulation of
the AR activity. While cytoplasmic Prx2 enhances AR transactivation, its nuclear localization
decreases the receptor activity, suggesting that the redox status of the nucleus and cyto‐
plasm might affect AR signaling through this co-regulator [55].

2.2.3. Oxidative stress and tumor-stroma co-evolution

Since the initial seed and soil hypothesis elaborated by Paget in 1889 [56], the relevance of
the tumor microenvironment in the carcinogenic process is continuously on scene. Tissue re‐
combination experiments with mixed prostate stromal/epithelial cell xenografts surprisingly
revealed that transformation of epithelial cells is accompanied by a transdifferentiation of fi‐
broblasts. Prostate stroma is mainly composed of fibroblasts and smooth muscle cells, and
an intermediate cell type described as myofibroblast. The highly proliferative stromal cells
immediately surrounding malignant glands have been described as “reactive stroma” or
“carcinoma-associated fibroblast” (CAF) [57]. Wound repair exhibits a fibroblastic switch to
a myofibroblast-like phenotype, with the subsequent extracellular matrix (ECM) remodeling
through angiogenesis and increased protease activity [58]. The “reactive stroma” of a malig‐
nant tumor may parallel the granulation tissue of a healing wound in many ways, behaving
as wounds that never heal. This “reactive stroma” comprises multiple cell types, which have
been altered from their original state to become permissive of prostate cancer cell progres‐
sion. In human prostate cancers, the “reactive stroma” displays increased number of myofi‐
broblasts, amplification of ECM proteins, and increased local vascular density, properties
almost identical to those seen in granulation tissue. Intriguingly, there is still no effective
marker of “reactive stroma” available. The receptors activated by serine proteases (PARs)
are good candidates as PARs play key roles in tissue remodeling and cancer invasion. Other
key signaling mediators also involved in the “reactive stroma” phenoptype include tumor
growth factor beta (TGFβ), partly responsible for fibroblast transdifferentiation. Other fibro‐
blastic and smooth muscle markers participate in the transformation phenomena, such as vi‐
mentin and smooth muscle α-actin. However, TGFβ also affects the cancer cell itself,
accomplishing contrary roles in the different stages of cancer evolution. Even in precancer‐
ous PIN lesions elevated TGFβ expression was detected in epithelial cells. In addition to
TGFβ, chronic inflammation has also been the focus in the development of prostate cancer.
Several characteristics of chronic inflammation are increased, such as the induction of the
proinflammatory enzyme COX-2 and production of ROS and RNS. In turn, the infiltration of
macrophages and leukocytes together with COX-2 activation, further enhances the burst of
oxidative stress, promoting a more aggressive phenotype.

2.2.4. Oxidative stress triggers metabolic reprogramming

Mounting evidence recollected in the last paper of Hanahan and Weinberg [59] display com‐
pelling data on oxidative stress as a scaffold of the well-established hallmarks of cancer. Oxi‐
dative stress players are expressed abnormally in tumors, positively affecting compulsory
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broblasts, amplification of ECM proteins, and increased local vascular density, properties
almost identical to those seen in granulation tissue. Intriguingly, there is still no effective
marker of “reactive stroma” available. The receptors activated by serine proteases (PARs)
are good candidates as PARs play key roles in tissue remodeling and cancer invasion. Other
key signaling mediators also involved in the “reactive stroma” phenoptype include tumor
growth factor beta (TGFβ), partly responsible for fibroblast transdifferentiation. Other fibro‐
blastic and smooth muscle markers participate in the transformation phenomena, such as vi‐
mentin and smooth muscle α-actin. However, TGFβ also affects the cancer cell itself,
accomplishing contrary roles in the different stages of cancer evolution. Even in precancer‐
ous PIN lesions elevated TGFβ expression was detected in epithelial cells. In addition to
TGFβ, chronic inflammation has also been the focus in the development of prostate cancer.
Several characteristics of chronic inflammation are increased, such as the induction of the
proinflammatory enzyme COX-2 and production of ROS and RNS. In turn, the infiltration of
macrophages and leukocytes together with COX-2 activation, further enhances the burst of
oxidative stress, promoting a more aggressive phenotype.
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Mounting evidence recollected in the last paper of Hanahan and Weinberg [59] display com‐
pelling data on oxidative stress as a scaffold of the well-established hallmarks of cancer. Oxi‐
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stages of the carcinogenic process, by stimulating cell proliferation and anchorage independ‐
ent cell growth, causing insensitivity to apoptosis, sustaining de novo angiogenesis, and by
altering the migration/invasion program through metabolic and epigenetic mechanisms.
ROS mediates ligand-independent transactivation of receptor tyrosine kinase and ERK acti‐
vation affecting proliferation, promoting tissue invasion and metastatic dissemination due
to MMP secretion/activation. Furthermore, ROS induce the release of VEGF and angiopoie‐
tin promoting angiogenesis and evading apoptosis/anoikis [60-62].

In cancer cells, high levels of ROS can result from increased basal metabolic activity, mito‐
chondrial  dysfunction  due  to  hypoxia  or  mitophagy,  peroxisome  activity,  uncontrolled
growth factor of cytokines signaling and oncogene activity, as well as from enhanced ac‐
tivity of known ROS sources as NADPH oxidase, COX or lipoxygenases [62]. It is well ac‐
cepted that the activity of oxidants on tumors depends on their mutagenic potential, their
capacity to rule the intracellular signaling pathways governing cellular homeostasis  and
their recognized role in stromal reactivity, mandatory for cancer development and dissem‐
ination [63, 64].

Cell vulnerability appears as a consequence of the oxidative status of their constituents pro‐
moting spontaneous and therapy induced cell death. Thus, resistance to oxidative stress is
positioned as a major mechanism of tumor chemo- and radio-defense.

The tumor hypoxic microenvironment as well induces this “reactive stroma”, affecting the
cancer cells motility, and consequently generating a more aggressive tumor, which can met‐
astasize to the bone. Hypoxia generates ROS production and likewise anti-oxidants agents
have shown to suppress hypoxia induced epithelial to mesenchymal transition (EMT), im‐
pairing the metastatic phenotype [65]. The “reactive stroma” recruitment to the cancer foci
begins early during carcinogenesis and its co-evolution is predictive of human cancer pro‐
gression, which is facilitated by tumor-stroma interactions.

It  is  of  particular significance that  many genes,  which are regulated by oxidative stress,
are targets of NF-κB [66]. NF-κB is constitutively activated in human prostate carcinoma
and correlates  with  disease  progression  [67].  NF-κB  is  an  inducible  transcription  factor
that belongs to the Rel/NF-κB family. Increasing evidence suggests that inhibition of NF-
κB activity in prostate cancer cells can suppress angiogenesis, invasion and metastasis by
down-regulating the expression of NF-κB downstream target genes, such as VEGF, plas‐
minogen  activator  type  urokinase  and  MMP-9  [68].  Additionally,  heme-oxygenase  1
(HO-1), the rate-limiting enzyme in heme degradation, confers cytoprotection against oxi‐
dative stress and inflammation [69]. This protein exerts vital metabolic functions limiting
the axis of heme degradation and maintaining the cellular homeostasis. Several signaling
molecules are implicated in the cytoprotection conferred by HO-1,  including NF-κB and
PI3K/Akt  [70].  Although  classical  recognized  as  a  microsomal  protein,  its  presence  has
been  detected  in  other  subcellular  compartments  [71,  72].  Recent  studies  have  reported
that HO-1 suffers a proteolytic degradation in its hydrophobic C-terminal domain, which
would facilitate its entrance to the nucleus [73]. It has been proposed that HO-1 possesses
in the nucleus a non-catalytic canonical function participating in the regulation of the ac‐
tivity of several nuclear transcription factors and also regulating its own transcription [72,
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73]. Moreover, it has been documented HO-1 nuclear expression in human primary pros‐
tate  carcinomas [71].  It  has also been reported that  it  impairs  prostate  tumor growth in
vivo and down-regulates the expression of target genes associated with inflammation and
angiogenesis [74, 75]. However, clinical data demonstrated a statistically significant differ‐
ence  in  HO-1  epithelial  expression  between  benign,  high-grade  PIN,  localized  prostate
cancer,  and  advanced  prostate  cancer,  where  castration  resistant  disease  presented  the
highest HO-1 expression followed by benign tissue. This work provides experimental evi‐
dence for a cross talk between epithelial HO-1 expression and PTEN deletions, which are
associated with adverse clinical outcome [76].

Altogether these findings may indicate that the oxidative stress imbalance may strongly in‐
fluence the prostate carcinogenic process and may also cooperate in the bone homing of
prostate cancer, the most clinically significant aspect of this disease. The stromal–epithelial
interaction gains therapeutic relevance, as prostate carcinoma cells must induce the hospital‐
ity of bone cells in order to take up residence in an osseous microenvironment.

2.3. MicroRNAs as emerging key players in the etiology and progression of prostate
cancer − Clinical implications

MicroRNAs (miRNAs o miRs) are short non-coding RNAs (18-24 nucleotides) regarded as a
novel class of regulatory molecules that suppress gene expression at the post-transcriptional
level. miRNA genes are, in general, regulated and transcribed in the same manner as a pro‐
tein-coding gene. They are transcribed by the RNA polymerase II into long primary tran‐
scripts (pri-miRNAs) that can contain the precursors of one to several clustered miRNAs.
These primary transcripts are then cleaved by endonucleases (Drosha) to produce the pre-
miRNAs which consist of ~70-nucleotide hairpin structures. The pre-miRNAs are further
processed in the cytoplasm by the Dicer complex into the mature miRNAs which are incor‐
porated into the RNA-induced silencing complex (RISC) that execute the regulatory activity
through the binding to the 3’ untranslated region (3’UTR) of target mRNAs having comple‐
mentary sequences. The formation of the mRNA/miRNA duplexes, lead to mRNA degrada‐
tion, inhibition of translation, or a combination of both.

At present, there are more than 1,600 human miRNAs entries in the miRBase release 19 [77].
Each of these molecules may regulate the expression of hundreds of genes within one cell,
and one particular target may be regulated by several miRNAs via different binding sites,
creating an extremely complex regulatory network for gene expression. Indeed, it has been
estimated that about 60% of the protein-coding genes are targets of miRNAs [78]. In recent
years, rapidly growing evidence has established the significance of miRNAs in different
physiological processes such as development and differentiation, cell cycle, metabolism, he‐
mostasis and apoptosis [79].

On the contrary, an altered expression of these regulators play an important role in diseases,
including carcinogenesis [80]. Quantitative alterations, either genetic or epigenetic, may
modify the expression levels of miRNAs, and are associated with tumor development and
progression in various tumors. More than half of the deregulated miRNAs map at, or near
to, cancer-associated loci prone to deletions, amplifications and translocations [81]. Qualita‐
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down-regulating the expression of NF-κB downstream target genes, such as VEGF, plas‐
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(HO-1), the rate-limiting enzyme in heme degradation, confers cytoprotection against oxi‐
dative stress and inflammation [69]. This protein exerts vital metabolic functions limiting
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that HO-1 suffers a proteolytic degradation in its hydrophobic C-terminal domain, which
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tive changes can also arise when there are mutations that disrupt or create miRNA recogni‐
tion sites. Therefore, miRNAs may contribute to carcinogenesis acting as oncogenes, called
oncomirs, if they promote tumor growth when they are over-expressed. They may also act
as tumor suppressors when they stimulate cancer development and progression when they
are down-regulated. As a general rule, oncomirs target tumor-suppressor gene mRNAs (e.g.
miR-21 regulates PTEN), and tumor-suppressor miRNAs target proto-oncogene mRNAs
(e.g. let-7 regulates KRAS).

miRNAs, as well as mRNAs, display tissue-specific expression profiles and, therefore, they
may have different roles in cells from different origins. An example of this disparity is
miR-125b which can have a tumor suppressor activity in ovarian and breast cancers but act
as an oncomir in prostate cancer, thyroid cancer, neuroblastoma and glioblastoma [82]. The
study of the global miRNA expression levels (miRNAome) has been rising in the past years
and abundant miRNAome data are currently available for several cancers. The miRNA ex‐
pression patterns in different types of tissues have been reported to be more predictive of
tumor origin and differentiation status than mRNA profiles because, unlike mRNA expres‐
sion, a modest number of miRNAs (~200 in total) might be sufficient to classify human can‐
cers [83]. In prostate cancer, the expression of several miRNAs and their target mRNAs are
altered and involved in development, invasion and metastasis. Nevertheless, the data on
miRNA expression in prostatic tumors are still conflicting and, at present, a conclusive miR‐
NA profile cannot be recognized. In this section we describe miRNAs that have been stud‐
ied in the context of prostate cancer and summarize their possible application in disease
diagnosis and prognosis.

2.3.1. miRNAs associated to prostate cancer

The expression of miR-21 is up-regulated in many types of cancers, including prostate can‐
cer, glioblastoma, lymphoma, pancreatic cancer, and lung cancer, among others [84, 85].
miR-21 can act as an oncomir that contributes to prostate tumor growth, resistance to apop‐
tosis, invasiveness and metastasis. Its regulatory activity probably involves the down-regu‐
lation of the tumor-suppressor gene PTEN (commonly lost or down-regulated)
programmed cell death 4 (PDCD4), tropomyosin 1 alpha (TPM1), and myristoylated ala‐
nine-rich proteinase kinase C substrate (MARCKS), among other genes. miR-21 was found
to be over-expressed in androgen-independent prostate cancer cell lines but its expression is
low in androgen-dependent prostate cancer cells; therefore, it may be responsible, at least in
part, for the development of castrate-resistant tumors. AR can bind to miR-21 promoter re‐
sulting in an androgen-dependent transcriptional regulation of miR-21; consequently andro‐
gen-dependent miR-21 expression may contribute to prostate cancer pathogenesis. In
support of these findings, an in vivo study showed that miR-21 is over-expressed in human
prostate tumor samples compared to the matching normal tissue, and tumor growth was ac‐
celerated in xenograph models when miR-21 expression was elevated [86].

miR-221 and miR-222 are two highly homologous oncomirs that are frequently over-ex‐
pressed in different cancers. In primary prostate carcinomas and cell lines, these two miR‐
NAs inversely correlate with the expression of the tumor suppressor gene p27, which is a
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well-established marker of poor prognosis in prostate cancer and other types of tumors [87].
In vitro and in vivo experiments link these two miRNAs to prostate cancer development and
progression. Furthermore, miR-221 and miR-222 contribute to the growth and maintenance
of castration-resistant prostate cancer (CRPC) through mechanisms that comprise the AR
signaling.

Another oncomir, miR-125b, was reported to be over-expressed in androgen-independent
prostate cancer lines and was also implicated in the hormone independent growth. The
mRNA of the pro-apoptotic protein Bak1, which was found down-regulated in CRPC, is a
target of miR-125b. However, this miRNA was also suggested to act as a tumor suppressor
in a different context because it was found to be down-regulated in CRPC and in breast can‐
cer where it silences the expression of HER-2/neu [88]. Interestingly, it was also reported that
HER-2/neu is over-expressed in the progressing prostate tumors [89]. Therefore, the rele‐
vance of miR-125b in prostate cancer progression needs further investigation to assess its
role in prostate carcinogenesis.

miR-101-1 and miR-101-2 map in two locus (1p31.3 and 9p24.2, respectively) that are com‐
monly deleted in localized and metastatic prostate cancer. In addition, the loss of miR-101-1
or -2 is associated with the over-expression of EZH2, a histone methyltransferase enzyme
that is a direct target of miR-101. The up-regulation of this miRNA reduced the proliferation
and the invasive potential of the DU145 cell line. COX-2 is another target of miR-101, linking
the miRNAs portray to chronic inflammation and tumor development via the COX-2/pros‐
taglandins pathway [90]. In vitro studies have shown that there is an inverse correlation be‐
tween miR-101 and COX-2 in different prostate-derived cell lines, and the over-expression
of miR-101 reduces the proliferation rate of the COX-2-associated benign prostatic hyperpla‐
sia cell line [91]. Similarly, experimental models by inoculation of cells into BALB/c athymic
nude mice demonstrated that the miR-101 over-expressing clone showed a slower tumor
growth. Furthermore, the treatment of the tumorigenic BPH1 cell line (BPHCAFTD) with exog‐
enous miR-101 resulted in an inhibition of prostate cancer growth in vitro and in vivo [91].
Similarly, the over-expression of miR-128a reduced invasion capability of the androgen in‐
dependent prostate tumor cell line, DU145, and was found to be progressively decreased in
tissues from benign prostatic hyperplasia, to localized prostate cancer and to distant meta‐
stasis [92].

Another tumor suppressor miRNA that was reported to play a role in prostate cancer pro‐
gression to CRPC is miR-146. This miRNA is down-regulated in androgen-independent cell
lines and CRPC tissues compared to androgen-dependent cell lines and non-tumor epithe‐
lial tissues [93]. The mechanism of action of miR-146 consists of the inhibition of the expres‐
sion of ROCK1 (Rho-activated protein kinase 1), which is a member of the hyaluronan/
CD168 pathway involved in prostate cancer invasion and metastasis.

PKCε (protein kinase C epsilon) and ZEB2 (zinc finger E-box binding homeobox 2) are two
proteins involve in the migration and invasion capabilities of prostate cancer cells and their
expression is regulated, at least in part, by miR-205. This miRNA was reported to be down-
regulated in prostate cancer cell lines and carcinomas compared to the non-tumorigenic cell
line RWPE-1 and normal prostate tissues, respectively. miR-205 also induces genes involved
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tive changes can also arise when there are mutations that disrupt or create miRNA recogni‐
tion sites. Therefore, miRNAs may contribute to carcinogenesis acting as oncogenes, called
oncomirs, if they promote tumor growth when they are over-expressed. They may also act
as tumor suppressors when they stimulate cancer development and progression when they
are down-regulated. As a general rule, oncomirs target tumor-suppressor gene mRNAs (e.g.
miR-21 regulates PTEN), and tumor-suppressor miRNAs target proto-oncogene mRNAs
(e.g. let-7 regulates KRAS).

miRNAs, as well as mRNAs, display tissue-specific expression profiles and, therefore, they
may have different roles in cells from different origins. An example of this disparity is
miR-125b which can have a tumor suppressor activity in ovarian and breast cancers but act
as an oncomir in prostate cancer, thyroid cancer, neuroblastoma and glioblastoma [82]. The
study of the global miRNA expression levels (miRNAome) has been rising in the past years
and abundant miRNAome data are currently available for several cancers. The miRNA ex‐
pression patterns in different types of tissues have been reported to be more predictive of
tumor origin and differentiation status than mRNA profiles because, unlike mRNA expres‐
sion, a modest number of miRNAs (~200 in total) might be sufficient to classify human can‐
cers [83]. In prostate cancer, the expression of several miRNAs and their target mRNAs are
altered and involved in development, invasion and metastasis. Nevertheless, the data on
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ied in the context of prostate cancer and summarize their possible application in disease
diagnosis and prognosis.

2.3.1. miRNAs associated to prostate cancer

The expression of miR-21 is up-regulated in many types of cancers, including prostate can‐
cer, glioblastoma, lymphoma, pancreatic cancer, and lung cancer, among others [84, 85].
miR-21 can act as an oncomir that contributes to prostate tumor growth, resistance to apop‐
tosis, invasiveness and metastasis. Its regulatory activity probably involves the down-regu‐
lation of the tumor-suppressor gene PTEN (commonly lost or down-regulated)
programmed cell death 4 (PDCD4), tropomyosin 1 alpha (TPM1), and myristoylated ala‐
nine-rich proteinase kinase C substrate (MARCKS), among other genes. miR-21 was found
to be over-expressed in androgen-independent prostate cancer cell lines but its expression is
low in androgen-dependent prostate cancer cells; therefore, it may be responsible, at least in
part, for the development of castrate-resistant tumors. AR can bind to miR-21 promoter re‐
sulting in an androgen-dependent transcriptional regulation of miR-21; consequently andro‐
gen-dependent miR-21 expression may contribute to prostate cancer pathogenesis. In
support of these findings, an in vivo study showed that miR-21 is over-expressed in human
prostate tumor samples compared to the matching normal tissue, and tumor growth was ac‐
celerated in xenograph models when miR-21 expression was elevated [86].

miR-221 and miR-222 are two highly homologous oncomirs that are frequently over-ex‐
pressed in different cancers. In primary prostate carcinomas and cell lines, these two miR‐
NAs inversely correlate with the expression of the tumor suppressor gene p27, which is a
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well-established marker of poor prognosis in prostate cancer and other types of tumors [87].
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cer where it silences the expression of HER-2/neu [88]. Interestingly, it was also reported that
HER-2/neu is over-expressed in the progressing prostate tumors [89]. Therefore, the rele‐
vance of miR-125b in prostate cancer progression needs further investigation to assess its
role in prostate carcinogenesis.

miR-101-1 and miR-101-2 map in two locus (1p31.3 and 9p24.2, respectively) that are com‐
monly deleted in localized and metastatic prostate cancer. In addition, the loss of miR-101-1
or -2 is associated with the over-expression of EZH2, a histone methyltransferase enzyme
that is a direct target of miR-101. The up-regulation of this miRNA reduced the proliferation
and the invasive potential of the DU145 cell line. COX-2 is another target of miR-101, linking
the miRNAs portray to chronic inflammation and tumor development via the COX-2/pros‐
taglandins pathway [90]. In vitro studies have shown that there is an inverse correlation be‐
tween miR-101 and COX-2 in different prostate-derived cell lines, and the over-expression
of miR-101 reduces the proliferation rate of the COX-2-associated benign prostatic hyperpla‐
sia cell line [91]. Similarly, experimental models by inoculation of cells into BALB/c athymic
nude mice demonstrated that the miR-101 over-expressing clone showed a slower tumor
growth. Furthermore, the treatment of the tumorigenic BPH1 cell line (BPHCAFTD) with exog‐
enous miR-101 resulted in an inhibition of prostate cancer growth in vitro and in vivo [91].
Similarly, the over-expression of miR-128a reduced invasion capability of the androgen in‐
dependent prostate tumor cell line, DU145, and was found to be progressively decreased in
tissues from benign prostatic hyperplasia, to localized prostate cancer and to distant meta‐
stasis [92].

Another tumor suppressor miRNA that was reported to play a role in prostate cancer pro‐
gression to CRPC is miR-146. This miRNA is down-regulated in androgen-independent cell
lines and CRPC tissues compared to androgen-dependent cell lines and non-tumor epithe‐
lial tissues [93]. The mechanism of action of miR-146 consists of the inhibition of the expres‐
sion of ROCK1 (Rho-activated protein kinase 1), which is a member of the hyaluronan/
CD168 pathway involved in prostate cancer invasion and metastasis.

PKCε (protein kinase C epsilon) and ZEB2 (zinc finger E-box binding homeobox 2) are two
proteins involve in the migration and invasion capabilities of prostate cancer cells and their
expression is regulated, at least in part, by miR-205. This miRNA was reported to be down-
regulated in prostate cancer cell lines and carcinomas compared to the non-tumorigenic cell
line RWPE-1 and normal prostate tissues, respectively. miR-205 also induces genes involved
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in cell-cell junctions and down-regulates genes associated with prostate cancer progression
such as IL6, caveolin-1, EZH2, ERBB3, E2F1 and E2F5.

This list is just a small part of all miRNA alterations found in prostate cancer (For a more
complete list of miRNAs in prostate cancer, the reader may refer to the review written by
Coppola et al.[85] and Pang et al.[94]), but other players cannot be discarded.

2.3.2. miRNAs as biomarkers for prostate cancer diagnosis and prognosis

Based on the evidence that miRNAs may be deregulated in different pathologies in a tis‐
sue-specific  manner,  multiple  studies  have  investigated  the  potential  use  of  the  miR‐
NAome as a biomarker. As a consequence, a growing amount of evidence proposes that
the miRNAome can be used as a tool to better define pathological signatures and, in turn,
to accurately differentiate tumors according to their origin and cellular linage. In addition,
miRNAs meet other important requisites that may allow their use as biomarkers for can‐
cer  diagnosis  and  prognosis:  1)  miRNAs  are  remarkably  stable  molecules  in  different
types  of  clinical  samples,  including  formalin-fixed  paraffin-embedded  (FFPE)  tissues
which is the standard technique used for long-term conservation of biological samples, 2)
they can be analyzed by simple methods such as quantitative retro-transcriptase polymer‐
ase chain reaction (qRT-PCR), and 3) the lack of intricate transcriptional and translational
regulation compared to mRNA.

The tumoral expression of miR-1 and miR-133a correlates with tumor progression. Interest‐
ingly, the relapse-free survival of patients with prostate cancer can be predicted by the ex‐
pression of miR-1 in the tumor specimens. Patients with tumors having low miR-1
expression are more likely to have a biochemical relapse than patients with tumors having
high miR-1 expression [95].

Besides their intracellular function, miRNAs can also be released by cells and circulate in the
blood stream. Consequently, miRNAs can be isolated from serum and plasma; evenmore,
they can be isolated from other body fluids such as urine, saliva and semen. The discovery
of circulating miRNAs opened up intriguing possibilities to use the circulating miRNAome
as one additional biomarker to improve cancer diagnosis, determine tumor staging more ac‐
curately and predict prognosis. Some reports demonstrate that miRNA levels in body fluids
may change under certain pathological conditions, including prostate cancer [96]. For this
reason, within the past years, studies on miRNAs in cancer have burst onto the scene, and
evidence that miRNAs may represent new diagnostic and prognostic molecules in human
cancers is rapidly accumulating. However miRNA levels as tools for diagnosis and progno‐
sis in prostate cancer are still limited [96].

Although, serum and plasma levels of miR-141 seems to be one of the most promising mark‐
ers for prostate cancer diagnosis because they are consistently increased in men diagnosed
with this carcinoma compared to healthy individuals; the differences are statistical signifi‐
cant only when the comparisons are made between healthy persons and advanced prostate
cancer patients [96]. miR-141 is also elevated in prostatic tumor specimens, suggesting that
the raise of this molecule in the body fluids is originated by the tumor cells and increases as
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disease progresses. Serum levels of other miRNAs are also altered in specimens from men
with prostate cancer when compared to healthy individuals (e.g. miR-21, miR-200, miR-221,
miR-375, and others), but results are inconsistent among reports.

miR-141 was also studied as a predictor factor for prostate cancer classification. One study
showed increased levels of serum miR-141 and miR-375 in high-risk patients (Gleason score
≥8 or N1) compared to low-risk patients (Gleason score 7 or N0) [97]. Another study found
that serum miR-21 is increased in patients with CRPC resistant to docetaxel, opening the
possibility to use serum miRNAs as markers of therapeutic response as well [98]. Unfortu‐
nately, the specificity and sensitivity of miRNAs when used as single markers for prostate
cancer diagnosis and prognosis are similar to the specificity and sensitivity of other markers
currently used (e.g. PSA).

In summary, miRNAome from serum or plasma samples may not add much information for
prostate cancer diagnosis, outcome and response to therapy when used as a single biomark‐
er. In addition, it is unlikely to achieve the desire level of accuracy for prostate cancer diag‐
nosis or prognosis, because one miRNAs may be altered in many different diseases.
Furthermore, one mRNA can be affected by several miRNAs. Therefore, circulating miR‐
NAome should be considered an additional tool to improve the accuracy of current diagnos‐
tic molecules such as PSA, and other diagnostic tests such as the digital rectal exam,
echography and others. Similarly, the tumor miRNAome may help to improve the patholog‐
ical classification of prostate tumors. Up to date the miRNA profile cannot substitute other
clinical tools, but can efficiently supplement them.

2.3.3. Targeting miRNAs as therapeutic strategies

The discovery of miRNAs a decade ago and the subsequent study of their role in the patho‐
genesis of disease, unveiled a new scenario where miRNA modulators could be used in or‐
der to restore the homeostasis of an altered cell or tissue. Recently, a novel class of synthetic
inhibitory molecules (antagomirs) that compete with target mRNAs for the binding of miR‐
NAs, allowing mRNA translation, has been introduced as silencers of oncomirs. The antago‐
mirs uncover the way to miRNA-base therapeutic strategies. As the number of in vivo
studies that analyze the use of miRNAs as therapeutic molecules is restricted to a very small
number, further investigations are needed. In spite of all the data being generated, the
knowledge and understanding of miRNA in prostate cancer is still at the early stage. Once
the normal/pathological role of each alteration is deciphered, and the results validated in a
vast cohort of patients, the selected miRNAs might be attractive candidates for prostate can‐
cer diagnosis, patients’ management and therapeutic strategy.

2.4. The nuts and volts of prostate cancer survival, mastering the tumoral vasculature:
angiogenesis, vasculogenic mimicry or vessel co-option?

2.4.1. Angiogenesis as a hallmark of cancer

The hallmarks of cancer define distinctive and complementary capabilities that allow tu‐
mors to grow and disseminate. One of those capacities is the induction of angiogenesis. This
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in cell-cell junctions and down-regulates genes associated with prostate cancer progression
such as IL6, caveolin-1, EZH2, ERBB3, E2F1 and E2F5.

This list is just a small part of all miRNA alterations found in prostate cancer (For a more
complete list of miRNAs in prostate cancer, the reader may refer to the review written by
Coppola et al.[85] and Pang et al.[94]), but other players cannot be discarded.

2.3.2. miRNAs as biomarkers for prostate cancer diagnosis and prognosis

Based on the evidence that miRNAs may be deregulated in different pathologies in a tis‐
sue-specific  manner,  multiple  studies  have  investigated  the  potential  use  of  the  miR‐
NAome as a biomarker. As a consequence, a growing amount of evidence proposes that
the miRNAome can be used as a tool to better define pathological signatures and, in turn,
to accurately differentiate tumors according to their origin and cellular linage. In addition,
miRNAs meet other important requisites that may allow their use as biomarkers for can‐
cer  diagnosis  and  prognosis:  1)  miRNAs  are  remarkably  stable  molecules  in  different
types  of  clinical  samples,  including  formalin-fixed  paraffin-embedded  (FFPE)  tissues
which is the standard technique used for long-term conservation of biological samples, 2)
they can be analyzed by simple methods such as quantitative retro-transcriptase polymer‐
ase chain reaction (qRT-PCR), and 3) the lack of intricate transcriptional and translational
regulation compared to mRNA.

The tumoral expression of miR-1 and miR-133a correlates with tumor progression. Interest‐
ingly, the relapse-free survival of patients with prostate cancer can be predicted by the ex‐
pression of miR-1 in the tumor specimens. Patients with tumors having low miR-1
expression are more likely to have a biochemical relapse than patients with tumors having
high miR-1 expression [95].

Besides their intracellular function, miRNAs can also be released by cells and circulate in the
blood stream. Consequently, miRNAs can be isolated from serum and plasma; evenmore,
they can be isolated from other body fluids such as urine, saliva and semen. The discovery
of circulating miRNAs opened up intriguing possibilities to use the circulating miRNAome
as one additional biomarker to improve cancer diagnosis, determine tumor staging more ac‐
curately and predict prognosis. Some reports demonstrate that miRNA levels in body fluids
may change under certain pathological conditions, including prostate cancer [96]. For this
reason, within the past years, studies on miRNAs in cancer have burst onto the scene, and
evidence that miRNAs may represent new diagnostic and prognostic molecules in human
cancers is rapidly accumulating. However miRNA levels as tools for diagnosis and progno‐
sis in prostate cancer are still limited [96].

Although, serum and plasma levels of miR-141 seems to be one of the most promising mark‐
ers for prostate cancer diagnosis because they are consistently increased in men diagnosed
with this carcinoma compared to healthy individuals; the differences are statistical signifi‐
cant only when the comparisons are made between healthy persons and advanced prostate
cancer patients [96]. miR-141 is also elevated in prostatic tumor specimens, suggesting that
the raise of this molecule in the body fluids is originated by the tumor cells and increases as
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disease progresses. Serum levels of other miRNAs are also altered in specimens from men
with prostate cancer when compared to healthy individuals (e.g. miR-21, miR-200, miR-221,
miR-375, and others), but results are inconsistent among reports.

miR-141 was also studied as a predictor factor for prostate cancer classification. One study
showed increased levels of serum miR-141 and miR-375 in high-risk patients (Gleason score
≥8 or N1) compared to low-risk patients (Gleason score 7 or N0) [97]. Another study found
that serum miR-21 is increased in patients with CRPC resistant to docetaxel, opening the
possibility to use serum miRNAs as markers of therapeutic response as well [98]. Unfortu‐
nately, the specificity and sensitivity of miRNAs when used as single markers for prostate
cancer diagnosis and prognosis are similar to the specificity and sensitivity of other markers
currently used (e.g. PSA).

In summary, miRNAome from serum or plasma samples may not add much information for
prostate cancer diagnosis, outcome and response to therapy when used as a single biomark‐
er. In addition, it is unlikely to achieve the desire level of accuracy for prostate cancer diag‐
nosis or prognosis, because one miRNAs may be altered in many different diseases.
Furthermore, one mRNA can be affected by several miRNAs. Therefore, circulating miR‐
NAome should be considered an additional tool to improve the accuracy of current diagnos‐
tic molecules such as PSA, and other diagnostic tests such as the digital rectal exam,
echography and others. Similarly, the tumor miRNAome may help to improve the patholog‐
ical classification of prostate tumors. Up to date the miRNA profile cannot substitute other
clinical tools, but can efficiently supplement them.

2.3.3. Targeting miRNAs as therapeutic strategies

The discovery of miRNAs a decade ago and the subsequent study of their role in the patho‐
genesis of disease, unveiled a new scenario where miRNA modulators could be used in or‐
der to restore the homeostasis of an altered cell or tissue. Recently, a novel class of synthetic
inhibitory molecules (antagomirs) that compete with target mRNAs for the binding of miR‐
NAs, allowing mRNA translation, has been introduced as silencers of oncomirs. The antago‐
mirs uncover the way to miRNA-base therapeutic strategies. As the number of in vivo
studies that analyze the use of miRNAs as therapeutic molecules is restricted to a very small
number, further investigations are needed. In spite of all the data being generated, the
knowledge and understanding of miRNA in prostate cancer is still at the early stage. Once
the normal/pathological role of each alteration is deciphered, and the results validated in a
vast cohort of patients, the selected miRNAs might be attractive candidates for prostate can‐
cer diagnosis, patients’ management and therapeutic strategy.

2.4. The nuts and volts of prostate cancer survival, mastering the tumoral vasculature:
angiogenesis, vasculogenic mimicry or vessel co-option?

2.4.1. Angiogenesis as a hallmark of cancer

The hallmarks of cancer define distinctive and complementary capabilities that allow tu‐
mors to grow and disseminate. One of those capacities is the induction of angiogenesis. This
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process specifically refers to the sprouting of new blood vessels from pre-existing ones, in‐
volving proliferation of endothelial cells and migration towards pro-angiogenic molecules.
The expansion of the existing vasculature also relies on the accumulation of circulating en‐
dothelial progenitor cells. The latter are immature endothelial cells, typically arising in the
bone marrow, with the capacity to extravasate in response to pro-angiogenic factors and
promote new vessel formation known as vasculogenesis. This process also takes place in the
tumor microenvironment; however, it is generally associated with embryogenesis and de‐
velopment and involves the birth of new endothelial cells and their assembly into tubes in
addition to the sprouting. Following this morphogenesis, the normal vasculature results in a
quiescent action, becoming in the adult only an active process in wound healing events and
in female reproductive cycling, but only transiently.

The  tumor  and  its  microenvironment  display  a  completely  different  scenario,  allowing
pro-inflammatory  molecules  to  switch  on the  angiogenic  process  enabling  the  tumor  to
grow, persist and disseminate. The tumor-associated angiogenesis was previously consid‐
ered to be important in growing macroscopic tumors; however, the clinical evidence show
that  it  directly contributes to the microscopic premalignant phase of  neoplastic  progres‐
sion, further securing its position as an integral hallmark of cancer. This angiogenic switch
is governed by angiogenic regulators that bind to stimulatory or inhibitory cell-surface re‐
ceptors displayed by vascular endothelial cells. The well-known inducers of angiogenesis
include  among  others:  VEGF-A,  TGFβ  and  IL8;  while  inhibitors  include:  thrombospon‐
din-1 (TSP-1) and angiostatin, among others. In tumors, these molecules support the rapid
division of tumor cells [59]. VEGF signaling occurs via three main subtypes of receptor ty‐
rosine kinases known as VEGFR1, VEGFR2 and VEGFR3. Its expression can be upregulat‐
ed both by hypoxia and by oncogene signaling [99, 100]. Additionally, VEGF ligands can
be sequestered in the ECM in latent forms that can then be activated by ECM-degrading
proteases such as MMP9. Also the fibroblast growth factor (FGF) family is capable of acti‐
vating VEGF and has been implicated in sustaining tumor angiogenesis. TSP-1 emerges as
a  counterpart  of  the  angiogenic  process,  that  when  activated  suppresses  proangiogenic
stimuli [101]. Of note, Ras  and Myc,  dominant oncogenes can also upregulate angiogenic
factors in the tumoral microenvironment, and these signals can also be produced indirect‐
ly by immune inflammatory cells.

It is of particular interest the fact that angiogenesis inhibitors, such as TSP-1, angiostatin and
endostatin offer natural barriers to tumor angiogenesis. This was described by Ribatti et al.
[102], followed by several studies reporting other endogenous inhibitory agents. Most of
these molecules appear to derive from proteolytic cleavage of structural proteins that are not
angiogenic regulators per se, and some can be detected in normal mice and human plasma.
These agents serve under normal circumstances as physiologic rheostats modulating angio‐
genesis during tissue remodeling and wound healing but may also act as intrinsic barriers to
the sustained angiogenesis in emerging neoplasias.

How do these counterpart molecules behave in the tumoral process? How can we decipher
the cross talk of this aberrant mix of proangiogenic signals? A massive amount of informa‐
tion describes the features of a cancer cell. However, it is wise to acknowledge the differen‐
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tial concepts of causes, oncogenic events, signal transduction programs, and hallmarks to
show that there is a complexity under this network of interrelations that dynamically
changes in different cells, between cells, and most importantly at different times in any giv‐
en cell. Cancer is an evolving, heterogeneous system, hence the intricacy of the forming vas‐
culature supporting tumor growth and progression.

2.4.2. Intussusception and vessel co-option

While sprouting angiogenesis requires VEGF for endothelial cells to proliferate, migrate and
maturate into new vessels, in the absence of this factor, the blood vessels split into new ves‐
sels without the need of endothelial cell proliferation. This phenomena is termed intussus‐
ception and has been demonstrated in various tumors [103]. Intussusception cannot be
stopped by anti-VEGF strategies.

Intussusceptive microvascular growth refers to vessel  network formation by insertion of
connective tissue columns,  called tissue pillars,  into the vessel  lumen and to  the  subse‐
quent growth of these pillars, resulting in the sub-division of the vessel lumen. Intussus‐
ception is  observed in  a  variety  of  normal  and malignant  tissues.  It  is  faster  and more
inexpensive than sprouting,  occurring within hours or even minutes and besides its  au‐
tonomy from endothelial  cell  proliferation,  it  also  becomes  independent  from basement
membrane degradation, or even invasion of the connective tissue. However, intussuscep‐
tive microvascular growth displays a limiting factor: it  can only work on existing vessel
networks. Therefore intussusceptive microvascular growth has the ability to increase the
complexity  and  density  of  the  tumor  microvessel  mesh  already  built  by  sprouting.  Al‐
though the molecular networks underlying this vascularization mechanism are poorly un‐
derstood, the role of some local stimuli, such as intravascular shear stress, may induce a
cascade of physiological or pathological reactions in endothelial cells, such as new capilla‐
ry development by tissue pillar formation [104].

The absence of intense endothelial cell proliferation in intussusceptive microvascular
growth implies that neovascularization by this mechanism would be resistant to angiosup‐
pressive treatment in itself. Clinically, accumulation of tumor blood vessels by intussuscep‐
tive vessel growth is associated with a poor outcome for various types of cancers [105].

Until recently, vascularization of malignant tumors was considered the exclusive result of
directed capillary ingrowth (endothelial sprouting). However, recent advances have been
made in identifying the processes involved in angiogenesis and vascular remodeling. Con‐
sequently, the simplistic model of an invading capillary sprout has been deemed insufficient
to describe the entire spectrum of morphogenic and molecular events required to form a ne‐
ovascular network. Cancer tissue can acquire its vasculature by co-option of pre-existing
vessels, intussusceptive microvascular growth, postnatal vasculogenesis, glomeruloid an‐
giogenesis, or vasculogenic mimicry [103, 105].

Before discussing the different ways a tumor is vascularized, we should highlight that these
mechanisms may not be mutually exclusive; the literature has shown that in most cases
there is a cross-talk between these systems, participating in conjunction in physiological as
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process specifically refers to the sprouting of new blood vessels from pre-existing ones, in‐
volving proliferation of endothelial cells and migration towards pro-angiogenic molecules.
The expansion of the existing vasculature also relies on the accumulation of circulating en‐
dothelial progenitor cells. The latter are immature endothelial cells, typically arising in the
bone marrow, with the capacity to extravasate in response to pro-angiogenic factors and
promote new vessel formation known as vasculogenesis. This process also takes place in the
tumor microenvironment; however, it is generally associated with embryogenesis and de‐
velopment and involves the birth of new endothelial cells and their assembly into tubes in
addition to the sprouting. Following this morphogenesis, the normal vasculature results in a
quiescent action, becoming in the adult only an active process in wound healing events and
in female reproductive cycling, but only transiently.

The  tumor  and  its  microenvironment  display  a  completely  different  scenario,  allowing
pro-inflammatory  molecules  to  switch  on the  angiogenic  process  enabling  the  tumor  to
grow, persist and disseminate. The tumor-associated angiogenesis was previously consid‐
ered to be important in growing macroscopic tumors; however, the clinical evidence show
that  it  directly contributes to the microscopic premalignant phase of  neoplastic  progres‐
sion, further securing its position as an integral hallmark of cancer. This angiogenic switch
is governed by angiogenic regulators that bind to stimulatory or inhibitory cell-surface re‐
ceptors displayed by vascular endothelial cells. The well-known inducers of angiogenesis
include  among  others:  VEGF-A,  TGFβ  and  IL8;  while  inhibitors  include:  thrombospon‐
din-1 (TSP-1) and angiostatin, among others. In tumors, these molecules support the rapid
division of tumor cells [59]. VEGF signaling occurs via three main subtypes of receptor ty‐
rosine kinases known as VEGFR1, VEGFR2 and VEGFR3. Its expression can be upregulat‐
ed both by hypoxia and by oncogene signaling [99, 100]. Additionally, VEGF ligands can
be sequestered in the ECM in latent forms that can then be activated by ECM-degrading
proteases such as MMP9. Also the fibroblast growth factor (FGF) family is capable of acti‐
vating VEGF and has been implicated in sustaining tumor angiogenesis. TSP-1 emerges as
a  counterpart  of  the  angiogenic  process,  that  when  activated  suppresses  proangiogenic
stimuli [101]. Of note, Ras  and Myc,  dominant oncogenes can also upregulate angiogenic
factors in the tumoral microenvironment, and these signals can also be produced indirect‐
ly by immune inflammatory cells.

It is of particular interest the fact that angiogenesis inhibitors, such as TSP-1, angiostatin and
endostatin offer natural barriers to tumor angiogenesis. This was described by Ribatti et al.
[102], followed by several studies reporting other endogenous inhibitory agents. Most of
these molecules appear to derive from proteolytic cleavage of structural proteins that are not
angiogenic regulators per se, and some can be detected in normal mice and human plasma.
These agents serve under normal circumstances as physiologic rheostats modulating angio‐
genesis during tissue remodeling and wound healing but may also act as intrinsic barriers to
the sustained angiogenesis in emerging neoplasias.

How do these counterpart molecules behave in the tumoral process? How can we decipher
the cross talk of this aberrant mix of proangiogenic signals? A massive amount of informa‐
tion describes the features of a cancer cell. However, it is wise to acknowledge the differen‐
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tial concepts of causes, oncogenic events, signal transduction programs, and hallmarks to
show that there is a complexity under this network of interrelations that dynamically
changes in different cells, between cells, and most importantly at different times in any giv‐
en cell. Cancer is an evolving, heterogeneous system, hence the intricacy of the forming vas‐
culature supporting tumor growth and progression.

2.4.2. Intussusception and vessel co-option

While sprouting angiogenesis requires VEGF for endothelial cells to proliferate, migrate and
maturate into new vessels, in the absence of this factor, the blood vessels split into new ves‐
sels without the need of endothelial cell proliferation. This phenomena is termed intussus‐
ception and has been demonstrated in various tumors [103]. Intussusception cannot be
stopped by anti-VEGF strategies.

Intussusceptive microvascular growth refers to vessel  network formation by insertion of
connective tissue columns,  called tissue pillars,  into the vessel  lumen and to  the  subse‐
quent growth of these pillars, resulting in the sub-division of the vessel lumen. Intussus‐
ception is  observed in  a  variety  of  normal  and malignant  tissues.  It  is  faster  and more
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tonomy from endothelial  cell  proliferation,  it  also  becomes  independent  from basement
membrane degradation, or even invasion of the connective tissue. However, intussuscep‐
tive microvascular growth displays a limiting factor: it  can only work on existing vessel
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The absence of intense endothelial cell proliferation in intussusceptive microvascular
growth implies that neovascularization by this mechanism would be resistant to angiosup‐
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Until recently, vascularization of malignant tumors was considered the exclusive result of
directed capillary ingrowth (endothelial sprouting). However, recent advances have been
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Before discussing the different ways a tumor is vascularized, we should highlight that these
mechanisms may not be mutually exclusive; the literature has shown that in most cases
there is a cross-talk between these systems, participating in conjunction in physiological as
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well as in pathological angiogenesis. Although the various types of cancer vascularization
may share similar molecular signaling cascades and may be controlled partly by almost
identical regulatory factors, a significant variety of differences also prevail.

It is widely accepted that the primary tumors and metastases have an initial avascular
growth stage and then the angiogenic switch is turned on to support the exponential tumor
growth. Tumor-induced angiogenesis and tumor cell vessel interactions are one of the most
important events during all the stages of tumor development. However, it is not fully un‐
derstood what is exactly happening before or during the initiation of vascularization of the
primary tumor and the micrometastasis. In the beginning malignant cells may associate
with and grow preferentially along pre-existing microvessels, prior to building their own
vasculature. This process is called vessel co-option and was first proposed by Holash et al.
[106]. Although at first, it is limited to the early stages of human tumorigenesis, morphologi‐
cal evidence suggests that co-option of pre-existing blood vessels might persist during the
entire period of primary or metastatic tumor growth. During solid tumor growth, no signs
of directed vessel ingrowth can be appreciated; instead, these tumors decide to develop by
co-opting the massive vascular plexus present in the peritumoral connective tissue. Several
controversies have been raised regarding how tumors progress, whether microtumors may
initiate growth by exploiting pre-existing vessels without inducing angiogenesis or initiating
through the induction of angiogenic sprouts from host vessels [107]. These discrepancies
may have aroused given the differences in vascular niches in applied experimental models.
Although unresolved from a mechanistic point of view, this uncertainty may raise impor‐
tant challenges when outlining a rationale for therapeutic strategies. This implies that,
whereas compounds may be efficient inhibitors of angiogenesis and tumor growth in angio‐
genesis-dependent tumors (such as subcutaneous tumor xenografts), their effects may be
limited in tumors growing in tissues with an intrinsic vascular density that allows for co-
option by infiltrative tumors or other forms of neo-vasculature.

Based on this knowledge, new ways to inhibit the various vascular modalities have been de‐
veloped in the past decade. When applying these targeted therapies, there are several as‐
pects to take into consideration: the stage of tumor progression, the type of vascularization
of the cancerous tissue and the molecular signaling networks behind the vascularization
process.

What are the key aspects in determining the vascularization patterns of tumors? First, the
local microenvironment, important during tumor initiation. Second, the cell number, subsi‐
dizing microtumors ability of inducing angiogenesis. Moreover, to trigger exponential
growth, tumors must depend on vascularization through angiogenesis, which is much more
powerful than vessel co-option to increase the tumoral mass and to acquire nutrition and
oxygen from the host circulation system. If possible, tumors will prefer this kind of vascula‐
rization pattern. Alternatively, another choice is the strategy of co-opting host vessels in or‐
der for tumor cells to survive when they cannot acquire enough support from its niche and
have no capacity to establish intrinsic vessels through angiogenesis. This is consistent with
the observations that anti-angiogenic therapies result in an increase of vascular co-option
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[108]. Third, the co-option and migration along host vessels will be inhibited once angiogen‐
ic sprouts begin to be induced.

Of note in liver metastases of human colorectal carcinomas, different growth patterns can be
observed, depending on the degree of differentiation. These liver metastases represent a tru‐
ly heterogeneous group and their growth patterns (replacement, pushing and desmoplastic)
predict the fraction of immature blood vessels, the fraction of proliferating endothelial cells
and the fraction of apoptotic tumor cells. The replacement growth pattern expands mainly
by co-opting the stroma with the sinusoidal blood vessels of the liver [109].

The use of anti-vascular endothelial growth factor antibodies have been used for the abroga‐
tion of angiogenesis and growth of human prostate carcinoma microtumors and even meta‐
stasis in orthotopic prostate cancer xenografts. Although up to date there are no reports
suggesting that vessel co-option is also an alternative route for growth and dissemination of
prostate tumors, the contribution of this vascular route to prostate tumorigenesis needs fur‐
ther exploration; specifically, the involvement of this survival tool for growth of microtu‐
mors [110, 111].

Many studies have reported the close association between host vessels and extravasated
cells during the onset of metastases. The co-opting manner makes these tumoral cells cover
vessel surface area as much as possible and obtain the necessary support from host, such as
nutrients or oxygen, with remarkable vessel-like pseudopodia. As Weinberg articulated for
this kind of behaviour “tumor cells require effective interactions with the vasculature in or‐
der to acquire nutrients and to shed metabolic waste products and carbon dioxide.... In some
normal tissues with an especially high metabolic activity, most cells enjoy direct contact
with at least one capillary. This intimate association means that their access to oxygen and
critical nutrients not dependent on the diffusion of these molecules over large distances and
through densely packed cell layers” [112].

The tumoral vascular picture clearly displays differential contributions of vessel co-option
and angiogenesis at the earliest stage of tumor initiation and metastasis. While angiogenesis
appears as a key player for tumor exponential growth, the strategy of co-opting host vessels
seems indispensable for cancer cell survival. Future anti-vascular therapies should seriously
take into consideration the alternative ways in which a tumor disseminate and evades con‐
ventional anti-angiogenic treatments.

2.4.3. Vasculogenic mimicry

How can we distinguish normal angiogenesis from tumor-associated angiogenesis? Tumor
neovasculature is marked by precocious capillary sprouting, convoluted and excessive ves‐
sel branching, distorted and enlarged vessels, erratic blood flow, leakiness leading to blood
lakes, and distorted levels of endothelial cell proliferation and apoptosis [59]. Also, certain
types of cancer cells have the capacity to mimic the activities of endothelial cells and to par‐
ticipate in processes that involve the formation of a fluid-conducting, matrix-rich meshwork,
metamorphosing into vessels that either carry blood or connect to the host’s blood supply.
This new mechanism, by which some aggressive tumors may acquire a blood supply, was
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of the cancerous tissue and the molecular signaling networks behind the vascularization
process.

What are the key aspects in determining the vascularization patterns of tumors? First, the
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dizing microtumors ability of inducing angiogenesis. Moreover, to trigger exponential
growth, tumors must depend on vascularization through angiogenesis, which is much more
powerful than vessel co-option to increase the tumoral mass and to acquire nutrition and
oxygen from the host circulation system. If possible, tumors will prefer this kind of vascula‐
rization pattern. Alternatively, another choice is the strategy of co-opting host vessels in or‐
der for tumor cells to survive when they cannot acquire enough support from its niche and
have no capacity to establish intrinsic vessels through angiogenesis. This is consistent with
the observations that anti-angiogenic therapies result in an increase of vascular co-option
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ly heterogeneous group and their growth patterns (replacement, pushing and desmoplastic)
predict the fraction of immature blood vessels, the fraction of proliferating endothelial cells
and the fraction of apoptotic tumor cells. The replacement growth pattern expands mainly
by co-opting the stroma with the sinusoidal blood vessels of the liver [109].

The use of anti-vascular endothelial growth factor antibodies have been used for the abroga‐
tion of angiogenesis and growth of human prostate carcinoma microtumors and even meta‐
stasis in orthotopic prostate cancer xenografts. Although up to date there are no reports
suggesting that vessel co-option is also an alternative route for growth and dissemination of
prostate tumors, the contribution of this vascular route to prostate tumorigenesis needs fur‐
ther exploration; specifically, the involvement of this survival tool for growth of microtu‐
mors [110, 111].

Many studies have reported the close association between host vessels and extravasated
cells during the onset of metastases. The co-opting manner makes these tumoral cells cover
vessel surface area as much as possible and obtain the necessary support from host, such as
nutrients or oxygen, with remarkable vessel-like pseudopodia. As Weinberg articulated for
this kind of behaviour “tumor cells require effective interactions with the vasculature in or‐
der to acquire nutrients and to shed metabolic waste products and carbon dioxide.... In some
normal tissues with an especially high metabolic activity, most cells enjoy direct contact
with at least one capillary. This intimate association means that their access to oxygen and
critical nutrients not dependent on the diffusion of these molecules over large distances and
through densely packed cell layers” [112].

The tumoral vascular picture clearly displays differential contributions of vessel co-option
and angiogenesis at the earliest stage of tumor initiation and metastasis. While angiogenesis
appears as a key player for tumor exponential growth, the strategy of co-opting host vessels
seems indispensable for cancer cell survival. Future anti-vascular therapies should seriously
take into consideration the alternative ways in which a tumor disseminate and evades con‐
ventional anti-angiogenic treatments.

2.4.3. Vasculogenic mimicry

How can we distinguish normal angiogenesis from tumor-associated angiogenesis? Tumor
neovasculature is marked by precocious capillary sprouting, convoluted and excessive ves‐
sel branching, distorted and enlarged vessels, erratic blood flow, leakiness leading to blood
lakes, and distorted levels of endothelial cell proliferation and apoptosis [59]. Also, certain
types of cancer cells have the capacity to mimic the activities of endothelial cells and to par‐
ticipate in processes that involve the formation of a fluid-conducting, matrix-rich meshwork,
metamorphosing into vessels that either carry blood or connect to the host’s blood supply.
This new mechanism, by which some aggressive tumors may acquire a blood supply, was
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first described by Maniotis and coworkers [113] and was termed ‘vasculogenic mimicry’.
However, it cannot be considered a vasculogenic event as true vasculogenesis involves de
novo formation of endothelial cell-lined vessels. Since its discovery, vasculogenic mimicry
has been catalogued in several types of tumors. How does vasculogenic mimicry contribute
to tumor growth and progression, and can it be targeted by therapeutic agents?

Several interpretations of vasculogenic mimicry have evolved since tumor angiogenesis was
recognized as not the only mechanism of blood supply for tumor microcirculation. Vasculo‐
genic mimicry describes the ability of aggressive tumoral cells to express endothelium-asso‐
ciated genes and to form ECM-rich vasculogenic-like networks in three-dimensional (3D)
cultures. These new vessels have no endothelial lining and are mainly composed of base‐
ment membrane-like material. The formation of these networks, seem to mimic the embry‐
onic development of vasculogenic meshes and they were associated with the distinctly
patterned ECM-rich networks that are observed in aggressive tumors. Since its discovery,
vasculogenic mimicry has been described in several kinds of tumors, including melanoma,
synovial sarcoma, rhabdomyosarcoma, osteosarcoma, breast carcinoma and ovarian carcino‐
ma. Most of these studies correlate the aggressiveness of the tumor with angiogenesis or
vasculogenic mimicry proliferation [114]. But how do they form and what is their contribu‐
tion to tumorigenesis?

In the beginning, researchers observed in xenograft models and human biopsies, patterned
loops and arcs that confined spheroidal clusters of tumoral cells. These loops and arcs
formed networks that were lined with cancer cells and contained laminin and other compo‐
nents of the ECM yet not explored. Studies of tumor-tissue sections showed that the spheroi‐
dal tumor clusters contained either small, channel-like spaces between them, or seemed to
be partially or totally juxtaposed by ECM. Some of these channel-like spaces were originally
defined as ‘vascular channels’, because they were found to contain erythrocytes and plasma
and were thought to provide a perfusion mechanism and a dissemination path within the
tumor that might work independently or together with angiogenesis or vessel co-option.

Blood lakes within the tumor are another physiological phenomena that also draw attention.
These are large collections of extravascular erythrocytes lining tumor spaces or channels. As
hemorrhage is a manifestation of the defective endothelial barrier function in tumors the
reason as why some tumors are bloodier than others, might rely on the balance between er‐
ythrocyte extravasation and the vessel wall stability. Rapid endothelial cell proliferation and
defective pericyte coverage might contribute to the instability of tumor vessel walls leading
to this hemorrhage. Pericytes are supporting cells that are closely apposed to the outer sur‐
faces of the endothelial tubes in normal tissue vasculature, providing mechanical and phys‐
iologic support to the endothelial cells and have been associated with the maintenance of a
functional neo-vasculature of most if not all tumors [115].

The literature on vasculogenic mimicry in prostate cancer is scarce, although therapeutic im‐
plications of it have been described in aggressive prostate cancer in vitro [116]. The prognos‐
tic value of vasculogenic mimicry remains debatable as there is at least one study showing
that there is no significant correlation between vasculogenic mimicry channels and histolog‐
ical grading of prostate cancer [117].
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Interestingly, Liu et al. [114] looked at this correlation in human tissue samples to determine
clinical pathology, prognosis and a possible molecular mechanism. They statistically corre‐
lated histological with clinicopathological data from prostate carcinoma cases confirming
that vasculogenic mimicry was more often seen in those patients with seminal vesicle inva‐
sion, lymph node metastasis, distant metastasis tissues or shorter PSA doubling time
(PSADT), all important clinical prognostic factors of prostate cancer. They concluded that
vasculogenic mimicry mainly exists in the high-risk prostate cancer patients and is a new
independent marker of poor prognosis of the disease. Though more studies with larger sam‐
ple sizes are needed to further confirm the correlation of vasculogenic mimicry and prostate
cancer prognosis, these results might explain why some anti-angiogenesis treatments re‐
main clinically less effective.

2.4.4. Molecular signaling

The identification of molecules that are uniquely expressed on the surface of endothelial
cells  of  tumor  vessels  has  been  a  holy  grail  of  vascular  biology.  Such  molecules  could
serve  as  therapeutical  targets.  Although there  is  no  molecule  truly  associated  to  tumor
vessels, several show higher expression in tumors. Among those relevant in prostate can‐
cer  we  find:  endoglin  (CD105),  VEGF/VEGFR-2  complexes,  thrombospondin-1  receptor
(CD36),  Thy-1  cell  surface  antigen  (Thy-1),  phosphatidylserine,  prostate-specific  mem‐
brane antigen (PSMA), MMP, Her2/Neu and multiple tumor endothelial markers. The ab‐
sence  of  absolute  specificity  of  these  molecules  for  tumor  vessels  drives  the  search  for
better targets [118]. Of note, Her2/Neu plays an important role in the spreading of pros‐
tate carcinomas to the bone and its high expression is associated with a poorer prognosis
in patients with bone metastases. The Her2/Neu receptor is part of a molecular signaling
cascade that involves Akt and MMP-9 activation, enabling the cancer cell to penetrate the
matrix and facilitating angiogenesis.

It is wise to recognize the lead role of MMP in facilitating the invasiveness of prostate can‐
cer. These molecules are important in the degradation of the ECM, allowing tumoral cells to
metastasize to distant sites throughout the body. This protease activity, not only allows for
cell migration, but also facilitate angiogenesis, providing the tumor with nutrition and fur‐
ther proliferation [119]. Of note, MMP-2 plays an important role in the preliminary stages of
the vasculogenic mimicry genesis, degrading collagen IV. Reports showed that human pros‐
tate carcinoma samples positive for vasculogenic mimicry had a significantly higher MMP-2
expression levels compared to vasculogenic mimicry-negative patients. Metastat, an inhibi‐
tor of MMP, decreased the formation of vasculogenic mimicry networks in aggressive pros‐
tate tumors. However, further studies are needed to elucidate the mechanism of formation
of vasculogenic mimicry in detail [114].

In bone metastases, the prostate metastatic tissue might allow for angiogenesis via the
MMP9 derived from osteoclasts. Interesting, some MMP have a higher expression with
higher Gleason's scores. This fact has led to the revamping of the MMP as possible prognos‐
tic factors and even more, as valid candidates for therapy. However, the MMP field is at a
crossroad; in the last few years, accumulating evidence from experimental models of cancer,
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knockout mice and proteomics studies has challenged our views on how MMP function in
the tumoral process. This challenge has been compounded by the fact that the clinical trials
with MMP inhibitors failed to show therapeutic efficacy in cancer patients. MMPs have a
vast repertoire of substrates not limited to the ECM components, and multiple proteins can
be potentially targeted by MMPs and may be important for the anti-tumor activity of the
host. This may partly explain why broad-spectrum synthetic MMP inhibitors failed to show
clinical efficacy.

The MMP picture is not simple and reveals a complex contribution to cancer progression,
putting aside the long-held view of MMP as a family that promotes cancer metastasis. To‐
day, the evidence shows that members of the MMP family may promote or inhibit cancer
development. Moreover, an individual MMP may act positively or negatively on tumor pro‐
gression depending on other factors, on the tumor stage, tumor site (primary, metastasis),
enzyme localization (tumor vs. stromal) and substrate profile [120]. In the –omics era, the
identification of the substrates targeted by MMP in biological samples, known as degrado‐
mics, promises to become an important tool for defining the role of MMP in cancer. Estab‐
lishing correlations, particularly in advanced prostate carcinomas, may assist in better
patient stratification.

2.4.5. Cell plasticity and cancer stem cells

In fact, more questions than answers have been raised about the relevance of the in vivo
studies on tumor vasculature. Is there a morphological and functional connection between
prostate  tumor-cell-lined networks  and endothelium-lined vasculature?  Is  it  possible  for
aggressive prostate cancer cells  to form functional  vessels when placed in an ischaemic,
non-tumor  microenvironment?  What  is  the  potential  relevance  of  a  ‘plastic’  tumor-cell
phenotype, and how can we identify and target tumor cells that can masquerade as other
cell types? Many of the biological properties that are relevant to embryogenesis are also
important for tumor growth. For example, during embryonic development, the formation
of primary vascular networks occurs by the process of vasculogenesis (the differentiation
of mesodermal progenitor cells (angioblasts and hemangioblasts) to endothelial cells) and
their organization into a primitive network [121]. The remodeling of the vasculogenic net‐
work into a more refined microvasculature occurs through angiogenesis in the same way
as tumors require a blood supply for growth and also use the blood supply for metastatic
dissemination [122].

Cells capable of vasculogenic mimicry display a high degree of plasticity, causing them to
resemble dedifferentiated cell types. A stem cell is considered the most dedifferentiated cell,
holding the capacity to generate various novel cell types. However, a new concept comes
into the picture, the cancer stem cells (CSCs). These cells hold the capacity to self-renew, dif‐
ferentiate and proliferate indefinitely, being the latter a key event in tumor growth. Tumoral
vasculogenic mimicry is characterized by an undifferentiated molecular signature together
with embryonic-like differentiation plasticity implying a link between cancer stem cells and
aggressive tumor cells capable of vasculogenic mimicry. Moreover, these two cell types
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share the potentiality of unlimited proliferation capacity, cellular plasticity and the expres‐
sion of a gene signature responsible of maintaining pluripotency.

Among the signaling molecules known to influence stem cell renewal and differentiation in
aggressive forms of prostate cancer, we find: Wnt, Src, BMP (bone morphogenic proteins)
and TGFβ [5]. Other transcription factors are also involved in bone metastasis. HIF1α in tu‐
mor cells, inhibits osteoblasts differentiation, induces osteoclasts differentiation and pro‐
motes tumor growth. Hypoxia and TGFβ signaling in parallel drive the development of
tumor bone metastases and regulate a common set of tumor genes stimulating the produc‐
tion of VEGF and CXCR4 in both tumor cells and bone microenvironment to enhance angio‐
genesis and tumor homing. VEGF, a target gene of Runx2, facilitates tumor growth and both
the osteolytic and the osteoblastic disease [123, 124]. Additionally, prostate cancer cell lines
express mediators of tumor growth and bone destruction, among them IL8, IL6 and PTHrP.
Runx2 is also a key regulator of metastasis related genes and its presence in the primary tu‐
mor could be critical for the diagnosis of prostate cancer bone metastasis [125].

The Notch signaling pathway is now recognized as an important player in tumor angiogen‐
esis. Two key Notch ligands have been implicated in this process, Delta-like 4 (Dll4) and Jag‐
ged1. Notch appears to be very attractive because specifically, bone metastases from
prostate cancer patients expressed Notch-1 protein in the osteoblastic lesions. Correspond‐
ingly, Notch ligand Jagged-1 was found to be highly-expressed in metastatic prostate cancer
compared to localized disease or benign prostate tissues, and high Jagged-1 expression in a
subset of clinically localized tumors was found to be significantly associated with tumor re‐
currence [5]. Although the molecular mechanism of Notch signaling is not completely un‐
derstood, silencing of Notch-1 inhibits MMP9, uPA and VEGF expression, given support to
the effect of Notch in invasion [126, 127]. Moreover, Wang et al [126] recently proposed a
down-regulated signaling cascade downstream of Notch-1, with reduced Akt and mTOR
phosphorylation and inactivated NF-κB signaling. The interplay between these pathways
provides a balance between self-renewal and differentiation. Dll4 expression activates Notch
resulting in restriction of new sprout development. In agreement with this activity, inhibi‐
tion of Dll4-mediated Notch signaling in tumors results in hyper sprouting of nonfunctional
vasculature [128]. This Dll4 inhibition may paradoxically lead to increased angiogenesis but
poor tumor growth because the newly growing vessels are not functional. In contrast, Jag‐
ged1 has been described as a Notch ligand expressed in tumor cells that may influence tu‐
mor angiogenesis by activating Notch on tumor endothelium. Of note, Notch activation is
also critical for the maintenance of stem cell self-renewal potency in several stem cell micro‐
environments. These results indicate that Notch signaling can have diverse signaling out‐
comes dependent on the cellular niche, as it is able to induce (endothelial) differentiation in
some cases, while promoting self-renewal potency in others [128].

TGFβ signaling also draws our attention given that it is a key molecule in the maintenance
of an undifferentiated state in human embryonic stem cells. Various components of the
TGFβ signaling cascade are highly expressed in stem cells, including Nodal and its regula‐
tors Cripto and LEFTY1/2 [101,102]. However little is known about signaling cascades gov‐
erning the pluripotent state [129]. Taken together multiple stimuli provided by prostate
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knockout mice and proteomics studies has challenged our views on how MMP function in
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share the potentiality of unlimited proliferation capacity, cellular plasticity and the expres‐
sion of a gene signature responsible of maintaining pluripotency.
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tion of Dll4-mediated Notch signaling in tumors results in hyper sprouting of nonfunctional
vasculature [128]. This Dll4 inhibition may paradoxically lead to increased angiogenesis but
poor tumor growth because the newly growing vessels are not functional. In contrast, Jag‐
ged1 has been described as a Notch ligand expressed in tumor cells that may influence tu‐
mor angiogenesis by activating Notch on tumor endothelium. Of note, Notch activation is
also critical for the maintenance of stem cell self-renewal potency in several stem cell micro‐
environments. These results indicate that Notch signaling can have diverse signaling out‐
comes dependent on the cellular niche, as it is able to induce (endothelial) differentiation in
some cases, while promoting self-renewal potency in others [128].

TGFβ signaling also draws our attention given that it is a key molecule in the maintenance
of an undifferentiated state in human embryonic stem cells. Various components of the
TGFβ signaling cascade are highly expressed in stem cells, including Nodal and its regula‐
tors Cripto and LEFTY1/2 [101,102]. However little is known about signaling cascades gov‐
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tumors and their effective microenvironment can trigger differential signaling cascades that
in turn will define the fate of the host. Thus a variety of therapeutic venues may have to co‐
exist in order to be translated into clinical utility.

2.4.6. Clinical significance

Undoubtfully, there are more questions than answers at this time regarding the functional
significance of vasculogenic networks and vascular marker expression by prostate cancer
cells. If tumor vasculogenesis can be demonstrated in experimental models, does it occur
concomitantly with angiogenesis or as a remodeling of angiogenesis in aggressive tumors?
Is vessel co-option involved? Is tumor cell vasculogenesis an alternative angiogenic switch
in aggressive tumors? Regardless of the terms employed to describe the expression and
mimicry of vascular-like gene by aggressive prostate cancer tumor cells, this area of research
is worthy of analysis. It is wise to consider that in addition to the current anti-vascular treat‐
ments, the novel therapeutic approaches against tumor vasculature must be harmonized
with the stage of tumor progression and with the molecular mechanism responsible for the
angiogenic phenotype.

In our perspective the challenge relies in combining the anti-vascular strategies with the ex‐
isting therapeutic regimes. The rational application of antivascular agents must be tagged
along with the notion that these therapies must be individually tailored for the different
types of cancer cells. The clinical management of prostate cancer would benefit greatly from
the better understanding of the diverse vascularization mechanisms helping to fine-tune
these novel anti-cancer strategies.

3. Conclusions

It is clear that multiple host and environmental factors contribute to prostate cancer and that
inflammation sets the scene for the appearance of a reactive stroma, providing growth fac‐
tors, chemokines and proteins that stimulate among other things, invasion. In return, this
cancer finds a fertile soil to proliferate and disseminate in the bone, which acts as a special‐
ized niche for prostate cancer cells. Moreover, the vascular compartment contributes signifi‐
cantly to prostate cancer growth through provision of oxygen and nutrients. Prostate cancer
cells break into the scene co-opting blood vessels, by intussusception or even enhancing an‐
giogenesis, attracting endothelial cells, promoting their growth in the tumor microenviron‐
ment and even transdifferentiating through the EMT. The intricacy relies on deciphering the
diabolic liaison of all these factors and physiological processes. How can successful thera‐
peutic strategies be designed if there are still so many hidden molecular variables waiting to
be unveiled? The path in building promising clinical action plans will depend on unraveling
the rheostat molecules that control the metabolic reprogramming of tumoral cells and the
tumor microenvironment. Who are the key players controlling all the biochemical reactions
producing ROS and RNS within cancer cells? Even more who are their exact targets? Several
microRNA signatures are identified and described in the inflammatory milieu associated to
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prostate cancer, hence are miRNA-base therapeutic strategies a promising option for the dis‐
ease? The possibility to target cancer cell malignancy by intervention on both its metabolic
reprogramming and its interplay with environmental factors is in truth captivating. The key
molecules and pathophysiological process outlined throughout this chapter drive home the
concept that the tumor microenvironment enhanced by an inflammatory wand offers inter‐
esting homoestatic targets for prostate cancer therapy. In this synopsis, blocking the sus‐
tained inflammatory network will offer new promising avenues to achieve significant
therapeutic gains in the treatment of prostate cancer.
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1. Introduction

Prostate cancer has the highest incidence in the United States and the second highest in the
world among cancers in the male population. It is also one of the leading causes of cancer
deaths in males in the United States. Like other glandular organs, benign prostate has an
epithelial compartment containing mainly secretory luminal cells outlined with basal cells and
a stromal compartment including fibroblasts and smooth muscle cells. The development and
function of the prostate is mediated by circulating androgens which act via androgen receptor
(AR). Amongst the epithelial cells, AR is expressed only in secretory luminal cells, while in the
stroma, AR is expressed primarily by fibroblasts and smooth muscle cells in adulthood. In the
past, investigators mainly focused on studying epithelial AR function in prostate cancer,
defined the involved mechanisms and developed numerous hypotheses which have been
published and are widely accepted. However, limited data is available which can be used to
describe the function of stromal AR in prostate cancer. This review of the literature examines
the current knowledge and understanding of stromal AR function in prostate cancer and
endeavors to illustrate its translational significance.

2. Stromal cells in prostate carcinogenesis

The role of stromal cells on the initiation and promotion of carcinogenesis has been studied
over many years. This concept was pioneered from previous studies showing [1-3] that tumor
stroma, termed as CAF (cancer associated fibroblast), TAS (tumor associated stroma), or RS
(reactive stroma), is often different from the normal stroma [1]. Normal prostate stromal cells
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play a protective role and maintain growth quiescence within the prostatic tissue. Some
investigators have demonstrated in animal studies that when normal prostate stromal cells are
associated with malignant epithelial cells, there is a decrease in the proliferation rate [4,5] and
an apparent loss of former malignant properties of epithelial cells[6]. Some studies have also
shown restriction of growth of epithelial cells and induction into a more differentiated
phenotype [7]. Recombination studies using Dunning rat adenocarcinoma revealed that
normal stromal environment may override the effects of oncogenic mutations in tumor cells
[8]. Normal stromal cells therefore, retain properties of growth control and can prevent the
proliferation of cells undergoing neoplastic transformation.

Modification of stromal environment is necessary for carcinogenesis and it is adequately evi‐
dent on observation of stroma immediately adjacent to carcinoma cells in several tumors [1]. Re‐
combination experiments by viral transfection of oncogenes myc and ras into urogenital sinus
mesenchyme and epithelium have illustrated that changes are required in both epithelium and
stroma for prostatic carcinogenesis to occur [9]. The principal stromal cells – smooth muscle
cells and fibroblasts undergo a phenotype switching to emerge as myofibroblasts during tu‐
morigenesis. Morphologically and on the basis of cytoskeletal protein expression, myofibro‐
blasts are an intermediate between fibroblasts and smooth muscle cells [10,11].  They are
identified by increased expression of vimentin, alpha actin and decreased expression of calpo‐
nin and smooth muscle myosin. Other phenotypic changes seen in the cancer associated stro‐
ma include abnormal migratory behavior in vitro, alterations in the cell surface molecules,
expression of prostaglandin synthesizing enzymes, alterations in extra cellular matrix (ECM)
and altered expression of growth factors – platelet derived growth factor (PDGF), insulin-like
growth factor (IGF) 1 & 2, transforming growth factor beta 1(TGF-b1), hepatocyte growth fac‐
tor (HGF) and keratinocyte growth factor (KGF) [1]. There are several possible factors which
promote the modification of normal stromal cells into cancer associated stroma. Some signals
from epithelial cancer cells to surrounding stromal cells have been shown to alter the function
of stromal cells and ECM production, such as TGF-b1, which induces stromal secretion of ‘ver‐
sican’ an extracellular chondroitin sulfate proteoglycan [12]. In a hormone sensitive cell mod‐
el, variations in ECM have been shown to regulate stromal cell phenotype [13]. There is also
evidence that the genetic modifications seen in the cancer associated stroma [14] are a result of
epithelial to mesenchymal transitions of previously genetically abnormal epithelial cells. There
is a genome-wide change in stromal genes associated with prostate cancer. In an analysis by
Rowley et al. [15], when compared with normal stroma, a total of 544 unique genes were signif‐
icantly higher in the reactive stroma and 606 unique genes were lower. Gene ontology analysis
revealed significant alterations in a number of novel processes in prostate cancer reactive stro‐
ma, including neurogenesis, axonogenesis, and the DNA damage/repair pathways, as well as
an evidence of increased number of stem cells in prostate cancer reactive stroma.

Alternatively, in the ‘reactive stroma’ hypothesis [11] the stroma of prostate cancer has been
correlated with the granulation tissue in wound repair mechanism with reference to similar
biological responses. As in any wound repair situation the microenvironment would be
expected to be growth promoting which correlates with the promotion of survival and
proliferation of carcinoma cells by stroma in prostatic carcinogenesis. Tissue recombination
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studies have demonstrated that human prostatic tumor associated stroma can promote
carcinogenesis in genetically initiated human prostatic epithelial cells [1,16]. The results of this
experiment revealed an important inference that the cancer associated stroma, when formed,
exhibit a significant role in the epithelial cells promoting prostate carcinogenesis.

In contrast, some investigators [17] have shown that tumor associated stromal cells inhibit
epithelial cell growth by production of a specific inhibitory factor termed as prostatic epithe‐
lium inhibiting factor (PEIF). The expression of this factor by stromal cells was only in the
conditioned media collected from isolated stromal cell subcultures. Later in another experi‐
ment [18], stromal cells derived from surgically obtained prostatic carcinoma specimens were
co-cultured with PC-3 cells using double layer soft agar system. It was noticed that growth of
PC-3 cells was inhibited by the stromal cells.

The diversity in stromal cell function in inhibiting or promoting epithelial cell growth may be
explained by the heterogeneity of stromal cells in the stromal compartment. During carcino‐
genesis, the stromal cells display heterogeneity in their morphology as smooth muscle cells,
fibroblasts and myofibroblasts. Also, they are heterogenous in AR expression as AR positive
and AR negative cells. It may be possible that the presence and absence of AR in stromal cells
can dictate cancer epithelial cell proliferation or growth suppression.

3. Progressive loss of AR expression

Numerous studies have focused on AR expression in the epithelial cells during prostate
carcinogenesis and the progression of prostate cancer from primary to metastatic cancer and
from hormone sensitive to castration resistant prostate cancer (CRPC). It has been established
that epithelial AR is continuously expressed throughout prostate cancer disease progression.
Increased AR expression has been associated with aggressive disease and decreased progres‐
sion free survival (PFS) in patients [19].

The expression and function of stromal AR may be distinct from epithelial AR. As a result of
the structural, genetic and genomic [11,15] modifications of the stromal cells, there are
behavioral modifications expressed in tumor associated stroma. AR expression in stroma is
progressively decreased during the transition from benign tissue to cancer and during
progression of prostate cancer from low grade to high grade, primary to metastatic, hormone
sensitive to CRPC, as well as aggressive prostate cancer in African Americans.

In immunohistochemistry (IHC) studies, some investigators [20] found that AR expression
declines in the peri-epithelial stroma as early as in high grade prostatic intraepithelial neoplasia
(HGPIN) compared to normal prostate. In their analysis using tissue samples of HGPIN,
expression of AR was found to be absent in 80% and weak in 20% of peri-epithelial stromal
cell sections.

Analysis of stromal tissue of prostate cancer showed that loss of AR expression increased
linearly with higher histological grades in several studies. AR expression was absent in 67%
of peri-epithelial stromal tissue in well differentiated (Gleason score 2-4), 91% in moderately
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differentiated (Gleason score 5-7) and 94% in poorly differentiated (Gleason score 8-10)
prostate cancer [20]. In our study [21], we have shown a statistically significant decrease of
stromal AR expression (p < 0.001) in the areas of prostate cancer compared with benign prostate
with up to a 6% decrease in stromal AR expression. When stratified with Gleason score, we
established a trend of greater decrease of AR-positive stromal cells in cancerous areas com‐
pared to benign areas with increased tumor grade. Later on, other investigators have also
demonstrated that magnitude of loss of stromal AR is directly proportional to advanced
pathological stage along with higher Gleason scores [22]. By AR antibody immunostaining of
TURP (Trans Urethral Resection of Prostate) specimens obtained from patients with varying
Gleason scores and pathological stages, they found lower expression of AR in tumor stroma
compared to areas with normal stroma. This difference was notable (p < 0.05) in tumor
specimens of stage T2 and tumors with Gleason score of 7, while it was more statistically
significant (p <0.01) in tumor stage T3 and T4 and in specimens with Gleason score of 8-10.

Decreased stromal AR expression has also been correlated to disease progession including
metastasis and androgen-independence. Bergh et al. showed [22] that specimens with metastat‐
ic disease displayed significantly lower (p < 0.01) stromal AR expression. The AR staining was
only 1.6% in metastatic tumor stroma compared to 18 % in normal stroma which was equivalent
to a loss of expression by 11 fold. While in the non-metastatic disease specimens, the AR staining
was 13% in tumor stroma compared to 48 % in normal stroma, equivalent to a loss of expression
by 3.5 fold. Evidence is available [21] that during transition of prostate cancer from hormone
sensitive to CRPC, there is a significant decrease in stromal AR expression. AR levels were de‐
termined in the prostate stroma of 44 cases of hormone sensitive prostate cancer and in 22 cases
of CRPC by IHC analysis using affinity purified polyclonal AR antibodies. Scoring was per‐
formed by selecting three areas with 100 cells each in benign and cancerous regions in prostate
stromal tissue sections to determine the relative percentages of stromal cells that were AR-posi‐
tive and AR-negative, respectively. The levels of stromal AR expression were expressed as an
average percentage of AR-positive stromal cells. When comparing hormone sensitive and
CRPC tumor sections, a statistically significant 3-fold decrease of AR-positive stromal cells was
observed, from 4 % in hormone sensitive to 12 % in CRPC tumors. Most importantly, some in‐
vestigators have also reported an association of loss of stromal AR expression with clinical out‐
come or prostate cancer specific death in patients [25].

These studies suggest that there is a natural selection of stromal AR negative cells over AR
positive cells as the tumor progresses. With these results, we established that stromal AR
expression proportionately decreases as tumor grade increases and as cancer advances
towards metastatic and androgen independent disease. The mechanism behind the loss of AR
expression in the peri-epithelial stroma is not well understood. It has been attributed that
during the malignant transformation of epithelial cells, there is a shift in AR axis from stromal
cell dependent paracrine pathways to autocrine dependent pathways [23] and is increased
during tumor progression. When these cancer cells shift to autocrine mechanism of prolifera‐
tion, it appears that epithelial AR regulates a new series of genes for survival and proliferation,
not normally expressed by prostate epithelial cells [7]. The consequence of this may be that
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malignant epithelial cells no longer depend upon stromal-epithelial interactions and stromal
AR mediated growth factors for their survival and proliferation.

4. Stromal AR inhibits cancer epithelial cells

We  have  observed  and  previously  demonstrated  by  co-culture  experiments  using  well
characterized stromal cell  lines,  both in  vitro  and in  vivo  that,  in  the presence of  andro‐
gen,  stromal  cells  expressing  AR  decrease  the  growth  and  invasive  ability  of  prostate
cancer epithelial cells. It was hypothesized that this distinct effect of AR in stromal cells
is due to the involvement of paracrine factors/mechanisms regulated by both the epithe‐
lial and stromal cells.

The analysis was established [21] by using a well characterized prostate stromal cell line
morphologically similar to the tumor stroma. We constructed an immortalized stromal cell
line from prostate with BPH, termed as PShTert, stably expressing the human telomerase
catalytic subunit – hTert. Morphologically and ultra structurally, the cells expressed typical
characteristics of myofibroblasts. IHC showed diffuse, strongly positive stain for Vimentin
with a strong SMA staining in 25% of cells, and negative staining for Desmin. Together these
data support the myofibroblastic phenotype of the PShTert stromal cells. Western blot analysis
showed the absence of AR in these cell lines. We transduced this cell line with pBabeAR
retroviral vector and selected stable clonal cell lines expressing AR, termed as PShTertAR.
Functionality of the ectopic AR was confirmed by in vivo dual luciferase assay eliciting ligand
dependent transcriptional activation in the presence of androgens.

For in vitro analysis, transwell indirect co-culture assays using these two stromal cell lines with
PC3 cells were performed. In the presence of androgen, co-culture with PShTertAR resulted
in inhibition of PC3 cell proliferation compared to PC3 cell growth when cultured alone (p =
0.045). In contrast, co-culture with AR negative PShTert cells resulted in enhancement of
growth rate of PC3 cells compared to PC3 cells grown alone (p = 0.03). Flow cytometric analysis
revealed that PC3 cells co-cultured with PShTertAR showed 20% S-phase cells, decreased from
the 27% S-phase cells measured inPC3 cells co-cultured with PShTert cells. We examined the
expression of cell cycle genes, including cyclin A, cyclin B, p21 and p27, and the expression of
Skp2, and all were decreased in PC3 cells co-cultured with PShTertAR compared with PC3
cells co-cultured with PShTert cells.

However, with co-cultures in androgen free media, both PShTert and PShTertAR cells
stimulated the growth of PC3 cells. Similarly in vivo analysis by co-injecting PC3 cells with
PShTert subcutaneously in the flank region of nude male mice resulted in development of
tumors twice as large as when PC3 was injected alone. On the other side, co-injection of PC3
cells and PShTertAR cell line resulted in statistically significant reductions of tumor growth
and size.

There were two important observations drawn from the analysis. Firstly, both AR negative
and AR positive stromal cells promote growth of prostate cancer epithelial cells in the absence
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of androgen by secretion of a paracrine factor which is independent of AR. Secondly, AR
positive stromal cells secrete another paracrine factor which is growth inhibitory for prostate
cancer epithelial cells and is dependent on the presence of androgen and AR.

5. Conclusion

With reference to our hypothesis that AR positive stromal cells inhibit the growth of PC3 cells
in the presence of androgen, we also analyzed and found similar results while using LNCaP
cells. However, the magnitude of growth inhibition was less significant in LNCaP cells as
compared to PC3 cells.

Therefore, there is a need to re-identify the role of continued androgen deprivation therapy
(ADT) during progression to CRPC. It may be possible that due to androgen deprivation, the
growth promoting stromal effects counteract the apoptotic effects of androgen ablation on
epithelial cells. On the contrary, the growth inhibiting effects of the stromal AR are lost during
ADT. The permanent methods of androgen ablation such as surgical castration can be replaced
by reversible methods of castration such as medical castration with LHRH analogues. Inter‐
estingly, some investigators have even observed that using androgen replacement therapy
(ART) in metastatic CRPC displayed biochemical improvement in patients [24]. Newer
therapies targeting the prostate cancer stromal cells should be evaluated.
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1. Introduction

1.1. The androgen receptor and CaP progression

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 prosta‐
tectomy or radiation to destroy cancerous cells [1]. 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 [2].
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 [1].
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 development and function. Testosterone is the
main circulating androgen and is secreted from the testes as well as the adrenal glands (adrenal
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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 [2].

The AR is required for the development of prostate carcinogenesis from early prostate
intraepithelial neoplasia (PIN) to organ-confined or locally invasive primary tumors [3]. 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) [4-7] and compo‐
nents of the cytoskeleton [7,8], preventing AR nuclear localization and transcriptional activa‐
tion. The binding of DHT or testosterone causes a conformational change leading to the
dissociation of the AR from the HSPs and its subsequent phosphorylation [1, 9]. Once ligand
bound, the AR is stabilized within the cytoplasm and translocates to the nucleus. The andro‐
gen-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 [1] such as
prostate specific antigen (PSA), a routine biomarker for prostate cancer diagnosis and pro‐
gression [7, 10] and, probasin, a prostate-specific gene that has been exploited as a marker of
prostate differentiation [11]. The AR has both a cytoplasmic and nuclear distribution, and
shows a certain degree of trafficking either to or from the nucleus [12]. 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 [12].

1.2. AR structure and function

The AR gene is located on the X chromosome (q11-12), and contains eight exons that produce
a protein of approximately 920 amino acids [7]. 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 [1], 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 [7]. There are three regions of tri-nucleotide repeats, which include
poly-glutamine (Q) and poly-glycine tracts [7, 13]. The poly-Q tract is encoded by a polymor‐
phic CAG repeat [14]. The length of the repeats inversely affects the stability of the AR-NTD
and C-terminal LBD interaction, and, AR expression and activity [7, 15, 16]. 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
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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 [4, 5, 7, 17]. 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 [7, 18] in preparation for DNA
transcription [7, 19].

The LBD folds into 12 helices to form the ligand binding pocket. 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 [7]. The NTD
interacts with the LBD through its sequence motifs 23FQNLF27 and 433WHTLF437 [5, 7, 20], while
co-activators/co-regulators (E.g. SRC/p160 family of co-activators) bind to the LBD by a highly
conserved consensus sequence LXXLL (L is Leucine and X is any amino acid) motif (also known
as the NR box) [7]. 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 [7]. 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) [21].

The LBD AF2 domain is comprised of helices 3, 4, 5 and 12 [22]. 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 [23]. 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 estro‐
gens [7, 24-26]. However, it was shown that the AR NTD and CTD interaction was not
absolutely required for transcriptional activity. For example, ligands used at high concentra‐
tions and peptides that blocked the NTD and CTD interaction did not absolutely inhibit
transcriptional activity of the AR [23, 27, 28].

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
[7]. NCor and SMRT are able to recruit histone deacetylases (HDAC) to promote the repack‐
aging of DNA and prevent the binding of transcriptional machinery, activators, and receptors
[7, 29]. 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 [7, 29-31]. 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) [7].
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 [6, 7,
26, 31, 33, 34, 35]. Upon the loss of ligand interactions, the NES co-ordinates the shuttling of
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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
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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 [4, 5, 7, 17]. 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 [7, 18] in preparation for DNA
transcription [7, 19].

The LBD folds into 12 helices to form the ligand binding pocket. 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 [7]. The NTD
interacts with the LBD through its sequence motifs 23FQNLF27 and 433WHTLF437 [5, 7, 20], while
co-activators/co-regulators (E.g. SRC/p160 family of co-activators) bind to the LBD by a highly
conserved consensus sequence LXXLL (L is Leucine and X is any amino acid) motif (also known
as the NR box) [7]. 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 [7]. 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) [21].

The LBD AF2 domain is comprised of helices 3, 4, 5 and 12 [22]. 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 [23]. 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 estro‐
gens [7, 24-26]. However, it was shown that the AR NTD and CTD interaction was not
absolutely required for transcriptional activity. For example, ligands used at high concentra‐
tions and peptides that blocked the NTD and CTD interaction did not absolutely inhibit
transcriptional activity of the AR [23, 27, 28].

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
[7]. NCor and SMRT are able to recruit histone deacetylases (HDAC) to promote the repack‐
aging of DNA and prevent the binding of transcriptional machinery, activators, and receptors
[7, 29]. 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 [7, 29-31]. 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) [7].
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 [6, 7,
26, 31, 33, 34, 35]. Upon the loss of ligand interactions, the NES co-ordinates the shuttling of
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the AR to the cytoplasm where AR can tether to cytoskeletal proteins to again prepare for
ligand binding [5,7].

The DBD (559-624) is comprised of two zinc fingers domains created by three α-helices and
a 12 amino acid C-terminal extension [1]. The first zinc finger 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 [7]. It is thought that Lysine (Lys;K) 580 and Arginine
(Arg;R) 585 in the first zinc finger bind respectively to the second and fifth nucleotide pairs
in the first ARE repeat: GGTACA [22, 36-39]. 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 [22, 39]. Due to the similarity of the hormone response
elements (HREs) of the nuclear receptor family, there is an overlap of nucleic acid sequen‐
ces in which these receptors can bind. Steroid receptors recognize a palindromic sequence
spaced by three nucleotides [40]. The AR, glucocorticoid, mineralcorticoid and progester‐
one receptors recognize the 5’-TGTTCT-3’ core sequence [40]. However, it has been found
that ARs can also recognize specific AREs that consist of two hexameric half-sites separat‐
ed  by  3  base  pairs  [41-45].  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 [45]. It is thought that protein-protein interactions play a role
in discriminating AR and other steroid mediated effects [46, 47] to enable ARE dependent
gene transcription rather than the activation of other HREs.

1.3. 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) [1]. 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 [7]. Phosphorylation of the AR by
MAPK, JNK, AKT, ERK, p38, increases AR response to low level of androgens, estrogens, and
anti-androgens as well as enhances the recruitment of co-activators [7]. 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 [7, 48].
Alternatively, AR degradation is regulated by the phosphorylation of specific residues
recognized by E3 ubiquitin ligase. For example, MDM2 E3 ubiquitin ligase promotes polyu‐
biquitylation of the AR by recognizing AKT dependent phosphorylated serine [3,49]. More‐
over, transactivation of the AR largely relies upon the phosphorylation of Ser213, Ser506, and
Ser650 [7]. Phosphorylation of the AR is required for its effects within the nucleus and the AR
should remain hyperphosphorylated to mediate its transcriptional role [3]. 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 [3, 50-52]. Specifically, Yang et al., (2005) demonstrated that
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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 tran‐
scriptional activity of AR by favoring NCoR interactions [3, 53]. 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 [3, 54].

1.4. 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) [7]. 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. 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% [1, 55-57]. 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 [3]. Genetic susceptibility
seems to be more significant in patients <55 years old [3]. Recently, a R726L mutation was
reported in only Finnish patients with sporadic or familial CaP [3, 58, 59]. 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 [3, 58, 60, 61]. Koochekpour et al., (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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rely on AR expression, suggesting that the AR is necessary to maintain proliferative and anti-
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frequencies are as high as 50% [1, 55-57]. 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 [3]. Genetic susceptibility
seems to be more significant in patients <55 years old [3]. Recently, a R726L mutation was
reported in only Finnish patients with sporadic or familial CaP [3, 58, 59]. Genomic alterations
to the AR have been found in both non-coding and coding sequences such as polymorphisms
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mutations [3, 58, 60, 61]. Koochekpour et al., (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
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Somatic mutations are largely single base substitutions: 49% at the LBD, 37% at the NTD, and
7% at the DBD [3]. 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 [1, 8]. 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. Other mutations such as the H874Y (Histadine 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 [63-67]. 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) [56, 67, 68]. 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 [67, 68]. Additionally, a L701H mutation was also
identified in conjunction with the T877A mutation in MDA CaP 2a cell lines [1, 69]. 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
[1, 70]. 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 [1]. Novel
truncated AR mutant, mRNA splice variants and mutant AR lacking exon 3 (coding for C-
terminal portion of the DBD) tandem duplication have also been found in the 22RV1 cell line
(AI-CaP), derived from the CWR22R cell line [3, 71]. 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 ARA160 and ARA70. The
ARNSM motif is unique to the AR and the most highly conserved region of the AR NTD.
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Another possible mechanism for the progression of AI disease is mediated by AR amplifica‐
tion. Overexpression of the AR causes hypersensitivity of the AR under low levels of andro‐
gens. 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 prolifer‐
ation 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 [1,
74]. 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 [1, 75].

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 [3]. Local production of androgens within the prostate can also increase AR transacti‐
vation 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% [1, 76]. 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 [78]. After castration,
adrenal androgens could account for as much as 40% of the total DHT in the prostate [76, 78].

Hormone receptors that are activated by ligand independent mechanisms are known as
‘outlaw’ receptors [1]. Certain growth factors such as Insulin Growth Factor (IGF)-1, Kerati‐
nocyte Growth Factor (KGF), and Epidermal Growth Factor (EGF) have been demonstrated
to activate 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 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.
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to activate 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
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Furthermore, patients who received androgen ablation therapy have tumor cells that overex‐
press 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) [1].
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 (Hercep‐
tin) 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 [1].

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 phosphatidylinositol 3-kinase (PI3K)-AKT
pathway plays a significant role in CaP tumor progression. The cross-regulatory mechanism
by which the PI3K/Akt pathway modulates the expression and activity of AR is a novel area
of study. Growing evidence continues to support the increased role of the PI3K/Akt and AR
signaling pathways in mediating the progression of CaP to castrate resistant disease.

2. Phosphatidylinositol 3-kinase (PI3K)-AKT pathway: A brief overview

Evidence has largely supported the phosphatidylinositol 3-kinase (PI3K)-AKT signalling
pathway as a key regulatory system essential to mammalian cell proliferation, survival, and
metabolism. The gain- or loss-of-function of components of this pathway lead to neoplastic
transformation in a wide spectrum of human cancers, including CaP. Briefly, the canonical
PI3K/AKT pathway is activated by mitogenic growth factor stimulation of receptor tyrosine
kinases (RTKs), the most common RTKs include Epidermal Growth Factor Receptor (EGFR,
ERBB1), Her2 (EGFR-2, ERBB2), KIT, PDGFRα, and MET. Receptor activation causes RTKs to
dimerize and undergo autophosphorylation at tyrosine residues and enables interaction with
Src Homology 2 (SH2) domain-containing molecules. The signal then becomes transduced,
through the oncogene, RAS, and ultimately leads to the conversion of membrane phosphati‐
dylinositol-bis-phosphate (PI(3,4)P2; PIP2) to phosphatidylinositol-tri-phosphate (PI(3,4,5)P3;
PIP3) by PI3K. The presence of PIP3 mediates the recruitment of AKT (also known as PKB) to
the plasma membrane and its subsequent phosphorylation by 3-Phosphoinositide- Dependent
protein Kinase (PDK) 1 and PDK 2 at Threonine 308 (T308) and Serine 473 (S473), respectively.
Activated AKT or phosphorylated AKT (P-AKT) is the central effector of many downstream
signaling pathways regulating protein synthesis, cell cycle, cell death, cell growth, and cell
survival [summarized in Reference 82]. The loss and/or mutation of the tumor suppressor
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protein and negative regulator of the PI3K/AKT pathway, Phosphatase and Tensin homolog
deleted on chromosome TEN (PTEN), is a common event in various cancers, causing the
constitutive activation of PI3K/Akt signalling. PTEN, a dual protein and lipid phosphatase,
dephosphorylates PIP3 to PIP2, hence, buffering the proliferative and transformative effects of
the PI3K. This review will primarily focus on the most studied canonical PI3K/AKT pathway.

2.1. Phosphatidylinositol 3-kinases

The PI3Ks are enzymes that are grouped into three classes (I-III). Most members of this family
are bound to regulatory subunits which determine its specificty and function [83-85]. Class I
PI3Ks are subdivided into IA and IB and are members to the canonical PI3K/AKT pathway.
They are heterodimeric serine and threonine kinases comprising a catalytic subunit, p110, and
a regulatory subunit encoded by the PIK3CA and PIK3R1 genes, respectively [83]. The four
isoforms of p110 (α-δ) and their regulatory subunits have distinct structure-function domains
and specificity. For p110α, β, and δ the most commonly associated regulatory subunit has been
identified as p85 [83]. Specific isoforms of the p85 adaptor subunit (p85α, p85β, p50α, p55α,
or p55γ) facilitate the interaction with RTKs as well as the p110 catalytic domain isoforms [86].
The p85 subunit directly associates with active RTKs through the physical interaction of its
SRC homology 2 (SH2) domain at phosphotyrosine residues of RTKs [87]. The consensus
sequence has been identified to be YXXM [87]. In particular, Class IA PI3Ks’ p85α subunit
encodes an adaptor-like protein that has two SH2 domains and an inter-SH2 domain that binds
constitutively to the p110 catalytic subunit [87]. The two splice variants (p55α and p50α) retain
such regions but lack an amino terminal SH3 domain (mediates the binding of proline rich
sequences) and a breakpoint cluster region (BCR) homology domain (a protein-protein
interaction motif) [87]. The p110 isoforms (α, β, δ) have the same basic structure, including a
kinase domain and a C2 domain for membrane anchoring [87].

Class I PI3Ks, once activated by RTKs (Class IA) or G-protein-coupled receptors (GPCRs, [Class
IB]), have preferred substrates, in particular, the non-phosphorylated phosphatidylinositol
(PI), inositol monophosphate (PI(4)P), and phosphatidyl-bis-phosphate (PI(4,5)P2), and
mediate the addition of a phosphate group in the D-3 position of the inositol ring to generate
PI(3)P, PIP2, and PIP3, respectively [83, 88]. PIP3 is a potent second messenger in the cell and
the predominant arbitrator of PI3K signalling. Class IA PI3K p110α domain isoform is the most
mutated amongst cancers, causing the kinase to be more active [86, 89, 90] and perpetuating
a constitutively active PI3K pathway. Class II and III PI3Ks, on the other hand, are less studied
and are recognized for their involvement in membrane trafficking and receptor internalization,
and, vesicle trafficking, respectively [91-93]. PI3Ks within Class II generate PI(3,4)P2 from
PI(3)P and can also produce PI(3)P from PI. However, they cannot recognize PIP(4,5)P2 as
substrate to produce PIP and PIP2. Class II PI3Ks use only PI to convert it to PIP [83, 94].
Furthermore, unlike Class I PI3Ks, Class II PI3Ks do not require a regulatory subunit but
comprise three distinct isoforms to mediate their functions. Class IA PI3K will be discussed in
this review and will be referred to as PI3K unless otherwise stated.

PI3K activity is normally strictly regulated within the cell by growth factor-receptor interac‐
tions [95]. As such, the majority of the PI3K is inactive in the cytosplasm and remains removed
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from its plasma membrane substrates. Moreover, only a small fraction of these PI3Ks become
activated upon growth factor stimulation [95]. Currently, it is thought that there are pre-
formed inactive p85-p110 complex present in the cytoplasm, whereby ligand mediated
activation of kinase activity and transphosphorylation of RTK’s cytoplasmic tail recruits p85-
p110 complexes to the receptor by the SH2 domain of p85 [87]. This brings PI3K in close
proximity to its lipid substrates; moreover, it is reasoned that the RTK-p85 interaction may
remove an inhibitory effect of p85 on p110 kinase activity [87, 96]. This is thought to involve
conformational changes in the p85-p110 complex through the SH3 and BCR domains.

Mutations have now been identified in the genes coding for the p110 and p85 subunits which
have shed light on the pathology of metabolic diseases and cancer [83, 93].  These muta‐
tions occur at a frequency of 5-25% in common cancers such as breast, endometrium and
large intestine [83]. Activating mutations or ‘hot spots’ of PIK3CA occur at a frequency of
80% and are located in the PI3K catalytic kinase domain, H1074 and the helical domain, E542
and E545 [93]. Both mutations have been demonstrated to drive transformation in vitro [93,
97]. As a result, the lipid kinase activity is increased [83, 89, 98-102], downstream signalling
no long requires  upstream growth factor  stimulation,  and increased oncogenic  potency.
Expression  of  these  hot  spot  mutants  induced  oncogenic  transformation  in  avian  and
mammalian  cell  culture  and  transgenic  expression  of  H1047R  p110α  in  mouse  models
induced adenocarcinoma of the lung [83,  103].  As such,  hot spot mutations then can be
suggested to function as drivers of cellular transformation to a more oncogenic phenotype.
Conversely,  mutational inactivation of the ability of  p110α to interact  with RAS has the
opposite effect by decreasing the oncogenicity of helical domain mutants and minimizing
downstream signaling [83]. On the other hand, kinase domain mutants become independ‐
ent of RAS binding, and its oncogenicity is preserved [83]. PIK3R1 mutations occur within a
stretch of six residues (560-565) located in the inter-SH2 domain of p85 [83]. This area is the
contact point for p85 with the C2 domain of p110α whereby mutation leads to improper
binding to p110α and relieve the inhibitory interaction of p85 [83]. Enhanced AKT signal‐
ling,  stimulation of  cell  replication,  and oncogenic  transformation were some of  the ob‐
served effects [83, 104, 105]. As such, p85 mutations in the inter-SH2 domain can be thought
to be equivalent to activation mutations of the p110α C2 domain.

2.2. Phosphatase and tensin homolog deleted on chromosome TEN (PTEN)

The tumor suppressor, PTEN, is a dual phosphatase that has activity for both lipid and protein
substrates. It is a gene that is lost in both heritable and spontaneous cancers where germline
mutations cause autosomal dominant hamartoma tumor syndromes and where spontaneous
missense mutations occur frequently in the central nervous system (20%), endometrial (39%),
colorectal (9%), skin (17%), prostate (14%), and breast (6%) cancers [95]. Its role within the PI3K
pathway serves to negatively regulate PI3K signalling. PTEN functions to remove phosphates
in position 3' from phosphoinositides [93, 106, 107], therefore, returning PIP3 to PIP2 and
terminating the PI3K signal. Monoallelic loss (loss of heterozygosity) and/or mutation of PTEN
thus, leads to a hyperactive PI3K pathway to drastically impact tumor growth and disease
severity. PTEN mutants that retain protein tyrosine phosphatase activity but lose the ability
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to dephosphorylate PIP3 are found in many tumours indicating that PTEN lipid phosphatase
activity is required for tumour suppression.

PTEN is tightly regulated at the transcriptional level as well as by post translational modifi‐
cation, primarily through ubiquitylation. Incidentally, the levels of PTEN are controlled by
PI3K itself, through the regulation of the transcription factor NF-κB, while, PPARβ/δ agonists
and TNFα repress PTEN expression [93, 108]. Furthermore, the activity of PTEN is also
controlled by the PI3K pathway. In p85 conditional knockout mice, the loss of p85 resulted in
PTEN activity, while loss of p110δ isoform regulated PTEN activity through a RhoA-ROCK-
depedent signaling [93, 109]. Currently, NEDD4-1 is the first and only identified E3 ligase for
PTEN [93, 110]. Similar to PTEN, NEDD4-1 is also regulated by the PI3K pathway, thus
representing a positive feedback for PTEN degradation and PI3K activation [93, 111]. More
often than not, heterozygous alterations of PTEN are most common in the initial steps of
tumorigenesis. Surprisingly, complete PTEN deletion does not have pro-tumorigenic effect.
For example actute PTEN loss within prostate cells leads to a strong p53 dependent senescence
response that opposes cancer progression. Hence, it can be suggested that tumors may not
select for a complete loss of function of PTEN during the initial states of tumorigenesis. For
example, in CaP patients, approximately 70% of tumors have heterozygous alteration in PTEN
at presentaiton and then lose the other allele at later stages [93].

The co-existence of both PIK3CA mutations and PTEN loss has been observed in various
cancers. This suggests that these two genetic aberrations are not completely redundant and
may have additional selective advantage [95]. Yuan and Cantley, (2008) postulate that PTEN
and p110α exist in a negative feedback loop to regulate pathway activity, such that any
alterations to these enzymes results in heightened oncogenic potency of the PI3K pathway.

2.3. AKT/PKB

The formation of PIP3 is the central initiating event which functions to recruit plekstrin
homology (PH) domain containing proteins to the plasma membrane. Of relevance here, is
AKT/PKB, as it is the critical mediator of signal tranduction events downstream the PI3K
cascade. There are three members of the AKT family (AKT1, AKT2, and AKT3) and they are
broadly expressed to have some isoform specific features [87]. AKT1 is the major isoform
implicated in cancers, whereas AKT2 is more so involved in insulin signaling and glucose
transport. AKT3 on the other hand has well known features and functions, however is thought
to play a specific role in brain tissue [86, 112].

The AKT gene encodes a serine/threonine kinase with an amino-terminal PH domain, a central
catalytic domain, and a carboxyl-terminal regulatory domain. The regulation of AKT function
is two- fold, requiring its translocation to the plasma membrane and its sequential phosphor‐
ylation at Threonine 308 (T308) and Serine 473 (S473). Within unstimulated cells, AKT is
constitutively phosphorylated at S124 and T450. Upon PIP3 formation, there is direct interac‐
tion of AKT to PIP3 via is PH domain. Here, PDK1 phosphorylates AKT on T308. The phos‐
phorylation of T308 is a priming event to mediate the phosphorylation of S473 by PDK2, now
thought to be the mammalian target of rapamycin complex 2 (mTORC2). This secondary event
is necessary for maximal activation of the kinase, increasing AKT activity 10-fold [86, 113,

Prostate Cancer Progression to Androgen Independent Disease: The Role of the PI3K/AKT Pathway
http://dx.doi.org/10.5772/53483

485



from its plasma membrane substrates. Moreover, only a small fraction of these PI3Ks become
activated upon growth factor stimulation [95]. Currently, it is thought that there are pre-
formed inactive p85-p110 complex present in the cytoplasm, whereby ligand mediated
activation of kinase activity and transphosphorylation of RTK’s cytoplasmic tail recruits p85-
p110 complexes to the receptor by the SH2 domain of p85 [87]. This brings PI3K in close
proximity to its lipid substrates; moreover, it is reasoned that the RTK-p85 interaction may
remove an inhibitory effect of p85 on p110 kinase activity [87, 96]. This is thought to involve
conformational changes in the p85-p110 complex through the SH3 and BCR domains.

Mutations have now been identified in the genes coding for the p110 and p85 subunits which
have shed light on the pathology of metabolic diseases and cancer [83, 93].  These muta‐
tions occur at a frequency of 5-25% in common cancers such as breast, endometrium and
large intestine [83]. Activating mutations or ‘hot spots’ of PIK3CA occur at a frequency of
80% and are located in the PI3K catalytic kinase domain, H1074 and the helical domain, E542
and E545 [93]. Both mutations have been demonstrated to drive transformation in vitro [93,
97]. As a result, the lipid kinase activity is increased [83, 89, 98-102], downstream signalling
no long requires  upstream growth factor  stimulation,  and increased oncogenic  potency.
Expression  of  these  hot  spot  mutants  induced  oncogenic  transformation  in  avian  and
mammalian  cell  culture  and  transgenic  expression  of  H1047R  p110α  in  mouse  models
induced adenocarcinoma of the lung [83,  103].  As such,  hot spot mutations then can be
suggested to function as drivers of cellular transformation to a more oncogenic phenotype.
Conversely,  mutational inactivation of the ability of  p110α to interact  with RAS has the
opposite effect by decreasing the oncogenicity of helical domain mutants and minimizing
downstream signaling [83]. On the other hand, kinase domain mutants become independ‐
ent of RAS binding, and its oncogenicity is preserved [83]. PIK3R1 mutations occur within a
stretch of six residues (560-565) located in the inter-SH2 domain of p85 [83]. This area is the
contact point for p85 with the C2 domain of p110α whereby mutation leads to improper
binding to p110α and relieve the inhibitory interaction of p85 [83]. Enhanced AKT signal‐
ling,  stimulation of  cell  replication,  and oncogenic  transformation were some of  the ob‐
served effects [83, 104, 105]. As such, p85 mutations in the inter-SH2 domain can be thought
to be equivalent to activation mutations of the p110α C2 domain.

2.2. Phosphatase and tensin homolog deleted on chromosome TEN (PTEN)

The tumor suppressor, PTEN, is a dual phosphatase that has activity for both lipid and protein
substrates. It is a gene that is lost in both heritable and spontaneous cancers where germline
mutations cause autosomal dominant hamartoma tumor syndromes and where spontaneous
missense mutations occur frequently in the central nervous system (20%), endometrial (39%),
colorectal (9%), skin (17%), prostate (14%), and breast (6%) cancers [95]. Its role within the PI3K
pathway serves to negatively regulate PI3K signalling. PTEN functions to remove phosphates
in position 3' from phosphoinositides [93, 106, 107], therefore, returning PIP3 to PIP2 and
terminating the PI3K signal. Monoallelic loss (loss of heterozygosity) and/or mutation of PTEN
thus, leads to a hyperactive PI3K pathway to drastically impact tumor growth and disease
severity. PTEN mutants that retain protein tyrosine phosphatase activity but lose the ability

Advances in Prostate Cancer484

to dephosphorylate PIP3 are found in many tumours indicating that PTEN lipid phosphatase
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thought to be the mammalian target of rapamycin complex 2 (mTORC2). This secondary event
is necessary for maximal activation of the kinase, increasing AKT activity 10-fold [86, 113,
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114]. Once activated AKT has many substrates within the cytoplasm and nucleus, including
those that regulate apoptosis, proliferation, and protein translation. Although the activation
of AKT has been well established, there is little known regarding the dephosphorylation of
AKT as no AKT specific phosphatase has been identified. However heat-shock protein 90
(HSP90) has been demonstrated to protect AKT from dephosphorylation by the ubiquitous
phosphatase, PP2A.

The activation of AKT regulates many cellular processes including cell proliferation and
survival, cell size and glucose homeostasis, metabolism, angiogenesis, and tissue invasion [86,
93]. Amplification and mutations of AKT have been reported for pancreas, ovarian, head and
neck and breast cancers. This includes a recently identified missense mutation to the PH
domain of AKT1 (E17K) [95]. Such a mutation resulted in constitutive association of AKT with
the plasma membrane and its prolonged activation. The biological effects of AKT activation
relevant to cancer is primarily associated with cell survival, proliferation and growth. First,
AKT functions as an anti-apoptotic response to various stimuli. This is through a series of
phosphorylation and inhibition events of key pro-apoptotic proteins including, BAD, MDM2
and members of the Forkhead family of proteins.

BAD is a member Bcl-2 family of pro-apoptotic protein where these members form non-
function hetero-dimer complexes with the survival factor BCL-XL [87]. Once AKT phosphor‐
ylates BAD on S136, it prevents the interaction of BAD with BLC-XL to restore the anti-apoptotic
function of BCL-XL [86, 115]. AKT also phosphorylates the pro-death enzyme, caspase 9, and
inhibits its catalytic activity; this is in addition to preventing the nuclear localization of the
Forkhead family of transcription factor, FKHR which transcriptionally inhibits the expression
of pro-apoptotic proteins, BIM and FAS ligand. Alternatively, an indirect mechanism of AKT
regulation of apoptosis is mediated by the NF-κB pathway and p53. Specifically, phosphory‐
lation of and hence, the activation of IκB kinase (IκK) results in the degradation of NF-κB
inhibitor, IκB, causing the nuclear translocation of NF-κB and the expression of anti-apoptotic
genes. The pro-apoptotic effects of p53 tumour suppressor protein are mediated by AKT
phosphorylation of the p53 binding protein MDM2. MDM2 is a negative regulator of p53
function as it targets p53 for ubiquitin mediated proteosomal degradation through its E3
ubiquitin ligase activity. The phosphorylation of MDM2 increases the efficiency by which
MDM2 translocates to the nucleus thereby enhancing p53 degradation.

The proliferative effects of AKT activation can be attributed to its role by inactivating the cell
cycle inhibitor p27 and p21, and, by inhibiting the enzyme, glycogen synthase kinase (GSK)
3β at its Serine 9 phosphoryaltion site. The regulation of cell cycle progression is through cyclin-
cyclin-dependent kinase (CDK) complexes and CDK inhibitors (CKI). p27and p21 are CKIs
that become phosphorylated by AKT and through indirect mechanisms, AKT phosphorylation
can modulate the expression of CKIs as well as their activities. Phosphorylation of p27 renders
it inactive and promotes cell cycle entry. Additionally, phosphorylation of the transcription
factor, FOXO3A, by AKT causes the nuclear expulsion of the transcription factor, and therefore
decreases the expression of p27 [116]. Alongside CKIs, cyclin D1 levels are important for
G1/S phase transition through the cell cycle. AKT has an important role in preventing cyclin
D1 degradation by inhibiting the cyclin D1 kinase, GSK3β. This prevents the phosphorylation

Advances in Prostate Cancer486

of cyclin D1 thereby increasing its levels to enable cell cycle progression. Interestingly, cyclin
D1 expression is also tightly controlled by FOXO3A. Upon AKT phosphorylation of FOXO, its
exclusion from the nucleus increases cyclin D1 expression. In effect, FOXO3A is considered a
transcriptional repressor for this gene.

The significance of AKT in cancer progression is further heightened by its role in cell growth
and metabolism. In highly proliferating tumor cells, there is rapid synthesis of macromolecules
to meet the biosynthetic demands required by the cell. Incidently, AKT is one of the main
regulators of protein translation and ribosome biogenesis [93], facilitating the means for cell
growth. This is primarily achieved through the serine/threonine kinase, mammalian target of
rapamycin (mTOR or FRAP1) Complex 1, which is composed of the protein kinase mTOR and
a series of interactors. This complex serves as a molecular sensor of nutrient availability and
in effect, modulates protein synthesis. It is unlikely that the PI3K/AKT pathway is the sole
simulator of mTOR activity. Nonetheless, AKT’s phosphorylation of two independent
substrates of this complex contributes to the oncogenic phenotype. Specifically, AKT phos‐
phorylates and inactivates the GTPase-activating protein (GAP) Tuberous Sclerosis Complex
(TSC) 2 which forms a complex with TSC1 to inhibit the GTPase, Ras-homolog enriched in
brain (Rheb). Rheb then directly interacts with mTOR and activates mTORC1 through the
inhibition of FKBP38, the negative regulator of mTORC1. Alternatively, the phosphorylation
and inhibition of another negative regulator of mTORC1, PRAS40 (proline-rich AKT substrate
of 40kDa), enhances the activity of mTORC1 through its competition with GTPase Rheb.
Altogether then, AKT promotes the activation of mTORC1 which initiates the translational
machinery to produce ribosomes and increase the rate of protein synthesis. REFS

2.4. Mammalian Target of Rapamycin (mTOR)

mTOR is a member of two distinct complexes, mTOR Complex 1 (mTORC1) and mTOR
Complex 2 (mTORC2) [83, 117]. It is thought that the mTORC1 complex plays a more dominant
role in tumor progression while the mTORC2 complex is more significant to mediating signals
to the cytoskeleton [116] and now identified as the factor responsible for the phosphorylation
of AKT at S473. This phosphorylation event maximizes the activity of AKT and opens its targets
to include PRAS40 and FOXO [83]. Moreover, it is another mechanism through which to
provide positive feedback on the PI3K pathway [86,113].

The mTORC1 pathway is a central point of signal integration for growth factor signalling,
energy state (AMP levels), and, nutrient and oxygen availability [118] which are fundamental
for regulating tumor cell growth. The particular interest for this pathway has been largely
determined by the discovery of the specific inhibitor, rapamycin, which blocks mTORC1
activity through yet unknown mechanisms. mTORC1 is comprised of Regulatory Associated
Protein of TOR (RAPTOR), LST8 and PRAS40 [83]. The complex itself has many substrates,
which upon its activation phosphorylates and activates S6 kinases (S6K) 1 and 2 (activation of
protein translation and ribosome biogenesis), as well as inactivates 4E binding protein (4EBP)
1, 4EBP2, 4EBP3, which releases the inhibition of eukaryotic intiation factor 4E (eIF4E). mTOR
dependent protein synthesis affects 5' untranslated polypyrimidine tracts of complex secon‐
dary mRNA structures. Such mRNA structures require eIF4A helicase activity together with
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MDM2 translocates to the nucleus thereby enhancing p53 degradation.

The proliferative effects of AKT activation can be attributed to its role by inactivating the cell
cycle inhibitor p27 and p21, and, by inhibiting the enzyme, glycogen synthase kinase (GSK)
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it inactive and promotes cell cycle entry. Additionally, phosphorylation of the transcription
factor, FOXO3A, by AKT causes the nuclear expulsion of the transcription factor, and therefore
decreases the expression of p27 [116]. Alongside CKIs, cyclin D1 levels are important for
G1/S phase transition through the cell cycle. AKT has an important role in preventing cyclin
D1 degradation by inhibiting the cyclin D1 kinase, GSK3β. This prevents the phosphorylation
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(TSC) 2 which forms a complex with TSC1 to inhibit the GTPase, Ras-homolog enriched in
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inhibition of FKBP38, the negative regulator of mTORC1. Alternatively, the phosphorylation
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of 40kDa), enhances the activity of mTORC1 through its competition with GTPase Rheb.
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role in tumor progression while the mTORC2 complex is more significant to mediating signals
to the cytoskeleton [116] and now identified as the factor responsible for the phosphorylation
of AKT at S473. This phosphorylation event maximizes the activity of AKT and opens its targets
to include PRAS40 and FOXO [83]. Moreover, it is another mechanism through which to
provide positive feedback on the PI3K pathway [86,113].

The mTORC1 pathway is a central point of signal integration for growth factor signalling,
energy state (AMP levels), and, nutrient and oxygen availability [118] which are fundamental
for regulating tumor cell growth. The particular interest for this pathway has been largely
determined by the discovery of the specific inhibitor, rapamycin, which blocks mTORC1
activity through yet unknown mechanisms. mTORC1 is comprised of Regulatory Associated
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eukaryotic initiation factors eIF4E and eIF4G to from the EIF4F initation complex. Altogether,
the main effect is to upregulated protein synthesis.

Although the PI3K/AKT pathway serves to activate the mTORC1 pathway, mTORC1 itself
negatively regulated the PI3K pathway. Over the years, studies have shown that mTORC1
inhibition can lead to PI3K activation. Moreover, mTOR activity can be suppressed by PI3K
inhibitors such as wortmannin and LY294002 [87]. However, it is unclear whether the mech‐
anism of activation of mTOR by AKT can completely drive tumorigenesis. As rapamycin can
inhibit AKT dependent cancers, it is presumed that in some part mTORC1 does have tumori‐
genic effects. Although there is correlation between increased translation and tumorigeneisis,
whether this is sufficient for increased cancer susceptibility is yet to be determined.

3. The PI3K/Akt signaling pathway and prostate cancer

In the recent years, emerging evidence has strongly linked the deregulation of the PI3K
pathway to prostate carcinogenesis and castrate resistance, although its precise role remains
elusive. Two components of this pathway, PTEN and PI3K, are currently the focus of intense
investigation and this section aims to address their role in the pathology of prostate cancer.

3.1. The incidence of genetic PTEN alteration

The deletions involving the chromosome 10q, which hosts the PTEN locus, 10q23, in CaP is a
frequently observed phenomenon. Modifications to PTEN in various stages of CaP have been
characterized to include both homozygous and hemizygous deletions, as well as inactivating
mutations. Although the incidence and the modes of these alterations have been inconsistent
across studies, the severity of PTEN loss seems to correlate with disease progression [119].
Whereas locally confined CaP presents homozygous deletions of PTEN ranging from 0% to
15%, the incidence within metastases can increase up to 30%. Likewise, heterozygosity loss
occurs in 13% of the locally confined cases and up to 39% in metastatic phenotypes [120].
Further support has comefrom interphase fluorescence in situ hybridization (FISH) analysis
of histologic sections, which reported genomic deletion of PTEN in 23% of high-grade intra-
epithelial neoplasia (HGPIN) and 68% of prostate tumors [121]. Recently, Han et al., (2009)
demonstrated that PTEN deletion occurs in 9% of premalignant prostate, a proportion which
increases to 17% in localized CaP and to 54% when metastasized. Functional loss of PTEN can
also be generated through point mutations, which are seen in upwards of 16% of primary
tumor and 20% to 30% in advanced stages [120]. Taken together, these studies suggest the
deletion of PTEN is likely a late genetic occurrence in CaP progression.

3.1.1. Mechanism of PTEN loss

Although the incidence PTEN alterations in CaP have been extensively characterized in the
past ten years, the mechanism by which genomic PTEN deletions occur remains to be eluci‐
dated. The high frequency of large-scale chromosomal events leading to the loss of PTEN locus
suggests unique features that may enhance DNA rearrangements at 10q23. Yoshimoto et al.,
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(2012) identified recombination hotspots known as segmental duplications (SD) 17 and 18 to
be located between PTEN and BMPR1A. The SDs are typically part of a 1-400 kB genomic
region exhibiting over 90% homology [123, 124] responsible for improving the likelihood of
constitutional microdeletion events [125]. Utilizing meta-analysis of published prostate cancer
genomes to map 10q23 deletion sites and FISH for confirmation, Yoshimoto et al., (2012)
demonstrates SD17-SD18 colocalizes with a deletion breakpoint hotspot occurring in 69% of
PTEN losses, which suggests SD17 and SD18 facilitate homology-dependent rearrangements
of DNA that lead to a PTEN deletion breakpoint. The presence of these SDs thus destabilizes
the genome, predisposing CaP progenitors to genomic microdeletions that ultimately result
in PTEN loss. Subsequent attenuated PTEN expression has been shown to further diminish
genomic stability [126], leading to the acquirement of other chromosomal abnormalities [127].
Cells bearing homozygous PTEN deletion would have significant stronger growth advantage
and predominate due a constitutively activation of the PI3K pathway. This sequence of events
may explain the progressive loss of PTEN as prostate turmorigenesis continues.

3.1.2. The clinical and cellular impact of PTEN loss

The functional loss of PTEN in CaP has been shown by numerous studies to confer poor
clinical prognosis and predict disease progression. Genomic PTEN deletions studied through
either immunohistochemistry or FISH have been correlated with increased Akt phosphoryla‐
tion, higher Gleason grade, biochemical relapse, angiogenesis, and larger tumor sizes [123,
128-132]. Specifically, Yoshimoto et al., (2007) demonstrated that haploinsufficiency of PTEN
is  associated  with  an  earlier  onset  of  biochemical  relapse  after  prostatectomy while  bi-
allelic deletion of PTEN is associated with an even shorter time to relapse. Additionally, loss
of PTEN near the time of prostatectomy correlated strongly with extraprostatic extension and
seminal vesicle invasion.

Decreased expression of PTEN profiled by high-density tissue microarray was shown to also
increase the risk of tumor recurrence after radical prostatectomy [129]. Similar findings were
reached in immunohistochemical evaluation of PTEN expression in CaP glands. Using a nested
case-control study, the group Chaux et al., (2012) found patients with reduced PTEN expres‐
sion was at a higher risk of relapse, independent of identified clinicopathological covariates.
Their previous study also linked attenuated PTEN levels to faster onset of metastasis in CaP
patients [134]. Additionally, the use of transgenic mouse models have served to recapitulate
features of PTEN loss in humans and concomitantly fostered a greater understanding of the
PI3K pathway alongside clinical studies. Prostate specific PTEN-/- null knockout mice proceeds
linearly from acquiring prostatic intraepithelial neoplasia (PIN) to adenocarcinoma to meta‐
stasis, mimicking the disease progression in human CaP [135]. The prostate tumors also
exhibited temporary regression following androgen ablation, but eventually proliferated
androgen independently. Further, mice with one deactivated PTEN allele combined with
p27KIP1 loss exhibit accelerated spontaneous neoplastic transformation and tumorigenesis
[136]. These studies of mouse and human prostate cancers combine to emphasize haploinsuf‐
ficiency of PTEN as a key predictor of disease states in prostate cancer.
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3.2. The role of PI3K isoforms

The catalytic isoform p110β and its regulatory complex p85α have been shown to mediate AR
transactivation in the presence of androgens [137]. Overexpression of wild type p110β led to
androgen-independent AR transactivation while the overexpression of p110α gene showed
no effects. Interestingly, short interference RNA (siRNA) disruption of p110β gene in prostate
cancer cells abrogated tumor progression in vivo. Moreover, clinical analysis of tumor samples
linked high p110β and p85α expression at the mRNA and protein level to malignant prostate
tumors, metastasis and poor differentiation.

Conditional knockout mouse models of p110β have further provided insight into the onco‐
genic potential of the catalytic subunit. Prostate epithelium remained normal in the absence
p110β alone while PTEN loss alone resulted in tumor growth in the anterior lobe by 12 weeks;
subsequent ablation of the p110β gene rescued PTEN null anterior prostate from tumorigenesis
[138]. Increased phosphorylation of Akt on Ser473 was achieved through PTEN loss while
additional ablation of p110β attenuated Akt activation. These results are not attributable to
changes in the p110α subunit as minimal changes in tumor growth and Akt phosphorylation
were observed upon p110α ablation. One study ascribed the differential functions of the
p110α and p110β catalytic subunits to the distinct pools of PIP3 they generate [139]. The
p110α, in response to growth factor stimuli, will cause an immediate flux of PIP3 coupled with
efficient Akt phosphorylation, whereas p110β will maintain a basal level of PIP3 with minimal
effects on Akt phosphorylation. Together with the observation that p110β-specific inhibitors
effectively reduce Akt phosphorylation in the absence of PTEN in vitro [139], oncogenic
transformation of prostate cancer cells upon PTEN loss is likely derived from the p110β-
catalyzed pool of PIP3 [138]. These data collectively support distinct functionalities of the
p110α and p110β catalytic subunits in PI3K/AKT signaling.

Recent studies have also shed light onto the third isoform of PI3K catalytic subunit, p110δ.
Tzenaki et al., (2012) reported CaP cells that contain high levels of p110δ activity have
dampened PTEN functionality. Treatment with p110δ -specific inhibitor in DU145 cells
promoted PTEN activation, reduced Akt phosphorylation and inhibited cell proliferation. In
another cell line (22Rv1) with wild-type PTEN and low p110δ expression, measured basal
PTEN activity was comparatively higher than that in DU145 cells. Inhibition of p110δ in 22Rv1
likewise did not affect Akt phosphorylation status or cell proliferative abilities. Hence, the
development of p110δ -selective inhibitors may hold promise since blocking p110δ activity
will also indirectly inhibit other catalytic isoforms through PTEN activation.

4. PI3K/AKT and AR Signalling axis

The role of the PI3K/AKT pathway in CaP cell proliferation, survival and progression from
AD to AI disease has been linked to androgen receptor (AR) transcriptional activity, stability
and expression. This section of the review will discuss the various modes of crosstalk between
the PI3K-Akt and AR axis.
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4.1. PI3K/PTEN and AR

The activation of Akt has provided a mechanistic link between PI3K and AR transactivation.
However, other modes of interaction have been shown. AR can directly interact with the p85
regulatory subunit of PI3K. Upon their binding, the AR enhances PI3K enzyme activity to
ultimately upregulate Akt phosphorylation [141]. Conversely, EGFR stimulated PI3K activity
was decreased in PC-3 cells transfected with wildtype AR relative to AR null PC-3 cell line
[141-142]. PI3K activity was further reduced upon R1881 treatment, suggesting AR activation
as a negative regulator of PI3K stimulation. The role of androgens within the AR-PI3K axis has
also shown their significance in modulating cell proliferation and growth. Multiple reports
have demonstrated that androgens enhance PI3K activity and increase downstream Akt
phosphorylation. In NIH3T3 fibroblasts, there was rapid activation of the PI3K/AKT pathway
upon androgen stimulation. While this required the presence of the AR, AR transactivation
was not essential [141, 143]. Low concentration of androgen further stimulated the association
of the AR with Src and PI3K, which triggered the cells into S-phase entry [141, 143].

The negative regulator of the PI3K pathway, the PTEN tumor suppressor gene, as discussed
previous is frequently inactivated in CaP as well as in CaP cell lines which include PC-3 and
LNCaP. Functional loss of PTEN is associated with increased AKT phosphorylation, higher
Gleason score, and poor prognosis [120, 144]. The development of conditional mouse models
of PTEN -/- has shown that PTEN alone can drive the progression of CaP through invasion,
metastasis and AI proliferation [82]. Although there was heightened PI3K activity, there was
continued evidence of AR gain-of-function despite reduced steroid ligand levels [45, 82]. For
example, prostatic epithelium in PTEN-/- mice was still sensitive to androgen withdrawal. As
such, Mullholland et al., (2006) suggest that while the AR remains functional and sensitive to
androgens, the PI3K/AKT and AR oncogenic signaling may complement and compensate for
one another during the time of androgen ablation therapy. This is supported by studies
demonstrating cells lacking PTEN had elevated PI3K/AKT axis activity upon androgen
withdrawal [45, 46, 82]. Hence, PTEN loss may allow for epithelium with sufficient PI3K/AKT
signaling to maintain cell proliferation and promote AR gain of function [82].

Currently, there is no direct method that supports PTEN loss for promoting AR-specific gene
activation. However, CaP xenograft studies have shown that amplification of AR does occur
[82, 147] under a PTEN null background, which can be correlated to increased AR stabilization
[82]. Li et al, (2001) demonstrated that PTEN itself can negatively regulate AR gene targets
such as PSA, reduce the nuclear localization of the AR and promote receptor degradation
through caspase 3 or the proteosome [82]. Alternative to AR amplification and stabilization,
the loss of PTEN may also contribute to AR activation through the various coregulators of the
AR, this includes ARA70 [149] and ARA54 [150]. Such regulation by PTEN would allow for
heightened AR response to low androgen concentrations or responsiveness to non-androgen
ligands. On the other hand, at low androgen levels, AR expression alone can also stimulate
cell proliferation (Denmeade et al., 1996) while PTEN restoration induced apoptosis and
growth arrest [151]. However, in the presence of androgens, PTEN expression was sufficient
to reduce cell proliferation but not induce apoptotic response [82, 148, 152]. PTEN loss then,
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3.2. The role of PI3K isoforms

The catalytic isoform p110β and its regulatory complex p85α have been shown to mediate AR
transactivation in the presence of androgens [137]. Overexpression of wild type p110β led to
androgen-independent AR transactivation while the overexpression of p110α gene showed
no effects. Interestingly, short interference RNA (siRNA) disruption of p110β gene in prostate
cancer cells abrogated tumor progression in vivo. Moreover, clinical analysis of tumor samples
linked high p110β and p85α expression at the mRNA and protein level to malignant prostate
tumors, metastasis and poor differentiation.

Conditional knockout mouse models of p110β have further provided insight into the onco‐
genic potential of the catalytic subunit. Prostate epithelium remained normal in the absence
p110β alone while PTEN loss alone resulted in tumor growth in the anterior lobe by 12 weeks;
subsequent ablation of the p110β gene rescued PTEN null anterior prostate from tumorigenesis
[138]. Increased phosphorylation of Akt on Ser473 was achieved through PTEN loss while
additional ablation of p110β attenuated Akt activation. These results are not attributable to
changes in the p110α subunit as minimal changes in tumor growth and Akt phosphorylation
were observed upon p110α ablation. One study ascribed the differential functions of the
p110α and p110β catalytic subunits to the distinct pools of PIP3 they generate [139]. The
p110α, in response to growth factor stimuli, will cause an immediate flux of PIP3 coupled with
efficient Akt phosphorylation, whereas p110β will maintain a basal level of PIP3 with minimal
effects on Akt phosphorylation. Together with the observation that p110β-specific inhibitors
effectively reduce Akt phosphorylation in the absence of PTEN in vitro [139], oncogenic
transformation of prostate cancer cells upon PTEN loss is likely derived from the p110β-
catalyzed pool of PIP3 [138]. These data collectively support distinct functionalities of the
p110α and p110β catalytic subunits in PI3K/AKT signaling.

Recent studies have also shed light onto the third isoform of PI3K catalytic subunit, p110δ.
Tzenaki et al., (2012) reported CaP cells that contain high levels of p110δ activity have
dampened PTEN functionality. Treatment with p110δ -specific inhibitor in DU145 cells
promoted PTEN activation, reduced Akt phosphorylation and inhibited cell proliferation. In
another cell line (22Rv1) with wild-type PTEN and low p110δ expression, measured basal
PTEN activity was comparatively higher than that in DU145 cells. Inhibition of p110δ in 22Rv1
likewise did not affect Akt phosphorylation status or cell proliferative abilities. Hence, the
development of p110δ -selective inhibitors may hold promise since blocking p110δ activity
will also indirectly inhibit other catalytic isoforms through PTEN activation.

4. PI3K/AKT and AR Signalling axis

The role of the PI3K/AKT pathway in CaP cell proliferation, survival and progression from
AD to AI disease has been linked to androgen receptor (AR) transcriptional activity, stability
and expression. This section of the review will discuss the various modes of crosstalk between
the PI3K-Akt and AR axis.
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4.1. PI3K/PTEN and AR

The activation of Akt has provided a mechanistic link between PI3K and AR transactivation.
However, other modes of interaction have been shown. AR can directly interact with the p85
regulatory subunit of PI3K. Upon their binding, the AR enhances PI3K enzyme activity to
ultimately upregulate Akt phosphorylation [141]. Conversely, EGFR stimulated PI3K activity
was decreased in PC-3 cells transfected with wildtype AR relative to AR null PC-3 cell line
[141-142]. PI3K activity was further reduced upon R1881 treatment, suggesting AR activation
as a negative regulator of PI3K stimulation. The role of androgens within the AR-PI3K axis has
also shown their significance in modulating cell proliferation and growth. Multiple reports
have demonstrated that androgens enhance PI3K activity and increase downstream Akt
phosphorylation. In NIH3T3 fibroblasts, there was rapid activation of the PI3K/AKT pathway
upon androgen stimulation. While this required the presence of the AR, AR transactivation
was not essential [141, 143]. Low concentration of androgen further stimulated the association
of the AR with Src and PI3K, which triggered the cells into S-phase entry [141, 143].

The negative regulator of the PI3K pathway, the PTEN tumor suppressor gene, as discussed
previous is frequently inactivated in CaP as well as in CaP cell lines which include PC-3 and
LNCaP. Functional loss of PTEN is associated with increased AKT phosphorylation, higher
Gleason score, and poor prognosis [120, 144]. The development of conditional mouse models
of PTEN -/- has shown that PTEN alone can drive the progression of CaP through invasion,
metastasis and AI proliferation [82]. Although there was heightened PI3K activity, there was
continued evidence of AR gain-of-function despite reduced steroid ligand levels [45, 82]. For
example, prostatic epithelium in PTEN-/- mice was still sensitive to androgen withdrawal. As
such, Mullholland et al., (2006) suggest that while the AR remains functional and sensitive to
androgens, the PI3K/AKT and AR oncogenic signaling may complement and compensate for
one another during the time of androgen ablation therapy. This is supported by studies
demonstrating cells lacking PTEN had elevated PI3K/AKT axis activity upon androgen
withdrawal [45, 46, 82]. Hence, PTEN loss may allow for epithelium with sufficient PI3K/AKT
signaling to maintain cell proliferation and promote AR gain of function [82].

Currently, there is no direct method that supports PTEN loss for promoting AR-specific gene
activation. However, CaP xenograft studies have shown that amplification of AR does occur
[82, 147] under a PTEN null background, which can be correlated to increased AR stabilization
[82]. Li et al, (2001) demonstrated that PTEN itself can negatively regulate AR gene targets
such as PSA, reduce the nuclear localization of the AR and promote receptor degradation
through caspase 3 or the proteosome [82]. Alternative to AR amplification and stabilization,
the loss of PTEN may also contribute to AR activation through the various coregulators of the
AR, this includes ARA70 [149] and ARA54 [150]. Such regulation by PTEN would allow for
heightened AR response to low androgen concentrations or responsiveness to non-androgen
ligands. On the other hand, at low androgen levels, AR expression alone can also stimulate
cell proliferation (Denmeade et al., 1996) while PTEN restoration induced apoptosis and
growth arrest [151]. However, in the presence of androgens, PTEN expression was sufficient
to reduce cell proliferation but not induce apoptotic response [82, 148, 152]. PTEN loss then,
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results in an indirect AR gain-of-function phenotype by establishing an environment that may
increase AR oncogenicity and CaP metastatic potential.

4.2. AKT and AR cross-talk

The regulation of the AR by Akt through direct and indirect modes of interactions has been
demonstrated in literature. These include, but not limited to 1) direct phosphorylation of the
AR by AKT, 2) AKT/mTOR dependent regulation of the AR, 3) AR interaction with FOXO
family of transcription factors downstream AKT, and 4) AR regulation by AKT via the Wnt/
GSK3β/β-catenin cross-talk.

4.2.1. AKT and direct AR phosphorylation

AKT binds to the AR to directly phosphorylate at AR consensus sites, S213 and S791. Upon
phosphorylation by AKT, the AR becomes transcriptionally active under physiological
androgen concentrations. However, a study Xin et al, (2006) demonstrated that AR phosphor‐
ylations at S213 and S791 were not critical for tumor progression, which indicated that AR
phosphorylation may not be the sole regulatory event inducing AR transcriptional activity
[153, 141]. Alternatively, at high androgen concentrations, AKT can protect CaP cells from
apoptosis and suppress AR transcriptional activity by phosphorylation at S210 and S790 [49].
Lin et al, (2002) also demonstrated that AR phosphorylation by AKT resulted in MDM2
mediated ubiquitlyation of the AR, leading to its proteosomal degradation. Taken together,
these data indicate AKT-mediated regulation of AR activity is dependent on the external
environment.

4.2.2. PI-3K/AKT/mTOR and AR

A potent nutrient and growth/survival pathway kinase, mTOR has been implicated in the
progression of several types of cancer. Interestingly, it has been identified as a regulator of AI-
CaP growth, but not CaP growth, by Ghosh et al. (2005). Further, it has been implicated in
regulating the progression to androgen-independent disease [155-156] alongside AR signaling.
There are three key routes through which mTOR could potentially interact with AR signaling:
through its kinase activity as mTORC1 or mTORC2, post-transcriptional regulation via
regulation of translation factors, or indirectly through a signaling cascade. Several broad
studies have implicated a connection between the two molecules. Sircar et al. (2009) showed
that AKT activation, mTOR activity and AR nuclear expression concurrently occur in several
PTEN-null patient samples. Additionally, Müller et al. (2012) demonstrated that loss of
phosphorylation of Ser2448 of mTOR, an inhibitory alteration, resulted in decreased levels of
cellular AR in ERG-fusion-positive prostate cancer cells. Kaarbø et al. (2010) also show a
reduction of AR by mTOR in LNCaP cells. Furthermore, they demonstrate that mTOR
inhibtion increases ligand-dependent AR activity.

Work by Wang et al. (2008) further demonstrated evidence of a connection between mTORC1
signaling and AR by demonstrating an induction of AR activity by rapamycin. The application
of rapamycin to LNCaP and C4-2 cells resulted in inhibition of the mTORC1 pathway, but an
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increase in AR transcriptional activity. They further determined that this relationship was
through AKT. Inhibition of mTORC1 by rapamycin was shown to activate a parallel AR-
mediated survival pathway putatively downstream of mTORC2. This potentially matches
results by Müller et al. (2012), who showed that loss of mTOR deactivation resulted in AR
reduction, suggesting an inverse relationship between the two molecules. Upon dual inhibition
using rapamycin and bicalutamide, apoptosis occurred [159], signifying that there is a parallel
compensatory effect for mTORC1 signaling through AR. This relationship was expanded on
by Wu et al., (2010) who determined that the relationship between AR and mTORC1 is
dependent upon testosterone availability, and generates a self perpetuating cycle that pro‐
motes cell survival. In low testosterone conditions, application of bicalutamide repressed
mTOR activity, as did siRNA against AR in both low and high testosterone conditions. This
was shown to be through AR repression of TSC2, a negative regulator of mTORC1. Conversely,
rapamycin treatment induced AR activity, as was previously shown by Wang et al. (2008).
Furthermore, in low testosterone conditions, where AR activity is low and thus TSC2 is not
repressed, bicalutamide leads to apoptosis [160].

These data support the compensatory AR-mediated growth pathway found by Wang et al.
(2008), as the lack of TSC2 repression would inhibit mTOR signaling while bicalutimide
inhibits AR, leading to a similar dual inhibition of mTORC1 and AR which Wang et al. (2008)
reported to induce apoptosis. The interactions between mTOR and AR have been shown to
play a key role in progression to AICaP. The mechanism elucidated by Wu et al. (2010)
demonstrated that LNCaP cells can become attuned to low testoterone by mTOR/AR crosstalk.
When testosterone is low, AR activity drops, but so then does AR-mediated inhibition of TSC2.
This represses mTOR activity, leading to induction of AR activity once more. If this cycle is
perpetuated, the cells will become able to self-induce AR signaling, and thus also reestablish
mTORC1 activity, leading to the development of an androgen-resistant and highly prolifera‐
tive tumor. Additionally, LNCaP cells acclimatized to low-testosterone conditions showed
resistance to glucose deprivation, another way of repressing mTOR. The mTORC1 repression
leads to higher levels of AR transactivity, activating a postulated second survival pathway that
can compensate for the canonical PI-3K/AKT/mTOR axis. Thus, inhibition of one pathway
would sensitize to inhibition of the other. Only by inhibition of both mTOR and AR was
apoptosis achieved in both studies [159, 160]. Squillace et al. (2012) show similar results using
bicalutamide and ridaforolimus, an mTOR inhibitor. In their study, they [161] also demon‐
strate that the combination therapy does not induce apoptosis in healthy RWPE-1 PTEN-
expressing prostate cells. This is important, as it indicates that the targeted AR/mTOR system
is an aberrancy in the tumour.

AR/mTOR dual inhibition was shown to be key to regulation of CaP progression by Schayo‐
witz et al. (2010), who demonstrated that usage thereof can prolong androgen sensitivity of a
tumour. Using mouse models, Schayowitz et al. (2010) showed that combination therapy had
significant effect on both xenografted androgen-dependent (LNCaP) and androgen-independ‐
ent (HP-LNCaP) tumours. In both LNCaP and HP-LNCaP xenografts, treatment with a single
inhibitor caused no significant decrease in tumour volume, while combination therapy
reduced tumour volume significantly. Bicalutamide or everolimus (an mTOR inhibitor) did
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results in an indirect AR gain-of-function phenotype by establishing an environment that may
increase AR oncogenicity and CaP metastatic potential.

4.2. AKT and AR cross-talk

The regulation of the AR by Akt through direct and indirect modes of interactions has been
demonstrated in literature. These include, but not limited to 1) direct phosphorylation of the
AR by AKT, 2) AKT/mTOR dependent regulation of the AR, 3) AR interaction with FOXO
family of transcription factors downstream AKT, and 4) AR regulation by AKT via the Wnt/
GSK3β/β-catenin cross-talk.

4.2.1. AKT and direct AR phosphorylation

AKT binds to the AR to directly phosphorylate at AR consensus sites, S213 and S791. Upon
phosphorylation by AKT, the AR becomes transcriptionally active under physiological
androgen concentrations. However, a study Xin et al, (2006) demonstrated that AR phosphor‐
ylations at S213 and S791 were not critical for tumor progression, which indicated that AR
phosphorylation may not be the sole regulatory event inducing AR transcriptional activity
[153, 141]. Alternatively, at high androgen concentrations, AKT can protect CaP cells from
apoptosis and suppress AR transcriptional activity by phosphorylation at S210 and S790 [49].
Lin et al, (2002) also demonstrated that AR phosphorylation by AKT resulted in MDM2
mediated ubiquitlyation of the AR, leading to its proteosomal degradation. Taken together,
these data indicate AKT-mediated regulation of AR activity is dependent on the external
environment.

4.2.2. PI-3K/AKT/mTOR and AR

A potent nutrient and growth/survival pathway kinase, mTOR has been implicated in the
progression of several types of cancer. Interestingly, it has been identified as a regulator of AI-
CaP growth, but not CaP growth, by Ghosh et al. (2005). Further, it has been implicated in
regulating the progression to androgen-independent disease [155-156] alongside AR signaling.
There are three key routes through which mTOR could potentially interact with AR signaling:
through its kinase activity as mTORC1 or mTORC2, post-transcriptional regulation via
regulation of translation factors, or indirectly through a signaling cascade. Several broad
studies have implicated a connection between the two molecules. Sircar et al. (2009) showed
that AKT activation, mTOR activity and AR nuclear expression concurrently occur in several
PTEN-null patient samples. Additionally, Müller et al. (2012) demonstrated that loss of
phosphorylation of Ser2448 of mTOR, an inhibitory alteration, resulted in decreased levels of
cellular AR in ERG-fusion-positive prostate cancer cells. Kaarbø et al. (2010) also show a
reduction of AR by mTOR in LNCaP cells. Furthermore, they demonstrate that mTOR
inhibtion increases ligand-dependent AR activity.

Work by Wang et al. (2008) further demonstrated evidence of a connection between mTORC1
signaling and AR by demonstrating an induction of AR activity by rapamycin. The application
of rapamycin to LNCaP and C4-2 cells resulted in inhibition of the mTORC1 pathway, but an
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increase in AR transcriptional activity. They further determined that this relationship was
through AKT. Inhibition of mTORC1 by rapamycin was shown to activate a parallel AR-
mediated survival pathway putatively downstream of mTORC2. This potentially matches
results by Müller et al. (2012), who showed that loss of mTOR deactivation resulted in AR
reduction, suggesting an inverse relationship between the two molecules. Upon dual inhibition
using rapamycin and bicalutamide, apoptosis occurred [159], signifying that there is a parallel
compensatory effect for mTORC1 signaling through AR. This relationship was expanded on
by Wu et al., (2010) who determined that the relationship between AR and mTORC1 is
dependent upon testosterone availability, and generates a self perpetuating cycle that pro‐
motes cell survival. In low testosterone conditions, application of bicalutamide repressed
mTOR activity, as did siRNA against AR in both low and high testosterone conditions. This
was shown to be through AR repression of TSC2, a negative regulator of mTORC1. Conversely,
rapamycin treatment induced AR activity, as was previously shown by Wang et al. (2008).
Furthermore, in low testosterone conditions, where AR activity is low and thus TSC2 is not
repressed, bicalutamide leads to apoptosis [160].

These data support the compensatory AR-mediated growth pathway found by Wang et al.
(2008), as the lack of TSC2 repression would inhibit mTOR signaling while bicalutimide
inhibits AR, leading to a similar dual inhibition of mTORC1 and AR which Wang et al. (2008)
reported to induce apoptosis. The interactions between mTOR and AR have been shown to
play a key role in progression to AICaP. The mechanism elucidated by Wu et al. (2010)
demonstrated that LNCaP cells can become attuned to low testoterone by mTOR/AR crosstalk.
When testosterone is low, AR activity drops, but so then does AR-mediated inhibition of TSC2.
This represses mTOR activity, leading to induction of AR activity once more. If this cycle is
perpetuated, the cells will become able to self-induce AR signaling, and thus also reestablish
mTORC1 activity, leading to the development of an androgen-resistant and highly prolifera‐
tive tumor. Additionally, LNCaP cells acclimatized to low-testosterone conditions showed
resistance to glucose deprivation, another way of repressing mTOR. The mTORC1 repression
leads to higher levels of AR transactivity, activating a postulated second survival pathway that
can compensate for the canonical PI-3K/AKT/mTOR axis. Thus, inhibition of one pathway
would sensitize to inhibition of the other. Only by inhibition of both mTOR and AR was
apoptosis achieved in both studies [159, 160]. Squillace et al. (2012) show similar results using
bicalutamide and ridaforolimus, an mTOR inhibitor. In their study, they [161] also demon‐
strate that the combination therapy does not induce apoptosis in healthy RWPE-1 PTEN-
expressing prostate cells. This is important, as it indicates that the targeted AR/mTOR system
is an aberrancy in the tumour.

AR/mTOR dual inhibition was shown to be key to regulation of CaP progression by Schayo‐
witz et al. (2010), who demonstrated that usage thereof can prolong androgen sensitivity of a
tumour. Using mouse models, Schayowitz et al. (2010) showed that combination therapy had
significant effect on both xenografted androgen-dependent (LNCaP) and androgen-independ‐
ent (HP-LNCaP) tumours. In both LNCaP and HP-LNCaP xenografts, treatment with a single
inhibitor caused no significant decrease in tumour volume, while combination therapy
reduced tumour volume significantly. Bicalutamide or everolimus (an mTOR inhibitor) did
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not decrease tumour volume in LNCaP xenografts, while combination treatment offered
significant reduction after 15 days [162]. Likewise, in HP-LNCaP xenografts bicalutamide,
everolimus or VN124-1 (a novel androgen/AR inhibitor) did not significantly decrease tumour
volume, while dual inhibition did. Interestingly, combination everolimus/VN124-1 treatment
reduced tumour volume far more than did everolimus/bicalutamide treatment. Everolimus/
VN124-1 treatment also resulted in significant decreases in AR, p-mTOR, p-S6K and p-S6 levels
as visualized by western blotting [162], signifying an inhibition of the AR/mTOR pathways.
Single inhibition often led to increased pathway activation, further evidencing compensatory
crosstalk. This study is notable because treatment of xenografts with the combination treat‐
ment was not overcome, nor was its efficacy as compared to tumour volume decreased over
a 45-day period. This indicates that sensitivity to the dual inhibition was maintained, and
compensatory crosstalk did not rescue the xenograft. Suppression of CaP progression to AI
disease in this manner was also shown by Friedrichs et al. (2011), albeit through a different
treatment. Omega-3 polyunsaturated fatty acids (PUFAs) were shown to inhibit CaP progres‐
sion through suppression of mTOR and AR signalling. Application of DHA, an omega-3 PUFA,
inhibited AKT signaling and decreased cell growth in AI clones of LNCaP. Friedrichs et al.
(2011) also observed the effect of omega-3 PUFAs on suppression of CaP progression using an
assay that mimics progression to androgen-independent disease with androgen ablation. In
the control group, ~35% of the cells initally underwent growth arrest and then recovered, while
~42.5% stayed arrested. In the omega-3 PUFA groups (+DHA, +EPA), a majority of cells stayed
arrested, as did cells treated with an AKT inhibitor. Treatment with DHA was also accompa‐
nied by suppression of AR and p-mTOR expression, along with downregulation of p-S6 and
of p-TSC2, an AKT target. This data taken together with data by Wang et al. (2008), Wu et al.
(2010), Schayowitz et al. (2011) and Squillace et al. (2012) suggest that suppression of both
mTOR and AR signaling is key to inhibition of CaP progression, and that single inhibition
leads to activation of the other in a compensatory mechanism.

Such a mechanism was postulated by Wang et al. (2008) to be downstream of mTORC2.
Facompre et al., (2012) report that that mTORC2 is involved in an AR-mediated growth
pathway. Addition of 5μM p-XSC, or 1,4-phenylenebis(methylene)selenocyanate, a known
AKT and AR inhibitor, was shown by Facompre et al. (2012) to inhibit mTORC2 kinase activity
in vitro, supporting Wang et al. (2008) in proposing that mTORC2 plays a role in AR-mediated
crosstalk. This dual inhibition of AR and mTORC2 could indicate that either p-XSC is an
mTORC2 inhibitor and inhibits AR downstream of TORC2, or that AR is upstream of mTORC2
and thus suppression of AR inhibits mTORC2 signaling. Treatment with p-XSC resulted in
decreased growth of both androgen-dependent LNCaP and androgen-independent C4-2 CaP
cell lines by ~25%, with rapamycin showing similar results [163]. As indicated by several other
sources, dual inhibition had a far more marked effect. Addition of 1nM rapamycin in combi‐
nation with the mTORC2/AR inhibitor p-XSC heavily decreased cell viability by ~50% in
LNCaP calls, and by ~60% in C4-2 cells. The dual inhibitor treatment resulted in extremely
efficient repression of phosphorylation downstream of both mTOR complexes, further
supporting the postulation that an AR survival pathway is related to mTORC2. The role of
mTORC2 in AR signaling has been investigated by Fang et al. (2011), who report that an
mTORC2-mediated growth pathway is downstream of AR. Treatment of CWR22R3 cells with
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DHT led to proteosome-mediated degradation of p27, a protein that induces cell cycle arrest
through CDK inhibition. Such an action would contribute to the inhibited growth noted in CaP
progression. This degradation was shown to be through mTORC2-mediated phosphorylation
of AKT at Ser473, but not Thr308. AKT has previously been shown to be phosphorylated at
Thr308 by PDK1 [165], so the modification of AKT in this context seems to be purely mediated
by mTORC2 without influence from PDK1 molecules, leading to selective activation of only
certain downstream substrates, such as SGK and PKCa. Fang et al. (2011) went on to demon‐
strate that DHT stimulation of AR is inducing nuclear accumulation of SIN1, a factor required
for complexing of mTORC2, which signals for the assembly of mTORC2 and subsequent partial
phophorylation of AKT. The actual phosphorylation of p27, required for its degradation, could
be mediated by AKT or one of its selectively activated substrates. Growth pathways down‐
stream of AKT, such as the SGK pathway, would also lead to increased viability and prolifer‐
ation of CaP. Xu et al. (2006) implicated mTOR in a similar manner, showing that AR induces
cyclin proteins, especially cyclin D1, D2 and D3. RT-PCR results did not indicate a similar
increase at an mRNA level. This was because AR regulation of cyclin D was at a post-tran‐
scriptional level, through mTOR. Co-activation of cyclin proteins together with degradation
of p27, a CDK inhibitor, could lead to potent activation of a CDK-Cyclin growth pathway.

AR has also been shown to be post-transcriptionally modified by mTOR [167] in an EGF/PI-3K/
AKT-dependent manner. This study elucidates the manner in which mTORC1 regulates and
rapamycin induces AR. Through modulation of the interactions between translation initiation
factor eIF4E and scaffolding protein eIF4G, mTOR putatively regulates the rate of translation
of AR. Thus, rapamycin inhibition of mTORC1 would lead to an increased rate of translation
of AR, leading to increased expression and revitalization of mTORC1 signaling. This combined
pathway contains a failsafe in the form of the mTOR-mediated repression of AR and the AR
regulation of TSC2, leading to cyclic and self-perpetuating support of two growth pathways.
This pathway has consistently been implicated as important to CaP survival, growth and
progression to AICaP. The data suggests that this crosstalk leads to maintainance of parallel
mTORC1 and mTORC2 survival pathways. The pathway is protected from itself: induction of
mTOR signaling decreases AR activity, which would enhance TSC2 and thus return mTORC1
to normal levels, rescuing AR. Repression of mTORC1 induces AR through attenuation of its
post-transcriptional inhibition, leading to downstream mTORC2/CDK-Cyclin signaling.
Additionally, AR represses TSC2, revitalizing the mTORC1 pathway. Repression of AR
increases TSC2 activity, leading to inhibited mTORC1 and thus increased AR, hypersensitizing
the cell and possibly leading to progression towards AI disease.

4.2.3. PI-3K/AKT/FOXO and AR

FOXO, a family of apoptosis-promtoing transcription factor, has shown relevance to AR and
prostate cancer progression. AR has previously been shown to be a positive regulator of the
PI-3K pathway, which represses FOXO family transactivity. Additionally, tissue microarray
data from TM3-AR CaP cells treated with testosterone display marked downregulation of 65
FOXO-family proteins [168]. Sixteen of these have been shown to be important in development,
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not decrease tumour volume in LNCaP xenografts, while combination treatment offered
significant reduction after 15 days [162]. Likewise, in HP-LNCaP xenografts bicalutamide,
everolimus or VN124-1 (a novel androgen/AR inhibitor) did not significantly decrease tumour
volume, while dual inhibition did. Interestingly, combination everolimus/VN124-1 treatment
reduced tumour volume far more than did everolimus/bicalutamide treatment. Everolimus/
VN124-1 treatment also resulted in significant decreases in AR, p-mTOR, p-S6K and p-S6 levels
as visualized by western blotting [162], signifying an inhibition of the AR/mTOR pathways.
Single inhibition often led to increased pathway activation, further evidencing compensatory
crosstalk. This study is notable because treatment of xenografts with the combination treat‐
ment was not overcome, nor was its efficacy as compared to tumour volume decreased over
a 45-day period. This indicates that sensitivity to the dual inhibition was maintained, and
compensatory crosstalk did not rescue the xenograft. Suppression of CaP progression to AI
disease in this manner was also shown by Friedrichs et al. (2011), albeit through a different
treatment. Omega-3 polyunsaturated fatty acids (PUFAs) were shown to inhibit CaP progres‐
sion through suppression of mTOR and AR signalling. Application of DHA, an omega-3 PUFA,
inhibited AKT signaling and decreased cell growth in AI clones of LNCaP. Friedrichs et al.
(2011) also observed the effect of omega-3 PUFAs on suppression of CaP progression using an
assay that mimics progression to androgen-independent disease with androgen ablation. In
the control group, ~35% of the cells initally underwent growth arrest and then recovered, while
~42.5% stayed arrested. In the omega-3 PUFA groups (+DHA, +EPA), a majority of cells stayed
arrested, as did cells treated with an AKT inhibitor. Treatment with DHA was also accompa‐
nied by suppression of AR and p-mTOR expression, along with downregulation of p-S6 and
of p-TSC2, an AKT target. This data taken together with data by Wang et al. (2008), Wu et al.
(2010), Schayowitz et al. (2011) and Squillace et al. (2012) suggest that suppression of both
mTOR and AR signaling is key to inhibition of CaP progression, and that single inhibition
leads to activation of the other in a compensatory mechanism.

Such a mechanism was postulated by Wang et al. (2008) to be downstream of mTORC2.
Facompre et al., (2012) report that that mTORC2 is involved in an AR-mediated growth
pathway. Addition of 5μM p-XSC, or 1,4-phenylenebis(methylene)selenocyanate, a known
AKT and AR inhibitor, was shown by Facompre et al. (2012) to inhibit mTORC2 kinase activity
in vitro, supporting Wang et al. (2008) in proposing that mTORC2 plays a role in AR-mediated
crosstalk. This dual inhibition of AR and mTORC2 could indicate that either p-XSC is an
mTORC2 inhibitor and inhibits AR downstream of TORC2, or that AR is upstream of mTORC2
and thus suppression of AR inhibits mTORC2 signaling. Treatment with p-XSC resulted in
decreased growth of both androgen-dependent LNCaP and androgen-independent C4-2 CaP
cell lines by ~25%, with rapamycin showing similar results [163]. As indicated by several other
sources, dual inhibition had a far more marked effect. Addition of 1nM rapamycin in combi‐
nation with the mTORC2/AR inhibitor p-XSC heavily decreased cell viability by ~50% in
LNCaP calls, and by ~60% in C4-2 cells. The dual inhibitor treatment resulted in extremely
efficient repression of phosphorylation downstream of both mTOR complexes, further
supporting the postulation that an AR survival pathway is related to mTORC2. The role of
mTORC2 in AR signaling has been investigated by Fang et al. (2011), who report that an
mTORC2-mediated growth pathway is downstream of AR. Treatment of CWR22R3 cells with
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DHT led to proteosome-mediated degradation of p27, a protein that induces cell cycle arrest
through CDK inhibition. Such an action would contribute to the inhibited growth noted in CaP
progression. This degradation was shown to be through mTORC2-mediated phosphorylation
of AKT at Ser473, but not Thr308. AKT has previously been shown to be phosphorylated at
Thr308 by PDK1 [165], so the modification of AKT in this context seems to be purely mediated
by mTORC2 without influence from PDK1 molecules, leading to selective activation of only
certain downstream substrates, such as SGK and PKCa. Fang et al. (2011) went on to demon‐
strate that DHT stimulation of AR is inducing nuclear accumulation of SIN1, a factor required
for complexing of mTORC2, which signals for the assembly of mTORC2 and subsequent partial
phophorylation of AKT. The actual phosphorylation of p27, required for its degradation, could
be mediated by AKT or one of its selectively activated substrates. Growth pathways down‐
stream of AKT, such as the SGK pathway, would also lead to increased viability and prolifer‐
ation of CaP. Xu et al. (2006) implicated mTOR in a similar manner, showing that AR induces
cyclin proteins, especially cyclin D1, D2 and D3. RT-PCR results did not indicate a similar
increase at an mRNA level. This was because AR regulation of cyclin D was at a post-tran‐
scriptional level, through mTOR. Co-activation of cyclin proteins together with degradation
of p27, a CDK inhibitor, could lead to potent activation of a CDK-Cyclin growth pathway.

AR has also been shown to be post-transcriptionally modified by mTOR [167] in an EGF/PI-3K/
AKT-dependent manner. This study elucidates the manner in which mTORC1 regulates and
rapamycin induces AR. Through modulation of the interactions between translation initiation
factor eIF4E and scaffolding protein eIF4G, mTOR putatively regulates the rate of translation
of AR. Thus, rapamycin inhibition of mTORC1 would lead to an increased rate of translation
of AR, leading to increased expression and revitalization of mTORC1 signaling. This combined
pathway contains a failsafe in the form of the mTOR-mediated repression of AR and the AR
regulation of TSC2, leading to cyclic and self-perpetuating support of two growth pathways.
This pathway has consistently been implicated as important to CaP survival, growth and
progression to AICaP. The data suggests that this crosstalk leads to maintainance of parallel
mTORC1 and mTORC2 survival pathways. The pathway is protected from itself: induction of
mTOR signaling decreases AR activity, which would enhance TSC2 and thus return mTORC1
to normal levels, rescuing AR. Repression of mTORC1 induces AR through attenuation of its
post-transcriptional inhibition, leading to downstream mTORC2/CDK-Cyclin signaling.
Additionally, AR represses TSC2, revitalizing the mTORC1 pathway. Repression of AR
increases TSC2 activity, leading to inhibited mTORC1 and thus increased AR, hypersensitizing
the cell and possibly leading to progression towards AI disease.

4.2.3. PI-3K/AKT/FOXO and AR

FOXO, a family of apoptosis-promtoing transcription factor, has shown relevance to AR and
prostate cancer progression. AR has previously been shown to be a positive regulator of the
PI-3K pathway, which represses FOXO family transactivity. Additionally, tissue microarray
data from TM3-AR CaP cells treated with testosterone display marked downregulation of 65
FOXO-family proteins [168]. Sixteen of these have been shown to be important in development,
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including FOXO1. These data suggest that AR and FOXO are antagonistic towards one another.
Li et al. (2001) first indicated an antagonistic nature of AR and PTEN/FOXO.

Ma et al. (2008) characterized one side of this antagonism, showing that FOXO1 mediates PTEN
inhibition of AR. By expressing fragments of FOXO1 and determining their ability to repress
AR activity, they discerned that the FOXO1 inhibition of AR required its AD and forkhead
box. Further, the inhibition of AR was found to be through disruption of its NTD/CTD
interaction. This disruption was found to be mediated by FOXO1 binding the AR NTD and
repressing interaction with SRC1, a promoter of AR activity [169]. Completing the dichotomy,
Li et al. (2003) showed that AR can also disrupt the activity of FOXO-family transcription
factors, including FKHR. Androgen treatment and subsequent AR activation in PTEN-null
cells was shown to repress FKHR and related FOXO-family protein activity in a manner
independent of transcriptional coactivators. This repression was found to be by complexing
of activated AR and FKHR, leading to an inability of FKHR to bind DNA. Two points of
interaction were found for each molecule: AR binds to the FKHR C-terminus and binds weakly
to the forkhead domain, while FKHR binds to the AR NTD and weakly to the LBD. Through
flow cytometry, Li et al. (2003) demonstrated that FKHR when bound by AR can no longer
induce cell cycle arrest, thereby leading to an attenuation of its role in growth control. This
suggests that androgen ablation therapy might reintroduce FKHR and related FOXO activity,
leading to arrest of cell growth. Thus, the progression to androgen independence would
require compensation for androgen deprivation, such as those discussed earlier. In particular,
mTOR and FOXO seem to have related roles. AR inhibition of FOXO combined with mTOR-
mediated growth signaling could lead to potent CaP proliferation. Additionally, mTOR-
related crosstalk could rescue FOXO-mediated AR inhibition.

Another similarity between FOXO and mTOR crosstalk with AR is the role of p27. Unlike
FOXO1 and FKHR, FOXO3a has been shown to transcriptionally upregulate AR by binding
its promoter [171], while AR deactivates FOXO3a [172]. FOXO3a also promotes transcription
of p27 via its promoter [173]. These interactions lead to a system where AR deactivates
FOXO3a, leading to inhibition of p27. If AR were reduced, FOXO3a would become active,
promote AR expression and thus reinstate the same state. Disruption of this cycle was shown
by Li et al. (2007), using a DIM compound called B-DIM. Treatment with B-DIM repressed
FOXO3a binding to the AR promoter while maintaining its binding to the p27 promoter,
leading to cell cycle arrest. In CaP, redundant repression by mTOR might prevent this method
of rescue. Additionally, AR disruption of FOXO proteins in conjunction with AR/mTOR
crosstalk would lead to a deadly regulatory loop whereby cell cycle regulation is suppressed
and growth is promoted. Zhang et al. (2010) also showed potential for FOXO-based therapy
in response to AR signaling. Methylseleninic acid (MSA) can be metabolized to methylselenol,
which has been shown to have anticancer effects and to induce apoptosis [175]. Zhang et al
(2010) found that treatment of LNCaP cells with MSA leads to induction of FOXO1 expression
and transactivity. Additionally, knock down of FOXO1 after MSA treatment was found to
nullify its apoptotic effects. The critical role of FOXO1 in this context was found to be repression
of AR activity, though the mechanism for this inhibition remains unknown. Based on results
from Ma et al. (2008), FOXO1 could be attenuating NTD/CTD interactions of AR. Results from
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treatments with FOXO-associated drugs such as B-DIM and MSA implicate it as an important
molecule in AR-mediated CaP growth and its role as an antagonist of AR could potentially
implicate it in CaP progression. Since AR/FOXO crosstalk is seemingly similar but opposite to
AR/mTOR crosstalk, investigation of both AKT-dependent and AKT-independent crosstalk
between the two pathways could elucidate important mechanisms of CaP progression.

4.2.4. PI-3K/AKT/GSK3β and AR

The evidence thus far clearly shows that increased activation of the PI-3K/AKT signaling
pathway and transcriptional activity of AR are closely intertwined. The role that AKT plays
in modulating AR activity, however, remains obscure. One of the many downstream substrates
of AKT, GSK3β has also been shown to play a role in AR regulation [176-179], and is ubiqui‐
tously expressed in CaP cell lines, including COS-1, PC-3, LNCaP and DU145 (Wang et al.,
2004). It has increased expression in AICaP cell lines [176, 179], and appears to be a key player
in the progression of CaP to androgen-independent disease. However, the nature of this role
is at present ambiguous. In varied contexts, GSK3β has been shown to both promote and
antagonize AR transactivaton independently of its interactors and other substrates in both a
ligand-dependent and ligand-independent manner.

A repressor of several EMT pathways, GSK3β has been shown by Salas et al. (2004) to be
capable of repressing ligand-dependent AR activity by phosphorylation. Transfection of wild
type GSK3β or constitutively active GSK-3ΒΔ9, a mutant of GSK3β devoid of its first 9 amino
acids, into AR-expressing LNCaP, A103 and V28 cells significantly increased phosphorylated
AR compared to transfection of empty pCMV4 or inactivated tyrosine 216 mutated GSK3β
(GSK3βY216F). Furthermore, treatment of cells with LiCl, a GSK3β inhibitor, significantly
decreased phosphorylation of AR (Salas et al., 2004), indicating that altered modification of
AR is indeed due to the activity of GSK3β. In AR- COS-1 prostate cancer cells, co-transfection
of wtGSK3β or GSK3βΔ9 with AR lead to increased phosphorylation of AR, as opposed to
cotransfection of AR with empty pCMV4 or GSK3βY216F which did not elevate phosphorylation
of AR. This suggests that the activity of GSK3β is essential to the phosphorylation of AR, as
the active forms of GSK3β were the only ones to display an effect. Upon treatment of AR-
expressing COS-1 cells with LY294002, phosphorylation of AR increased [176]. This is due to
reduced deactivation of endogenous GSK3β through indirect inhibition of AKT via the PI3K
pathway. When these cells were treated with LiCl, AR phosphorylation decreased in a dose-
dependent manner, indicating that these results are related to increased GSK3β activity. In
following with the increased phosphorylation of AR, Salas et al. (2004) also reported that AR-
mediated transactivation in the presence of R1881 (metribolone), a synthetic nonmetabolizable
androgen, was decreased with increased GSK3β activity. This was shown through luciferase
reporter assays both with an ARE-driven ARE2LUC construct as well as with a PB-LUC (a
promoter from an endogenous AR target). By using C-terminal and N-terminal domain
mutants of AR, Salas et al. (2004) were able to determine that GSK3β preferentially phosphor‐
ylates AR on its CTD. Furthermore, usage of a GST-tagged ARLBD revealed that GSK3β could
phosphorylate AR on its LBD. This may provide a mechanism by which AR-driven transcrip‐
tion is decreased by GSK-3β. The effect of GSK3β being through the AR LBD is further
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including FOXO1. These data suggest that AR and FOXO are antagonistic towards one another.
Li et al. (2001) first indicated an antagonistic nature of AR and PTEN/FOXO.

Ma et al. (2008) characterized one side of this antagonism, showing that FOXO1 mediates PTEN
inhibition of AR. By expressing fragments of FOXO1 and determining their ability to repress
AR activity, they discerned that the FOXO1 inhibition of AR required its AD and forkhead
box. Further, the inhibition of AR was found to be through disruption of its NTD/CTD
interaction. This disruption was found to be mediated by FOXO1 binding the AR NTD and
repressing interaction with SRC1, a promoter of AR activity [169]. Completing the dichotomy,
Li et al. (2003) showed that AR can also disrupt the activity of FOXO-family transcription
factors, including FKHR. Androgen treatment and subsequent AR activation in PTEN-null
cells was shown to repress FKHR and related FOXO-family protein activity in a manner
independent of transcriptional coactivators. This repression was found to be by complexing
of activated AR and FKHR, leading to an inability of FKHR to bind DNA. Two points of
interaction were found for each molecule: AR binds to the FKHR C-terminus and binds weakly
to the forkhead domain, while FKHR binds to the AR NTD and weakly to the LBD. Through
flow cytometry, Li et al. (2003) demonstrated that FKHR when bound by AR can no longer
induce cell cycle arrest, thereby leading to an attenuation of its role in growth control. This
suggests that androgen ablation therapy might reintroduce FKHR and related FOXO activity,
leading to arrest of cell growth. Thus, the progression to androgen independence would
require compensation for androgen deprivation, such as those discussed earlier. In particular,
mTOR and FOXO seem to have related roles. AR inhibition of FOXO combined with mTOR-
mediated growth signaling could lead to potent CaP proliferation. Additionally, mTOR-
related crosstalk could rescue FOXO-mediated AR inhibition.

Another similarity between FOXO and mTOR crosstalk with AR is the role of p27. Unlike
FOXO1 and FKHR, FOXO3a has been shown to transcriptionally upregulate AR by binding
its promoter [171], while AR deactivates FOXO3a [172]. FOXO3a also promotes transcription
of p27 via its promoter [173]. These interactions lead to a system where AR deactivates
FOXO3a, leading to inhibition of p27. If AR were reduced, FOXO3a would become active,
promote AR expression and thus reinstate the same state. Disruption of this cycle was shown
by Li et al. (2007), using a DIM compound called B-DIM. Treatment with B-DIM repressed
FOXO3a binding to the AR promoter while maintaining its binding to the p27 promoter,
leading to cell cycle arrest. In CaP, redundant repression by mTOR might prevent this method
of rescue. Additionally, AR disruption of FOXO proteins in conjunction with AR/mTOR
crosstalk would lead to a deadly regulatory loop whereby cell cycle regulation is suppressed
and growth is promoted. Zhang et al. (2010) also showed potential for FOXO-based therapy
in response to AR signaling. Methylseleninic acid (MSA) can be metabolized to methylselenol,
which has been shown to have anticancer effects and to induce apoptosis [175]. Zhang et al
(2010) found that treatment of LNCaP cells with MSA leads to induction of FOXO1 expression
and transactivity. Additionally, knock down of FOXO1 after MSA treatment was found to
nullify its apoptotic effects. The critical role of FOXO1 in this context was found to be repression
of AR activity, though the mechanism for this inhibition remains unknown. Based on results
from Ma et al. (2008), FOXO1 could be attenuating NTD/CTD interactions of AR. Results from
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treatments with FOXO-associated drugs such as B-DIM and MSA implicate it as an important
molecule in AR-mediated CaP growth and its role as an antagonist of AR could potentially
implicate it in CaP progression. Since AR/FOXO crosstalk is seemingly similar but opposite to
AR/mTOR crosstalk, investigation of both AKT-dependent and AKT-independent crosstalk
between the two pathways could elucidate important mechanisms of CaP progression.

4.2.4. PI-3K/AKT/GSK3β and AR

The evidence thus far clearly shows that increased activation of the PI-3K/AKT signaling
pathway and transcriptional activity of AR are closely intertwined. The role that AKT plays
in modulating AR activity, however, remains obscure. One of the many downstream substrates
of AKT, GSK3β has also been shown to play a role in AR regulation [176-179], and is ubiqui‐
tously expressed in CaP cell lines, including COS-1, PC-3, LNCaP and DU145 (Wang et al.,
2004). It has increased expression in AICaP cell lines [176, 179], and appears to be a key player
in the progression of CaP to androgen-independent disease. However, the nature of this role
is at present ambiguous. In varied contexts, GSK3β has been shown to both promote and
antagonize AR transactivaton independently of its interactors and other substrates in both a
ligand-dependent and ligand-independent manner.

A repressor of several EMT pathways, GSK3β has been shown by Salas et al. (2004) to be
capable of repressing ligand-dependent AR activity by phosphorylation. Transfection of wild
type GSK3β or constitutively active GSK-3ΒΔ9, a mutant of GSK3β devoid of its first 9 amino
acids, into AR-expressing LNCaP, A103 and V28 cells significantly increased phosphorylated
AR compared to transfection of empty pCMV4 or inactivated tyrosine 216 mutated GSK3β
(GSK3βY216F). Furthermore, treatment of cells with LiCl, a GSK3β inhibitor, significantly
decreased phosphorylation of AR (Salas et al., 2004), indicating that altered modification of
AR is indeed due to the activity of GSK3β. In AR- COS-1 prostate cancer cells, co-transfection
of wtGSK3β or GSK3βΔ9 with AR lead to increased phosphorylation of AR, as opposed to
cotransfection of AR with empty pCMV4 or GSK3βY216F which did not elevate phosphorylation
of AR. This suggests that the activity of GSK3β is essential to the phosphorylation of AR, as
the active forms of GSK3β were the only ones to display an effect. Upon treatment of AR-
expressing COS-1 cells with LY294002, phosphorylation of AR increased [176]. This is due to
reduced deactivation of endogenous GSK3β through indirect inhibition of AKT via the PI3K
pathway. When these cells were treated with LiCl, AR phosphorylation decreased in a dose-
dependent manner, indicating that these results are related to increased GSK3β activity. In
following with the increased phosphorylation of AR, Salas et al. (2004) also reported that AR-
mediated transactivation in the presence of R1881 (metribolone), a synthetic nonmetabolizable
androgen, was decreased with increased GSK3β activity. This was shown through luciferase
reporter assays both with an ARE-driven ARE2LUC construct as well as with a PB-LUC (a
promoter from an endogenous AR target). By using C-terminal and N-terminal domain
mutants of AR, Salas et al. (2004) were able to determine that GSK3β preferentially phosphor‐
ylates AR on its CTD. Furthermore, usage of a GST-tagged ARLBD revealed that GSK3β could
phosphorylate AR on its LBD. This may provide a mechanism by which AR-driven transcrip‐
tion is decreased by GSK-3β. The effect of GSK3β being through the AR LBD is further
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evidenced by the fact that Salas et al. (2004) did not note any suppression of the ligand-
independent, constitutively active AR5 and AR104 constructs.

Wang et al. (2004) also showed a reductive effect of GSK3β on AR transcription. Co-transfection
of AR, wtGSK3β and two reporter constructs in a dual luciferase system with an ARE-driven
promoter (ARE4) revealed that increased GSK3β decreased AR transactivation. Further, usage
of a constitutively active GSK3β mutant (GSK3βS9A) further restricted AR-driven transcription.
These data taken together suggest that GSK3β kinase activity regulates the level of AR
transactivation. GSK3β was also shown to decrease AR transcription in LNCaP cells, which
express endogenous AR. These effects were shown to be reversible by LiCl treatment. How‐
ever, in contrast to the work by Salas et al. (2004), Wang et al. (2004) demonstrated that
GSK3β phosphorylates AR on its NTD more significantly than its LBD or a DBD-LBD fragment
by using GST-tagged fragments. Moreover, they showed that GSK3β repressed transcription
by GAL4-AR-N-terminal in the presence of a pG5-Luc reporter, which contains the ligand-
independent AF-1 domain, while failing to repress activity of the AF-2 domain-containing
GAL4-AR-LBD. These data suggest that GSK3β inhibits ligand-independent activity of AR.
Wang et al. (2004) also demonstrated that GSK3β binds to the CTD and NTD of AR in both
transfected and endogenously expressing CaP cell lines, leading to the postulation that
GSK3β-mediated suppression of AR transcription may be due to attenuated AR CTD-NTD
interactions, which are required for transactivation. Supporting the interaction of the two
molecules, Salas et al. (2004) noted that there was a physical co-distribution of the two
molecules in CaP cell lines and in CaP tissue. Salas et al, (2004) reported that inhibition of
GSK3β by Ser9 phosphorylation is elevated in the androgen-dependent LNCaP in comparison
to the androgen-independent PC3 and DU145 CaP lines, which may signify an increased role
for GSK3β in androgen-dependent tumours. Liao et al (2004) also show that GSK3β Tyr216
phosphorylation is elevated in AICaP cells, especially 22-RV1. Aberrant activity of the
PI-3KAKT signaling system has been demonstrated in AI 22-RV1 CaP cells, and has been
associated with an increased Gleason grade [82], which in turn has been shown to be an
accurate predictor of progression to AICaP [182]. These data taken together suggest that the
increased activity of PI-3K/AKT in AICaP, usually due to PTEN deficiency, may have the effect
of disabling GSK3β and thus increasing activity of AR in a ligand-independent manner.

Work by Liao et al. (2004), Mazor et al. (2004) and Schütz et al. (2011) contradicts Salas et al.
(2004) and Wang et al. (2004), reporting that inhibition of GSK3β actually represses AR-
mediated transcription. Mazor et al. (2004) reported that GSK3β sequestration or knockdown
inhibits AR signaling, while transfection of a constitutively active form (GSK3βS9A) into LNCaP
cells with majority Ser9-phosphorylated GSK3β increased AR transcriptional activity. More‐
over, this effect was independent of its downstream substrate, the oncogenic β-catenin. Liao
et al. (2004) demonstrate that GSK3β is necessary for ligand-dependent transcriptional activity
to occur. In the presence of LiCl, two other GSK3β inhibitors RO318220 and GF109203X and
siRNA against GSK3β, R1881-stimulated AR transcriptional activity as measured by a PSA-
SEAP reporter was significantly reduced. This was not due to reduced nuclear translocation,
as no inhibitors blocked AR nuclear localization with R1881 treatment. Knockdown of AKT
and β-catenin, another substrate of GSK3β, did not yield any similar results, implicating that
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GSK3β activity is directly inducing the observed effect. Interestingly, in the presence of R1881
GSK3β Tyr216 phosphorylation was also increased, signifying a synergistic relationship
between GSK3β and the androgen-dependent AR signaling cascade.

Schütz et al. (2011) further complicate the story, reporting that GSK3β is necessary for
androgen-independent AR activity, though not by directly affecting the AF-1 or AF-2 activity
domains. Instead, this inhibition is in a CRM1-dependent manner, as discerned in an earlier
study [179]. CRM1 is an export receptor for substrates containing an L-rich NES, likely acting
in a RanGTP-dependent manner [182]. CRM1 activity is inhibited by leptomycin B (LMB).
Upon treatment of 22-RV1 cells with SB216763, a GSK3β inhibitor, AR was increasingly
localized in the cytoplasm and experienced a two-fold drop in the nucleus. When LMB was
added, the effects were reversed. AR transcriptional activity was also shown to drop with the
inhibitor, and was rescued by LMB. Furthermore, AR association with CRM1 was shown to
increase with SB216763, and a putative binding site was reported to be located within the C-
terminal LBD. This was found using a mutant deleted of its LBD (Schütz et al., 2010). In their
future work, Schütz et al. (2011) showed that unliganded AR in AI LNCaP lines, which was
localized to the nucleus, is exported upon application of SB216763 in a CRM1-dependent
manner, rescued by LMB. Decreased AR signaling with GSK3β was also shown in vivo using
a tumor-engrafted chick choriallantoic membrane model. Of note, knockdown (shRNA) or
long-term inhibition (SB216763) reduced the nuclear and cellular levels of AR respectively.
Mazor et al (2004) showed similar data, suggesting that GSK3β may also play a role in
maintaining stability of the AR protein.

The evidence clearly indicates that GSK3β plays a crucial role in regulation of AR; however
the nature of that role is highly controversial. Upregulation of GSK3β has been shown to be
associated with an elevated Gleason grade [180], which would suggest that support of AR
signaling would be likely. Moreover, as Gleason grade often indicates increased risk for AICaP
progression [182], however, GSK3β is also a target of AKT for Ser9 phsophorylation, which
deactivates its kinase activity. Thus it would seem detrimental that GSK3β induction and
reduced inhibition of the PI-3K pathway occur concurrently, as is the situation in several AICaP
lines such as 22-RV1. It may be important to note that while Salas et al. (2004) and Wang et al.
(2004) made liberal usage of overexpression models, while Liao et al. (2004), Schütz et al (2010)
and Schütz et al. (2011) used mainly endogenous protein. This is largely due to the nature of
the work, using GSK3β as a suppressant as opposed to studying the effects of repressed
GSK3β activity, however ectopic expression can alter a system from the in situ function. From
the presented results, it becomes apparent that endogenous GSK3β-AR interactions seem to
be AR-promoting. Mullholland et al. (2006) suggests that a baseline level of GSK3β may be
necessary for AR activity, and ectopic expression may alter the nature of the system, causing
an inhibition and suggesting that GSK3β Tyr216 phosphorylation may ultimately be AR-
inhibitory. However, the recent results by Schütz et al. (2011) contradict this, while results by
Mazor et al. (2004) indicate that overexpression of GSK3β in a system with active endogenous
GSK3β, such as 22-RV1 cells, has little effect. The mechanism outlined by Schütz et al. (2010)
may be key to note: GSK3β could have a higher affinity for CRM1, thereby preferentially
preventing AR export and thus promoting AR transactivation. Further, it would seem that
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evidenced by the fact that Salas et al. (2004) did not note any suppression of the ligand-
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Wang et al. (2004) also showed a reductive effect of GSK3β on AR transcription. Co-transfection
of AR, wtGSK3β and two reporter constructs in a dual luciferase system with an ARE-driven
promoter (ARE4) revealed that increased GSK3β decreased AR transactivation. Further, usage
of a constitutively active GSK3β mutant (GSK3βS9A) further restricted AR-driven transcription.
These data taken together suggest that GSK3β kinase activity regulates the level of AR
transactivation. GSK3β was also shown to decrease AR transcription in LNCaP cells, which
express endogenous AR. These effects were shown to be reversible by LiCl treatment. How‐
ever, in contrast to the work by Salas et al. (2004), Wang et al. (2004) demonstrated that
GSK3β phosphorylates AR on its NTD more significantly than its LBD or a DBD-LBD fragment
by using GST-tagged fragments. Moreover, they showed that GSK3β repressed transcription
by GAL4-AR-N-terminal in the presence of a pG5-Luc reporter, which contains the ligand-
independent AF-1 domain, while failing to repress activity of the AF-2 domain-containing
GAL4-AR-LBD. These data suggest that GSK3β inhibits ligand-independent activity of AR.
Wang et al. (2004) also demonstrated that GSK3β binds to the CTD and NTD of AR in both
transfected and endogenously expressing CaP cell lines, leading to the postulation that
GSK3β-mediated suppression of AR transcription may be due to attenuated AR CTD-NTD
interactions, which are required for transactivation. Supporting the interaction of the two
molecules, Salas et al. (2004) noted that there was a physical co-distribution of the two
molecules in CaP cell lines and in CaP tissue. Salas et al, (2004) reported that inhibition of
GSK3β by Ser9 phosphorylation is elevated in the androgen-dependent LNCaP in comparison
to the androgen-independent PC3 and DU145 CaP lines, which may signify an increased role
for GSK3β in androgen-dependent tumours. Liao et al (2004) also show that GSK3β Tyr216
phosphorylation is elevated in AICaP cells, especially 22-RV1. Aberrant activity of the
PI-3KAKT signaling system has been demonstrated in AI 22-RV1 CaP cells, and has been
associated with an increased Gleason grade [82], which in turn has been shown to be an
accurate predictor of progression to AICaP [182]. These data taken together suggest that the
increased activity of PI-3K/AKT in AICaP, usually due to PTEN deficiency, may have the effect
of disabling GSK3β and thus increasing activity of AR in a ligand-independent manner.

Work by Liao et al. (2004), Mazor et al. (2004) and Schütz et al. (2011) contradicts Salas et al.
(2004) and Wang et al. (2004), reporting that inhibition of GSK3β actually represses AR-
mediated transcription. Mazor et al. (2004) reported that GSK3β sequestration or knockdown
inhibits AR signaling, while transfection of a constitutively active form (GSK3βS9A) into LNCaP
cells with majority Ser9-phosphorylated GSK3β increased AR transcriptional activity. More‐
over, this effect was independent of its downstream substrate, the oncogenic β-catenin. Liao
et al. (2004) demonstrate that GSK3β is necessary for ligand-dependent transcriptional activity
to occur. In the presence of LiCl, two other GSK3β inhibitors RO318220 and GF109203X and
siRNA against GSK3β, R1881-stimulated AR transcriptional activity as measured by a PSA-
SEAP reporter was significantly reduced. This was not due to reduced nuclear translocation,
as no inhibitors blocked AR nuclear localization with R1881 treatment. Knockdown of AKT
and β-catenin, another substrate of GSK3β, did not yield any similar results, implicating that
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GSK3β activity is directly inducing the observed effect. Interestingly, in the presence of R1881
GSK3β Tyr216 phosphorylation was also increased, signifying a synergistic relationship
between GSK3β and the androgen-dependent AR signaling cascade.

Schütz et al. (2011) further complicate the story, reporting that GSK3β is necessary for
androgen-independent AR activity, though not by directly affecting the AF-1 or AF-2 activity
domains. Instead, this inhibition is in a CRM1-dependent manner, as discerned in an earlier
study [179]. CRM1 is an export receptor for substrates containing an L-rich NES, likely acting
in a RanGTP-dependent manner [182]. CRM1 activity is inhibited by leptomycin B (LMB).
Upon treatment of 22-RV1 cells with SB216763, a GSK3β inhibitor, AR was increasingly
localized in the cytoplasm and experienced a two-fold drop in the nucleus. When LMB was
added, the effects were reversed. AR transcriptional activity was also shown to drop with the
inhibitor, and was rescued by LMB. Furthermore, AR association with CRM1 was shown to
increase with SB216763, and a putative binding site was reported to be located within the C-
terminal LBD. This was found using a mutant deleted of its LBD (Schütz et al., 2010). In their
future work, Schütz et al. (2011) showed that unliganded AR in AI LNCaP lines, which was
localized to the nucleus, is exported upon application of SB216763 in a CRM1-dependent
manner, rescued by LMB. Decreased AR signaling with GSK3β was also shown in vivo using
a tumor-engrafted chick choriallantoic membrane model. Of note, knockdown (shRNA) or
long-term inhibition (SB216763) reduced the nuclear and cellular levels of AR respectively.
Mazor et al (2004) showed similar data, suggesting that GSK3β may also play a role in
maintaining stability of the AR protein.

The evidence clearly indicates that GSK3β plays a crucial role in regulation of AR; however
the nature of that role is highly controversial. Upregulation of GSK3β has been shown to be
associated with an elevated Gleason grade [180], which would suggest that support of AR
signaling would be likely. Moreover, as Gleason grade often indicates increased risk for AICaP
progression [182], however, GSK3β is also a target of AKT for Ser9 phsophorylation, which
deactivates its kinase activity. Thus it would seem detrimental that GSK3β induction and
reduced inhibition of the PI-3K pathway occur concurrently, as is the situation in several AICaP
lines such as 22-RV1. It may be important to note that while Salas et al. (2004) and Wang et al.
(2004) made liberal usage of overexpression models, while Liao et al. (2004), Schütz et al (2010)
and Schütz et al. (2011) used mainly endogenous protein. This is largely due to the nature of
the work, using GSK3β as a suppressant as opposed to studying the effects of repressed
GSK3β activity, however ectopic expression can alter a system from the in situ function. From
the presented results, it becomes apparent that endogenous GSK3β-AR interactions seem to
be AR-promoting. Mullholland et al. (2006) suggests that a baseline level of GSK3β may be
necessary for AR activity, and ectopic expression may alter the nature of the system, causing
an inhibition and suggesting that GSK3β Tyr216 phosphorylation may ultimately be AR-
inhibitory. However, the recent results by Schütz et al. (2011) contradict this, while results by
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these interaction play a different role in ligand-dependent and AI disease, which may suggest
a role in promoting the progression of CaP to an AI state. Alteration of GSK3β or alteration of
its interactions in situ may play an important role in regulating GSK3β function with respect
to CaP, as it has been shown to play a wide variety of tumour-suppressing and oncogenic roles
when in different environments. Thus, a change in cellular context may be key to its role in
CaP progression.

4.3. PI-3K/Wnt/AR Axis

The Wnt pathway and the PI-3K have both been implicated in CaP progression. Additionally,
crosstalk has been evidenced between the two systems, usually downstream of AKT. In
particular, GSK3β is a common intermediary between the Wnt and PI-3K pathways through
which crosstalk is often implicated. In the Wnt pathway, GSK3β phosphorylates β-catenin, the
central effector of the pathway, to mark it for ubiquitination and subsequent proteosomal
degradation [184]. β -catenin is a multifunctional protein that both aids in the stabilization of
the adherens junction with E-cadherin and activates transcription of Wnt target genes. Wnt
ligands activate the Wnt pathway by binding to their seven-pass transmembrane receptor
frizzled (Fzd) and its co-receptors LDL receptor related proteins 5 and 6 (LRP5/6). The Wnt
pathway is divided into the canonical Wnt pathway, which signals through β-catenin, and the
non-canonical Wnt pathway. The non-canonical Wnt pathway includes the calcium dependent
pathway and the planar cell polarity pathway, both of which play vital roles in development.
[185,186]. The canonical Wnt pathway is stimulated when a member of a subset of Wnt ligands
binds Fzd. This transduces a signal through dishevelled (Dvl) to disrupt the β-catenin
destruction complex, made up of adenomatous polyposis coli (APC), casein kinase 1 (CK1)
and GSK3 β unified by the scaffolding protein Axin. By sequential phosphorylation, ubiqui‐
tination and degradation in the presence of an active destruction complex, β-catenin is
maintained at reasonable levels. Upon stimulation by a Wnt ligand, GSK3βis deactivated by
Dvl and Axin is seuestered to the membrane by the now-phosphorylated LRP5/6. This allows
β-catenin to accumulate unchecked, and translocate to the nucleus. The mechanism for β-
catenin translocation remains unclear. In order to play its role as a transcativator, β-catenin
must bind its nuclear interactor T-cell factor (TCF). In a cell unstimulated by Wnt activation,
TCF is bound to its repressor, Groucho. With Wnt activation, β-catenin displaces Groucho, and
the β-catenin/TCF complex transcribes a plethora of Wnt target genes, many of which play
oncogenic roles. In this way, β-catenin itself is a potent oncogene.

Wang et al. (2008) used castration resistant mouse models to demonstrate that AR expression
seems to be concurrently expressed with increased levels of cytoplasmic β-catenin that is
unattached to the adherens junction. This is significant because free β-catenin has the potential
to shuttle to the nucleus and activate transcription of Wnt target genes. Trucia et al. (2000)
establish a direct significance for this co-expression: β-catenin and AR can directly interact,
leading to enhanced AR signaling and hypersensitivity to androgens. In LNCaP cells β-catenin
and AR were shown to complex both in the presence and absence of androgen, but binding
was markedly enhanced in the presence of DHT. However, using a stabilized mutant of β-
catenin (β-catenin S33F) it was shown that AR activity is only enhanced in the presence of
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androgen, signifying a ligand-dependent activation. This was measured using a luciferase
reporter assay. Trucia et al. (2000) went on to show that β-catenin binds AR on its LBD, and
reduces the effects of bicalutamide on AR. This was shown to be through alteration of the AR
LBD, broadening the scope of AR-ligand interactions to include other ligands. In this way β-
catenin was show by Trucia et al. (2000) to be a co-activator of AR, providing it with increased
significance beyond its role as a coactivator of Wnt target genes with TCF. β-catenin's inter‐
action with AR were shown to be increasingly important by Mullholland et al. (2002), who
showed that the AR/β-catenin complex can serve as a vehicle for β-catenin translocation in a
ligand-dependent manner. Treatment with androgen in LNCaP cells led to colocalization of
AR and β-catenin to the nucleus. Mullholland et al. (2002) went on to show that there are several
points of overlap between β-catenin-driven and AR-driven transcription by noting several
common targets, including cell cycle proteins such as cyclin D1. Others since have showed
interaction between the two molecules, both in support [67] and in contention [47, 189]. In fact,
data by Chesire et al. (2002) indicates that ligand-dependent AR/ β-catenin interactions inhibit
β-catenn/TCF activity.

The most obvious point of crosstalk between PI-3K and Wnt is their common intermediary,
GSK3. Sharma et al. (2002) investigated the crosstalk between these two molecules and AR.
Treatment of LNCaP cells with LY294002 resulted in inhibition of AR-driven PSA expression,
demonstrating a regulation of AR activity similar to that seen by Li et al. (2001). Upon
application of LY294002, phosphorylation of AKT decreased, as did inhibitory phosphoryla‐
tion of GSK3 β. In conjunction with the lack of deactivation of GSK3 β, nuclear accumulation
of β-catenin was significantly reduced. Usage of a mutant β-catenin mutated at its GSK3
βphosphorylation site attenuated the results, showing that the modulation of AR transactiva‐
tion by the PI-3K pathway occurs through β-catenin. This finding is contradicted by Liao et al.
(2004) and Mazor et al. (2003), who demonstrate that GSK3 βis required for AR transactivation.
Liao et al (2004) showed that knockdown of β-catenin by pooled siRNA does not affect the
levels of R1881-stimulated AR transactivation as measured using a PSA-SEAP reporter
construct. Mazor et al. (2003) also show that depletion of β-catenin levels by siRNA treatment
does not inhibit transactivation by endogenous AR in 22-RV1, LNCaP and CWR-R1 cells. In
fact, they demonstrate that knockdown of β-catenin leads to increased levels of AR activity. It
is worthy to note that both Liao et al. (2004) and Mazor et al. (2003) worked with primarily
endogenous proteins, using knockdown models, and demonstrating that endogenous β-
catenin is not a co-activator of AR. Mazor et al. (2003) notes the importance of confirming
results obtained using ectopic expression with studies of endogenous protein.

For the most part, this section focuses on crosstalk through GSK3β. However, it is important
to note that AKT modulates a variety of substrates downstream of PI-3K, and a number of
these could be means for crosstalk. Hoogeboom et al. (2008) noted that FOXO interrupts β-
catenin/TCF transcription by binding and sequestering β-catenin. This type of interference
could play a role in inhibiting β-catenin/AR transcription as well, should that interaction take
place. If β-catenin Is truly a coactivator of AR, or if AR does act as a shuttle for β-catenin, a
great depth of understanding could be arrived at. In order to understand CaP progression and
the roles of the Wnt, PI-3K and AR pathways therein, these interactions must be studied and
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and AR were shown to complex both in the presence and absence of androgen, but binding
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understood. Should β-catenin coactivate with AR, the question arises as to whether it might
do the same with FOXO. Many other proteins adapt functions based on their interactors and
β-catenin is no different, being responsible for maintaining anchorage dependence when
interacting with E-cadherin at the adherens junction. Mazor et al. (2003) had justification in
commenting that the endogenous interactions of a protein should be understood. Until the
relationships underlying β-catenin and its interactors are characterized, its role in CaP
progression will remain elusive.

5. Current therapy, implications and future directions

The reciprocal interactions and interplay between the AR and PI3K/AKT 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 PI3K/AKT pathway occuring at various levels. The integration of these oncogenic
pathways potentiates CaP tumorigenesis and this is further complicated by the levels of
androgens and stage of CaP progression. In effect, 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 which only increase patient survival for 2 months [191]. In this case, the pharmaco‐
logical challenge then, will be to consider the contributions from both PI3K/AKT and AR
signalling pathways throughout CaP progression [82].

The mTORC1 pathway has been a primary focus for drug development due to the discovery
of rapamycin [93]. However, selective inhibitors from this family of compounds have not
proven to be effective. Although, it seems promising to use drug combinations for the
inhibition of the main survival pathways (mTORC1, PI3K, AKT) this may incidently result in
high toxicity. The concept of intercepting signaling cross-talk with drug combinations to target
multiple nodes of integration and/or multiple kinases may be useful in controlling upstream
and downstream the PI3K pathway. In addition, the ability of the PI3K/AKT pathway to
synergistically heighten AR signaling together with non-genomic cross talk between other pro-
survival factors make targetable areas for therapy difficult. Now, with the integration of the
Wnt/β-catenin signalling pathway in AR regulation the interplay between PI3K, Wnt and AR
signaling becomes further complicated. As such, putative chemotherapeutic agents that inhibit
upstream the Wnt or PI3K signaling may pose a viable option [194].

The oncogenic role of the PI3K/AKT pathway in CaP progression is clearly evident. However,
the mechanisms underlying the interplay between PI3K and AR signaling still remains unclear.
Therefore, understanding how crosstalks are regulated in CaP progression will provide a
means by which to elucidate the complexities and contexts of AI disease that are necessary for
successful therapeutic intervention.
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1. Introduction

1.1. Overview of prostate cancer and standard treatments

The estimated number of new prostate cancer cases for 2011 was 240,890. The majority of
diagnosed prostate cancers (PCa) is found early due to the widespread use of the screening
test for prostate specific antigen (PSA) and are considered low risk [1]. The prognosis for
men diagnosed with low-risk prostate cancer is good and the NIH is recommending active
surveillance [1]. Active surveillance has the benefit of reducing treatment side effects, in‐
cluding erectile dysfunction and incontinence, for men that are unlikely to die from their
cancer [2]. Locally advanced prostate cancers are higher risk, and a substantial fraction of
these patients will eventually die of the disease, though median survival may be as long as 5
years. If prostate cancer has spread to distant organs, current therapy will inevitably fail [3].
Because the androgen receptor (AR) is important for prostate cancer development and pro‐
gression, androgen deprivation therapy (ADT), which either reduces the production of an‐
drogens by surgical or medical castration, or interferes with AR function via the use of anti-
androgens, is increasingly becoming a central component in the management of metastatic
prostate cancer [3]. ADT initially leads to improved clinical outcomes in about 90% of the
cases. However, most tumors become androgen independent (AI) and no longer respond to
standard hormonal therapies, chemotherapeutics or radiotherapy [3]. Thus, improved thera‐
peutic strategies that target key pathways and molecules are essential to improve the out‐
come for patients with AI prostate cancer (AIPC). Interestingly, recent data shows that the
AR pathway is often still engaged in AIPC, possibly due to receptor promiscuity or hyper‐
sensitivity. Therefore, some scientists believe that a strategy of targeting AR expression, ei‐
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ther directly or indirectly, may be helpful in these cases [4]. Indeed, elegant methods
employing genome wide analysis are being used to identify small molecule antagonists of
AR function [5]. Other ideas for targeted therapies include small molecule inhibition of met‐
abolic enzymes such as fatty acid synthase (FASN) because cancer cells, unlike their normal
counterparts, synthesize de novo large quantities of fatty acids and cholesterol [6] and inhib‐
itors of vascular endothelial growth factor receptor (VEGFR) to suppress vascularization [7].

2. Non-androgen regulated transcription factors in prostate cancer;
rationale for targeting

Most targeted small molecule therapies under development interfere with the function of re‐
ceptors on the cell surface or kinases located in the cytoplasm. Transcription factors have
been underutilized as targets of cancer therapeutics, the exceptions being the steroid hor‐
mone receptors, such as the AR, and nuclear factor kappa B (NF-B) [8, 9]. However, it is
imperative to identify novel targets for the design of molecular treatments for cancers, in‐
cluding AIPC. Advances in drug delivery systems and a better understanding of how tran‐
scription factors act should overcome issues with targeting this important group of proteins.
Thus, we believe that effective therapeutics for AIPC can be developed by identifying and
targeting key transcriptional regulators, other than the AR, that are required for prostate
cancer proliferation and survival. To identify potential targets that are master transcriptional
regulators, one looks for DNA binding proteins whose activity is required for cell fate deci‐
sions, stem cell homeostasis, proliferation, and development. The regulatory roles played by
Core Binding Factor (CBF) [10] and CBF1, Suppressor of Hairless, Lag-1 (CSL), the down‐
stream effector of Notch receptors, place these transcription factors at the pinnacle of signal‐
ing cascades required for malignancy [11, 12]. Perhaps not surprisingly, these two pathways
are genetically linked and exhibit cross talk. For example, enforced expression of RUNX1
rescues the Notch1-null phenotype in zebrafish [13] and in Notch1-null mice RUNX1 ex‐
pression is greatly reduced [14]. Moreover, Notch and RUNX1 cooperate during T-cell speci‐
fication in mammals and CBF is required for pre-thymic cells response to Notch signaling
[15]. Thus, these two important transcriptional pathways are linked and, together, present a
number of novel targets for the development of cancer therapies.

3. Core binding factor

More than twenty years ago, Nancy Speck and David Baltimore identified a DNA binding
activity that bound to the core site (TGTGGTAA) in the enhancer of Moloney Murine Leuke‐
mia Virus that, when mutated, altered disease specificity to produce thymic leukemia in‐
stead of erythroleukemia [16, 17]. This DNA binding activity, which was named Core
Binding Factor, was identified in a variety of cell lines [16]. Dr. Speck's laboratory purified
several peptides that had core- binding activity from calf thymus nuclei [18]. The Speck lab‐
oratory then went on to sequence 5 peptides and used these sequences to isolate 3 cDNA
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clones from a murine thymus library that encoded the three mammalian isoforms of CBFβ
(CBFβ p22.0, CBFβ p21.5, and CBFβ p17.6). [19]. The Speck study demonstrated that CBFβ
did not bind to DNA itself but, instead, partnered with a DNA binding protein, at that time
termed acute myeloid leukemia-1 (AML-1), since one of their peptides appeared to be con‐
tained in the bovine homologue of the human AML-1. AML-1 had been identified by virtue
of its involvement in the t(8;21) chromosomal translocation in 1991 [20]. A similar DNA
binding activity was also isolated via interaction with the polyomavirus enhancer and was
called polyomavirus enhancer binding protein 2 (PEBP2) [21]. CBF also binds to the Type B
leukemogenic virus enhancer [22]. In 1993, Scott Hiebert’s laboratory demonstrated that
AML-1 selected a site related to the enhancer core motif (TGT/cGGT) and identified the
DNA binding domain [23]. Later, Dr. Hiebert’s group identified a larger isoform of AML-1
(termed AML-1B) produced from the AML-1 gene using a homology screen of a human B-
cell library [24]. Two other AML-1 family members expressed from independent genes were
identified; AML-2 and AML-3 [25]. Following these studies, the AML-1 family of proteins
underwent a revision in nomenclature with guidance from the Human Genome Organiza‐
tion [26]. AML-1 is now termed RUNX1, AML-2 is now termed RUNX3, and AML-3 is now
termed RUNX2. The murine nomenclature is written in small case. This nomenclature will
be used for the remainder of the chapter.

Mammalian CBF is a heterodimeric complex consisting of RUNX1, RUNX2, or RUNX3. As
the Speck laboratory suggested, these three proteins bind to promoters and enhancers of tar‐
get genes (or viral LTRs) as a heterodimer with CBFβ [10, 27]. DNA binding is achieved with
a central domain (runt domain), consisting of an S-type immunoglobulin fold resembling
the DNA binding domains of p53 and NF-kB [23, 28]. Although CBFβ does not contact DNA
it regulates and enhances RUNX protein DNA binding via interactions with the Runt do‐
main [28]. Complexity in CBF-regulated transcription comes about not only through co-ex‐
pression in many tissues and a highly conserved DNA binding domain and recognition
sequence, but also through the existence of multiple isoforms. For example, the RUNX1
gene produces three main isoforms, all of which contain the DNA binding domain. These
isoforms are thought to have both overlapping and unique functions. For example, RUNX1
isoforms are differentially expressed during hematopoietic differentiation of human embry‐
onic stem cells (ESCs) and the RUNX1c isoform is expressed at the time of emergence of de‐
finitive HSCs [29]. Such complexity makes it difficult to assign function to each RUNX
isoform and clearly, we are just at the beginning of understanding the distinct roles played
by each protein. CBFβ is encoded on one gene in mammals but, as noted above, multiple
isoforms are produced that may have distinct functions [19].

CBF is conserved in all multicellular organisms examined but is not present in yeast or any
nonmetazoan studied to date. RUNX and CBFβ genes were identified in the nematode C.
elegans, the fruit fly Drosophila melanogaster, which contains two CBFβ genes and four RUNX
genes, the sea urchin (Strongylocentrotus purpuratus), sponges, puffer fish (Takifugu rubripes),
and the zebrafish (Danio rerio) [30-32]. In Drosophila, RUNT, the first RUNX gene identified
in that organism, is required for segmentation [33]. RUNT gene mutations produce fly em‐
bryos with segmentation defects while Lozenge, a second RUNX gene in fruit flies, is re‐
quired for eye development (Coffman 2009). In sea urchin, the spRunt-1 gene is required
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finitive HSCs [29]. Such complexity makes it difficult to assign function to each RUNX
isoform and clearly, we are just at the beginning of understanding the distinct roles played
by each protein. CBFβ is encoded on one gene in mammals but, as noted above, multiple
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elegans, the fruit fly Drosophila melanogaster, which contains two CBFβ genes and four RUNX
genes, the sea urchin (Strongylocentrotus purpuratus), sponges, puffer fish (Takifugu rubripes),
and the zebrafish (Danio rerio) [30-32]. In Drosophila, RUNT, the first RUNX gene identified
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throughout development for cellular proliferation, cell survival, and tissue-specific gene ex‐
pression [30]. Unlike mammals, two CBFβ homologs exist in Drosophila. Big brother and
Brother (Bgb and Bro) display high homology to human CBFβ and are required for RUNX
gene function in flies [34]. Studies in these model organisms have clearly demonstrated that
CBF coordinates cellular proliferation, stem cell fate and terminal differentiation [30, 35].

Mouse genetics further demonstrate specific requirements for CBF in development and stem
cell function. For example, RUNX1 is required for hematopoietic development and Runx1
null animals die in utero by day E12.5 due to a complete absence of fetal-liver derived hema‐
topoiesis [36]. Runx2 is critical for skeletal morphogenesis and Runx2 null mice survive until
birth but die shortly thereafter due to a complete lack of bone formation [37]. Interestingly,
Runx1 and Runx3 are also expressed in bone cells and support skeletal development [27,
38]. Runx3 null mice were reported to display gut hyperplasia due to an increase in cell pro‐
liferation and a reduced rate of apoptosis [39]. However, a second study showed that
Runx3-deficient mice develop severe limb ataxia due to a defect in the dorsal root ganglion
(DRG) proprioceptive neurons [40]. Runx3 is also important for hematopoiesis [27, 41]. Simi‐
lar genetic studies demonstrated that CBFβ is required for RUNX protein function. For ex‐
ample, CBFβ knockdown mice recapitulate the Runx1 null phenotype and hematopoietic-
specific rescue of CBFβ null animals has demonstrated that CBFβ, like Runx2, is required for
skeletal development [42, 43]. Thus, CBF functions as a master regulator of genes required
for development, differentiation and stem cell maintenance [44, 45]. The requirement for
CBFβ is likely due to it’s ability to enhance RUNX DNA binding and, therefore, to augment
the transcriptional strength of the RUNX factors [46].

4. Cancers associated with alterations to CBF

Alterations to CBF activity result in human disease. For example, human RUNX1 was first
identified as the target of the t(8;21) chromosomal translocation associated with acute mye‐
logenous leukemia (AML) [20, 47]. The t(8;21) is associated with approximately 12% of AML
cases [48]. The t(8;21) results in the production of a chimeric transcription factor that retains
the RUNX1 (chromosome 21) DNA binding domain but replaces the entire C-terminus with
MTG8 (also called ETO), a transcriptional co-repressor [24, 49, 50]. RUNX1 is also the target
of the rarer t(16;21) found in both de novo and therapy-related AML [51] and the t(12;21)
identified in pre-B-cell acute lymphoblastic leukemia (ALL) [52]. These translocations fuse
the RUNX1 DNA binding domain to an ETO-related protein termed MTG16 (CBFA2T3) and
to an ETS-related transcription factor, respectively, to create chimeric gene regulatory fac‐
tors [51, 52]. CBFβ is also targeted by genomic abnormalities that lead to AML. For example,
the pericentric inversion of chromosome 16 produces a chimeric CBFβ/smooth muscle myo‐
sin heavy chain (SMMHC) protein termed CBFβ–SMMHC [53]. These chimeric transcription
factors are thought to contribute to leukemogenesis by interfering with CBF-regulated tran‐
scription [54]. Moreover, these chromosomal abnormalities demonstrate that CBF alterations
can result in both lymphoid and myeloid leukemias.
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CBF’s role in blood development and in leukemia was brought into sharp focus by animal
studies and by the identification of the molecular defects associated with AML. For many
years, RUNX1 was considered blood specific, in part because of the strong phenotype ob‐
tained in Runx1-null mice. More recently, the expression, composition and function of CBF
was studied in a wide variety of normal and cancerous cell lines and tissues. For example,
RUNX protein expression was identified in the hair follicle stem cells (HFSCs) of the skin,
and CBF is required to regulate HFSC proliferation [55]. Moreover, RUNX1 expression is ac‐
tivated in a chemical-induced model of rodent skin squamous cell carcinoma [55].

The expression of RUNX factors in prostate epithelial cell lines and normal prostate tissue
was identified by real-time RT-PCR [56]. RUNX1, RUNX2, and RUNX3 were variously ex‐
pressed in normal prostate tissue, an immortalized, non-transformed cell line, prostate can‐
cer cell lines and primary prostate cancers [56]. To confirm that mRNA expression led to
active DNA binding activity, CBF presence was confirmed using electrophoretic mobility
shift assay (EMSA) [56]. While RUNX1 and RUNX2 were always expressed in prostate can‐
cer cell lines, RUNX3 expression was not observed in most prostate cancer cell lines [56].
This correlates well with other studies that have identified RUNX2 expression in prostate
cancer cell lines and showed that decreasing RUNX2 expression inhibits cell growth [57].
RUNX2 may play a role in tumor spread since RUNX2 triggers expression of bone-specific
genes in prostate cancers, which may be involved in bone metastasis [58, 59]. Moreover, in a
PTEN-deleted mouse model of prostate cancer, developing tumors increased Runx2 expres‐
sion [60]. Thus, there is evidence that Runx2 expression is increased in malignant versus be‐
nign prostate tissue and is associated with tumor metastasis [61]. Interestingly, in a study of
314 patients with clinically localized prostate cancer that were treated with radical prostatec‐
tomy, the allelic variant RUNX1 rs2253319 was associated with metastasis to lymph nodes
[62]. These data illustrate both the complexity of CBF expression in prostate and the involve‐
ment of CBF in cancer growth and metastasis. CBF is also highly expressed or altered in
lung, endometrioid, and breast cancers [63-65].

CBF interacts with steroid hormones in various tissues. For example, the vitamin D receptor
(VDR) associates with RUNX2 to regulate osteocalcin gene expression [66] and inappropri‐
ate expression of osteocalcin in prostate cancer cells depends upon RUNX2 [38]. CBF also
interacts with the androgen receptor. RUNX1 and RUNX2 have both been shown to activate
transcription from the prostate specific antigen (PSA) promoter and RUNX1 and RUNX2
physically associate with the AR [56] [57]. In prostate cancer cell lines, RUNX2 enhances
TGF-β and androgen response [57]. Thus, the CBF and AR transcriptional pathways inter‐
sect in a way that enhances AR signaling. These data suggest that targeting CBF in prostate
tumors should negatively impact AR signaling as well.

5. CBF inhibitors

Given that CBF and the AR pathways intersect and that CBF has been shown to regulate
gene expression changes associated with tumorigenesis and metastasis in prostate cancer
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cell  lines,  it  seems reasonable to identify small  molecules that  can inhibit  CBF function.
Small molecules that interfere with the interaction between the RUNX proteins and CBFβ
were recently described. In the first of these studies, the 3D structure of CBFβ was solved
using NMR and the RUNX1 binding interface was determined [67]. This information was
then used to perform a virtual chemical screen and using that information, allosteric in‐
hibitors of CBFβ were identified. The most potent inhibitor,  “17”,  inhibited proliferation
of the ME-1 cell line, a line derived from a patient with acute myelomonocytic leukemia
containing the inv(16),  by about 40% and showed very little cytotoxicity [67].  Treatment
of  cells  with  100  μm  concentrations  of  Inhibitor  17  reduced  RUNX1  DNA  binding  by
about 30%. Thus, compound 17 binds to a site removed from the heterodimerization in‐
terface and produces moderate changes in CBF DNA binding and cellular  proliferation.
These data suggest that allosteric inhibitors of protein complex formation could be useful
for probing CBF’s role in cancer.

A recent approach to identify a role for CBF in prostate and ovarian cancer provides com‐
pelling evidence that CBF is a druggable target. Davis and co-workers showed that CBFβ -
specific shRNAs inhibited the malignant phenotype of prostate and ovarian cancer cell lines
[68]. Cell lines displaying 70% reduction in CBFβ were unable to grow in an anchorage inde‐
pendent manner and did not form xenograft tumors in mice. Gene array data (Agilent
whole genome array) gathered during this study suggested that CBF-mediated gene expres‐
sion was inhibited. Bioinformatic searches for RUNX DNA binding sites in the promoter re‐
gions of the differentially expressed genes revealed that of the 200 genes that exhibited
altered expression, over 20% contained multiple putative RUNX binding sites (analyzed us‐
ing the consensus TGT/CGGT) within their upstream regulatory regions [68]. EMSA was
used to confirm a loss in CBF DNA binding activity [68]. These data clearly demonstrate
that inhibition of CBFβ expression leads to a reduction in CBF activity and that CBF activity
is required for the transformed phenotype.

The DNA binding activity of recombinant CBF is amenable to high throughput screening
(HTS) assays and a recent screen of the NIH Clinical Collection Library has identified com‐
pounds that inhibit CBF (Davis and Meyers, unpublished data). The CBFβ siRNAs and com‐
pounds identified via HTS or virtual screens show promise as tools for discovery and as
molecules that can be further developed into small molecule therapeutics in prostate cancer.

6. The Notch pathway

Notch gene mutations were first discovered in Drosophila  via malformations of the wing
[69]. This ligand-activated signaling pathway is a highly conserved mechanism for main‐
taining stem cell  function and regulating apoptosis,  proliferation and cell  fate  specifica‐
tion [69].  Mammals express four Notch receptor family members, termed Notch 1-4 and
five  ligands;  two  Jagged  family  ligands  (jagged-1  and  jagged-2)  and  three  delta-like  li‐
gands (Dll1, Dll3 and Dll4) [69]. The Notch receptors are highly similar in structure and
the  extracellular  domains  contain  epidermal  growth  factor-like  repeats.  The  Notch  li‐
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gands  are  also  transmembrane  proteins.  Thus,  the  Notch  receptors  regulate  cell  behav‐
ior  via  juxatacrine  signaling  that  requires  direct  contact  between  the  ligand-expressing
cells  and  those  cells  expressing  the  receptor.  Ligand  binding  activates  two  consecutive
proteolytic  cleavages  to  free  the  intracellular  portion  of  the  receptor,  which  is  referred
to as the Notch intracellular domain (NICD) [70]. The first cleavage is carried out by an
A Disintegrin  And Metalloprotease  (ADAM)-family  of  transmembrane metalloproteases.
The  second cleavage  is  carried  out  by  γ-secretase,  an  integral  membrane  enzyme com‐
plex,  that  is  perhaps  best  known  for  its  role  in  generating  the  amyloid-beta  peptide
found  in  brains  of  Alzheimer's  disease  patients  [70,  71].  The  NICD  is  a  transcriptional
co-activator. Once released, it travels to the nucleus via a nuclear transport signal where
it  binds  to  DNA-bound CSL.  NICD binding  to  CSL displaces  repressor  complexes  and
recruits the mastermind family (MAML, mastermind like) of transcriptional coactivators,
thereby  activating  the  transcription  of  Notch-responsive  genes  [69].  In  the  absence  of
Notch receptor activation, CSL nucleates transcriptional repressive complexes via recruit‐
ment  of  histone  deacetylase  activities  through  interaction  with  SHARP  (SMART  and
HDAC  associated  repressor)  and  corepressors  like  SMART/NcoR,  CtIP/CtBP  or  ETO
family  members  [72].  Interestingly,  ETO  (also  called  MTG8)  is  the  target  of  the  t(8;21)
that  produces  a  RUNX1/ETO fusion  gene.  Thus,  the  t(8;21)  targets  components  of  both
the  CBF  and  Notch  pathways,  highlighting  yet  another  way  in  which  these  pathways
intersect.

To date, a limited number of Notch-responsive genes have been identified. Some of the first
gene targets identified include the transcription factors Hairy and enhancer of split-1 (Hes1)
and Hairy and enhancer-of-split related with YRPW motif 1 (Hey1). Both Hes1 and Hey1
can be activated by a constitutively activated Notch1 receptor suggesting that these genes
are bona fide targets [69]. Other CSL target genes are important mediators of signaling, in‐
cluding Akt and NF-κB, and important cell cycle regulators such as c-myc, D-type cyclins,
p21Waf1/Cip1 and p53 [69]. CSL is the only down-stream transcription factor directly responsive
to Notch activation and, therefore, is crucial to Notch function.

The Notch pathway is deregulated in a variety of leukemias and solid cancers. For example,
the mammalian orthologue of Notch was identified as TAN1 the target of the t(7;9)
(q34;q34.4) in T-cell acute lymphocytic leukemia (T-ALL). While the t(7;9) is relatively rare
(1% of all T-ALL) [73], the Notch1 receptor is constitutively activated by point mutations in
the majority of T-ALL (almost 60%) [74]. Subsequent to the identification of Notch altera‐
tions in T-cell leukemia, the Notch pathway has been implicated in a variety of other human
malignancies including cancers of the breast, ovarian, prostate, colorectal, and pancreas, as
well as other leukemias [75-78]. In breast cancer, the Notch pathway components are com‐
monly over-expressed and increased expression of Notch or Jag1 correlates with poor prog‐
nosis [76]. More recently, some studies suggest that breast cancer stem cell fate is regulated
through the Notch pathway [79]. The Notch pathway is required for normal development of
the murine prostate, and like breast cancers, prostate cancers also utilize the Notch pathway
[80]. For example, Notch-1 and Jagged-1 expression constitute part of a gene expression sig‐
nature for prostate cancer [81]. Other evidence indicating a role for Notch signaling in pros‐
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tate cancer includes studies showing that Jagged-1 expression correlates with prostate
cancer recurrence and proliferation of prostate cancer cell lines [82, 83]. Moreover, down-
regulation of both Notch-1 and Jagged-1 expression in the androgen insensitive prostate
cancer cell line, PC3, was associated with a loss of malignancy and a reduction in Akt,
mTOR and NF-κB activation [84].

As discussed above, the constitutive activation of Notch receptor signaling in diverse can‐
cers is well documented, but the contribution of CSL to Notch-dependent oncogenesis has
not been well studied. Our recent publication was the first to demonstrate that CSL was es‐
sential for the growth of prostate and breast cancer derived cell lines [85]. In these cancer
cells, where Notch signaling is constitutive, CSL is required for growth in vitro. Thus, CSL is
not only the focal point of Notch-dependent transcriptional control but appears to be central
to the oncogenic Notch pathway as well [85].

In addition to the oncogenic functions associated with Notch signaling, the Notch pathway
can also be tumor suppressive in cells or tissues where Notch predominately promotes dif‐
ferentiation [86]. Notch associated tumor suppressor activity is best illustrated in carcinoma
of the skin, where keratinocyte specific inactivation of Notch1, Delta-like 1 (Dl1) or γ-secre‐
tase treatment accentuates tumor formation in chemical carcinogenesis models [87]. Increas‐
ingly, tumor suppressive activities of the Notch pathway are being reported, as interest in
Notch signaling and the use of γ-secretase inhibitors to block Notch receptor activation has
expanded. Inactivating mutations of Notch1 have been identified in head and neck squa‐
mous cell carcinoma [88] and haploinsufficiency of Notch1 or inhibition of Notch signaling
with monoclonal antibodies to the Notch ligand Delta-like 4 induces vascular tumors in
model systems [89]. As if to highlight the context dependent nature of Notch signaling, one
report provided evidence that activated Notch1 alleles cooperated with oncogenic Ras to in‐
duce pancreatic cancer while a second report indicated that inactivation of Notch1 cooperat‐
ed with Ras pathways in pancreatic cancers [90, 91]. This duality of function associated with
Notch signaling has led to serious concerns regarding Notch receptor activation as a target
of therapeutic intervention [86].

In prostate cancer, like in other cancers discussed above, Notch pathway signaling can be
tumor suppressive. For example, NICD activity and Hes1 expression have been observed
to  be  high  in  benign  prostatic  hyperplasia  but  low  in  prostate  cancer  indicating  that
Notch pathway activation can be lost during malignant transformation. Additionally, acti‐
vation  of  the  Notch  pathway  in  the  androgen  independent  prostate  cancer  cell  line,
DU145, inhibited cell growth and resulted in the activation of the PTEN tumor suppres‐
sor. Interestingly, knockdown of CSL in the DU145 cell line results in loss of cell growth
(Yong  and  Davis,  unpublished  data).  These  data  demonstrate  that  CSL  (in  a  repressed
complex) is required in cells where the Notch pathway can display tumor-suppressing ac‐
tivity. Clearly, the activity of the Notch pathway in prostate cancer is context dependent
and complex.
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7. Notch pathway inhibitors

Regardless of the data implicating the Notch pathway in tumor suppression as well as onco‐
genesis, chemotherapeutic targeting of the Notch pathway employing γ-secretase inhibitors
(GSI) to block release of the NICD has generated much interest [92]. GSIs, which were de‐
signed primarily for Alzheimer’s disease, developed by Merck, Novartis, Pfizer and Roche
are currently in clinical trials for a number of malignancies including T-ALL, lymphoma,
breast, colorectal, brain, pancreatic, and non-small cell lung carcinoma. However, targeting
the Notch pathway through the use of GSIs is problematic. Preclinical studies examining
GSI function in vitro are difficult because, with the notable exception of GSI-1, these drugs
do not display strong inhibitory effects on cell growth or survival in vitro. Also, while these
drugs do inhibit Notch signaling, they display poor specificity. As an example, the inhibi‐
tion of survival of breast carcinoma cell lines by GSI-1 was associated with inhibition of the
proteosome and not effects on Notch signaling [93]. In addition to off-target effects, Notch
inhibition by GSI has adverse effects on the intestinal system and immune function [94].
Lastly, as discussed above, the cell context determines whether the Notch pathway is onco‐
genic or tumor suppressive even within cancers of the same organ [86]. Thus, the conse‐
quence of inhibition of Notch receptor activation by GSI or inhibitory antibodies to Notch
receptors/ligands is difficult to predict.

Inhibition of Notch activation by GSIs, inhibitory antibodies that bind DSL ligands, or other
inhibitors of receptor activation target only the Notch activated state and they are less than
ideal. However, the Notch pathway is central to oncogenesis, and this idea fuels the search
for novel ways to inhibit the Notch signaling pathway [11]. Recently, the Bradner laboratory
developed a stabilized peptide that mimics MAML and binds to the NICD-CSL complex to
block interaction with endogenous MAML [95]. SAHM1, a 16 amino acid peptide which
blocks MAML binding to the NICD-CSL complex is cell-permeable and lowers NOTCH-tar‐
get gene expression when added to cells in culture [95]. SAHM1 lowers proliferation of T-
ALL cell lines suggesting that these small molecules will be useful as probes to dissect the
requirement for MAML in Notch signaling and as building blocks for a new generation of
Notch inhibitors.

Davis and co-workers tested the idea that direct inhibition of CSL would not only abrogate
Notch pathways in the activated oncogenic state, but also disrupt the transcriptional regula‐
tion of Notch pathway genes that are repressed in the Notch quiescent state [85]. According
to this argument, in cells or tissues where Notch activation is tumor suppressive, inhibition
of CSL would release the strong transcriptional repressive complexes positioned on Notch
targets. Removal of CSL-dependent repressive complexes could mimic the tumor suppres‐
sive activity of the Notch pathway. Indeed, Davis and co-workers addressed the role of CSL
in Notch-dependent signaling in prostate cancer cell lines, using lentiviral mediated transfer
of shRNA specific for CSL to knockdown expression of CSL. CSL knockdown was tracked
by EMSA and expression of the Notch pathway genes was documented using RT-PCR array
profiling. Knockdown of CSL expression produced gene expression changes distinct from
those induced by GSI inhibition of Notch signaling [85]. For example, inhibition of Notch
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receptor activation by DAPT resulted in repression of Hes1, a well-characterized CSL target
in prostate and breast cancer cell lines. In contrast, Hes1 mRNA levels were unaffected by
CSL ablation in prostate cancer cell lines, indicating that Hes1 expression does not require
the activating function of CSL [85]. Thus, Notch pathway-dependent transcriptional regula‐
tion of Hes1 is primarily through repression and ablation of CSL partially mimics Notch re‐
ceptor activation. While HES1 expression was not significantly altered by CSL knockdown,
the expression of other Notch pathway genes did change. One such gene, DTX1 is thought
to regulate Notch signaling either by targeting the NICD for ubiquitination and degradation
or by altering NICD transcriptional functions, possibly by competing for co-activators [96].
Davis and coworkers failed to generate stable cell lines after infection with the CSL-specific
shRNA but not with the control non-target (NT) shRNA. CSL knockdown cells were poorly
attached and growth inhibited as compared to the NT infected cells [96]. These data provide
strong evidence that CSL, the major Notch pathway effector, is required for cell growth in
prostate cancer cells lines, and suggest that CSL is an important candidate for small mole‐
cule therapies in AIPC.

8. Summary and future directions

Although the AR is an important target of therapeutics in the struggle against prostate can‐
cer, it remains imperative to develop effective strategies to target other important transcirp‐
tion pathways, especially in AIPC. To alter gene transcription, some scientists, for example,
are developing histone acetyl transferase inhibitors [97]. However, any such therapeutic
would be expected to lack specificity for particular oncogenic pathways. DNA binding tran‐
scription factors represent druggable targets that should produce a more specific outcome,
and are under appreciated as targets of small molecule inhibitors. Master transcriptional
regulatory factors such as CBF and CSL clearly play important roles in cancer cell biology.
Numerous studies show that inhibiting their function results in cancer cell death or loss of
malignancy. These may be particularly useful targets in prostate cancers as the pathways in‐
tersect and CBF enhances AR function. In the case of CBF, it may make sense to target CBFβ
to inhibit CBF activity in cancers since the activity of CBF is clearly oncogenic, while indi‐
vidual RUNX proteins can act either as oncogenes or tumor suppressors [10]. Developing
inhibitors against these key transcriptional regulators will allow their use not only for thera‐
py but also as probes to understand specific transcriptional pathways that support cancer
growth, proliferation and metastasis.
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1. Introduction

For several years, prostate cancer (PCa) has been considered a genetic disease, driven by
somatic mutations occurring at critical oncogenic or tumor suppressive loci [1]. This view
has changed over the last decades, thanks to mounting evidence on the role of epigenet‐
ics  in  PCa  initiation  and  progression  [2].  The  term “epigenetics”  derives  from a  Greek
word, and literally means “above the gene”. In molecular biology, this definition includes
all heritable gene expression patterns, which are not derived from an alteration of DNA
primary sequence [3].  The first  epigenetic  alteration to be linked with cancer was DNA
methylation, which occurs at 5-cytosine residues in specific genomic regions, called CpG
islands [2, 4]. Cytosine methylation results in gene silencing, especially when occurring at
the promoter region of a targeted locus. This process is mediated by enzymes called DNA
methyltransferases (DNMTs) [5]. Functional studies demonstrated that, along with inacti‐
vating mutations, DNA methylation is an alternative way of tumor suppressor silencing,
and that this event might even anticipate the occurrence of a genetic mutation. For exam‐
ple, the PTEN  (Phosphatase and tensin homolog) gene encodes for a phosphatase which
acts  as  a  potent  tumor  suppressor  in  PCa  [6].  Indeed,  PTEN  protein  is  able  to  inhibit
AKT (protein  kinase  B),  which  in  turn  activates  several  anti-apoptotic  and proliferative
signals in PCa cells. In keeping with these observations, PTEN- knockout mice display an
early onset of  PCa [7].  PTEN  inactivating mutations are found in approximately 20% of
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docking  site  for  MeCP2 (methyl-CpG-binding  protein  2),  which  in  turn  recruits  several
chromatin remodelling factors.  Those complexes are able  to turn transcriptionally active
chromatin (euchromatin) into an inactive form (heterochromatin) [12]. Since then, several
tumor suppressor genes were shown to be methylated in a significant fraction of PCa pa‐
tients [13].  DNA methylation patterns are useful biomarkers for early diagnosis and pa‐
tient stratification. Unlike genetic alterations,  epigenetic changes are reversible,  and thus
can be targeted by specific drugs [2]. DNMT inhibition is able to reactivate silenced onco‐
genes,  thereby inducing apoptosis and reducing treatment resistance [14].  Pharmacologi‐
cal  inhibitors  of  DNMTs have been developed and tested in clinical  trials,  and some of
them are approved for the treatment of haematological malignancies [15]. In PCa, as well
as  in  other  solid  tumors,  DNMT inhibitors  displayed encouraging effects  in  pre-clinical
models [14], but often failed to demonstrate clinically relevant activity [16]. One possible
explanation for this discrepancy is that DNA methylation is not the key epigenetic mech‐
anism in PCa.

As basic research on epigenetic gene regulation proceeds, it is becoming increasingly clear
that gene expression regulation in human cells is finely tuned by the concurrent activity of
different protein complexes. To understand the foundation of this intricate process, it is nec‐
essary to consider the tridimensional structure of chromatin [17]. The nucleosome is the ba‐
sic chromatin unit. It is composed by approximately 150 bp of DNA, which are wrapped
around a cylindrical protein complex (histone core) [18]. The core is an octamer composed of
two copies of histone H2a, H2b, H3 and H4. Histone H1 acts as a linker between two nucleo‐
somes. Nucleosomes can restrict the access of RNA polymerases to the DNA; thus, their lo‐
cal interaction with DNA is critical for gene expression control. Histones are characterized
by long N-terminal tails, which mainly interact with the DNA phosphate backbone [19]. For
this reason, post-translational modifications at histone tails can shape the local tridimension‐
al structure of chromatin, thereby affecting RNA polymerase (and transcription factor) ac‐
cessibility, and eventually modifying gene expression. Seminal studies revealed that the
range of possible histone post-translational modifications (HPTMs) is wide, including acety‐
lation, methylation, phosphorylation, ubiquitination, sumoylation and ADP-ribosylation
[20]. Another layer of complexity is represented by the variable number of amino-acidic resi‐
dues that can be modified. In addition, some modifications may be repeated on the same
residue. For example, histone H3 Lys 27 (H3K27) can be mono-, di- or tri-methylated (me)
[19]. Each single modification affects gene activity, and likely interacts with others [20]. As it
is easy to understand, the combinatorial complexity of those modifications is immense, and
we still lack appropriate technologic tools to comprehensively investigate this phenomenon
[21]. Some authors proposed the systematic discovery of the histone code, i.e. the hidden
language by which HPTMs cooperate to determine local gene activity [22].

Despite this discouraging complexity, some research sheds light on the functional role of
specific HPTMs. For example, it is well known that histone lysine acetylation loosens DNA-
histone binding, thereby providing transcriptionally active chromatin [23]. Accordingly, his‐
tone acetylases (HATs) are a class of activating epigenetic modifiers [24]. For the same
reason, histone deacetylases (HDACs) are enzymes that repress gene expression [25]. To the
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contrary, histone methylation is multifaceted, since it can be associated with gene repression
or activation depending on the targeted amino acid residue. For example, H3K9me and
H3K27me are repressive marks, while H3K4me and H3K36me activate gene expression [26].
Interestingly, most of those HPTMs are mediated by two classes of histone modifiers, which
appear to act as counteracting forces during embryonic development, and are emerging as
novel oncogenes and tumor suppressor genes. The first class to be discovered was the Poly‐
comb group (PcG) genes, which are mainly organized in multimeric Polycomb repressive
complexes 1 and 2 (PRC1 and PRC2; Table 1) [27]. PRC2 catalyzes H3K27 trimethylation
(me3), which acts as a docking site for PRC1. The latter complex then catalyzes histone
H2aK119 ubiquitination (ub). Both modifications are repressive marks, and can be associat‐
ed with DNA methylation [28]. In addition, it has been shown that PRC1 can act independ‐
ently of PRC2 [29]. The function of PRCs was revealed by mutational analyses conducted on
Drosophila. PRCs are essential for HOX (homeobox) gene silencing and tissue specification
[30]. Drosophila PRC homologs are also expressed in human cells, where they regulate stem
cell function and differentiation. Studies on human cells also revealed that PRCs can target a
wider set of genes, and that they are involved in physiologic and pathologic phenomena, in‐
cluding cancer [31]. In PCa, both PRC1 and PRC2 display oncogenic functions, through the
repression of key tumor suppressor genes. For example, PRC1 member BMI1 (B-cell-specific
Moloney murine leukemia virus integration site 1) induces resistance to conventional che‐
motherapy (docetaxel) [32], while PRC2 member EZH2 (enhancer of zeste homolog 2) is es‐
sential for PCa cell invasion and metastatic spreading [33].

As anticipated, trithorax group genes (TrxGs) were first discovered as PRC-counteracting
forces in Drosophila, where their role in switching on and maintaining the activation of HOX
genes is well known [30]. TrxG complex organization is more variable than what has been
found for PRCs. First, TrxGs include both histone modifiers and ATP-dependent chromatin
remodelling factors [34]. The first class acts by decorating histone tails with activating
marks, while the latter “reads” those modifications and actively induces a tridimensional
change in chromatin structure, which then becomes available for RNA polymerases and
transcription factors. Since this chapter is focused on strictly epigenetic mechanisms of gene
expression control, we will not discuss chromatin remodelling factors. In mammals, histone
modifier TrxGs are grouped in 3 major complexes (refer to Table 1): COMPASS (complex
protein associated with SET domain), COMPASS-like and ASH (absent small and homeotic
discs). COMPASS contains a histone methyltransferase domain (SET), which is shared with
PRC2 [35]. Unlike PRC2, COMPASS mediates H3K4me, a broad activating mark found
throughout the genome. COMPASS-like complexes also display the SET domain, which is
used to silence a more restricted group of genes [36]. COMPASS-like can also activate gene
expression through H4K16 acetylation [34]. Depending on subunit composition, this com‐
plex is also able to demethylate H3K27me, thereby directly counteracting PRC2 [37]. Finally,
ASH1 is able to catalyze H3K36me, a further activating mark. In mammals, this function is
mediated by a single protein rather than a complex [34].

Along with their function in embryonic development, TrxG histone modifiers are emerging
as a novel class of cancer-related genes [43]. Due to their multifaceted interaction with PcGs,
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and due to the role of PcGs in PCa, it is likely that TrxGs also play a role in this neoplasm.
For this reason, we decided to summarize current knowledge on the role of TrxGs in cancer
initiation and progression, and to query a publically available gene expression database, to
get insights into the role of those genes in PCa metastasis, which is the major determinant of
death induced by this neoplasm. Based on our literature search and our results, we will pro‐
pose a model to explain putative mechanisms of TrxG-dependent oncogenic, or tumor sup‐
pressive, functions.

Type Complex Subunits HPTMs Catalyzed Transcriptional

Effect

References

PcG PRC1 BMI1; RING1; RING1B; CBX H2AK119Ub Repression [38-40]

PRC2 EZH2; SUZ12; EED H3K27me3 Repression [38-40]

TrxG COMPASS SET1A,B; CXXC1; WDR82;

ASH2L*; DPY30; HCF1; RBBP5;

WDR5

H3K4me3 Activation [34, 41, 42]

COMPASS-like (A) MLL1,2; MOF; MENIN; ASH2L;

DPY30; HCF1; RBBP5; WDR5

H3K4me3;

H4K16ac

Activation [34, 41, 42]

COMPASS-like (B) MLL3,4; UTX; NCOA6; PA1; PTIP;

ASH2L; DPY30; HCF1; RBBP5;

WDR5

H3K4me3;

H3K27 demethylation

Activation [34, 41, 42]

ASH1 ASH1L H3K36me3;

H3K27ac

Activation [34, 41, 42]

Note : Red indicates core COMPASS subunits

Table 1. Composition and Activity of TrxG Complexes

2. Body

2.1. Overview of trithorax group activity in prostate cancer

It is now well established that TrxG counteracts PcG HPTMs to promote a transcriptionally
competent chromatin state [34, 44]. An intricate regulatory network controls whether the re‐
pressive effect of PcG activity or the activating role of TrxG dominates at specific loci [45].
The best characterized interplay between these two families of epigenetic modifiers occurs
during embryonic development. In undifferentiated cells, PcG is highly expressed and
maintains lineage-specific genes in a transcriptionally incompetent state while TrxG activity
is minimal [46]. In response to external differentiation cues, PcG activity is reduced while
TrxG becomes functionally active. As a result, lineage-specific genes are expressed and drive
the cell towards a differentiated state [46]. The classic example of TrxG and PcG interplay
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involves the regulation of the HOX locus(See Figure 1). First silenced by PcG in embryonic
stem cells (ESCs), HOX genes are subsequently induced upon TrxG activation during differ‐
entiation [47].

The functional relationship between PcG and TrxG is not limited to development. Incorrect
regulation of PcG and TrxG also plays an inherent role in cancer initiation and progression
[48-51]. In cancer, many embryonic transcriptional programs are orchestrated and push tu‐
mor cells towards a more undifferentiated state [43]. This directly implicates PcG and TrxG
as they regulate many common target tumor suppressor genes that inhibit differentiation,
invasion, and cell cycle progression [41]. These tumor suppressor genes are turned off in
cancer, correlating with increased PcG expression and H3K27 trimethylation [52]. This indi‐
cates that, in cancer cells, PcG somehow undergoes a gain of function while TrxG activity is
lost at key metastasis-inhibitory loci. In this classical model, PcG therefore act as oncogenes
while TrxG operate as tumor suppressors (See Figure 1).

Figure 1. Classical Model of the PcG-TrxG Interplay in Development and Cancer

However, this model does not explain all the data regarding TrxG in cancer as the expres‐
sion of individual TrxG subunits is highly heterogeneous across, and within, different tumor
types. According to the classical model, TrxG genes act as tumor suppressors and should
therefore be consistently downregulated in malignant cells. In fact, the expression of some
TrxG genes increases in cancerous tissues, suggesting an oncogenic role for these particular
TrxG genes [52, 53]. This indicates that there must exist an additional level of complexity
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which regulates not only the expression of individual TrxG genes, but also the activity and
sequence specificity of TrxG complexes. Since TrxG proteins function as multimeric struc‐
tures, their activity is highly context-dependent [54]. Many factors need to be taken into con‐
sideration when trying to assess the molecular function of TrxG complexes in a given
temporal and spatial context. First of all, what is the relative expression of the individual
subunits present within the TrxG complex? If many subunits are overexpressed or underex‐
pressed, the composition of the complex changes, which might lead to functional differen‐
ces. Second, which coregulators of these complexes are present? For example, a corepressor
could bind to a given TrxG complex and inhibit its H3K4 methyltransferase ability. Another
possibility is that a transcription factor expressed specifically in cancer cells binds to a TrxG
complex and recruits it to a normally untargeted loci. Finally, how is TrxG activity regulated
by PTMs of its individual subunits? Every TrxG complex is composed of multiple proteins,
all of them able to be chemically modified at multiple residues. Each PTM potentially affects
the activity of the complex and the additive effect of all these possible PTMs accounts for an
astronomical number of possible transcriptional outcomes [21]. In summary, although the
traditional model by which TrxG simply opposes PcG functions in cancer still represents a
good approximation, it remains incomplete as additional factors regulate TrxG activity.

Even though the epigenetic landscape of PCa remains quite complex, interesting links can
be found between histone modifiers and the metastatic process. PcG members EZH2 and
BMI1 are both overexpressed in PCa and their elevated expression correlates with metasta‐
sis and poor prognosis [55-57]. Their importance in PCa progression is reflected by the nu‐
merous studies that explored the possibility of targeting them pharmacologically [58-61].
While the role of PcG has been extensively investigated, few studies directly assessed the
role of TrxG in PCa. Our analysis revealed that although no individual TrxG genes shows
consistently significant up- or downregulation, a very high proportion of metastatic prostate
tumors contain at least one TrxG gene whose expression is deregulated. The accumulated
evidence suggests that TrxG does not act only as traditional tumor suppressors which coun‐
teract PcG activity. In fact, individual TrxG genes can interact with other complexes to either
promote or repress progression to metastasis. To account for this functional heterogeneity,
we will review the current literature for individual TrxG gene previously associated with
cancer and then discuss expression data from a publicly available PCa database. We will fin‐
ish by proposing putative mechanisms of TrxG misregulation in PCa, with a focus on the
metastatic process.

3. Literature review – Individual TrxG genes

3.1. ASH2L

ASH2L is the human homologue of Drosophila ASH2 (absent small homeotic 2) and repre‐
sents a core member of the COMPASS and COMPASS-like complexes. Through interactions
with WDR5 (WD-repeat protein 5) and RBBP5 (retinoblastoma binding protein 5), ASH2L
activates SET1 domain-containing proteins (SET1A, SET1B and mixed lineage leukemia
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(MLL)1-4) which subsequently catalyze H3K4 trimethylation [54]. The presence of ASH2L is
essential for optimal H3K4 trimethylation as knockdown of ASH2L led to a genome-wide
decrease in H3K4me3 [62]. Since COMPASS and COMPASS-like complexes are required for
the transcriptional activation of numerous differentiation genes such as the HOX family, de‐
fects in ASH2L activity result in developmental defects [42, 63]. In mice, homozygous
knockdown of ASH2L with gene-trap technology resulted in early embryonic lethality [64].
ASH2L also promotes differentiation in muscle during later developmental stages. Through
an interaction with ASH2L, PAX7 (paired box 7) recruits the WDR5-ASH2L-MLL2 complex
to myogenic gene promoters and promotes trimethylation of H3K4 at these sites [65].
MEF2D (myocyte enhancer factor 2D) is a transcription factor downstream of the p38 MAPK
(mitogen-activated protein kinase) that also directs ASH2L-containing complexes to MyoD
(myoblast determination protein)-bound genes in myoblasts [66]. At specific loci, MyoD,
PAX7, and ASH2L cooperate to induce a transcriptional program that leads to myogenic dif‐
ferentiation [67].

In addition to its role in development, ASH2L is also involved in tumor initiation. While
ASH2L mRNA levels remain normal in human cancers, ASH2L protein levels increase dra‐
matically in malignant cells, suggesting an oncogenic function for ASH2L [68]. Supporting
this hypothesis, ASH2L was also identified in complexes containing MYC (myelocytomato‐
sis viral oncogene homolog) oncogene [68]. Since MYC activity increases in many types of
cancers, the interaction between ASH2L and MYC suggests that ASH2L potentially adopts
an oncogenic function [69]. Indeed, ASH2L transforms primary rat embryo fibroblasts
(REFs) through cooperation with H-Ras (Harvey rat sarcoma viral oncogene homolog) [68].
As expected from an oncogene, knockdown of ASH2L reduces cell proliferation and inhibits
transformation of REFs by MYC and H-RAS [68]. A recent study revealed that ASH2L might
affect PCa progression by acting as a co-activator of the androgen receptor (AR) [70]. Co-
immunoprecipitation experiments showed that AR interacts with ASH2L [70]. Importantly,
TrxG genes MLL1 and MLL2 also interact with AR [70], suggesting that ASH2L function in
PCa results from association with complexes having H3K4 methyltransferase activity (See
Figure 2A). Furthermore, siRNA (small interfering RNA) silencing of MLL or ASH2L signifi‐
cantly repressed AR signalling [70]. However, pathways underlying the oncogenic nature of
ASH2L remain poorly characterized. An important question that needs to be addressed is
whether ASH2L promotes tumorigenesis through the same pathways in all tumor types or if
its activity depends on the availability of other context-specific coregulators.

3.2. MENIN

MENIN (protein encoded by multiple endocrine neoplasia 1 gene – MEN1) represents an in‐
tegral subunit of the COMPASS-like complex that contains MLL1-2, MOF (MYST family his‐
tone acetyltransferases), and core COMPASS proteins that trimethylate H3K4 [42]. In
contrast to ASH2L, whether MENIN acts as an oncogene or a tumor suppressor highly de‐
pends on the specific tissue. Inherited mutations inactivating the MEN1 gene lead to a con‐
dition called multiple endocrine neoplasia type 1, in which the patients develop neoplasias
in endocrine organs such as the parathyroid gland, the pituitary gland, and the pancreas [71,
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which regulates not only the expression of individual TrxG genes, but also the activity and
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tumors contain at least one TrxG gene whose expression is deregulated. The accumulated
evidence suggests that TrxG does not act only as traditional tumor suppressors which coun‐
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knockdown of ASH2L with gene-trap technology resulted in early embryonic lethality [64].
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ASH2L mRNA levels remain normal in human cancers, ASH2L protein levels increase dra‐
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this hypothesis, ASH2L was also identified in complexes containing MYC (myelocytomato‐
sis viral oncogene homolog) oncogene [68]. Since MYC activity increases in many types of
cancers, the interaction between ASH2L and MYC suggests that ASH2L potentially adopts
an oncogenic function [69]. Indeed, ASH2L transforms primary rat embryo fibroblasts
(REFs) through cooperation with H-Ras (Harvey rat sarcoma viral oncogene homolog) [68].
As expected from an oncogene, knockdown of ASH2L reduces cell proliferation and inhibits
transformation of REFs by MYC and H-RAS [68]. A recent study revealed that ASH2L might
affect PCa progression by acting as a co-activator of the androgen receptor (AR) [70]. Co-
immunoprecipitation experiments showed that AR interacts with ASH2L [70]. Importantly,
TrxG genes MLL1 and MLL2 also interact with AR [70], suggesting that ASH2L function in
PCa results from association with complexes having H3K4 methyltransferase activity (See
Figure 2A). Furthermore, siRNA (small interfering RNA) silencing of MLL or ASH2L signifi‐
cantly repressed AR signalling [70]. However, pathways underlying the oncogenic nature of
ASH2L remain poorly characterized. An important question that needs to be addressed is
whether ASH2L promotes tumorigenesis through the same pathways in all tumor types or if
its activity depends on the availability of other context-specific coregulators.

3.2. MENIN

MENIN (protein encoded by multiple endocrine neoplasia 1 gene – MEN1) represents an in‐
tegral subunit of the COMPASS-like complex that contains MLL1-2, MOF (MYST family his‐
tone acetyltransferases), and core COMPASS proteins that trimethylate H3K4 [42]. In
contrast to ASH2L, whether MENIN acts as an oncogene or a tumor suppressor highly de‐
pends on the specific tissue. Inherited mutations inactivating the MEN1 gene lead to a con‐
dition called multiple endocrine neoplasia type 1, in which the patients develop neoplasias
in endocrine organs such as the parathyroid gland, the pituitary gland, and the pancreas [71,
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72]. In endocrine organs, MENIN functions as a tumor suppressor and its role has been well
characterized [73]. MENIN induces the transcription of cyclin-dependent kinase inhibitors
p18 and p27 [74]. A mutated MEN1 gene therefore leads to a decrease in p18 and p27 ex‐
pression, which accelerates cell-cycle progression. Loss of MENIN also promotes tumorigen‐
esis by releasing the inhibition of the oncogenic transcription factor JUN D (jun sarcoma
virus 17 oncogene homolog) [75], which subsequently induces the expression of genes re‐
sponsible for proliferation [76]. In summary, mutation of the MEN1 gene leads to neoplasm
formation in endocrine organs, which signifies that MENIN acts as a tumor suppressor in
these tissues. However, studies in hematopoietic malignancies containing MLL fusion pro‐
teins suggest an oncogenic role for MENIN [77]. In this context, MENIN binds to the MLL
fusion protein and the complex activates the expression of key oncogenes which drive leu‐
kemogenesis [78]. Since MLL fusion proteins do not possess a SET domain, it is important to
note that the oncogenic function of MENIN does not implicate H3K4 methylation [78]. Mis‐
regulation of MENIN activity also induces the formation of some solid tumors, although its
mechanism of action varies considerably with the tumor type. For example, MENIN has
been described as a tumor suppressor in non-small cell lung carcinomas (NSCLC) [79]. ME‐
NIN function can also be observed in other solid tumors. In breast cancer, MENIN repre‐
sents a transcriptional coactivator of ERα (estrogen receptor alpha). [80]. In MCF7 breast
cancer cells, MENIN co-localizes with ERα and activates ERα transactivation in a ligand-de‐
pendent manner [81]. Interestingly, MLL2 was also independently shown to associate with
ERα, suggesting that MENIN’s oncogenic function requires the methyltransferase activity of
its associated TrxG proteins [82]. Furthermore, ER-positive breast cancer samples highly ex‐
pressing MENIN had a worse outcome than those with low levels of MENIN after tamoxi‐
fen treatment [80]. These findings support the idea that MENIN overexpression promotes
the progression to a malignant phenotype in mammary tumors. As in breast cancer, MENIN
seems to function as an oncoprotein in PCa [53]. Significant upregulation of MENIN has
been described in metastatic prostate tumors in comparison with their non-metastatic coun‐
terparts [83]. Copy number gains for MEN1 represent frequent events in PCa and correlate
with an increase in MENIN levels [83]. Depletion of MENIN also significantly suppresses
proliferation of DU145 PCa cells, in addition to increasing the levels of Integrin-β1, CAS‐
PASE8, and p53 tumor suppressor [53]. Interestingly, MLL and MLL2 interact with AR.
Since MENIN associates with MLL and MLL2, it is possible that its oncogenic function
stems from cooperation with AR [70]. Given these findings, we propose that MENIN pro‐
motes tumorigenesis in PCa.

3.3. MLL

MLL is a H3K4 methyltransferase and its role has been well characterized in certain types of
leukemia where it is frequently involved in translocations [84]. Five MLL family members,
MLL1-5 are encoded in the mammalian genome [42]. MLL and MLL2 can associate with
MENIN, MOF and core TrxG subunits to form a complex with H3K4 and H4K16 methyl‐
transferase activity [54]. MLL3 and MLL4, on the other hand, can only be constituents of
TrxG complexes that contain UTX and therefore possess H3K27 demethylase activity [45].
MLL5 does not directly associate with core TrxG members and there is still no evidence that
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it has H3K4 methyltransferase activity [85]. The oncogenic role of MLL in leukemia arises
through a translocation that removes its SET domain responsible for H3K4 methylation [84].
However, the role of MLL in PCa tumors has not been fully studied yet. Recent reports indi‐
cate that MLL enhances androgen signalling by directly interacting with AR and trimethy‐
lating H3K4 at AR target genes [70]. In accordance with an activating role of MLL on AR
signalling, RNAi-mediated depletion of MLL significantly decreases Prostate-Specific Anti‐
gen (PSA) levels [70]. MLL expression is induced by SOX4 (Sex-determining region Y-box 4),
a transcription factor that also activates epidermal growth factor receptor (EGFR), Integrin
αv, Ras-related C3 botulinum toxin substrate 1 (Rac1), and ADAM metallopeptidase domain
10 (ADAM10) [86]. The pathways influenced by MLL activity suggest that MLL plays a role
in promoting tumorigenesis. As is the case with MLL, MLL2 has also been shown to interact
with AR. Although the role of MLL2 remains unclear in PCa, it seems to function as an on‐
coprotein in breast cancer [87]. By acting as a coactivator, MLL2 stimulates the transcription
of estrogen receptor (ER) target genes in ER+ breast tumors [88]. Amplification of MLL2 has
also been recorded in many solid malignancies including breast, pancreatic, brain, and ovar‐
ian tumors [89]. In summary, it seems that the H3K4 methyltransferase activity of MLL1 and
MLL2 mediates an oncogenic function in solid tumors.

Figure 2. Putative Mechanisms of Oncogenic TrxG Genes in PCa
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seems to function as an oncoprotein in PCa [53]. Significant upregulation of MENIN has
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PASE8, and p53 tumor suppressor [53]. Interestingly, MLL and MLL2 interact with AR.
Since MENIN associates with MLL and MLL2, it is possible that its oncogenic function
stems from cooperation with AR [70]. Given these findings, we propose that MENIN pro‐
motes tumorigenesis in PCa.
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3.4. MOF

The acetyltransferase MOF (males absent on the first) associates with MENIN, MLL or
MLL2, and the core COMPASS proteins (ASH2L, DPY30, HCF1, RBBP5, and WDR5) to form
a distinct TrxG complex [90]. MOF specifically acetylates H4K16, a HPTM linked to tran‐
scriptional activation [91]. In cancer cells, loss of H4K16ac represents a common event and
correlates with general hypomethylation of repetitive DNA sequences [92]. This suggests
that MOF activity is inhibited in cancer cells and that MOF therefore functions as an onco‐
suppressor. Many important growth-regulatory pathways are regulated by MOF, some of
which do not require the H3K4 methyltransferase ability of COMPASS-like complexes. First
of all, MOF inhibits cancer progression by cooperating with forkhead box protein P3
(FOXP3) [93]. FOXP3 recruits MOF and the H3K4 methyltrasferase complex close to the
transcription start site of tumor suppressors [93]. The synergistic effect of H3K4 trimethyla‐
tion by MLL1-2 and of H4K16 acetylation by MOF results in transcriptional activation of tar‐
get loci. In addition to its regulatory function in transcription, MOF also plays an important
role in the DNA damage response (DDR), more specifically in the repair of double-stranded
breaks (DSBs) [94]. In response to ATM (ataxia telangiectasia mutated) pathway activation,
MOF gets recruited to chromatin where it acetylates H4K16 near DSBs [95]. At sites of DSBs,
MOF stimulates the activity of DNA-dependent protein kinases (DNA-PKcs), a critical com‐
ponent of non-homologous end-joining (NHEJ) [96]. Interestingly, studies demonstrated
that MOF inhibition also affects homologous recombination (HR) in addition to NHEJ [96].
In short, depletion of MOF leads to a reduction in H4K16 acetylation and is associated with
defective DNA repair and chromosomal aberrations following ionizing radiation [97]. MOF
also plays another critical role in DDR and apoptosis induction by acetylating the DNA-
binding domain of p53 at lysine 120 [98]. This modification leads to increased p53 stability
and triggers p53-mediated apoptosis through the upregulation of pro-apoptotic genes [99].
In summary, MOF acts as an important tumor suppressor in PCa through three distinct
mechanisms: 1) cooperating with FOXP3 to induce the expression of oncosuppressors 2) re‐
cruiting DDR proteins at DSBs by acetylating H4K16 and 3) acetylating p53 on lys120, lead‐
ing to the expression of pro-apoptotic genes (See Figure 3A).

3.5. UTX

UTX, also called KDM6 (histone lysine demethylase 6), associates with complexes contain‐
ing the H3K4 methyltransferases MLL3 or MLL4 [42]. UTX possesses H3K27 demethylase
activity and therefore plays a prominent role in the balance between PcG-mediated repres‐
sion and TrxG-mediated activation [100]. The role of UTX has been well characterized in
HOX gene regulation during embryonic development [101]. When a cell receives a differen‐
tiation signal, UTX promotes HOX gene expression in two ways: 1) It interacts with MLL3 or
MLL4, which catalyze the trimethylation of H3K4 at HOX loci and 2) It demethylates
H3K27me3, a chemical modification associated with transcriptional repression [101]. Aside
from its role in development, UTX has also been linked to cancer where it functions as a tu‐
mor suppressor [102]. The demethylase activity of UTX seems particularly relevant to PCa
as PRC2 gain of function and H3K27 trimethylation represent common hallmarks of aggres‐

Advances in Prostate Cancer550

sive solid tumors [103].This global increase in H3K27me3 implies a loss of function for UTX
in PCa progression. UTX also counteracts PcG-mediated silencing by stimulating the ubiqui‐
tination of H2A, a HPTM associated with transcriptional activation [104]. Moreover, UTX
further antagonizes PcG function by interacting with BRM (ATP-dependent helicase brah‐
ma) and subsequently recruiting CBP (CREB-binding protein), which catalyzes H3K27 ace‐
tylation. The added acetyl group restricts the access to PRC2 at the modified sites and
therefore inhibits PcG-induced silencing [37]. UTX also plays an important role in repressing
cellular proliferation through the regulation of RB levels [105]. It promotes cell cycle arrest
by upregulating RB, a commonly altered tumor suppressor that inhibits the transcription of
genes responsible for G1/S transition [106]. In summary, UTX represses many molecular
processes associated with PCa initiation and progression (See Figure 3B). The tumor sup‐
pressive role of UTX has been validated in other tumor types. Systematic sequencing of re‐
nal carcinomas, multiple myelomas, medulloblastoma, and different types of leukemias all
revealed inactivating mutations in a significant number of patients [107-111] Furthermore,
UTX downregulation correlates with poor clinical outcome in breast cancer [112]. Given the
prominence of PcG in PCa, inactivation of UTX most likely represents a critical event in the
progression to metastasis.

Figure 3. Putative Mechanisms of Oncosuppressive TrxG Genes in PCa

3.6. WDR5

WDR5 represents a core member of the COMPASS and COMPASS-like complexes whose
functional role in cancer remains unclear [113]. To date, very few studies have focused sole‐
ly on the link between WDR5 and oncogenesis. However, WDR5 appears to have a promi‐
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nent role in embryogenesis. In ESCs, WDR5 interacts with the transcription factors OCT4
(octamer-binding transcription factor-4), SOX2, and NANOG to induce the expression of
genes necessary for pluripotency and self-renewal [114]. This transactivational ability corre‐
lates with H3K4 trimethylation at the target loci. Furthermore, somatic cell reprogramming
and formation of induced pluripotent stem cells (iPSCs) also requires the presence of WDR5
[114]. WDR5 has been shown to be essential for proper HOX gene activation as Xenopus Lae‐
vis tadpoles exhibit a wide range of developmental defects upon WDR5 depletion [115].
Moreover, WDR5 cooperates with the canonical Wnt pathway to induce osteoblast and
chondrocyte differentiation [116]. WDR5 is expressed upon bone morphogenetic protein
(BMP) signalling, another pathway associated with differentiation [117]. In fact, WDR5 was
initially called ‘‘BMP-2-induced gene 3 kb’’ and subsequently changed to its current name
[118].

Recently, a study demonstrated that WDR5 is induced under hypoxic conditions and is re‐
quired for epithelial-mesenchymal transition (EMT) [119]. Hypoxia activates the expression
of WDR5 and HDAC3. WDR5 and H3K4 methyltransferase complexes are then recruited to
promoters of mesenchymal genes to activate their transcription [119]. In parallel, HDAC3 re‐
moves pre-existing acetyl groups from H3K4 to potentiate WDR5 action. HDAC3 also re‐
moves histone acetylation marks from promoters of epithelial genes, further pushing the cell
towards a mesenchymal phenotype [119]. EMT represents an essential step for tumor meta‐
stasis [120-122]. Since WDR5 is required for EMT, WDR5 could potentially act as an onco‐
gene by promoting metastasis of primary prostate tumors (Figure 2B). Although the
oncogenic role of WDR5 has not been tested in PCa, studies in head and neck squamous cell
carcinoma showed that coexpression of HIF-1α, WDR5, and HDAC3 is associated with
metastasis and poor prognosis [119]. These results suggest that WDR5 functions as an onco‐
protein by triggering EMT. However, further studies are needed to assess the consequences
of WDR5 expression in PCa.

4. Expression data analysis and putative mechanisms of TrxG function in
malignant progression

As summarized in previous sections, epigenetic gene regulation plays a crucial role in PCa.
In particular, HPTMs mediated by TrxG genes are emerging as novel drivers of tumor pro‐
gression, or as mediators of tumor suppressive functions. Although these genes have been
extensively investigated in hematological neoplasms, their roles in solid tumors such as PCa
have not been completely elucidated. As demonstrated for other epigenetic players, it is
likely that The functioin of TrxG members is dependent on tissue type, tumor stage, as well
as on overlooked or uncharacterized determinants [123]. To gain insights into the possible
role of TrxG genes in PCa progression, we conducted an analysis of their expression in pri‐
mary vs. metastatic samples. To this aim, we exploited a publically available database
(http://www.cbioportal.org/public-portal/) [124]. Our results are summarized in Table 2. At
first glance, it is evident that each TrxG member represented in the table shows up- or
down-regulation in a relevant fraction (16-53%) of metastatic PCa cases. This indicates that
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aberrations in TrxG activity are likely to play an important role in the progression to meta‐
stasis.

TrxG Non-metastatic: 71/131 = 54% Metastatic: 18/19 Cases = 95%

ASH1L ↓ in 12/131 and ↑ in 1/131 = 10% ↓ in 5/19 = 26%

ASH2L ↓ in 13/131 and ↑ in 3/131 = 12% ↓ in 7/19 = 37%

WDR5 ↓ in 3/131 and ↑ in 5/131 = 6% ↓ in 9/19 and ↑ in 1/19 = 53%

MEN1 ↓ in 5/131 and ↑ in 19/131 = 19% ↓ in 10/19 = 53%

HCFC1 ↓ in 11/131 and ↑ in 14/131 = 19% ↓ in 4/19 and ↑ in 1/19 = 26%

MLL ↓ in 18/131 = 14% ↑ in 6/19 = 32%

MLL2 ↓ in 8/131 and ↑ in 12/131 = 15% ↓ in 4/19 and ↑ in 2/19 = 32%

MLL3 ↓ in 6/131 and ↑ in 3/131 = 7% ↓ in 2/19 and ↑ in 1/19 = 16%

MLL4 ↓ in 10/131 and ↑ in 10/131 = 15% ↓ in 6/19 = 26%

MLL5 ↓ in 6/131 = 5% ↓ in 1/19 and ↑ in 2/19 = 16%

UTX ↓ in 2/131 and ↑ in 6/131 = 6% ↑ in 5/19 = 26%

Table 2. CBio portal-derived gene expression data in primary vs. metastatic PCa. Arrows pointing up or down indicate
increased or decreased expression, respectively. The percentage indicates the fraction of alterted (up- or down-
regulated) genes.

In the following paragraphs, we will briefly discuss our findings and conciliate them with
published data on each TrxG memember.

1. ASHL: although ASH2L has been described as an oncoprotein [68], we found that
ASH-1L and -2L expression is reduced in metastatic PCa samples. This discrepancy
might be explained by the evidence that ASH2L protein levels rise in cancer, but mRNA
level does not increase [68]. This implies additional regulation at the translational level,
most likely relating to a defect in proteasomal degradation.

2. MEN1: MENIN can function as an oncogene [53, 78] and as a tumor suppressor [73] de‐
pending on tissue specificity. MENIN interacts with nuclear proteins like estrogen- and
vitamin D-receptor [80, 125], thereby stimulating their transactivation. Since other
members of the COMPASS-like complex interact with AR [70], we propose that the on‐
cogenic function of MENIN might result from its association with, and subsequent
stimulation of, AR transactivation ability through H3K4 trimethylation (See Figure 2).
Since most metastatic PCas are androgen-independent, while almost all primary tumors
display an active AR signaling [126], MENIN action is likely required in early tumor
stages. This explains the preferential up-regulation of MEN1 in non-metastatic (likely
androgen dependent) PCa samples (Table 2).

3. MLL: There is no documented role for MLL in PCa. Data from the cBio database shows
that MLL expression is increased in metastatic vs. primary PCa samples. Therefore we
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oncogenic role of WDR5 has not been tested in PCa, studies in head and neck squamous cell
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metastasis and poor prognosis [119]. These results suggest that WDR5 functions as an onco‐
protein by triggering EMT. However, further studies are needed to assess the consequences
of WDR5 expression in PCa.

4. Expression data analysis and putative mechanisms of TrxG function in
malignant progression

As summarized in previous sections, epigenetic gene regulation plays a crucial role in PCa.
In particular, HPTMs mediated by TrxG genes are emerging as novel drivers of tumor pro‐
gression, or as mediators of tumor suppressive functions. Although these genes have been
extensively investigated in hematological neoplasms, their roles in solid tumors such as PCa
have not been completely elucidated. As demonstrated for other epigenetic players, it is
likely that The functioin of TrxG members is dependent on tissue type, tumor stage, as well
as on overlooked or uncharacterized determinants [123]. To gain insights into the possible
role of TrxG genes in PCa progression, we conducted an analysis of their expression in pri‐
mary vs. metastatic samples. To this aim, we exploited a publically available database
(http://www.cbioportal.org/public-portal/) [124]. Our results are summarized in Table 2. At
first glance, it is evident that each TrxG member represented in the table shows up- or
down-regulation in a relevant fraction (16-53%) of metastatic PCa cases. This indicates that

Advances in Prostate Cancer552

aberrations in TrxG activity are likely to play an important role in the progression to meta‐
stasis.

TrxG Non-metastatic: 71/131 = 54% Metastatic: 18/19 Cases = 95%

ASH1L ↓ in 12/131 and ↑ in 1/131 = 10% ↓ in 5/19 = 26%

ASH2L ↓ in 13/131 and ↑ in 3/131 = 12% ↓ in 7/19 = 37%

WDR5 ↓ in 3/131 and ↑ in 5/131 = 6% ↓ in 9/19 and ↑ in 1/19 = 53%

MEN1 ↓ in 5/131 and ↑ in 19/131 = 19% ↓ in 10/19 = 53%

HCFC1 ↓ in 11/131 and ↑ in 14/131 = 19% ↓ in 4/19 and ↑ in 1/19 = 26%

MLL ↓ in 18/131 = 14% ↑ in 6/19 = 32%

MLL2 ↓ in 8/131 and ↑ in 12/131 = 15% ↓ in 4/19 and ↑ in 2/19 = 32%

MLL3 ↓ in 6/131 and ↑ in 3/131 = 7% ↓ in 2/19 and ↑ in 1/19 = 16%

MLL4 ↓ in 10/131 and ↑ in 10/131 = 15% ↓ in 6/19 = 26%
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Table 2. CBio portal-derived gene expression data in primary vs. metastatic PCa. Arrows pointing up or down indicate
increased or decreased expression, respectively. The percentage indicates the fraction of alterted (up- or down-
regulated) genes.

In the following paragraphs, we will briefly discuss our findings and conciliate them with
published data on each TrxG memember.

1. ASHL: although ASH2L has been described as an oncoprotein [68], we found that
ASH-1L and -2L expression is reduced in metastatic PCa samples. This discrepancy
might be explained by the evidence that ASH2L protein levels rise in cancer, but mRNA
level does not increase [68]. This implies additional regulation at the translational level,
most likely relating to a defect in proteasomal degradation.

2. MEN1: MENIN can function as an oncogene [53, 78] and as a tumor suppressor [73] de‐
pending on tissue specificity. MENIN interacts with nuclear proteins like estrogen- and
vitamin D-receptor [80, 125], thereby stimulating their transactivation. Since other
members of the COMPASS-like complex interact with AR [70], we propose that the on‐
cogenic function of MENIN might result from its association with, and subsequent
stimulation of, AR transactivation ability through H3K4 trimethylation (See Figure 2).
Since most metastatic PCas are androgen-independent, while almost all primary tumors
display an active AR signaling [126], MENIN action is likely required in early tumor
stages. This explains the preferential up-regulation of MEN1 in non-metastatic (likely
androgen dependent) PCa samples (Table 2).

3. MLL: There is no documented role for MLL in PCa. Data from the cBio database shows
that MLL expression is increased in metastatic vs. primary PCa samples. Therefore we
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propose that MLL acts as a metastasis-driving oncogene in PCa. MLL is known to inter‐
act with AR [70]. Since metastatic PCa cells are usually AR-independent, the mecha‐
nism of MLL action in the metastatic process is likely androgen-independent too.
Interestingly, MLL homologs are often down-regulated in metastatic PCa (Table 2), sug‐
gesting that they might counteract its oncogenic function.

4. MOF: MOF was not included in the cBIO database, but based on its regulation of
growth suppressive pathways (See Figure 3), we propose that MOF acts as a tumor sup‐
pressor and therefore we expect to see its expression downregulated in PCa. However,
since MOF is required for optimal DNA damage response to double-stranded breaks
[96], reduced MOF expression could be a predictor of good response to radiotherapy or
to chemotherapy agents that induce dsDNA breaks.

5. UTX: The protein encoded by this gene possesses H3K27 demethylase activity, which
counteracts the repressive effect of PRC2-catalyzed H3K27me3. Due to the preponder‐
ance of PRC2 activity in PCa, UTX loss of function appears to be a critical event in the
progression to metastasis. UTX also interacts with other histone-modifying complexes
that catalyze HPTMs associated with transcriptional activation (See Figure 3). Despite
this evidence, we found an increased rate of UTX upregulation in metastatic vs. non
metastatic PCa samples (Table 2). Those data counteract the common view that UTX
acts as a tumor suppressor, at least in PCa. A possible explanation derives from the re‐
cent finding that UTX is frequently mutated in metastatic PCa [70]. It is worth noting
that all experiments on the oncosuppressive role of UTX have been performed on the
wild-type gene. We do not know whether the mutated protein simply loses its tumor-
suppressive activity, or if it acquires oncogenic features. In the latter case, the upregula‐
tion reported in metastatic PCa might even drive tumor progression.

6. WDR5: Although no studies have directly assessed the role of WDR5 in PCa, data from
ESC suggest that WDR5 might promote metastasis due to its implication in EMT. Dur‐
ing EMT, WDR5 promotes the expression of mesenchymal genes by stimulating H3K4
methylation at target loci [119]. Since WDR5 triggers EMT, we would expect its expres‐
sion to increase in metastatic samples. However, in the MSKCC database, WDR5 ex‐
pression is reduced in metastatic tumors. This could be explained by the fact that only a
subset of PCa cells acquires epigenetic alterations in response to cues from the extracel‐
lular environment (niche) which predisposes them to metastasis. Since only a minority
of the tumor bulk acquire invasive and migratory potential, the elevated expression of
WDR5 in those cells would not be detected by micro-array as the levels of WDR5 in
non-invasive cells would dominate.

The reader is cautioned that it is necessary to consider that studies comparing metastatic
and primary tumors might oversimplify the complex nature of the metastatic process. First,
those studies show expression levels of target genes at 2 specific time points, while the meta‐
static process occurs over several years in the clinical setting [58]. Second, molecular mecha‐
nisms of regulating metastasis are complex: if EMT is required as an early step, the opposite
(mesenchymal-to-epithelial transition) is needed during metastatic cell homing [127]. Thus,
a gene required during early metastatic steps might even be silenced at later stages. These
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considerations underscore the fact that our conclusions are limited, and need to be comple‐
mented by functional and clinical studies. However, results shown in Table 2 indicate that at
least some TrxG genes are likely involved in PCa metastasis and thus are candidate thera‐
peutic targets or prognostic factors.

5. Conclusion

While for many years cancers were thought to arise as a result of genetic alterations, an in‐
creasing number of studies report that in fact epigenetic misregulation primarily drives PCa
progression and metastasis [13, 128]. PcG proteins EZH2 and BMI1 are overexpressed in
PCa, an event that correlates with increased metastatic spreading and poor prognosis [57].
Since TrxG antagonizes PcG action, we explored the possibility that aberrant TrxG signal‐
ling could also represent a key factor in PCa metastasis. Since PcG is overactive in PCa and
TrxG counteracts PcG activity, TrxG were historically thought to be oncosuppressive [41].
Analysis of expression databases revealed that almost all metastatic prostate tumors show
deregulated expression of at least one TrxG gene. Interestingly, an in-depth literature review
combined with an analysis of expression data indicated that aberration in TrxG complexes
impacts PCa progression in a way that goes beyond their anticipated roles as classical tumor
suppressors. In fact, some TrxG genes show elevated expression in metastatic PCas and
have been shown to interact with, and enhance the activity of, known oncogenes such as
AR, c-MYC, h-RAS [68, 70]. The finding that TrxG genes can act as either oncogenes or tu‐
mor suppressors implies that the regulation of TrxG activity highly depends on the cellular
context [68, 129]. Changes in individual TrxG gene expression, availability of coregulators,
as well as post-translational modifications on both individual TrxG subunits and coregula‐
tors all regulate the functional output of TrxG complexes. These multiple levels of regulation
account for the highly diversified spectrum of molecular processes affected by TrxG activity,
and explain why some TrxG genes can act as oncogenes and others as tumor suppressors.

Since it is becoming increasingly clear that misregulated TrxG activity represents a key driv‐
er of PCa progression, an important question arises: How can TrxG complexes be targeted
clinically? Inhibiting core TrxG subunits like MLL, ASH2L, and WDR5 does not represent a
suitable strategy. TrxG complexes play many important physiological roles [130] and there‐
fore disrupting these core TrxG proteins would result in high toxicity. In fact, it is important
to recognize that TrxG activity is highly context-dependent and is controlled by many core‐
gulators. This context-dependency can be exploited in the search for new drug targets. An
interesting strategy to adopt would be to identify TrxG coregulators that are overexpressed
in PCa only. Inhibiting these coregulators would impair TrxG function in PCa cells specifi‐
cally while leaving normal cells unaffected. Since TrxG complexes can be oncogenic or tu‐
mor suppressive, two types of coregulators should be targeted clinically. The first represents
coactivators of oncogenic complexes and second, corepressors of oncosuppressive com‐
plexes. Pharmacologic disruption of both of these proteins would in theory limit the tumori‐
genic potential of aberrant TrxG signalling. To date, no such coregulators have been
described in PCa. The link between TrxG and PCa remains poorly characterized and many
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propose that MLL acts as a metastasis-driving oncogene in PCa. MLL is known to inter‐
act with AR [70]. Since metastatic PCa cells are usually AR-independent, the mecha‐
nism of MLL action in the metastatic process is likely androgen-independent too.
Interestingly, MLL homologs are often down-regulated in metastatic PCa (Table 2), sug‐
gesting that they might counteract its oncogenic function.

4. MOF: MOF was not included in the cBIO database, but based on its regulation of
growth suppressive pathways (See Figure 3), we propose that MOF acts as a tumor sup‐
pressor and therefore we expect to see its expression downregulated in PCa. However,
since MOF is required for optimal DNA damage response to double-stranded breaks
[96], reduced MOF expression could be a predictor of good response to radiotherapy or
to chemotherapy agents that induce dsDNA breaks.

5. UTX: The protein encoded by this gene possesses H3K27 demethylase activity, which
counteracts the repressive effect of PRC2-catalyzed H3K27me3. Due to the preponder‐
ance of PRC2 activity in PCa, UTX loss of function appears to be a critical event in the
progression to metastasis. UTX also interacts with other histone-modifying complexes
that catalyze HPTMs associated with transcriptional activation (See Figure 3). Despite
this evidence, we found an increased rate of UTX upregulation in metastatic vs. non
metastatic PCa samples (Table 2). Those data counteract the common view that UTX
acts as a tumor suppressor, at least in PCa. A possible explanation derives from the re‐
cent finding that UTX is frequently mutated in metastatic PCa [70]. It is worth noting
that all experiments on the oncosuppressive role of UTX have been performed on the
wild-type gene. We do not know whether the mutated protein simply loses its tumor-
suppressive activity, or if it acquires oncogenic features. In the latter case, the upregula‐
tion reported in metastatic PCa might even drive tumor progression.

6. WDR5: Although no studies have directly assessed the role of WDR5 in PCa, data from
ESC suggest that WDR5 might promote metastasis due to its implication in EMT. Dur‐
ing EMT, WDR5 promotes the expression of mesenchymal genes by stimulating H3K4
methylation at target loci [119]. Since WDR5 triggers EMT, we would expect its expres‐
sion to increase in metastatic samples. However, in the MSKCC database, WDR5 ex‐
pression is reduced in metastatic tumors. This could be explained by the fact that only a
subset of PCa cells acquires epigenetic alterations in response to cues from the extracel‐
lular environment (niche) which predisposes them to metastasis. Since only a minority
of the tumor bulk acquire invasive and migratory potential, the elevated expression of
WDR5 in those cells would not be detected by micro-array as the levels of WDR5 in
non-invasive cells would dominate.

The reader is cautioned that it is necessary to consider that studies comparing metastatic
and primary tumors might oversimplify the complex nature of the metastatic process. First,
those studies show expression levels of target genes at 2 specific time points, while the meta‐
static process occurs over several years in the clinical setting [58]. Second, molecular mecha‐
nisms of regulating metastasis are complex: if EMT is required as an early step, the opposite
(mesenchymal-to-epithelial transition) is needed during metastatic cell homing [127]. Thus,
a gene required during early metastatic steps might even be silenced at later stages. These
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considerations underscore the fact that our conclusions are limited, and need to be comple‐
mented by functional and clinical studies. However, results shown in Table 2 indicate that at
least some TrxG genes are likely involved in PCa metastasis and thus are candidate thera‐
peutic targets or prognostic factors.
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While for many years cancers were thought to arise as a result of genetic alterations, an in‐
creasing number of studies report that in fact epigenetic misregulation primarily drives PCa
progression and metastasis [13, 128]. PcG proteins EZH2 and BMI1 are overexpressed in
PCa, an event that correlates with increased metastatic spreading and poor prognosis [57].
Since TrxG antagonizes PcG action, we explored the possibility that aberrant TrxG signal‐
ling could also represent a key factor in PCa metastasis. Since PcG is overactive in PCa and
TrxG counteracts PcG activity, TrxG were historically thought to be oncosuppressive [41].
Analysis of expression databases revealed that almost all metastatic prostate tumors show
deregulated expression of at least one TrxG gene. Interestingly, an in-depth literature review
combined with an analysis of expression data indicated that aberration in TrxG complexes
impacts PCa progression in a way that goes beyond their anticipated roles as classical tumor
suppressors. In fact, some TrxG genes show elevated expression in metastatic PCas and
have been shown to interact with, and enhance the activity of, known oncogenes such as
AR, c-MYC, h-RAS [68, 70]. The finding that TrxG genes can act as either oncogenes or tu‐
mor suppressors implies that the regulation of TrxG activity highly depends on the cellular
context [68, 129]. Changes in individual TrxG gene expression, availability of coregulators,
as well as post-translational modifications on both individual TrxG subunits and coregula‐
tors all regulate the functional output of TrxG complexes. These multiple levels of regulation
account for the highly diversified spectrum of molecular processes affected by TrxG activity,
and explain why some TrxG genes can act as oncogenes and others as tumor suppressors.

Since it is becoming increasingly clear that misregulated TrxG activity represents a key driv‐
er of PCa progression, an important question arises: How can TrxG complexes be targeted
clinically? Inhibiting core TrxG subunits like MLL, ASH2L, and WDR5 does not represent a
suitable strategy. TrxG complexes play many important physiological roles [130] and there‐
fore disrupting these core TrxG proteins would result in high toxicity. In fact, it is important
to recognize that TrxG activity is highly context-dependent and is controlled by many core‐
gulators. This context-dependency can be exploited in the search for new drug targets. An
interesting strategy to adopt would be to identify TrxG coregulators that are overexpressed
in PCa only. Inhibiting these coregulators would impair TrxG function in PCa cells specifi‐
cally while leaving normal cells unaffected. Since TrxG complexes can be oncogenic or tu‐
mor suppressive, two types of coregulators should be targeted clinically. The first represents
coactivators of oncogenic complexes and second, corepressors of oncosuppressive com‐
plexes. Pharmacologic disruption of both of these proteins would in theory limit the tumori‐
genic potential of aberrant TrxG signalling. To date, no such coregulators have been
described in PCa. The link between TrxG and PCa remains poorly characterized and many
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more studies are required to understand the impact of dysregulated TrxG on PCa progres‐
sion. Nonetheless, the implication of TrxG in PCa supports the idea that epigenetic altera‐
tions represent key drivers in the progression to metastatic disease.
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more studies are required to understand the impact of dysregulated TrxG on PCa progres‐
sion. Nonetheless, the implication of TrxG in PCa supports the idea that epigenetic altera‐
tions represent key drivers in the progression to metastatic disease.
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1. Introduction

Transcription factors regulate gene expression by interacting with specific DNA elements
and other proteins to either activate or repress gene transcription. Aberrant expression and
function of transcription factors are commonly observed in human cancers and play a pivo‐
tal role in oncogenic transformation. Ultimately, these affect downstream signaling path‐
ways, resulting in acquisition of some or all of the hallmarks of cancer, such as insensitivity
to antigrowth or apoptotic signals, production of self-sufficient growth signals, limitless rep‐
licative potential and invasive or metastatic capability [1].

Yin Yang 1 (YY1) is a highly conserved transcription factor across species and ubiquitously
expressed in human tissues. YY1 has the ability to act as either an activator or repressor of
its target genes, depending on the compositional difference of its recruited complexes.
Through these complexes YY1 regulates epigenetic modifications, such as DNA methylation
and histone acetylation, of its targeted promoters. Originally, YY1 was discovered as a tran‐
scription factor capable of binding to the P5 promoter of adeno-associated virus [2]. YY1
executed an inhibitory effect on this promoter, but this inhibition was reversed to activation
by its association with a viral protein, E1A. Indeed, the name “Yin Yang” symbolizes these
two opposing abilities. “Yin Yang” also represents the ongoing debate over what role YY1
plays in human cancers, although its oncogenic role is clearly more predominant than its tu‐
mor suppressive potential based on the current literature.

As discussed below, the evidence supporting the oncogenic role of YY1 has been obtained
through its study in various human cancers. In this chapter, we will first describe the studies
that suggest a proliferative role for YY1 in cancers, and then specifically discuss what is
known to date about the function of YY1 in prostate cancer.
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2. YY1 as a transcription factor

The YY1 protein consists of 414 amino acids and multiple functional domains (Figure 1). As
a transcription factor, YY1 is capable of directly binding to DNA through the zing-finger do‐
mains at its C-terminus. YY1 recognizes and binds its DNA consensus sites with a core se‐
quence of either CCAT or ACAT, and these consensus elements have been identified in over
7% of vertebrate genes, underscoring the importance of YY1 in gene regulation [3].

Figure 1. The Domain Structure of the YY1 Protein; YY1 is post-translationally modified at multiple sites. Polo-like kin‐
ase 1 (Plk1) phosphorylates T39, while protein inhibitor of activated STAT Y (PIASy) stimulates sumoylation of K288.
PCAF and p300 mediate acetylation of residues 171-200, while p300/CBP associated factor (PCAF) also acetylates the
C-terminus. All 32 lysine (K) residues are indicated in their respective domains of YY1. Phosphorylation of residues
Thr348 and Thr378, but not Ser247, reduces DNA affinity of YY1. The REPO motif (201-226) is both necessary and suf‐
ficient for the recruitment of PcG proteins for the initiation and maintenance of gene silencing.

Most YY1 target genes are cancer-related, and can be either transcriptionally activated or re‐
pressed by YY1 and its associated factors. YY1-recruited proteins play a large role in deter‐
mining whether YY1 will execute inhibitory or activating functions on a particular target
gene. YY1 can recruit a variety of coactivators, including p300, cyclic adenosine monophos‐
phate response element binding (CREB) protein (CBP), p300/CBP-associated factor (PCAF),
and protein arginine methyltransferase (PRMT) 4 as well as corepressors such as histone de‐
acetylases (HDACs), enhancer of zeste (Ezh) 2, and DNA methyltransferases (DNMTs)
[4-11]. We will discuss these interaction partners and their effect on YY1-mediated gene reg‐
ulation in detail below.

2.1. YY1-activated gene expression

We have listed cancer-relevant genes that are activated by YY1 in Table 1. In support of the
predominance of YY1’s oncogenic effects over its tumor suppressive potential, we note that
the majority of its activated targets are oncogenes, which promote either proliferative or in‐
vasive phenotypes when overexpressed.
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Gene/Promoter Gene Product Function Mechanism/Observation Reference

A. Oncogenic, proliferative and/or overexpressed genes in cancer

B23/nucleophosmin Regulates nucleosome formation and

inhibits tumor suppressors

HCV core, p300 and B23 itself are involved [12, 13]

c-Myc Oncogenic transcription factor in

multiple cancers

E1A converts YY1 from a repressor to an

activator; p300 and HDAC3 are also

involved

[14, 15]

HER2/ERBB2/neu Proto-oncogene in breast cancer AP-2 transcriptional activity on the HER2

promoter is enhanced by YY1

[16, 17]

Cyclooxygenase-2 (COX-2] Oncogene of various cancers Proposed a model with YY1-mediated

recruitment of p300 and HDAC1,2

[18]

c-Fos Proto-oncogene E1A converts YY1 from a repressor to an

activator in this regulation

[19]

Glucose regulating protein 78/

binding immunoglobulin protein

Promotes tumor proliferation, survival,

metastasis and therapeutic resistance

p300 and PRMT1 are recruited [20-23]

Snail Enhances cell survival, movement and/or

EMT

YY1 binds a distal Snail 3' enhancer [24, 25]

Msx2 EMT and tumorigenesis Three YY1-binding sites are involved [26, 27]

DR-α Overexpressed in cancers YY1 binding directly to the promoter [28, 29]

TGF-β Overexpressed in tumors; promotes

invasiveness and metastasis

A polymorphism mutation in the TGF-β

promoter creates a binding site of YY1 that

activates the TGF-β gene

[30, 31]

B. Tumor suppression genes

p53 Tumor suppressor E1A and p300 can further induce p53

expression

[32]

p73 A member of the p53 family of proteins YY1 and E2F1 cooperate to promote p73

transcription

[33]

RIZ1 A histone methyltransferase;

altered expression in cancers; a potential

tumor suppressor

Correlated with reduced H3-K9

dimethylation

[34]

C. Other regulatory proteins in tumorigenesis

Epidermal growth factor receptor

(EGFR)

Cell signaling molecule involved in

diverse cellular functions, including cell

proliferation, differentiation, motility,

and survival

Sp1 and YY1 synergistically induce the EGFR

promoter; p53 suppresses this activation

[35]

Histone H2a and H3 Aberrantly modified in cancers Regulated by the cell cycle [36]

Histone H4 Aberrantly modified in cancers Multiple YY1 binding sites are involved [37]

Poly(ADP-ribose) polymerase 1

(PARP1]

Promoting poly(ADP-ribosyl)ation;

related to DNA damage repair

YY1 directly binds the promoter [38]

Proliferating cellular nuclear

antigen (PCNA)

Involved in DNA synthesis and repair;

cooperates with nucleophosmin/B23

B23 is involved; accompanied by histone H4

deacetylation

[39, 40]
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2. YY1 as a transcription factor

The YY1 protein consists of 414 amino acids and multiple functional domains (Figure 1). As
a transcription factor, YY1 is capable of directly binding to DNA through the zing-finger do‐
mains at its C-terminus. YY1 recognizes and binds its DNA consensus sites with a core se‐
quence of either CCAT or ACAT, and these consensus elements have been identified in over
7% of vertebrate genes, underscoring the importance of YY1 in gene regulation [3].

Figure 1. The Domain Structure of the YY1 Protein; YY1 is post-translationally modified at multiple sites. Polo-like kin‐
ase 1 (Plk1) phosphorylates T39, while protein inhibitor of activated STAT Y (PIASy) stimulates sumoylation of K288.
PCAF and p300 mediate acetylation of residues 171-200, while p300/CBP associated factor (PCAF) also acetylates the
C-terminus. All 32 lysine (K) residues are indicated in their respective domains of YY1. Phosphorylation of residues
Thr348 and Thr378, but not Ser247, reduces DNA affinity of YY1. The REPO motif (201-226) is both necessary and suf‐
ficient for the recruitment of PcG proteins for the initiation and maintenance of gene silencing.

Most YY1 target genes are cancer-related, and can be either transcriptionally activated or re‐
pressed by YY1 and its associated factors. YY1-recruited proteins play a large role in deter‐
mining whether YY1 will execute inhibitory or activating functions on a particular target
gene. YY1 can recruit a variety of coactivators, including p300, cyclic adenosine monophos‐
phate response element binding (CREB) protein (CBP), p300/CBP-associated factor (PCAF),
and protein arginine methyltransferase (PRMT) 4 as well as corepressors such as histone de‐
acetylases (HDACs), enhancer of zeste (Ezh) 2, and DNA methyltransferases (DNMTs)
[4-11]. We will discuss these interaction partners and their effect on YY1-mediated gene reg‐
ulation in detail below.

2.1. YY1-activated gene expression

We have listed cancer-relevant genes that are activated by YY1 in Table 1. In support of the
predominance of YY1’s oncogenic effects over its tumor suppressive potential, we note that
the majority of its activated targets are oncogenes, which promote either proliferative or in‐
vasive phenotypes when overexpressed.
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Gene/Promoter Gene Product Function Mechanism/Observation Reference

A. Oncogenic, proliferative and/or overexpressed genes in cancer

B23/nucleophosmin Regulates nucleosome formation and

inhibits tumor suppressors

HCV core, p300 and B23 itself are involved [12, 13]
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activator; p300 and HDAC3 are also
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[16, 17]
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recruitment of p300 and HDAC1,2

[18]
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[19]
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binding immunoglobulin protein
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[32]
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[33]
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dimethylation

[34]
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Histone H4 Aberrantly modified in cancers Multiple YY1 binding sites are involved [37]

Poly(ADP-ribose) polymerase 1

(PARP1]

Promoting poly(ADP-ribosyl)ation;

related to DNA damage repair

YY1 directly binds the promoter [38]

Proliferating cellular nuclear

antigen (PCNA)

Involved in DNA synthesis and repair;

cooperates with nucleophosmin/B23

B23 is involved; accompanied by histone H4

deacetylation

[39, 40]
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The first oncogene shown to be activated by YY1 is c-myc that drives cellular proliferation
and leads to oncogenic transformation when constitutively activated [14]. Specifically, YY1
was found to increase levels of two c-myc mRNA transcript variants. It was later discovered
that the viral protein E1A dissociates the YY1-p300-HDAC3 complex that normally inhibits
c-myc transcription. Thus, with the presence of E1A and the dissociation of HDAC3, the c-
myc promoter becomes more accessible due to regional histone hyperacetylation. YY1 acts
similarly in regulating expression of c-Fos, another well characterized proto-oncogene driv‐
ing cellular proliferation [41, 42]. Through interacting with the ATF-CREB transcription
complex, YY1 inhibits c-Fos expression; however, this interaction is also disrupted by E1A,
which changes the effect of YY1 from repressive to activating on c-Fos gene expression.

Another example of YY1-activated oncogene expression is its regulation of the protein B23.
B23 is involved in nuclear export of ribosomes and chaperone activity and stimulates repres‐
sion of multiple tumor suppressors. YY1 activates B23 in the presence of a viral gene prod‐
uct, the hepatitis C virus (HCV) core, which plays a pivotal role in liver oncogenesis [12].
The HCV core leads to YY1-mediated recruitment of p300 and B23 to the B23 promoter, acti‐
vating its gene expression. In the absence of the HCV core, YY1 recruits HDAC1 to the B23
promoter to act as a transcriptional repressor. Thus, B23, like E1A, switches YY1 from a tran‐
scriptional repressor to an activator [43]. Other YY1-activated oncogenes include proliferat‐
ing cell nuclear antigen (PCNA) and HER2 [17, 40, 44].

Several genes that directly promote cancer invasion and metastasis are regulated by YY1.
Angiogenesis is important to cancer progression and tumor cell invasion. Vascular endothe‐
lial growth factor (VEGF) is a key mediator of angiogenesis in cancer. YY1 forms a complex
with hypoxia-inducible factor (HIF) 1α to activate VEGF expression and consequently pro‐
motes angiogenesis [45]. YY1 also induces expression of cyclooxygenase (COX) -2, an in‐
flammation-associated enzyme that mediates tumor cell bone metastasis [18].

Epithelial-to-mesenchymal transition (EMT) is one of the early and critical steps of the tu‐
mor metastatic cascade and characterized by tumor cells losing their epithelial architecture
and adopting that of a mesenchymal cell. This morphological transition typically enhances
the motile, migratory and invasive abilities of tumor cells [46]. The transcription factor Snail
inhibits expression of the epithelial marker and EMT-inhibitor E-cadherin. YY1 binds the 3’
enhancer of Snail to upregulate its expression. Consequently, YY1 overexpression downre‐
gulates E-cadherin expression through activating Snail, leading to enhanced EMT and tu‐
mor progression [24].

The above studies, among others, demonstrate an oncogenic role of YY1 in human cancers
through its transcriptional activation of a number of oncogenes. It is important to mention that
YY1 has also been reported to activate several genes with tumor suppressive potential. The
negative regulation of p53 activity by YY1 at the posttranslational level is well established
[47-49]. However, ectopically overexpressed YY1 activated a p53 promoter driving expression
of a reporter, and this activation was reversed in the presence of E1A [32]. Since YY1-mediated
histone modifications are essential to its transcriptional activity and this modulation unlikely
occurs on extrachromosomal DNA, such as transfected reporter plasmids, the results of this
study may not truly reflect YY1’s effect on the endogenous p53 promoter.
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2.2. YY1-repressed gene expression

Cancer-related genes that are repressed by YY1 are listed in Table 2. Many of them encode
gene products with tumor suppressive functions, a phenomenon consistent with YY1’s pre‐
dominantly oncogenic role in human cancers.

Gene/Promoter Gene Product Function Mechanism/Observation Reference

A. Oncogenic and/or overexpressed genes

Interferon β (IFN-β) Potential target in cancer therapy YY2 antagonizes the YY1-mediated repression,

Sin3A/NCoR/HDACs complex is recruited by

YY1

[50, 51]

Hypoxia-Inducible Factor 2α

(HIF-2α)

Oncogenic role PTEN released this repression [52]

Matrix Metalloproteinase-9

(MMP-9]

Increasingly expressed in various

cancers

Monoubiquitinated YY1 binds CtBP; HDAC3 is

recruited

[53]

PVT1 Oncogenic role A mutation leading to reduced YY1 causes PVT1

overexpression.

[54]

B. Tumor suppression genes

CCAAT/enhancer-binding

protein delta (CEBPD)

Tumor suppressor Recruits Ezh2, DNMT1, DNMT3A, DNMT3B [6]

Chondromodulin-I Inhibitor of angiogenesis YY1 recruits HDAC2 [55]

Death Receptor 5 (DR5] A receptor in the extrinsic apoptosis

pathway

Rituximab inhibits DNA binding of YY1 and

relieves its repression of DR5

[56, 57]

KISS1 Metastasis suppressor Sp1 is not involved. [58]

microRNA-29 Tumor suppressor Through binding to a conserved regulatory

region

[59]

microRNA-206 Promotes cell apoptosis YY1 regulation is antagonized by c-Jun and c-

Fos

[60]

p21 Leads to cell cycle arrest YY1 antagonizes p53-mediated transcription [49, 61]

p16(INK4a) Tumor suppressor HDAC3 and HDAC4 are recruited [62]

Retinoblastoma (Rb) Tumor suppressor GABP and HCF-1 are involved in this regulation [63]

HOXB13 Inhibits prostate cancer cell growth by

suppressing AR and TCF-4 signaling

YY1 recruits HDAC4 to promoter and inhibits

transcription

[8]

PTEN Tumor Suppressor and Antagonist of

PI3K/Akt Signaling

MTA1 recruits HDAC4 and YY1 to PTEN

promoter

[64]

C. Other regulatory proteins related to cancers

CD30 A member of the TNF receptor family;

related to lymphoma.

Directly binds the promoter [65]

PPAR-δ Nuclear receptor proteins regulating

gene expression

Directly binds the promoter [66]

Cyclin D1 Regulates Cdk4 function HDAC1 is recruited [61, 67]

Table 2. Y1-Repressed Genes and Promoters.
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complex, YY1 inhibits c-Fos expression; however, this interaction is also disrupted by E1A,
which changes the effect of YY1 from repressive to activating on c-Fos gene expression.

Another example of YY1-activated oncogene expression is its regulation of the protein B23.
B23 is involved in nuclear export of ribosomes and chaperone activity and stimulates repres‐
sion of multiple tumor suppressors. YY1 activates B23 in the presence of a viral gene prod‐
uct, the hepatitis C virus (HCV) core, which plays a pivotal role in liver oncogenesis [12].
The HCV core leads to YY1-mediated recruitment of p300 and B23 to the B23 promoter, acti‐
vating its gene expression. In the absence of the HCV core, YY1 recruits HDAC1 to the B23
promoter to act as a transcriptional repressor. Thus, B23, like E1A, switches YY1 from a tran‐
scriptional repressor to an activator [43]. Other YY1-activated oncogenes include proliferat‐
ing cell nuclear antigen (PCNA) and HER2 [17, 40, 44].

Several genes that directly promote cancer invasion and metastasis are regulated by YY1.
Angiogenesis is important to cancer progression and tumor cell invasion. Vascular endothe‐
lial growth factor (VEGF) is a key mediator of angiogenesis in cancer. YY1 forms a complex
with hypoxia-inducible factor (HIF) 1α to activate VEGF expression and consequently pro‐
motes angiogenesis [45]. YY1 also induces expression of cyclooxygenase (COX) -2, an in‐
flammation-associated enzyme that mediates tumor cell bone metastasis [18].

Epithelial-to-mesenchymal transition (EMT) is one of the early and critical steps of the tu‐
mor metastatic cascade and characterized by tumor cells losing their epithelial architecture
and adopting that of a mesenchymal cell. This morphological transition typically enhances
the motile, migratory and invasive abilities of tumor cells [46]. The transcription factor Snail
inhibits expression of the epithelial marker and EMT-inhibitor E-cadherin. YY1 binds the 3’
enhancer of Snail to upregulate its expression. Consequently, YY1 overexpression downre‐
gulates E-cadherin expression through activating Snail, leading to enhanced EMT and tu‐
mor progression [24].

The above studies, among others, demonstrate an oncogenic role of YY1 in human cancers
through its transcriptional activation of a number of oncogenes. It is important to mention that
YY1 has also been reported to activate several genes with tumor suppressive potential. The
negative regulation of p53 activity by YY1 at the posttranslational level is well established
[47-49]. However, ectopically overexpressed YY1 activated a p53 promoter driving expression
of a reporter, and this activation was reversed in the presence of E1A [32]. Since YY1-mediated
histone modifications are essential to its transcriptional activity and this modulation unlikely
occurs on extrachromosomal DNA, such as transfected reporter plasmids, the results of this
study may not truly reflect YY1’s effect on the endogenous p53 promoter.
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gene products with tumor suppressive functions, a phenomenon consistent with YY1’s pre‐
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Interferon β (IFN-β) Potential target in cancer therapy YY2 antagonizes the YY1-mediated repression,

Sin3A/NCoR/HDACs complex is recruited by

YY1

[50, 51]

Hypoxia-Inducible Factor 2α

(HIF-2α)

Oncogenic role PTEN released this repression [52]

Matrix Metalloproteinase-9

(MMP-9]

Increasingly expressed in various

cancers

Monoubiquitinated YY1 binds CtBP; HDAC3 is

recruited

[53]

PVT1 Oncogenic role A mutation leading to reduced YY1 causes PVT1

overexpression.

[54]

B. Tumor suppression genes

CCAAT/enhancer-binding

protein delta (CEBPD)

Tumor suppressor Recruits Ezh2, DNMT1, DNMT3A, DNMT3B [6]

Chondromodulin-I Inhibitor of angiogenesis YY1 recruits HDAC2 [55]

Death Receptor 5 (DR5] A receptor in the extrinsic apoptosis

pathway

Rituximab inhibits DNA binding of YY1 and

relieves its repression of DR5

[56, 57]

KISS1 Metastasis suppressor Sp1 is not involved. [58]

microRNA-29 Tumor suppressor Through binding to a conserved regulatory

region

[59]

microRNA-206 Promotes cell apoptosis YY1 regulation is antagonized by c-Jun and c-
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[60]

p21 Leads to cell cycle arrest YY1 antagonizes p53-mediated transcription [49, 61]

p16(INK4a) Tumor suppressor HDAC3 and HDAC4 are recruited [62]

Retinoblastoma (Rb) Tumor suppressor GABP and HCF-1 are involved in this regulation [63]

HOXB13 Inhibits prostate cancer cell growth by

suppressing AR and TCF-4 signaling

YY1 recruits HDAC4 to promoter and inhibits

transcription

[8]

PTEN Tumor Suppressor and Antagonist of

PI3K/Akt Signaling

MTA1 recruits HDAC4 and YY1 to PTEN

promoter

[64]

C. Other regulatory proteins related to cancers

CD30 A member of the TNF receptor family;

related to lymphoma.

Directly binds the promoter [65]

PPAR-δ Nuclear receptor proteins regulating

gene expression

Directly binds the promoter [66]
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The tumor suppressor retinoblastoma (Rb) is transcriptionally inhibited by YY1 upon its
binding to the Rb promoter [63]. YY1 also recruits HDAC3 and HDAC4 to repress the ex‐
pression of tumor suppressor p16 that inhibits CDK4 to reduce cell proliferation [62]. YY1-
mediated transcriptional repression of the cell cycle-regulator p21 is one of many examples
of YY1’s role in antagonizing p53 function [49]. Additionally, YY1 represses PTEN through
associating with HDAC4 and the chromatin modifier MTA1 [64].

YY1 has been shown to inhibit genes encoding microRNA (miRNA) products with tumor
suppressive potential. MiRNAs are critical players in a number of human diseases, includ‐
ing cancers. MiRNAs bind the 5’ UTRs of partially complementary mRNA transcripts,
blocking their translation; they may also lead to mRNA degradation. MiR-29 exhibits tumor
suppressive potential based on its activation of p53 through targeting its inhibitory proteins
p85α and CDC42 [68]. YY1, in cooperation with NF-κB, can inhibit miR-29 transcription [59].
Ring1- and YY1-binding protein (RYBP) enhances YY1-mediated miR-29 silencing and en‐
riches YY1-recruited Ezh2 at target loci [69]. YY1 has also been shown to negatively regulate
miR-206, a known promoter of apoptosis [60].

YY1 binding elements are present in over a thousand vertebrate gene promoters. The effect
of YY1 on the expression of a given target gene will depend on the extracellular stimuli
available to the cell and the presence or absence of YY1-interaction partners that serve as co‐
activators or corepressors. The transcriptional activity of YY1 on its myriad of cancer-related
target genes convolutes the task of determining its role in human cancers. However, the cur‐
rent evidence suggests that YY1 activity is primarily oncogenic, and these effects clearly
override any YY1 tumor suppressive function.

2.3. YY1 as a transcription cofactor

Although most studies to date demonstrate the regulation of YY1 as a transcription factor
directly binding to target promoters, recent reports have begun to reveal the role of YY1 as a
transcription cofactor that is independent of its DNA binding ability.

In prostate cancer cells, YY1 interacts with androgen receptor (AR) and serves as its coacti‐
vator in mediating PSA expression. Thus, the putative binding site of YY1 is dispensable in
YY1-promoted prostate specific antigen (PSA) expression [70]. YY1 represses RNA methyl‐
transferase-like 1 gene expression, yet there is no YY1 binding site in its gene promoter [71].
In this instance, YY1 regulation depends on transcription factor ATF/CREB. Hypoxia-Indu‐
cible Factor (HIF) -2α is stabilized upon inactivation of tumor suppressor von Hippel Lin‐
dau (VHL). As a transcription factor, HIF-2α regulates the expression of genes responsible
for angiogenesis and metastasis. YY1 acts as a corepressor of HIF-2α, but this repression is
abolished by phosphatase and tensin homolog (PTEN) [52].

The recently appreciated function of YY1 as a transcription cofactor expands its role in me‐
diating gene expression. As a cofactor, more or different YY1 functional domains are ex‐
posed and available to other proteins for binding or recruitment. This diversifies the
interaction partners available to YY1 on its target promoters and extends its role in regulat‐
ing gene expression [72].
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3. YY1 as a regulator of post-translational modifications

YY1 was first identified as a transcription factor and has been shown to regulate the expres‐
sion of many genes. However, our understanding of YY1 function has evolved with an in‐
creasing appreciation for its DNA-binding independent activities, many of which contribute
to YY1-mediated gene expression.

Proteins undergo different types of post-translational modifications, including acetylation,
methylation, ubiquitination and sumoylation that contribute to the complexity of protein
stability, function and interactions. Many YY1-interaction partners mediate YY1-regulated
gene expression through instigating post-translational modifications.

3.1. Acetylation

Acetylation is the addition of an acetyl group (CH3CO) to a lysine residue and mediated by
a class of proteins called histone acetyltransferases (HATs). These enzymes catalyze acetyla‐
tion of both histone and non-histone proteins, and for this reason are more commonly refer‐
red to as lysine acetyltransferases (KATs) [73]. Acetylation of non-histone proteins
modulates their activity and stablity, while histone acetylation is associated with a relatively
loose or open chromatin conformation that is more accessible to transcriptional regulatory
proteins, leading to active gene expression.

As we discussed above, YY1 interacts with the KAT p300 and this complex is disrupted in
the presence of the viral protein E1A. Notably, YY1 and E1A bind to different domains of
p300, and the binding sites of p300 and E1A on YY1 are also well separate [74]. Thus, it is
very likely that these three proteins form a ternary complex. Such a complex would promote
histone acetylation on promoters, such as P5, c-myc and c-Fos. This explains the role of E1A
in converting YY1 from a transcriptional repressor to an activator to promote the expression
of these target genes [2, 41, 75].

Acetylation of p53 by p300 both prevents its ubiquitination and subsequent degradation and
enhances the p53-DNA interaction, thus promoting p53 transcriptional activity [76, 77]. YY1
inhibits p300-mediated p53 acetylation, thereby antagonizing the tumor suppressive func‐
tion of p53 [47].

While histone acetylation is associated with active gene expression, histone deacetylation is
a mark of gene repression and mediated by a family of proteins called histone deacetylases
(HDACs). YY1 has been demonstrated to interact with a number of HDACs and recruit
them to target promoters for gene repression. Indeed, YY1 recruitment of HDACs to tumor
suppressor gene promoters is important for its role in prostate cancer, and will be discussed
below.

3.2. Methylation

Like other modifications, methylation also modulates protein function. In this regard, the
most studied activity is the contribution of histone methylation to gene expression. Al‐
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The tumor suppressor retinoblastoma (Rb) is transcriptionally inhibited by YY1 upon its
binding to the Rb promoter [63]. YY1 also recruits HDAC3 and HDAC4 to repress the ex‐
pression of tumor suppressor p16 that inhibits CDK4 to reduce cell proliferation [62]. YY1-
mediated transcriptional repression of the cell cycle-regulator p21 is one of many examples
of YY1’s role in antagonizing p53 function [49]. Additionally, YY1 represses PTEN through
associating with HDAC4 and the chromatin modifier MTA1 [64].

YY1 has been shown to inhibit genes encoding microRNA (miRNA) products with tumor
suppressive potential. MiRNAs are critical players in a number of human diseases, includ‐
ing cancers. MiRNAs bind the 5’ UTRs of partially complementary mRNA transcripts,
blocking their translation; they may also lead to mRNA degradation. MiR-29 exhibits tumor
suppressive potential based on its activation of p53 through targeting its inhibitory proteins
p85α and CDC42 [68]. YY1, in cooperation with NF-κB, can inhibit miR-29 transcription [59].
Ring1- and YY1-binding protein (RYBP) enhances YY1-mediated miR-29 silencing and en‐
riches YY1-recruited Ezh2 at target loci [69]. YY1 has also been shown to negatively regulate
miR-206, a known promoter of apoptosis [60].

YY1 binding elements are present in over a thousand vertebrate gene promoters. The effect
of YY1 on the expression of a given target gene will depend on the extracellular stimuli
available to the cell and the presence or absence of YY1-interaction partners that serve as co‐
activators or corepressors. The transcriptional activity of YY1 on its myriad of cancer-related
target genes convolutes the task of determining its role in human cancers. However, the cur‐
rent evidence suggests that YY1 activity is primarily oncogenic, and these effects clearly
override any YY1 tumor suppressive function.

2.3. YY1 as a transcription cofactor

Although most studies to date demonstrate the regulation of YY1 as a transcription factor
directly binding to target promoters, recent reports have begun to reveal the role of YY1 as a
transcription cofactor that is independent of its DNA binding ability.

In prostate cancer cells, YY1 interacts with androgen receptor (AR) and serves as its coacti‐
vator in mediating PSA expression. Thus, the putative binding site of YY1 is dispensable in
YY1-promoted prostate specific antigen (PSA) expression [70]. YY1 represses RNA methyl‐
transferase-like 1 gene expression, yet there is no YY1 binding site in its gene promoter [71].
In this instance, YY1 regulation depends on transcription factor ATF/CREB. Hypoxia-Indu‐
cible Factor (HIF) -2α is stabilized upon inactivation of tumor suppressor von Hippel Lin‐
dau (VHL). As a transcription factor, HIF-2α regulates the expression of genes responsible
for angiogenesis and metastasis. YY1 acts as a corepressor of HIF-2α, but this repression is
abolished by phosphatase and tensin homolog (PTEN) [52].

The recently appreciated function of YY1 as a transcription cofactor expands its role in me‐
diating gene expression. As a cofactor, more or different YY1 functional domains are ex‐
posed and available to other proteins for binding or recruitment. This diversifies the
interaction partners available to YY1 on its target promoters and extends its role in regulat‐
ing gene expression [72].
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to YY1-mediated gene expression.

Proteins undergo different types of post-translational modifications, including acetylation,
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red to as lysine acetyltransferases (KATs) [73]. Acetylation of non-histone proteins
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proteins, leading to active gene expression.

As we discussed above, YY1 interacts with the KAT p300 and this complex is disrupted in
the presence of the viral protein E1A. Notably, YY1 and E1A bind to different domains of
p300, and the binding sites of p300 and E1A on YY1 are also well separate [74]. Thus, it is
very likely that these three proteins form a ternary complex. Such a complex would promote
histone acetylation on promoters, such as P5, c-myc and c-Fos. This explains the role of E1A
in converting YY1 from a transcriptional repressor to an activator to promote the expression
of these target genes [2, 41, 75].

Acetylation of p53 by p300 both prevents its ubiquitination and subsequent degradation and
enhances the p53-DNA interaction, thus promoting p53 transcriptional activity [76, 77]. YY1
inhibits p300-mediated p53 acetylation, thereby antagonizing the tumor suppressive func‐
tion of p53 [47].

While histone acetylation is associated with active gene expression, histone deacetylation is
a mark of gene repression and mediated by a family of proteins called histone deacetylases
(HDACs). YY1 has been demonstrated to interact with a number of HDACs and recruit
them to target promoters for gene repression. Indeed, YY1 recruitment of HDACs to tumor
suppressor gene promoters is important for its role in prostate cancer, and will be discussed
below.
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Like other modifications, methylation also modulates protein function. In this regard, the
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though DNA methylation usually inhibits gene expression, histone methylation can either
activate or repress a target gene, depending on the methylated residues.

Protein arginine methyltransferase (PRMT) 1 catalyzes methylation of histone H4 at arginine
3 (H4-R3). YY1 recruits PRMT1 to the c-myc promoter to activate c-myc gene expression [9].
Similarly, YY1 has also been shown to activate the promoter of a pro-survival chaperone
protein, GRP78, through recruiting PRMT1 [22]. YY1-mediated expression of these cell sur‐
ival genes suggests its proliferative role in oncogenesis.

The proteins enhancer of zeste (Ezh) 1 and 2 are lysine-specific histone methyltransferases
mediating methylation of lysine 27 on histone 3 (H3-K27), a hallmark of gene silencing in
many cancer-related genes [78]. They are both members of the Polycomb group (PcG) of
proteins and core components of the Polycomb repressive complex (PRC) 2, responsible for
gene silencing in a number of tumor suppressor genes.

YY1 was first demonstrated to recruit Ezh2 in mouse skeletal muscle cells [4]. The Recruit‐
ment of Polycomb (REPO) domain of YY1 is both necessary and sufficient to recruit Ezh2
and other PcG proteins for the establishment of target gene silencing [79].

In addition to histone methylation, YY1 can also mediate DNA methylation. This multi-lay‐
ered regulation by YY1 has been demonstrated on the promoter of CCAAT/enhancer bind‐
ing protein delta (CEBPD). YY1 associates with both DNA methyltransferases and PcG
proteins to execute gene silencing through modifications of both DNA and histones [80].

3.3. Ubiquitination

Ubiquitination is a modification executed cooperatively by a set of three ubiquitin enzymes
(E1, E2, and E3). Protein monoubiquitination typically alters subcellular localization of a
protein or modulates its function and additional types of modification, while polyubiquiti‐
nation usually results in its proteasomal degradation.

In addition to the negative regulatory effects of YY1 on p53 discussed above, YY1 also pro‐
motes p53 polyubiquitination and degradation [47, 48]. YY1 directly interacts with both p53
and its E3 ligase Mdm2 and enhances the p53-Mdm2 interaction through the formation of a
ternary complex. Both wild-type YY1 and its DNA-binding deficient mutant promote p53
polyubiquitination, indicating that this function of YY1 is independent of its transcriptional
activity [48]. Consistently, YY1 depletion in cells leads to an increase in p53 stability and re‐
sults in cell cycle arrest and apoptosis.

We recently identified negative regulation of the tumor suppressor p27 by YY1 through
YY1-promoted ubiquitination [81]. YY1 overexpression enhanced both mono- and polyubi‐
quitination of p27, while YY1 silencing markedly reduced p27 polyubiquitination, but not
monoubiquitination.

In summary, the large number of YY1’s interaction partners increases the complexity of its
biological functions. Many of these proteins (e.g. p300, PRMT1, Ezh2, etc.) contribute to
YY1-mediated gene expression and modulate its Yin Yang effects on target genes. This tran‐
scriptional modulation is typically executed through YY1-recruited complexes initiating the
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addition or removal of different modifying groups on histone proteins. Other YY1-binding
proteins contribute to the transcription-independent functions of YY1, such as Mdm2-medi‐
ated p53 ubiquitination and degradation.

4. Regulation of YY1 expression and activity

In addition to transcriptional regulation, YY1-mediated gene transcription and protein mod‐
ifications, YY1 expression and function are also modulated at multiple levels.

4.1. YY1 is regulated by gene regulatory proteins

As a transcription factor, YY1 regulates the expression of itself through binding to consensus
sequences in the first intron of the YY1 gene [82]. These YY1 binding sites are necessary for
YY1 gene transcription. Interestingly, overexpressed exogenous YY1 inhibits the transcrip‐
tion of the endogenous YY1 gene, but the reduction of YY1 to normal levels restores this
transcription, suggesting a negative feedback loop. Several other transcription factors regu‐
late YY1 expression, including NF-κB, whose regulation of YY1 in prostate cancer will be
discussed below.

Raf kinase inhibitor protein (RKIP) is a potential tumor suppressor gene based on its activity
in suppressing metastasis and reduced expression in cancers. RKIP overexpression inhibits
YY1 transcription and sensitizes cells to TRAIL-mediated apoptosis [83, 84].

In addition to transcription factors, other gene regulatory proteins also modulate YY1 ex‐
pression. One example is G-quadruplex resolvase (G4R) 1 (also known as RHAU or
DHX36], which upregulates YY1 expression by resolving secondary structures in the YY1
promoter. The G-quadruplex (G4) structure is a 4-stranded secondary DNA or RNA struc‐
ture that is stabilized by non-canonical Hoogsteen hydrogen bonding of planar guanine
quartets and their subsequent stacking [85]. G4 structures in gene promoters inhibit gene
transcription, which can be relieved by G4 structure resolving helicases.

Both human and murine YY1 promoters have high contents of cytosine (C) and guanine (G)
nucleotides that confer these promoters with the potential to form G4 structures [86, 87]. We
recently demonstrated that the presence of G4 structures in the YY1 promoter inhibits YY1 ex‐
pression [86]. High G/C content is a common feature of many proto-oncogenes, such as c-myc
and Bcl-2, whereas the promoters of most tumor suppressor genes have reduced numbers of
closely-linked guanosine runs [88]. The high G/C content of YY1 and the presence of G4 struc‐
tures in its promoter and 5‘ UTR are strong indicators of the oncogenic nature of YY1.

4.2. YY1 is regulated by post-translational modifications

Lysine residues are one of the major targets of post-translational modifications, acting as a
substrate for the addition of acetyl, methyl, ubiquitin or small ubiquitin modifier (SUMO)
groups. YY1 contains 32 lysines, equivalent to 8% of its total amino acids, making YY1 a vul‐
nerable target of multiple modifications. Of the 414 amino acids that compose YY1, all lysine
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ment of Polycomb (REPO) domain of YY1 is both necessary and sufficient to recruit Ezh2
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Ubiquitination is a modification executed cooperatively by a set of three ubiquitin enzymes
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protein or modulates its function and additional types of modification, while polyubiquiti‐
nation usually results in its proteasomal degradation.

In addition to the negative regulatory effects of YY1 on p53 discussed above, YY1 also pro‐
motes p53 polyubiquitination and degradation [47, 48]. YY1 directly interacts with both p53
and its E3 ligase Mdm2 and enhances the p53-Mdm2 interaction through the formation of a
ternary complex. Both wild-type YY1 and its DNA-binding deficient mutant promote p53
polyubiquitination, indicating that this function of YY1 is independent of its transcriptional
activity [48]. Consistently, YY1 depletion in cells leads to an increase in p53 stability and re‐
sults in cell cycle arrest and apoptosis.

We recently identified negative regulation of the tumor suppressor p27 by YY1 through
YY1-promoted ubiquitination [81]. YY1 overexpression enhanced both mono- and polyubi‐
quitination of p27, while YY1 silencing markedly reduced p27 polyubiquitination, but not
monoubiquitination.

In summary, the large number of YY1’s interaction partners increases the complexity of its
biological functions. Many of these proteins (e.g. p300, PRMT1, Ezh2, etc.) contribute to
YY1-mediated gene expression and modulate its Yin Yang effects on target genes. This tran‐
scriptional modulation is typically executed through YY1-recruited complexes initiating the
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addition or removal of different modifying groups on histone proteins. Other YY1-binding
proteins contribute to the transcription-independent functions of YY1, such as Mdm2-medi‐
ated p53 ubiquitination and degradation.

4. Regulation of YY1 expression and activity

In addition to transcriptional regulation, YY1-mediated gene transcription and protein mod‐
ifications, YY1 expression and function are also modulated at multiple levels.

4.1. YY1 is regulated by gene regulatory proteins

As a transcription factor, YY1 regulates the expression of itself through binding to consensus
sequences in the first intron of the YY1 gene [82]. These YY1 binding sites are necessary for
YY1 gene transcription. Interestingly, overexpressed exogenous YY1 inhibits the transcrip‐
tion of the endogenous YY1 gene, but the reduction of YY1 to normal levels restores this
transcription, suggesting a negative feedback loop. Several other transcription factors regu‐
late YY1 expression, including NF-κB, whose regulation of YY1 in prostate cancer will be
discussed below.

Raf kinase inhibitor protein (RKIP) is a potential tumor suppressor gene based on its activity
in suppressing metastasis and reduced expression in cancers. RKIP overexpression inhibits
YY1 transcription and sensitizes cells to TRAIL-mediated apoptosis [83, 84].

In addition to transcription factors, other gene regulatory proteins also modulate YY1 ex‐
pression. One example is G-quadruplex resolvase (G4R) 1 (also known as RHAU or
DHX36], which upregulates YY1 expression by resolving secondary structures in the YY1
promoter. The G-quadruplex (G4) structure is a 4-stranded secondary DNA or RNA struc‐
ture that is stabilized by non-canonical Hoogsteen hydrogen bonding of planar guanine
quartets and their subsequent stacking [85]. G4 structures in gene promoters inhibit gene
transcription, which can be relieved by G4 structure resolving helicases.

Both human and murine YY1 promoters have high contents of cytosine (C) and guanine (G)
nucleotides that confer these promoters with the potential to form G4 structures [86, 87]. We
recently demonstrated that the presence of G4 structures in the YY1 promoter inhibits YY1 ex‐
pression [86]. High G/C content is a common feature of many proto-oncogenes, such as c-myc
and Bcl-2, whereas the promoters of most tumor suppressor genes have reduced numbers of
closely-linked guanosine runs [88]. The high G/C content of YY1 and the presence of G4 struc‐
tures in its promoter and 5‘ UTR are strong indicators of the oncogenic nature of YY1.

4.2. YY1 is regulated by post-translational modifications

Lysine residues are one of the major targets of post-translational modifications, acting as a
substrate for the addition of acetyl, methyl, ubiquitin or small ubiquitin modifier (SUMO)
groups. YY1 contains 32 lysines, equivalent to 8% of its total amino acids, making YY1 a vul‐
nerable target of multiple modifications. Of the 414 amino acids that compose YY1, all lysine
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residues are located within the 257 amino acids comprising the middle and C-terminal re‐
gions, but not in the first 157 residues (Figure 1).

YY1 recruits p300 and PCAF to mediate histone acetylation of target promoters. Meanwhile,
both p300 and PCAF acetylate YY1 in the central region (residues 171-200), augmenting
YY1-mediated gene repression [11]. PCAF also acetylates YY1 in the C-terminus and thereby
interferes with YY1’s ability to bind its DNA consensus sequence [11]. On the other hand,
HDACs deacetylate YY1 residues in its central region but not at the C-terminus [11].

YY1 is modified by ubiquitin and SUMO groups. Treatment with a proteasome inhibitor led
to an accumulation of YY1 protein, suggesting that YY1 degradation is likely regulated by
ubiquitination [48]. However, YY1 mono-ubiquitination enhances its interaction with C-ter‐
minal binidng protein (CtBP) and HDAC3 to establish a repressive complex that inhibits the
expression of matrix metalloprotease (MMP) -9, a protein promoting cell invasion [53].

PIASy, a SUMO-E3 ligase, promotes the conjugation of SUMO proteins to YY1. We reported
that sumoylation exerts an inhibitory effect on YY1-mediated gene expression [89].

YY1 is also subject to other modifications that do not rely on lysine residues. Phosphoryla‐
tion of YY1 at three particular sites modulates a number of YY1 activities [90]. Among them,
serine 247 (Ser247) is located in the spacer region of YY1 while two other sites, threonines
348 and 378, are in YY1’s DNA-binding domain (Figure 1). Phosphorylation of the two
threonines, but not Ser247, abolishes the DNA binding ability of YY1. Threonine 39 of YY1
was recently identified to be phosphorylated by Polo-like kinase 1; however, its role in mod‐
ulating YY1 activity remains undetermined [91].

Akt is a well-established oncogene and acts as a critical upstream signaling protein for cell
proliferation and survival. YY1 was shown to interact with Akt and is likely a substrate of
Akt-mediated phosphorylation. Specifically, YY1 phosphorylation decreased upon treat‐
ment with an inhibitor of phosphoinositide 3 kinase (PI3K) that mediates Akt activation [45].

4.3. YY1 is regulated by growth factors & other biomolecules

Oncogenesis involves the upregulation of multiple growth factors, some of which promote
YY1 expression. Insulin-like growth factor-1 increases YY1 expression while its depletion
significantly decreases YY1 levels [92-94]. Fibroblast growth factor (FGF) -2 also upregulates
YY1 expression in vascular cells upon injury [95]. YY1 expression in prostate cancer cells is
particularly sensitive to growth factors, which will be discussed below.

Other biomolecules, such as lipopolysaccharide and myeloid nuclear differentiation antigen
(MNDA) can promote YY1 expression and modulate its activity through enhancing YY1-
DNA association [18, 96]. Conversely, YY1 is negatively regulated by molecules that have
anti-growth effects. For example, aphidicolin, the DNA synthesis inhibitor and apoptosis in‐
ducer, facilitiates YY1 translocation and cleavage [97, 98].

While YY1 negatively regulates miR-29, this miRNA also binds the 3‘ UTR of YY1 mRNA
and inhibits its translation [59, 99]. The tumor suppressor miR-34a has also been shown to
target YY1 and block its expression [100, 101].
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Yin Yang (YY) 2 has 65% similarity to YY1 in the protein coding regions while their amino
acid sequences share 56% similarity, which is mostly in their DNA binding regions [102].
Thus, YY2 binds the same consensus sequence as YY1, but with a much lower affinity [103].
Interestingly, YY2 exhibits opposing effects on shared YY1 transcriptional targets [104]. YY2
silencing reversed the antiproliferative effects of YY1 depletion [104]. Nonetheless, more
studies are needed to delineate the mechanisms and interaction of YY1 and YY2.

Overall, YY1 is activated by different growth factors, whereas antiproliferative signals tend
to antagonize YY1 activity. These data support an oncogenic role of YY1 in tumor develop‐
ment and progression.

5. Evidence of YY1’s oncogenic regulation in prostate cancer

Many lines of evidence support an oncogenic role of YY1. Most functions of YY1 discussed
above contribute to this role in prostate cancer. Importantly, the overexpression of YY1 in
prostate cancer augments the oncogenic effects caused by its regulated pathways. We allo‐
cate the role of YY1 in prostate oncogenesis into two categories based on the different regu‐
latory mechanisms.

5.1. Transcriptional regulation

As a transcription factor, YY1 generally activates the expression of oncogenic or proliferative
genes and inhibits those with tumor suppressive functions [105].

The Rex1 protein is a marker of both mouse and human embryonic stem cells and exhibits
reduced expression in prostate cancer cells compared to normal prostate epithelial cells
[106]. YY1 positively regulates Rex1 expression in normal human prostate epithelial cells,
but this regulation is not observed in prostate cancer cells, suggesting that YY1 transcrip‐
tional activity may be altered during transformation [106].

Prostate stem cell  antigen (PSCA) is  differentially regulated during prostate oncogenesis
and its expression is correlated with the development of malignant human prostate can‐
cer. YY1 cooperates with androgen receptor (AR) to regulate PSCA expression [107]. Two
YY1 consensus sites have been identified in the PSCA promoter and YY1 is overall essen‐
tial  to  androgen-mediated PSCA upregulation  in  prostate  epithelial  cell  lines.  This  sug‐
gests  that  YY1  contributes  to  prostate  cancer  progression  by  modulating  genes  such  as
PSCA (Figure 2) [107].

YY1 can act as a transcription coactivator to promote gene expression. We demonstrated
that the expression of prostate-specific antigen (PSA) in prostate cancer cells is dependent
on YY1 [70]. This effect is unaltered when the YY1 binding site in the PSA promoter is mu‐
tated, but lost when the direct YY1-AR interaction is disrupted. Since YY1-DNA association
is unnecessary for YY1-mediated PSA transcription, YY1 acts as a coactivator in promoting
PSA gene expression. We mapped the AR binding domain to the C-terminus of YY1 where
its DNA binding site resides, suggesting that YY1 unlikely interacts simultaneously with the
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to an accumulation of YY1 protein, suggesting that YY1 degradation is likely regulated by
ubiquitination [48]. However, YY1 mono-ubiquitination enhances its interaction with C-ter‐
minal binidng protein (CtBP) and HDAC3 to establish a repressive complex that inhibits the
expression of matrix metalloprotease (MMP) -9, a protein promoting cell invasion [53].

PIASy, a SUMO-E3 ligase, promotes the conjugation of SUMO proteins to YY1. We reported
that sumoylation exerts an inhibitory effect on YY1-mediated gene expression [89].

YY1 is also subject to other modifications that do not rely on lysine residues. Phosphoryla‐
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348 and 378, are in YY1’s DNA-binding domain (Figure 1). Phosphorylation of the two
threonines, but not Ser247, abolishes the DNA binding ability of YY1. Threonine 39 of YY1
was recently identified to be phosphorylated by Polo-like kinase 1; however, its role in mod‐
ulating YY1 activity remains undetermined [91].

Akt is a well-established oncogene and acts as a critical upstream signaling protein for cell
proliferation and survival. YY1 was shown to interact with Akt and is likely a substrate of
Akt-mediated phosphorylation. Specifically, YY1 phosphorylation decreased upon treat‐
ment with an inhibitor of phosphoinositide 3 kinase (PI3K) that mediates Akt activation [45].

4.3. YY1 is regulated by growth factors & other biomolecules

Oncogenesis involves the upregulation of multiple growth factors, some of which promote
YY1 expression. Insulin-like growth factor-1 increases YY1 expression while its depletion
significantly decreases YY1 levels [92-94]. Fibroblast growth factor (FGF) -2 also upregulates
YY1 expression in vascular cells upon injury [95]. YY1 expression in prostate cancer cells is
particularly sensitive to growth factors, which will be discussed below.

Other biomolecules, such as lipopolysaccharide and myeloid nuclear differentiation antigen
(MNDA) can promote YY1 expression and modulate its activity through enhancing YY1-
DNA association [18, 96]. Conversely, YY1 is negatively regulated by molecules that have
anti-growth effects. For example, aphidicolin, the DNA synthesis inhibitor and apoptosis in‐
ducer, facilitiates YY1 translocation and cleavage [97, 98].

While YY1 negatively regulates miR-29, this miRNA also binds the 3‘ UTR of YY1 mRNA
and inhibits its translation [59, 99]. The tumor suppressor miR-34a has also been shown to
target YY1 and block its expression [100, 101].
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genes and inhibits those with tumor suppressive functions [105].

The Rex1 protein is a marker of both mouse and human embryonic stem cells and exhibits
reduced expression in prostate cancer cells compared to normal prostate epithelial cells
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but this regulation is not observed in prostate cancer cells, suggesting that YY1 transcrip‐
tional activity may be altered during transformation [106].
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and its expression is correlated with the development of malignant human prostate can‐
cer. YY1 cooperates with androgen receptor (AR) to regulate PSCA expression [107]. Two
YY1 consensus sites have been identified in the PSCA promoter and YY1 is overall essen‐
tial  to  androgen-mediated PSCA upregulation  in  prostate  epithelial  cell  lines.  This  sug‐
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on YY1 [70]. This effect is unaltered when the YY1 binding site in the PSA promoter is mu‐
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is unnecessary for YY1-mediated PSA transcription, YY1 acts as a coactivator in promoting
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PSA promoter and AR [70]. Elevated PSA levels serve as a diagnostic marker of prostate
cancer development, and androgen hormones, which bind to AR and stimulate its activity,
are known to facilitate prostate cancer progression [108]. The positive regulation of PSA ex‐
pression by YY1 suggests its diagnostic and prognostic value in prostate cancer therapies
(Figure 2).

Figure 2. An Overview of Several YY1-Involved Signaling Pathways in Prostate Cancer; YY1 inhibits apoptosis by re‐
pressing DR5 and Fas receptors. YY1 and androgen receptor (AR) cooperate to activate expression of prostate specific
antigen (PSA) and prostate stem cell antigen (PSCA), both of which contribute to prostate oncogenesis. HOXB13 in‐
hibits prostate cancer cell growth by antagonizing AR signaling. YY1 represses HOXB13 transcription, thereby reliev‐
ing growth suppression. The growth hormone tumor necrosis factor (TNF)-α enhances NF-κB-mediated YY1
expression and AR activity, promoting cell survival and growth. Overall, YY1 function and regulation support its onco‐
genic role in prostate cancer development and progression.

More evidence has been demonstrated to show how YY1-mediated transcriptional repres‐
sion contributes to the oncogenic progression and therapeutic response of prostate cancer.

The homeobox gene HOXB13 suppresses prostate cancer cell growth by negatively regulat‐
ing AR and T-cell factor (TCF) -4 signaling (Figure 2) [109, 110]. YY1 binds to the HOXB13
promoter and represses its expression through recruiting HDAC4, suggesting that YY1 re‐
leases HOXB13-mediated growth arrest of prostate cancer cells [8].

Fas  receptor  and  DR5 are  two death  receptors  regulating  extrinsic  apoptotic  pathways.
YY1 negatively regulates the expression of these two receptors (Figure 2) [111,  112].  Ni‐
tric oxide (NO) acts as an intracellular second messenger to modify gene expression, in‐
cluding  upregulating  Fas  receptor.  The  underlying  mechanism  of  this  regulation  is
through  NO-induced  S-nitrosylation  of  YY1  and  the  consequently  reduced  YY1  DNA
binding affinity. This abolishes YY1 mediated Fas receptor gene repression and sensitizes
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prostate  cancer  cells  to  apoptotic  stimuli  [111].  A  similar  mechanism has  also  been  re‐
ported in the regulation of YY1 by Rituximab, a synthetic antibody used in the treatment
of  multiple  cancers,  including  prostate  cancer  [112].  YY1  inhibits  DR5  expression;  thus
elevated  YY1  levels  in  prostate  cancer  confer  therapeutic  resistance  to  tumor  cells
through downregulating  DR5.  Rituximab inhibits  both  DNA binding  and expression  of
YY1,  which  consequently  activates  DR5  gene  expression  and  sensitizes  TRAIL-induced
apoptosis.

5.2. The regulation of YY1 in prostate cancer-related mechanisms

In addition to the growth stimuli indicated above, YY1 expression is regulated by signaling
pathways directly involved in prostate oncogenesis.

NF-κB contributes to prostate cancer development through its constitutive activation of AR
expression and therefore serves as a prognostic marker of prostate cancer [113-115]. NF-κB
directly binds to the YY1 promoter to enhance YY1 expression (Figure 2) [116]. Thus, genetic
deletion of the p65 subunit of NF-κB was associated with decreased YY1 mRNA and protein
levels [117]. Consistently, the growth hormone tumor necrosis factor (TNF) -α, an activator
of NF-κB transcriptional activity, stimulates NF-κB-mediated YY1 expression in prostate
cancer PC-3 cells (Figure 2) [117].

Transforming growth factor (TGF) -β3 is a commonly upregulated growth factor in cancers.
A recent study revealed differential regulatory effects of TGF-β3 on YY1 expression in vari‐
ous prostate cell lines [118]. While TGF-β3 promotes YY1 expression in benign prostatic hy‐
perplasia cells, this effect is diminished in LNCaP cells and reversed in DU145 cells.
Consistent with other studies, these altered YY1 expression levels inversely correlated to p53
levels [47-49].

The contribution of Akt-mediated signaling pathways to prostate cancer development is
well documented. Akt was reported to mediate YY1 phosphorylation and its cytoplasmic
translocation, although the target residue(s) and whether the effect is direct or not remain
unclear [45]. Tumor suppressor PTEN inhibits the proliferative regulation of Akt through
antagonizing its phosphorylation [119-121]. Recent studies demonstrated PTEN-mediated
YY1 downregulation through inhibiting PI3K/Akt signaling [52, 122].

Consistent with these mechanistic studies, YY1 was suggested as a biomarker of prostate
cancer. A study using a prostate cancer tissue microarray consisting of 1364 representative
tissues  from  246  hormone-naive  prostate  cancer  patients  demonstrated  that  YY1  levels
were increased in tumors of intermediate to high morphologic grades, indicating its upre‐
gulation throughout the progression of prostate cancer [3]. Interestingly, YY1 immunohis‐
tochemical  staining  was  observed  in  both  nucleus  and cytoplasm in  tissues  of  prostate
cancer and prostatic intraepithelial neoplasia, consistent with the cytoplasmic localization
of YY1 demonstrated in other cells [98]. In another study, YY1 was one of several differen‐
tially expressed proteins in prostate cancer in comparison to benign prostatic hyperplasia
and contributed to upregulated transcriptional networks [76].
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PSA promoter and AR [70]. Elevated PSA levels serve as a diagnostic marker of prostate
cancer development, and androgen hormones, which bind to AR and stimulate its activity,
are known to facilitate prostate cancer progression [108]. The positive regulation of PSA ex‐
pression by YY1 suggests its diagnostic and prognostic value in prostate cancer therapies
(Figure 2).

Figure 2. An Overview of Several YY1-Involved Signaling Pathways in Prostate Cancer; YY1 inhibits apoptosis by re‐
pressing DR5 and Fas receptors. YY1 and androgen receptor (AR) cooperate to activate expression of prostate specific
antigen (PSA) and prostate stem cell antigen (PSCA), both of which contribute to prostate oncogenesis. HOXB13 in‐
hibits prostate cancer cell growth by antagonizing AR signaling. YY1 represses HOXB13 transcription, thereby reliev‐
ing growth suppression. The growth hormone tumor necrosis factor (TNF)-α enhances NF-κB-mediated YY1
expression and AR activity, promoting cell survival and growth. Overall, YY1 function and regulation support its onco‐
genic role in prostate cancer development and progression.

More evidence has been demonstrated to show how YY1-mediated transcriptional repres‐
sion contributes to the oncogenic progression and therapeutic response of prostate cancer.
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promoter and represses its expression through recruiting HDAC4, suggesting that YY1 re‐
leases HOXB13-mediated growth arrest of prostate cancer cells [8].

Fas  receptor  and  DR5 are  two death  receptors  regulating  extrinsic  apoptotic  pathways.
YY1 negatively regulates the expression of these two receptors (Figure 2) [111,  112].  Ni‐
tric oxide (NO) acts as an intracellular second messenger to modify gene expression, in‐
cluding  upregulating  Fas  receptor.  The  underlying  mechanism  of  this  regulation  is
through  NO-induced  S-nitrosylation  of  YY1  and  the  consequently  reduced  YY1  DNA
binding affinity. This abolishes YY1 mediated Fas receptor gene repression and sensitizes
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prostate  cancer  cells  to  apoptotic  stimuli  [111].  A  similar  mechanism has  also  been  re‐
ported in the regulation of YY1 by Rituximab, a synthetic antibody used in the treatment
of  multiple  cancers,  including  prostate  cancer  [112].  YY1  inhibits  DR5  expression;  thus
elevated  YY1  levels  in  prostate  cancer  confer  therapeutic  resistance  to  tumor  cells
through downregulating  DR5.  Rituximab inhibits  both  DNA binding  and expression  of
YY1,  which  consequently  activates  DR5  gene  expression  and  sensitizes  TRAIL-induced
apoptosis.

5.2. The regulation of YY1 in prostate cancer-related mechanisms

In addition to the growth stimuli indicated above, YY1 expression is regulated by signaling
pathways directly involved in prostate oncogenesis.

NF-κB contributes to prostate cancer development through its constitutive activation of AR
expression and therefore serves as a prognostic marker of prostate cancer [113-115]. NF-κB
directly binds to the YY1 promoter to enhance YY1 expression (Figure 2) [116]. Thus, genetic
deletion of the p65 subunit of NF-κB was associated with decreased YY1 mRNA and protein
levels [117]. Consistently, the growth hormone tumor necrosis factor (TNF) -α, an activator
of NF-κB transcriptional activity, stimulates NF-κB-mediated YY1 expression in prostate
cancer PC-3 cells (Figure 2) [117].

Transforming growth factor (TGF) -β3 is a commonly upregulated growth factor in cancers.
A recent study revealed differential regulatory effects of TGF-β3 on YY1 expression in vari‐
ous prostate cell lines [118]. While TGF-β3 promotes YY1 expression in benign prostatic hy‐
perplasia cells, this effect is diminished in LNCaP cells and reversed in DU145 cells.
Consistent with other studies, these altered YY1 expression levels inversely correlated to p53
levels [47-49].

The contribution of Akt-mediated signaling pathways to prostate cancer development is
well documented. Akt was reported to mediate YY1 phosphorylation and its cytoplasmic
translocation, although the target residue(s) and whether the effect is direct or not remain
unclear [45]. Tumor suppressor PTEN inhibits the proliferative regulation of Akt through
antagonizing its phosphorylation [119-121]. Recent studies demonstrated PTEN-mediated
YY1 downregulation through inhibiting PI3K/Akt signaling [52, 122].

Consistent with these mechanistic studies, YY1 was suggested as a biomarker of prostate
cancer. A study using a prostate cancer tissue microarray consisting of 1364 representative
tissues  from  246  hormone-naive  prostate  cancer  patients  demonstrated  that  YY1  levels
were increased in tumors of intermediate to high morphologic grades, indicating its upre‐
gulation throughout the progression of prostate cancer [3]. Interestingly, YY1 immunohis‐
tochemical  staining  was  observed  in  both  nucleus  and cytoplasm in  tissues  of  prostate
cancer and prostatic intraepithelial neoplasia, consistent with the cytoplasmic localization
of YY1 demonstrated in other cells [98]. In another study, YY1 was one of several differen‐
tially expressed proteins in prostate cancer in comparison to benign prostatic hyperplasia
and contributed to upregulated transcriptional networks [76].
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6. YY1 studies in the clinical applications of prostate cancer

Many biological functions of YY1 implicate its oncogenic role in human cancers. Further cor‐
roborating these observations is the frequent overexpression of YY1 in cancer cells, includ‐
ing prostate tumors [123]. These oncogenic properties confer YY1 with great potential as a
therapeutic target in prostate cancer treatment.

YY1 antagonizes p53 function through multiple mechanisms, including facilitating Mdm2-
mediated p53 ubiquitination and degradation, inhibiting p53-mediated transcription, block‐
ing p53 acetylation, and attenuating p14ARF-mediated p53 stablization [47-49]. These
suggest that p53 is a primary target of overexpressed YY1’s role during prostate oncogene‐
sis. Although p53 is most commonly deleted or mutated in prostate cancers, some tumors
retain functional p53, especially at their early stages [124-126]. As a result, many tumors
need to overcome p53 tumor suppression early in their cell transformation process, and it is
reasonable to hypothesize that YY1 plays a role in overcoming this barrier to tumorigenesis
in these developing prostate neoplasms.

YY1 is also implicated as a therapeutic target through its promotion of multiple onco‐
genes‘ function and expression. The bona fide oncogene Ezh2 has been used as a marker for
aggressive prostate cancers and its overexpression is associated with decreased therapeutic
efficacy [127]. Since YY1 is essential to Ezh2-mediated histone H3-K27 methylation, it is pos‐
sible that YY1 augments the aberrant epigenetics in prostate cancer and contributes to tumor
progression by recruiting Ezh2 to its target promoters.

The role of YY1 in prostate cancer therapies has been investigated in multiple studies. As
indicated above, YY1 transcriptional activity and expression are negatively regulated by NO
and rituximab. Thus, the treatment of the two anticancer drugs DETA/NONOate and rituxi‐
mab releases YY1-mediated repression of the death receptors Fas and DR5, and sensitizes
the ligand-induced apoptosis of prostate cancer cells [111, 112].

7. Summary

YY1 is a multifunctional transcription factor capable of either repressing or activating its tar‐
get genes, depending on the cellular signals and composition of its recruited complexes. Ad‐
ditionally, YY1 modulates the activity and stability of its interaction proteins by mediating
the post-translational modifications of these proteins. Several lines of evidence exist to sug‐
gest that YY1 acts as an oncogene in prostate cancer. First, YY1 activates the expression and
function of oncogenes, while inhibiting tumor suppressor activity. Secondly, the activity of
YY1 itself is promoted by oncogenes and growth factors, and inhibited by tumor suppres‐
sors. Third, YY1 is overexpressed in prostate cancers.

Epigenetics implicates reversible processes that do not involve any change of DNA se‐
quence. In theory, simultaneously targeting several epigenetic, cancer-driving pathways
should result in more efficient therapies than individually targeting each of them. Thus, if a
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singular regulatory protein involved in the abnormality of multiple processes contributing
to malignancy is identified, therapeutic targeting of this key regulator will display a sub‐
stantial impact on disease progression or reversal. To date, no YY1 gene or protein mutation
has been reported in any disease. YY1’s regulatory role in multiple epigenetic processes cou‐
pled with its overexpression in prostate cancer lends YY1 therapeutic potential.

Many questions remain about the role of YY1 in prostate cancer-related biological pathways,
and it is likely that such a promiscuous protein has more roles in prostate oncogenesis than
what are currently known. Nonetheless, present evidence suggests that YY1 exerts a pre‐
dominantly oncogenic function and therapeutic targeting of YY1 may result in substantial
advances in prostate cancer treatment.
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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. Localized prostate cancer is treated by either radical pros‐
tatectomy or radiotherapy. Low levels of testosterone have been associated with prostate
cancer progression. These tumor presented advanced tumor stage, high Gleason scores, and
had significantly worse overall survival rate [1, 2]. Indeed, intraprostatic dihydrotestoster‐
one (DHT) were consistently reduced in patients with high-grade (Gleason scores of 7 to 10)
compared to patients diagnosed with low grade tumors (Gleason scores of 6 or less) [3].
Prostate cancer usually is treated using chemotherapy, radiotherapy, or surgery. For ad‐
vanced prostate cancer, hormonal therapy is currently used as the standard treatment, how‐
ever; these tumors develop and aggressive phenotype and become hormone–independent
(hormone-refractory) (HRPC) that is resistant to chemotherapy or radiotherapy and meta‐
stasizes to lymph nodes and bone [4].

Although prostate cancer is the most common cancer in Caucasians, the risk factors associat‐
ed with increased prostate cancer incidences include mainly in those individuals with 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) [5, 6]. Further‐
more, mortality from prostate cancer following surgery is nearly two-fold higher in African-
American men (56.3/100,000) succumbing to the disease compared to white men
(23.9/100,000) [7-9]. Little is currently know whether the type of factors (biological, diet, ra‐
cial, or lifestyle) that may play a influence role in the increased prostate cancer incidence in
this population. The high mortality in death from prostate cancer is generally due to meta‐
static disease that results from resistance to the treatments described above. Since rates of
prostate cancer in the U.S. are 60 percent higher among African-American men, and their
mortality rate are two-and-a-half times that of Caucasian men [10, 11], identifying the mech‐
anisms that support indolent against aggressive disease is an important area of research.
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Prostate cancer cells that survive chemotherapy or radiation treatment clearly indicate that
may be able to repair most of the radiation-induced DNA breaks. Indeed, different prostate
cancer cell lines have shown a very efficient DNA repair system in which DNA damage can
be removed [4, 12]. Also, there is the possibility that genetic instability occurring in those
cancer cells with unrepaired or misrepaired DNA damage might increase prostate cancer
aggressiveness. In this regard, there is an increasing interest in the utilization of PARP inhib‐
itors as a strategy for improving cancer therapy [13]. PARP is a nuclear enzyme that plays
active roles in DNA repair, DNA replication, and cell death, in response to diverse forms of
stimuli from normal metabolic processes, as well as environmental factors [14, 15]. This en‐
zyme binds nonspecifically to DNA breaks and catalyzes the poly(ADP-ribosyl)ation of var‐
ious nuclear proteins utilizing NAD+ as a substrate, leading to chromatin decondensation
that allows the repair process for DNA damage.

Overexpression of PAPR1 has been described in a variety of tumor cell lines, which was as‐
sociated with malignant progression [16]. PARP-1 high levels has also been found in malig‐
nant lymphoma cells compared to normal lymph nodes [16], adjacent non-tumor tissues, or
hyperplastic polyps [17]. High levels of PARP-1 also showed high correlation with poor
prognosis in early breast cancer. In this type of cancer, PARP-1 was indicated to be the major
component of tumor cells response to DNA damage and a key player in maintaining their
genetic stability. Augmented expression of PARP-1 was also observed in moderate differen‐
tiate hepatocellular carcinomas (HCC) [18]. In addition, poly(ADP-ribosyl)ation was consis‐
tently increased in HCC [19], colon carcinomas [20], cervical cancer [21], and melanoma and
basal cell carcinoma [22]. More recent findings have found that overexpression of PARP-1
appear to be related with prostate cancer progression, and also considered as a potential in‐
dependent predictor of aggressiveness among the clinicopathological features related to this
type of tumor [23].

Prostate tumors that initially respond to standard chemotherapy often recur; with selective
outgrowth of tumor cell subpopulations that are resistant not only to the original chemo‐
therapeutic agent, but also to other therapeutics. Therefore, the promising results of PARP
inhibitors in treating advanced states of prostate cancer provide new avenues for effective
treatment of this deadly disease. This chapter focuses on PARP-1 as a potential target to im‐
prove the breadth and effectiveness of prostate cancer treatment.

2. The biological roles of PARP-1

PARP-1 is a nuclear protein that catalyzes the covalent long chain poly(ADP-ribosyl)ation of
a variety of nuclear proteins utilizing β-nicotinamide adenine dinucleotide (NAD+) as a sub‐
strate, with PARP-1 itself being the major target of modifications [24, 25]. Moreover, many
other nuclear DNA binding proteins are also modified. PARP-1 is only activated when
bound to single- or double-stranded DNA ends via its two zinc fingers, which recognize
DNA breaks independent of the DNA sequence [14, 15, 25] (Table 1). The active protein cat‐
alyzes a sequential transfer reaction of ADP-ribose units from NAD+ to various nuclear pro‐
teins, forming a protein-bound polymer of ADP-ribose units [24].
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Agents that activatePARP-1 Events inducing DNA breaks

Alkilating agents Aging

Apoptosis inducers Chromosomal alterations

Asbestos Differentiation

Hydrogen peroxide (H2O2) Gene expression

Ionizing radiation Genetic instability

Oxidising agents DNA replication

Nitrosative stress Inflammation

Topoisomerase inhibitors Necrosis

Programming cell death

Table 1. List of events that promote DNA breaks and PARP-1 activation

Since PARP-1 activation is strictly proportional to the number of DNA breaks, its activity is
strictly proportional to the number of DNA breaks in vivo or in vitro, and it is particularly
inactive in the absence of DNA breaks [15, 25, 26]. DNA damage can occur during DNA rep‐
lication or as consequence of exposure of cells to different types of genotoxic agents (Table
1). One of the earliest cellular events that follow this phenomenon is the poly(ADP-ribo‐
syl)ation of PARP-1 and an array of DNA binding proteins that are localized predominantly
adjacent to the DNA strand breaks, resulting in polymers adjacent to DNA breaks and in the
recruitment of additional proteins that are essential in BER/SSBR [27, 28].The covalent
poly(ADP-ribosyl)ation of nuclear DNA-binding proteins in eukaryotes is a phenomena that
contributes to various physiologic and pathophysiologic events associated with DNA strand
breakage, repair of DNA damage, and apoptosis [15, 29-32]. Detailed studies have demon‐
strated that in addition to its accessory role in DNA repair, PARP-1 also plays regulatory
roles in other nuclear processes, including DNA replication and the regulation of transcrip‐
tion, as a longevity assurance factor associated with genome stability, and in redox signaling
[26] (Table 2). In addition, the post-translational modifications reaction in which poly(ADP-
ribosyl)ation is involved during post-translational reactions is mainly related to the modula‐
tion of chromatin and function in DNA-damaged and apoptotic cells [32, 33]. The nuclear
protein substrates of PARP-1 include histones, DNA topoisomerases I and II [34, 35], SV40
large T antigen [36], DNA polymerases α and δ, proliferating cell nuclear antigen (PCNA),
and several proteins that are components of the DNA synthesome [35].

The interaction of PARP-1 with components of the base excision repair (BER) complex such
as DNA ligase III, DNA pol β, and XRCC1 [37-40], suggested that PARP-1 may have protec‐
tive function in the BER repair process. PARP-1 has also been shown to interact with a num‐
ber of transcription factors (Table 3), including AP-2 [41], CXC ligand [41], E2F-1 [32], NF-κB
[42], MYB [43], Oct-1 [44], PC3/topoisomerase-I [45], SP-1, TEF-1 [46], and YY1 [47]. Al‐
though ADP-ribosylation has been indicated as the main mechanism by which PARP-1
modulates most of these transcription factors, consistent reports in which PARP-1 inhibitors
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Prostate cancer cells that survive chemotherapy or radiation treatment clearly indicate that
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Agents that activatePARP-1 Events inducing DNA breaks

Alkilating agents Aging

Apoptosis inducers Chromosomal alterations

Asbestos Differentiation

Hydrogen peroxide (H2O2) Gene expression

Ionizing radiation Genetic instability

Oxidising agents DNA replication

Nitrosative stress Inflammation

Topoisomerase inhibitors Necrosis

Programming cell death

Table 1. List of events that promote DNA breaks and PARP-1 activation
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[42], MYB [43], Oct-1 [44], PC3/topoisomerase-I [45], SP-1, TEF-1 [46], and YY1 [47]. Al‐
though ADP-ribosylation has been indicated as the main mechanism by which PARP-1
modulates most of these transcription factors, consistent reports in which PARP-1 inhibitors

The Role of PARP Activation in Prostate Cancer
http://dx.doi.org/10.5772/53297

593



and the downstream effects of NF-κB pathways were analyzed [48] have argued against the
requirement of PARP-1 as a critical co-activator of NF-κB [49, 50].

Roles of PARP in cellular and molecular processes

Control of cell cycle

Cell differentiation

Cell death

Chromatin architecture

DNA repair

Redox signaling

Transcription

Transformation

Table 2. List of the roles PARP-1 plays in molecular and cellular processes.

The dual roles of PARP-1 in different nuclear processes are based in on the levels of the sub‐
strate NAD+ and the presence of PARP-activating DNA breaks. Indeed, physical interaction
of PARP-1 with DNA polymerase α occurs in the absence of NAD+ activates polymerase α
[51], while addition of NAD+ to the DNA replication complex inhibits polymerase α catalytic
activity [52]. Although in the absence of NAD+, PARP-1 interacts with different transcription
factors to enhance activator-dependent transcription, the presence of NAD+ and consequent
PARP-1 activation represses transcription, presumably by poly(ADP-ribosyl)ation of a series
of transcription factors [53]. Thus for example, in the absence of NAD, PARP-1 enhances ac‐
tivator-dependent transcription by interacting with RNA polymerase II-associated factors
[53], binds to the transcription enhancer factor 1 (TEF1) and enhances muscle-specific gene
transcription [46], and transcription factor AP-2 to co-activate AP-2-mediated transcription
[41]. Meanwhile, PARP-1 depletion silences the activation of a number of transcription fac‐
tors, preventing the formation of active transcription complexes and binding to their respec‐
tive DNA consensus sequences [54].

In most of the cases, the poly(ADP-ribosyl)ation modification of proteins inhibits their affin‐
ity for DNA-binding as a result of the electrostatic repulsion between the negatively charged
DNA and long chain of approximately 200 units of poly(ADP-ribose) (PAR) [24, 25]. Al‐
though unmodified PARP-1 binds tightly to DNA ends, interfering with the repair machi‐
nery, the prolonged poly(ADP-ribosyl)ation automodification of PARP-1 itself is essential to
modulate its binding to DNA ends during the repair process [55, 56]. The decrease in DNA-
binding affinity caused by electrostatic repulsion between DNA and poly(ADP-ribose)
(PAR) as a result of the pos-translational modification may explain the reduction on the cat‐
alytic activity of some DNA-binding proteins [57, 58]. Modification of other nuclear proteins
such as nucleosomal proteins may also allow the access of various replicative and repair en‐
zymes that bind specifically to those regions of the DNA containing strand breaks [59, 60].
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Function Acceptor proteins

Cell cycle regulation p53

PCNA

Chromatin structure Histone

HGM

Lamins

LMG proteins

DNA metabolism DNA polymerase α

DNA polymerase β

DNAS1L3

Endonuclease

PARP-1

Poly(ADP-ribose) synthetase

Topoisomerase I

Topoisomerase II

XRCC1

Others Tankyrase-1

Telomeric repeat binding factor-1

Table 3. List of acceptor proteins for poly(DP-ribose).

The elevated levels of sister chromatid exchanges (SCE) found in PARP-1 knockout mice
have been associated with increased genomic instability [61, 62]. Similar events have been
reported in splenocytes and fibroblasts isolated from PARP-1-/- animals, which also exhibit‐
ed signaling abnormalities, apoptosis, proliferation, and defects in DNA repair [62, 63]. Ac‐
cordingly, animals carrying deletion of the exon 1 [64], exon 2 [61], and exon 4 [62], neither
evidenced PARP-1 protein nor exhibited signals of poly(ADP-ribosyl)ation. It was also de‐
scribed that thymocytes derived from PARP-1 knockout mice showed a delayed recovery af‐
ter exposure to gamma-radiation [61]. Also, PARP-1 inhibition/deletion does not alter key
cellular events such as apoptosis, DNA replication, and differentiation in cells derived from
these mice; however, some evidence has indicated that PARP-1 has supportive roles in all
these processes. Indeed, derived PARP-1 deficient cells showed pronounced effects on some
of these events that are not observed in wild type cells [65, 66].

3. Involvement of PARP-1 in prostate cancer progression

Localized prostate tumors are treated by either radical prostatectomy or radiotherapy and
usually survive many years [67]. For aggressive prostate cancer, hormonal therapy is the
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[41]. Meanwhile, PARP-1 depletion silences the activation of a number of transcription fac‐
tors, preventing the formation of active transcription complexes and binding to their respec‐
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though unmodified PARP-1 binds tightly to DNA ends, interfering with the repair machi‐
nery, the prolonged poly(ADP-ribosyl)ation automodification of PARP-1 itself is essential to
modulate its binding to DNA ends during the repair process [55, 56]. The decrease in DNA-
binding affinity caused by electrostatic repulsion between DNA and poly(ADP-ribose)
(PAR) as a result of the pos-translational modification may explain the reduction on the cat‐
alytic activity of some DNA-binding proteins [57, 58]. Modification of other nuclear proteins
such as nucleosomal proteins may also allow the access of various replicative and repair en‐
zymes that bind specifically to those regions of the DNA containing strand breaks [59, 60].
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The elevated levels of sister chromatid exchanges (SCE) found in PARP-1 knockout mice
have been associated with increased genomic instability [61, 62]. Similar events have been
reported in splenocytes and fibroblasts isolated from PARP-1-/- animals, which also exhibit‐
ed signaling abnormalities, apoptosis, proliferation, and defects in DNA repair [62, 63]. Ac‐
cordingly, animals carrying deletion of the exon 1 [64], exon 2 [61], and exon 4 [62], neither
evidenced PARP-1 protein nor exhibited signals of poly(ADP-ribosyl)ation. It was also de‐
scribed that thymocytes derived from PARP-1 knockout mice showed a delayed recovery af‐
ter exposure to gamma-radiation [61]. Also, PARP-1 inhibition/deletion does not alter key
cellular events such as apoptosis, DNA replication, and differentiation in cells derived from
these mice; however, some evidence has indicated that PARP-1 has supportive roles in all
these processes. Indeed, derived PARP-1 deficient cells showed pronounced effects on some
of these events that are not observed in wild type cells [65, 66].

3. Involvement of PARP-1 in prostate cancer progression

Localized prostate tumors are treated by either radical prostatectomy or radiotherapy and
usually survive many years [67]. For aggressive prostate cancer, hormonal therapy is the

The Role of PARP Activation in Prostate Cancer
http://dx.doi.org/10.5772/53297

595



standard treatment however; a significant amount (approximately 30%) of these tumors be‐
come hormone–independent (hormone-refractory) [11]. Prostate cancer cells that survive
chemotherapy or radiation treatment may be capable to repair most radiation-induced DNA
breaks. This is supported by evidence showing both in androgen dependent and independ‐
ent prostate cancer cell lines in which the EGFR-ERK signaling pathway up-regulates a ser‐
ies of DNA repair proteins, including ERCC1, XPC, and XRCC1, in response to DNA
damage [68]. These proteins efficiently repaired the damaged DNA, and enhanced the sur‐
vival of cells following exposure to genotoxics [68, 69]. The activation of PARP-1 in the pres‐
ence of DNA breaks consistently promotes the recruitment of XRCC1 and the physical
interaction of XRCC1 with PARP-1 has been indicated as an efficient process to repair DNA
breaks in a coordinated manner [39]. However, it needs to be taken into account that genetic
instability may occur in those cells with unrepaired or misrepaired DNA damage. In this re‐
spect, the LNCaP prostate cancer cell line, an androgen-responsive is a good model because
undergoes growth arrest, but not apoptosis after androgen deprivation, and it is also highly
resistant to radiation-induced cell death [70, 71].

Given that activation of PARP-1 is absolutely dependent on DNA strand breaks [15, 26], the
substantial poly(ADP-ribosyl)ation modification of PARP-1 detected during early apoptosis
in LNCaP cells was consistent with the DNA damage induced by Phenoxodiol, a synthetic
analogue of Genistein [72]. Although the level of PARP-1 activation and its subsequent
cleavage in LNCaP cells after Phenoxodiol exposure was exhibited in a time dependent
manner, the poly(ADP-ribosyl)ation automodification of PARP-1 activation during the early
stages of Phenoxodiol-induced apoptosis may thus be required for progression through the
death program [72]. In this respect, subsequent cleavage of PARP-1 may have prevented the
depletion of NAD+ and ATP, which are needed for later steps in apoptosis [73]. However,
the possibility that inhibition of the topoisomerase II activity may have caused DNA dam‐
age in cells exposed to Phenoxodiol, a well-known topoisomerase II poison, was not exclud‐
ed [74]. As a matter of fact, activation of PARP-1 has also been detected in apoptotic cells
exposed to different antineoplastic agents, such as adriamycin, alkylating agents, cisplatin,
mitomycin C, radiation, and topoisomerase inhibitors [75].

A combined treatment of isoflavones and curcumin had a potent inhibitory effect on cellular
proliferation of LNCaP cells [76]. The effects associated with this treatment were the en‐
hanced phosphorylation of some nuclear proteins, such as ATM and Chk2 when compared
to the effects of cells treated with curcumin alone. Similar effects were observed in the his‐
tone H2AX and p53. Interesting, curcumin also inhibited the proliferative effects of the dihy‐
drotestosterone (DHT), a stimulator of prostate growth [3]. The augmented levels of
testosterone consistently induced activation of the DNA damage response (DDR) pathways
in response to curcumin treatment by promoting the phosphorylation of CHK, H2AX and
p53. This approach also induced the proteolytic cleavage of PARP-1, suggesting that activa‐
tion of the DDR by polyphenols might have a suppress effect on malignant transformation,
while a combined therapy of testosterone and curcumin may enhances apoptosis by pro‐
moting the release of pro-apoptotic factors, restricting thus prostate cancer progression.
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To determine the signaling pathways that are induced by radiation-induced PARP-1 activa‐
tion, two prostate cancer cell lines LNCaP and DU145, which express different levels of
EGFR, were exposed to ionizing radiation and EGF [77]. Although the radiosensitivity was
much more evident in LNCaP cells, the radiation treatment consistently reduced the clono‐
genic survival in both cell lines. The addition of EFG or PD184352, a MEK 1/2 inhibitor, had
any significant impact on the killing of the cancer prostate cells. In contrast, PJ34, a potent
inhibitor of PARP-1 [78], caused a growth arrest and markedly reduced cell death in both
cell lines [77]. In support of these data, poly ADP-ribosylation of PARP-1 was also evident in
LNCaP and DU145 cells after irradiation or exposure to EGF. These results are supported by
findings linking EGF expression to human prostate cancer development [79, 80], the high
levels of EGF secreted by LNCaP and DU145 cell lines [81, 82], as well as the enhanced inva‐
sive capacity that EGF exert on another human prostate cancer cell line (PC-3) [83]. Al‐
though the reduction of cell death was evident in cells exposed to PJ34 and EGF; however,
an opposite effect was observed when PD184352 or the inhibitor of EGF receptor kinase,
AG1478, alone was added to the cultures. When the same experimental approaches were ap‐
plied to PARP-1-depleted cells, expression of poly ADP-ribose production was practically
eliminated [78]. This study indicated that PARP-1 activation in both cell lines is linked to the
EGF-ERK signaling pathway, which may be critical for the poly ADP-ribosylation and regu‐
lation of NAD+ content following irradiation, and may also be critical for cell survival after
treatment for prostate cancer.

Similar apoptotic effects including, annexin-V binding and TUNEL staining, loss of mito‐
chondrial membrane potential the release of cytochrome c, activation of caspase-3, and in‐
crease of PARP-1 cleavage were observed in PC-3 cells treated with b-caryophyllene oxide
(CPO), wortmannin, and the AKT inhibitor IV [84]. Downregulation of several proteins that
are part of the PI3K/AKT/mTOR/S6K1 signaling cascade and ROS-mediate MAPKs activa‐
tion were also identified, which strongly suggested that multiple cascades are involved in
cell survival and proliferation of prostate cancer cells. Accordingly, LNCaP cells exposed to
isochaihulactone, a lignin with proved antitumor activity in vitro and in vivo models [85],
evidenced the involvement of the JNK pathway as a potential target for the activation of
proteases that are crucial in the induction of caspase-3 activation and PARP-1 cleavage, hall‐
marks of apoptosis cell death.

4. The relationship between the expression of PARP-1 and p53 in prostate
cancer

It is well known that the tumor suppressor gene p53 is a key player in controlling the genet‐
ic stability in breast tumor cells [86]. More recently, it was reported that inhibition of
PARP-1 by veliparib enhances DNA damage in BRCA-proficient cancer cells, a process that
appears to be regulated by p53. Although a diverse response was observed in p53-mutant or
–null cells, the veliparib and topotecan combination enhanced DNA damage response and
cell death in these type of cells [87]. Similarly, treatment of LNCaP cells to a new ligan iso‐
chaihulactone, a proved inhibitor of cell proliferation and effective inducer of apoptosis in a
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variety of cancer cell lines, enhanced PARP-1 cleavage and increased levels of p53 in those
cells that become irreversible committed to cell death [88].

Considering that PARP-1 is thought to be an important modulator of p53 [89], either by co‐
valent modification or by non-covalent binding of poly(ADP-ribose) on specific domains of
p53, which alter its DNA binding functions [47], the binding of p53 to DNA damage pro‐
motes activation of downstream signal cascades, leading to cell cycle arrest and apoptosis. A
recent report have demonstrated the efficacy of a novel CDK1, CDK2 inhibitor, dansylated
VMY-1-103, in inhibiting Erb-2/Erb-3/heregulin-induced cell proliferation in LNCaP cells.
Apoptosis via decreased mitochondrial membrane polarity, induction of p53 phosphoryla‐
tion, caspase-3 activation, and PARP-1 cleavage in these prostatic tumor cells, were also
among the most relevant findings [90]. The stability of p53 as evidenced by an increase of
p53 content is crucial for blocking cell cycle progression or for initiating cell death apoptosis
in response to DNA damage [91, 92]. However, it cannot be excluded that other DNA repair
proteins can also bind simultaneously to the damaged site and may activate alternative sig‐
naling pathways in response to genotoxic insults. The determinant of which of these mecha‐
nisms is chosen can be dependent on the magnitude of damage to the DNA.

Although p53 and PARP-1 are both damage sensor proteins and can be functionally activat‐
ed by DNA damage [92, 93], evidence indicated that PARP-1 is not essential for p53 accu‐
mulation induced by DNA damage. However, PARP-1 appear to be required for the
appropriate response of p53 to DNA damage [89], including its rapid and enhanced protein
expression [91]. In this respect, immunoblotting analysis with antibodies against p53 were
able to detect p53 protein in lysates of PARP-1 wild-type cells, but not in PARP-1 deficient
cell extracts, which suggested that the reduced protein stability of p53 in cells lacking
PARP-1 [94]. The functional interaction between p53 and PARP-1 in response to radiation
was also reported in a human glioblastoma cell line A-17 treated with 3-aminobenzamide (3-
AB), a well-known PARP-1 inhibitor. The absence of PARP-1 activity by 3-AB dramatically
reduced the radiation-induced expression of the p53 downstream, the p21 gene product. In
support to this observation, the gel shift analysis evidenced that 3-AB significantly inhibited
the irradiation-activated p53-binding activity to its consensus sequences [95]. Similar results
were observed in a (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) (MPTP)-induced parkin‐
sonism model in which a heavy poly(ADP-ribosyla)tion modification of p53 reduced the
DNA-binding activity of p53 to its consensus sequences [96].

Although the specific findings above described clearly proof that PARP-1 expression is im‐
plicated in p53 accumulation and stabilization, this effect is different to that observed in
PARP-1 knock out cells exposed to N-methyl-N-nitroso urea (MNU), an alkylating agent, in
which p53 is accumulated and its activation is consistently enhanced [97]. The findings in
this model suggest that PARP-1 regulating p53-mediated response to genotoxic agents is
probably dependent on the type of DNA damage. Accordingly the level of MDM-2 tran‐
script, an important negative regulator of the p53, was not increased after gamma-irradia‐
tion; however, an increased in the expression of MDM-2 protein was observed in PARP-1
null cells. The increased levels of MDM-2 may provide an alternative explanation for the re‐
duced accumulation and activation of p53 in PARP-1 null cells. Furthermore, the reduced
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phosphorylation of p53 may also be indicative of a defective activation of the kinases path‐
ways in these cells [97].

Other studies have demonstrated that PARP-1 is dispensable for the repair of DNA double-
strand breaks induced by alkylating agents, UV, and gamma-radiation. In this respect, it
was proposed the existence of an alternative radiation-induced pathway involving p53 that
may function independently of PARP-1 involvement. Although this alternative mechanism
may explain the cytotoxic response detected in PARP-1 null cells after radiation treatment
[61, 98], this does not necessarily support the significant delay in the transient accumulation
of p53 in PARP-1-depleted intestinal epithelial stem cells after exposure to irradiation. Simi‐
larly, the survival analysis was markedly reduced in crypts of PARP-1 knockout mice, even
at radiation doses that have sublethal effects on wild type animals [65]. These observations
extended the crucial role of PARP-1 to stem cells survival after DNA damage in vivo. Indeed,
considering the prolonged regenerative capacity of prostate progenitor stem cells may in‐
crease their susceptibility to accumulate genetic or epigenetic alterations during their life cy‐
cle, the events may be able to increased proliferative rates, decreased cell death, and overall
survival advantages over prostate progenitor stem cells, contributing thus to transformation
[6, 99-104]. Along with these studies, PARP-1 inhibition may be a critical component in the
treatment of some types of cancer. Additionally, other components of the cell cycle check‐
points such p53 also need to be considered in order to develop an appropriate therapy strat‐
egy to avoid relapse.

5. The prostate cancer microenvironment

The morphology of a tumor may also influence in the biological responses of cancer cells to
a specific therapy. Although most of the reports in cancer therapy utilize monolayer cul‐
tures, multicellular aggregates (spheres) are probably more important because reflects the
three-dimensional structure for a real-time model representing a tumor, allowing to study
the interaction of tumor cells with the microenvironment [105]. The fact that spheroids mim‐
ic the tumor microenvironment is also an important tool that may provide more accurate in‐
formation about the biological and biochemical events occurring in solid tumors [106].
Therefore, the utilization of the spheres assay is an important approach 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 [107, 108]. Indeed, substantial dif‐
ferences has been reported in the gene expression signatures on PC3 holoclones compared
to parental PC3 cells, which appeared to be consequence of the distinct culture conditions
used to growth each cell population [109]. Consistent with these observations, growing con‐
ditions also affected the expression of several genes in LNCaP cells [106]. A number of other
variables such as the manner in which cells are isolated and the in vitro propagation of these
cells before transplantation can cause tumor cells to become more aggressive as a result of
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variety of cancer cell lines, enhanced PARP-1 cleavage and increased levels of p53 in those
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Apoptosis via decreased mitochondrial membrane polarity, induction of p53 phosphoryla‐
tion, caspase-3 activation, and PARP-1 cleavage in these prostatic tumor cells, were also
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sonism model in which a heavy poly(ADP-ribosyla)tion modification of p53 reduced the
DNA-binding activity of p53 to its consensus sequences [96].

Although the specific findings above described clearly proof that PARP-1 expression is im‐
plicated in p53 accumulation and stabilization, this effect is different to that observed in
PARP-1 knock out cells exposed to N-methyl-N-nitroso urea (MNU), an alkylating agent, in
which p53 is accumulated and its activation is consistently enhanced [97]. The findings in
this model suggest that PARP-1 regulating p53-mediated response to genotoxic agents is
probably dependent on the type of DNA damage. Accordingly the level of MDM-2 tran‐
script, an important negative regulator of the p53, was not increased after gamma-irradia‐
tion; however, an increased in the expression of MDM-2 protein was observed in PARP-1
null cells. The increased levels of MDM-2 may provide an alternative explanation for the re‐
duced accumulation and activation of p53 in PARP-1 null cells. Furthermore, the reduced
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was proposed the existence of an alternative radiation-induced pathway involving p53 that
may function independently of PARP-1 involvement. Although this alternative mechanism
may explain the cytotoxic response detected in PARP-1 null cells after radiation treatment
[61, 98], this does not necessarily support the significant delay in the transient accumulation
of p53 in PARP-1-depleted intestinal epithelial stem cells after exposure to irradiation. Simi‐
larly, the survival analysis was markedly reduced in crypts of PARP-1 knockout mice, even
at radiation doses that have sublethal effects on wild type animals [65]. These observations
extended the crucial role of PARP-1 to stem cells survival after DNA damage in vivo. Indeed,
considering the prolonged regenerative capacity of prostate progenitor stem cells may in‐
crease their susceptibility to accumulate genetic or epigenetic alterations during their life cy‐
cle, the events may be able to increased proliferative rates, decreased cell death, and overall
survival advantages over prostate progenitor stem cells, contributing thus to transformation
[6, 99-104]. Along with these studies, PARP-1 inhibition may be a critical component in the
treatment of some types of cancer. Additionally, other components of the cell cycle check‐
points such p53 also need to be considered in order to develop an appropriate therapy strat‐
egy to avoid relapse.

5. The prostate cancer microenvironment

The morphology of a tumor may also influence in the biological responses of cancer cells to
a specific therapy. Although most of the reports in cancer therapy utilize monolayer cul‐
tures, multicellular aggregates (spheres) are probably more important because reflects the
three-dimensional structure for a real-time model representing a tumor, allowing to study
the interaction of tumor cells with the microenvironment [105]. The fact that spheroids mim‐
ic the tumor microenvironment is also an important tool that may provide more accurate in‐
formation about the biological and biochemical events occurring in solid tumors [106].
Therefore, the utilization of the spheres assay is an important approach 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 [107, 108]. Indeed, substantial dif‐
ferences has been reported in the gene expression signatures on PC3 holoclones compared
to parental PC3 cells, which appeared to be consequence of the distinct culture conditions
used to growth each cell population [109]. Consistent with these observations, growing con‐
ditions also affected the expression of several genes in LNCaP cells [106]. A number of other
variables such as the manner in which cells are isolated and the in vitro propagation of these
cells before transplantation can cause tumor cells to become more aggressive as a result of
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new acquired mutations, which may affect the outcome of in vivo assays. Another critical pa‐
rameters are to determine the variation on experimental conditions that may influence fre‐
quency estimates and to ensure the best animal model available in order to reproduce the
tumor biology as it occurs in humans. For example, the limiting dilution data might be dra‐
matically affected by the duration of data analysis [110] or by modification of xenotrans‐
plantation assay in non-obese diabetic severe combined immunodeficient (NOD/SCID) mice
[111]. Therefore, a main concern for the application of this methodology is that sometimes,
the animal models overstate the biology of cancer formation in humans.

Most of human prostate tumor cells have the ability to form spheres; however, the frequen‐
cy of cells forming spheres is very heterogeneous across all cell lines. In this regard, the
adaptation of tumor cells to non-adherent culture conditions may be a determinant in form‐
ing spheres [112]. Also, the holoclone-forming cells, which are smaller than paraclone cells,
more adherent, highly clonogenic, and whose progeny forms almost exclusively growing
colonies, in prostate cancer specimens with the highest clonogenic potential has been associ‐
ated with stem cell phenotypes [113]. Of great importance is the fact that large holoclones
were also consistently present in prostate cancer cell spheres [109, 114], suggesting that
these spheres, which are sustained by tumor initiating cells with stem cell-like features, may
have a strong self-renewal and pro-angiogenic capability [115]. These spheres were capable
of forming new generations of spheres and retained proliferative capacity as well as clono‐
genic potential after serial passages [116]. These reports were supported by studies in which
a minor subpopulation of spheres propagating cells with stem cell-like properties isolated
from a series of prostate cancer models were capable of forming spheres, display significant
increase in proliferation potential, initiate xenograft tumors with enhanced capacity, and
were more drug resistant compared to monolayer cells [109, 117]. Accordingly, the expres‐
sion of putative cancer stem cell markers such as ALDH1A1, CD44, CD133, showed strong
correlation with prostate tumor progression and metastasis [92, 118, 119], while Nanog in‐
duction promoted castration-resistant tumor phenotype and tumor regeneration in the
LNCaP cells [120].

There is no doubt that the microenvironment definitely affects the expression of multiples
genes that may be more evident in spheroids in which the tumor cell interaction with the
extracellular matrix may influence responses to prostate cancer treatment. Thus, the three-
dimensional system should be included in pre-clinical experimental models to identify in
prostate tumors the mechanisms that are related with tumor progression, and those that
confer resistant to cancer therapies.

6. Treating prostate cancer

Despite recent therapeutic approaches that have significantly increased survival, most pros‐
tate aggressive tumors become resistant to current treatment protocols [8, 121]. Prostate can‐
cers that initially respond to standard chemotherapy often recur with selective outgrowth of
tumor cell subpopulations that are resistant not only to the original chemotherapeutic
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agents, but also to other therapeutics [122]. Several events are thought to be involved in the
dysregulation of pathways, which may activate a different pathway(s) for androgen inde‐
pendence probably through a paracrine androgen-independent pathway, which may ex‐
plain the multifocality and heterogeneity of prostate cancer and for hormone therapy
resistance. Indeed, in a xenograft model, most of androgen-responsive genes that were ini‐
tially downregulated under conditions of androgen deprivation were later re-expressed in
recurrence tumors, indicating failure of androgen-derivation therapy as well as irreversible
commitment to tumor progression [123].

The array of genes that comprise the proliferation status may differ in different type of tu‐
mors. Evidence has demonstrated that the cell cycle regulation is frequently altered in pros‐
tate cancers, in part, by the interplay of oncogenic cascades activation with diverse
hormones, growth factors, and cytokines. Moreover, the accumulation of mutations in pros‐
tate cancer cells 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 [124-127]. Multiple cellular signaling pathways including, protein kin‐
ase B (Akt), mitogen-activated protein kinase (MAPK), the nuclear factor kappa B (NF-κB),
transforming growth factor beta (TGF-β), the vascular endothelial growth factor (VEGF),
and the Wnt have been shown to enhance androgen receptor signaling and promote devel‐
opment of hormone-independent/castration-resistance in preclinical models [128, 129].
Moreover, the increased expression of the androgen receptor transcript was critical for tu‐
mor cells resistance to anti-androgen therapy [75]. In this regard, inhibitors of cell cycle reg‐
ulatory proteins has become an area of increased interest in targeting both cancer cells per se
and a subpopulation of stem cell-like that initiates and maintains tumor growth, metastasis,
and resistance to therapy [130].

Recently, we have demonstrated that Phenoxodiol induces DNA damage in different types
of prostate cancer cell lines (DU145, LNCaP, and PC3), leading to the activation and cleav‐
age of PARP-1 as well as the onset of the cell death program [72]. Interesting, the expression
of PARP-1 is highly expressed in LNCaP cells before and after treatment with H2O2 [131].
Also accompanying Phenoxodiol-induced cell death we observed a reduction in the availa‐
bility of NAD+, which potentially compromises ATP production via glycolysis [132]. A ma‐
jor component of the injury is the alteration of membrane permeability caused by decreased
activity of ATP-dependent ionic pumps [133]. Massive NAD+ depletion is lethal in cells that
divide rapidly and have a high-energy requirement. Since the three prostate cancer cell
lines, LNCaP, PC3, and DU145 have high metastatic potential and are very resistance to sev‐
eral antitumoral drugs and radiation-induced apoptosis, the fact that this synthetic analogue
of Genistein induces death in this tumor type, strongly suggested that this synthetic drug
may be a useful treatment for metastatic prostate tumors [72]. A recent study has reported
that decreased PSA production and the expression of the androgen receptor in LNCaP cells
were observed following a combined treatment with curcumin and isoflavones. Similarly,
modulation of PSA levels was observed in a cohort of patients that received prostate biop‐
sies [134]. Finally, cannabidol and the synthetic cannabinoid WIN-55,212 were also determi‐
nant in inhibit proliferation and cleavage of PARP-1, caspase-3, as well as activation of
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new acquired mutations, which may affect the outcome of in vivo assays. Another critical pa‐
rameters are to determine the variation on experimental conditions that may influence fre‐
quency estimates and to ensure the best animal model available in order to reproduce the
tumor biology as it occurs in humans. For example, the limiting dilution data might be dra‐
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more adherent, highly clonogenic, and whose progeny forms almost exclusively growing
colonies, in prostate cancer specimens with the highest clonogenic potential has been associ‐
ated with stem cell phenotypes [113]. Of great importance is the fact that large holoclones
were also consistently present in prostate cancer cell spheres [109, 114], suggesting that
these spheres, which are sustained by tumor initiating cells with stem cell-like features, may
have a strong self-renewal and pro-angiogenic capability [115]. These spheres were capable
of forming new generations of spheres and retained proliferative capacity as well as clono‐
genic potential after serial passages [116]. These reports were supported by studies in which
a minor subpopulation of spheres propagating cells with stem cell-like properties isolated
from a series of prostate cancer models were capable of forming spheres, display significant
increase in proliferation potential, initiate xenograft tumors with enhanced capacity, and
were more drug resistant compared to monolayer cells [109, 117]. Accordingly, the expres‐
sion of putative cancer stem cell markers such as ALDH1A1, CD44, CD133, showed strong
correlation with prostate tumor progression and metastasis [92, 118, 119], while Nanog in‐
duction promoted castration-resistant tumor phenotype and tumor regeneration in the
LNCaP cells [120].

There is no doubt that the microenvironment definitely affects the expression of multiples
genes that may be more evident in spheroids in which the tumor cell interaction with the
extracellular matrix may influence responses to prostate cancer treatment. Thus, the three-
dimensional system should be included in pre-clinical experimental models to identify in
prostate tumors the mechanisms that are related with tumor progression, and those that
confer resistant to cancer therapies.

6. Treating prostate cancer

Despite recent therapeutic approaches that have significantly increased survival, most pros‐
tate aggressive tumors become resistant to current treatment protocols [8, 121]. Prostate can‐
cers that initially respond to standard chemotherapy often recur with selective outgrowth of
tumor cell subpopulations that are resistant not only to the original chemotherapeutic
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tially downregulated under conditions of androgen deprivation were later re-expressed in
recurrence tumors, indicating failure of androgen-derivation therapy as well as irreversible
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mors. Evidence has demonstrated that the cell cycle regulation is frequently altered in pros‐
tate cancers, in part, by the interplay of oncogenic cascades activation with diverse
hormones, growth factors, and cytokines. Moreover, the accumulation of mutations in pros‐
tate cancer cells 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 [124-127]. Multiple cellular signaling pathways including, protein kin‐
ase B (Akt), mitogen-activated protein kinase (MAPK), the nuclear factor kappa B (NF-κB),
transforming growth factor beta (TGF-β), the vascular endothelial growth factor (VEGF),
and the Wnt have been shown to enhance androgen receptor signaling and promote devel‐
opment of hormone-independent/castration-resistance in preclinical models [128, 129].
Moreover, the increased expression of the androgen receptor transcript was critical for tu‐
mor cells resistance to anti-androgen therapy [75]. In this regard, inhibitors of cell cycle reg‐
ulatory proteins has become an area of increased interest in targeting both cancer cells per se
and a subpopulation of stem cell-like that initiates and maintains tumor growth, metastasis,
and resistance to therapy [130].

Recently, we have demonstrated that Phenoxodiol induces DNA damage in different types
of prostate cancer cell lines (DU145, LNCaP, and PC3), leading to the activation and cleav‐
age of PARP-1 as well as the onset of the cell death program [72]. Interesting, the expression
of PARP-1 is highly expressed in LNCaP cells before and after treatment with H2O2 [131].
Also accompanying Phenoxodiol-induced cell death we observed a reduction in the availa‐
bility of NAD+, which potentially compromises ATP production via glycolysis [132]. A ma‐
jor component of the injury is the alteration of membrane permeability caused by decreased
activity of ATP-dependent ionic pumps [133]. Massive NAD+ depletion is lethal in cells that
divide rapidly and have a high-energy requirement. Since the three prostate cancer cell
lines, LNCaP, PC3, and DU145 have high metastatic potential and are very resistance to sev‐
eral antitumoral drugs and radiation-induced apoptosis, the fact that this synthetic analogue
of Genistein induces death in this tumor type, strongly suggested that this synthetic drug
may be a useful treatment for metastatic prostate tumors [72]. A recent study has reported
that decreased PSA production and the expression of the androgen receptor in LNCaP cells
were observed following a combined treatment with curcumin and isoflavones. Similarly,
modulation of PSA levels was observed in a cohort of patients that received prostate biop‐
sies [134]. Finally, cannabidol and the synthetic cannabinoid WIN-55,212 were also determi‐
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phosphatases, and pro-apoptotic phosphatase on LNCaP cells. These compounds also exhib‐
ited antitumorigenic activity against different types of tumors and are now being tested in
clinical trials for the treatment of brain tumors [135, 136]. The modulation of specific phos‐
phatases in the LNCaP cell line suggested the potential antitumorigenic activity of cannabi‐
noids against the treatment of prostate cancers [137].

7. Treating prostate cancer with PARP-1 inhibitors

Recently,  the augmented immunodetection of PARP-1 was associated with prostate can‐
cer progression and prediction of biochemical recurrence [138]. Preclinical data also indi‐
cated  that  PARP  inhibitors  might  sensitize  cancer  cells  and  potentiate  the  effects  of
radiotherapy and chemotherapy.  Interesting,  inhibition  or  depletion  of  PARP-1  by  anti‐
sense RNA [139],  chemical  inhibitors  [140-142],  or  by the  expression of  dominant  nega‐
tive  mutants  (4-5),  promotes  genomic  instability  [143],  as  revealed  by  increased  DNA
strand  breakage,  gene  amplification,  micronuclei  formation,  and  sister  chromatide  ex‐
changes (SCE) in cells exposed to genotoxic agents. Marked SCE frequency has been ob‐
served in PARP-1 deficient cell lines and treated with different inhibitors against PARP-1
activity [144]. Depletion of PARP-1 was indicated as the main contribution to genomic al‐
terations that may promote aberrant expression of cell proliferative genes, which may ini‐
tiate cancer formation or progression. These observations implicate PARP-1 as a guardian
of  the  genome,  facilitating  DNA  repair  and  protection  against  DNA  recombination  by
DNA  lesion  recognition  [144]  Accordingly,  nuclear  PARP-1  protein  overexpression  was
associated with poor overall  survival  in early breast  cancer [145].  PARP inhibitors  have
also  been implicated in  the  modulation of  the  mechanisms driving apoptotic  cell  death
[146].  Therefore,  evidence correlating increased PARP-1 activity  with  tumor progression
has opened a new avenue for the utilization of  PARP inhibitors,  which may impair the
DNA  repair  machine.  These  effects  may  increase  sensitivity  of  prostate  tumor  cells  to
DNA damaging agents by improving the efficiency of cancer therapeutics.

An early innovative therapy to treat prostate cancer cells was to enforce the binding of DNA
strand breaks to a dominant-negative mutant of the DNA-binding domain of PARP. The re‐
combinant plasmid inhibited the function of PARP-1 and sensitized prostate tumor cells to
the lethal effects of ionizing radiation or etoposide (VP-16), with a markedly reduction of
cell survival and induction of apoptosis [12]. The pharmacological inhibition of PARP-1 by
benzamide pharmacaphores mimics the nicotinamide moiety of NAD+, occupying the donor
site [147]. For example, the 3-aminobenzamide (3-AB) was shown to inhibit DNA excision
repair and radiosensitize cells to ionizing radiation through impaired DNA repair [148, 149].
3-AB is also know to inhibit the family of mono(ADP-ribose) transferases, which can pro‐
duce non-specific effects independent of PARP-1 inhibition (Milam, 1984). Therefore, more
potent and highly specific PARP inhibitors that promote oxid radiation sensitizer enhance‐
ment ratios have been developed. These new specific compounds (Table 4) are dependent of
the cell line and inhibitor tested [150]. Thus, for example ABT-888 (veliparib) inhibited re‐
combinant and intracellular PARP-1 activity and was also toxic to both oxic and hypoxic
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cells. This PARP inhibitor radiosensitize the human prostate carcinoma cell lines DU145 and
22RV1, as evidenced by the reduced clonogenic survival followed by ionizing radiation ex‐
posure (Stanley, 2008). Further support for the utilization of ABT-888 in combination thera‐
py comes from studies showing that ABT-888 enhanced the effects of ionizing radiation in
DU145 and PC-3 cells [151]. Interestingly, only PC-3 cells undergo enlarged flat morphology
and positive staining for SA-β-Gal, and significant overexpression of p21, hallmarks of cell
senescence. These findings were confirmed using PC-3 tumor xenografts in which tumor
growth was delayed and presented a senescent phenotype. These results appear to indicate
that combined ionizing radiation and PARP inhibition may improve therapeutic response in
specific types of prostate cancer.

Function Acceptor proteins

ABT888 (Veliparib) Enhances cell death and tumor growth delay in irradiated cancer

models

5-AIQ hydrochloride Decreases expression of inflammatory mediators activated by

neutrophils

3-Methil-5-AIQ hydrochloride l Therapeutic benefits on myocardial infarction, ischaemia-reperfusion

of the liver and kidney, heart transplantation, and acute lung

inflammation

3-Aminobenzamide Potentiate anticancer therapy

4-Amino-1,8-naphthalimide Radiation sensitizer

Benzamide Neuroprotectant

3-(4-Chlorophenyl)quinoxaline-5-carboxamide Ameliorates methamphetamine-induced dopaminergic

neurotoxicity

(3,4-dihydro-5-[4-(1-piperidinyl)butoxyl]-1(2H)-

isoquinolinone DPQ

Reduces pre-neoplastic foci, expression of pre-neoplastic markers,

and pro-inflammatory genes in hepatocarcinomas

DR2313 Neuroprotectan

EB-47.dihydrochloride.dihydrate Antioxidant

4-Hydroxyquinazoline Antioxidant

5-Iodo-6-amino-1,2-benzopyrone Neuroprotectan

1,5-Isoquinolinediol Reduces repair of DNA damaged

Minocycline hydrocloride Anti-inflammatory and neuroprotectan

Nicotinamide Chemo- and radio-sensitizer

NU1025 Neuroprotectant

6(5H)-Phenanthridinone Immunosuppressant

PJ-34 [N-(6-oxo-5,6-dihydrophenanthridin-2-yl)-

N, N-dimethylacetamide.HCl]

Anti-inflammatory

TIQ-A Neuroprotectant

Table 4. A panel of PARP inhibitors
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phosphatases, and pro-apoptotic phosphatase on LNCaP cells. These compounds also exhib‐
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phatases in the LNCaP cell line suggested the potential antitumorigenic activity of cannabi‐
noids against the treatment of prostate cancers [137].
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served in PARP-1 deficient cell lines and treated with different inhibitors against PARP-1
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terations that may promote aberrant expression of cell proliferative genes, which may ini‐
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DNA  lesion  recognition  [144]  Accordingly,  nuclear  PARP-1  protein  overexpression  was
associated with poor overall  survival  in early breast  cancer [145].  PARP inhibitors  have
also  been implicated in  the  modulation of  the  mechanisms driving apoptotic  cell  death
[146].  Therefore,  evidence correlating increased PARP-1 activity  with  tumor progression
has opened a new avenue for the utilization of  PARP inhibitors,  which may impair the
DNA  repair  machine.  These  effects  may  increase  sensitivity  of  prostate  tumor  cells  to
DNA damaging agents by improving the efficiency of cancer therapeutics.

An early innovative therapy to treat prostate cancer cells was to enforce the binding of DNA
strand breaks to a dominant-negative mutant of the DNA-binding domain of PARP. The re‐
combinant plasmid inhibited the function of PARP-1 and sensitized prostate tumor cells to
the lethal effects of ionizing radiation or etoposide (VP-16), with a markedly reduction of
cell survival and induction of apoptosis [12]. The pharmacological inhibition of PARP-1 by
benzamide pharmacaphores mimics the nicotinamide moiety of NAD+, occupying the donor
site [147]. For example, the 3-aminobenzamide (3-AB) was shown to inhibit DNA excision
repair and radiosensitize cells to ionizing radiation through impaired DNA repair [148, 149].
3-AB is also know to inhibit the family of mono(ADP-ribose) transferases, which can pro‐
duce non-specific effects independent of PARP-1 inhibition (Milam, 1984). Therefore, more
potent and highly specific PARP inhibitors that promote oxid radiation sensitizer enhance‐
ment ratios have been developed. These new specific compounds (Table 4) are dependent of
the cell line and inhibitor tested [150]. Thus, for example ABT-888 (veliparib) inhibited re‐
combinant and intracellular PARP-1 activity and was also toxic to both oxic and hypoxic
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cells. This PARP inhibitor radiosensitize the human prostate carcinoma cell lines DU145 and
22RV1, as evidenced by the reduced clonogenic survival followed by ionizing radiation ex‐
posure (Stanley, 2008). Further support for the utilization of ABT-888 in combination thera‐
py comes from studies showing that ABT-888 enhanced the effects of ionizing radiation in
DU145 and PC-3 cells [151]. Interestingly, only PC-3 cells undergo enlarged flat morphology
and positive staining for SA-β-Gal, and significant overexpression of p21, hallmarks of cell
senescence. These findings were confirmed using PC-3 tumor xenografts in which tumor
growth was delayed and presented a senescent phenotype. These results appear to indicate
that combined ionizing radiation and PARP inhibition may improve therapeutic response in
specific types of prostate cancer.

Function Acceptor proteins

ABT888 (Veliparib) Enhances cell death and tumor growth delay in irradiated cancer

models

5-AIQ hydrochloride Decreases expression of inflammatory mediators activated by

neutrophils

3-Methil-5-AIQ hydrochloride l Therapeutic benefits on myocardial infarction, ischaemia-reperfusion

of the liver and kidney, heart transplantation, and acute lung

inflammation

3-Aminobenzamide Potentiate anticancer therapy

4-Amino-1,8-naphthalimide Radiation sensitizer

Benzamide Neuroprotectant

3-(4-Chlorophenyl)quinoxaline-5-carboxamide Ameliorates methamphetamine-induced dopaminergic

neurotoxicity

(3,4-dihydro-5-[4-(1-piperidinyl)butoxyl]-1(2H)-

isoquinolinone DPQ

Reduces pre-neoplastic foci, expression of pre-neoplastic markers,

and pro-inflammatory genes in hepatocarcinomas

DR2313 Neuroprotectan

EB-47.dihydrochloride.dihydrate Antioxidant

4-Hydroxyquinazoline Antioxidant

5-Iodo-6-amino-1,2-benzopyrone Neuroprotectan

1,5-Isoquinolinediol Reduces repair of DNA damaged

Minocycline hydrocloride Anti-inflammatory and neuroprotectan

Nicotinamide Chemo- and radio-sensitizer

NU1025 Neuroprotectant

6(5H)-Phenanthridinone Immunosuppressant

PJ-34 [N-(6-oxo-5,6-dihydrophenanthridin-2-yl)-

N, N-dimethylacetamide.HCl]

Anti-inflammatory

TIQ-A Neuroprotectant

Table 4. A panel of PARP inhibitors
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The clinical experiences with PARP inhibitors are now focus on patients carrying mutations
of the BRCA1 or BRCA2 genes, which have been linked to increased sensitivity to PARP-1
inhibitors. For example Olaparib has proved to be very efficient in patients with breast or
ovarian cancer with germline mutations in these two genes [152-154]. Although mutations
on BCRA2 mutations have a major impact on breast cancer growth, males carrying altera‐
tion on this gene also have a high risk of develop prostate cancer [153, 155]. Additional evi‐
dence has shown that impaired DNA repair might benefit from treatment with PARP
inhibitors. In deed several evidences have proved that PARP inhibitors sensitize human
prostate cancer cell lines [148, 149, 156]. It is also know that treatment with high doses of
chemotherapy induces massive DNA damage leading to PARP-1 overactivation with the
subsequent energy depletion and cell death of tumor cells that are highly resistant [157].
More recently, it was described that PARP-1 mediates the oncogenic EST transcription factor
ERG, which is frequently observed in fusion to the androgen-regulated gene TMPRSS2 in a
significant amount of prostate tumors [158]. PARP-1 inhibition (treatment with Olaparib) in
this group of tumors increases expression of the ETS gene, which promotes accumulation of
DNA damage. This study also demonstrated that ERG physically interacts with PARP-1 and
DNA-PKCsPARP-1 and that PARP-1 has a critical role on ERG-mediated transition from
high-grade prostatic intraepithelial neoplasia to invasive carcinoma [159]. These findings
clearly showed that PARP-1 inhibition could potentially increase survival of patients with
tumors ETS-positive. Interesting, Olaparib remained ineffective on tumors that did not show
the gene fusion. Altogether this evidence support the enormous interest in stimulate the uti‐
lization of a new generation of relatively non-toxic, orally administered PARP inhibitors in a
series of cancer in clinical trials to induce genomic instability and cell death, blocking the
grow and spread of cancer cells. The fact that PARP inhibition is specific against prostate
cancer cells is an exciting and promising therapy approach, in part, because they may cause
less severe effects than traditional therapies or radiotherapy.

8. Conclusion

This review has highlighted the therapeutic potential of PARP inhibitors in prostate cancer
as a monotherapy or in combination with another type therapy. PARP-1 is implicated in sta‐
bilizing the genomic content as well as in the selection of cells with unrepaired DNA dam‐
aged. A large body of evidence has demonstrated that inhibition of PARP-1 was sufficient to
promote the development of tetraploidy in normal cells and effectively enhanced DNA
damage in response to genotoxic agents. These results proved that the physical disruption of
PARP-1 is essential for the maintenance of genomic instability. The increased expression of
PARP-1 in a series of tumors has been related with cell proliferation and determination of
the biological behavior of tumors, events that may predict the overall prognosis of the can‐
cer. In this regard, studies on prostate cancer models in vitro and in vivo have shown that
PARP inhibitions regulated the growth of tumors or prevented tumor invasion to other or‐
gans. Although several studies have provided promising results in treating advanced tu‐
mors, few clinical trials are available in prostate cancer, one of the most prevalent cancers
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affecting men. Indeed, PARP inhibitors are currently tested in breast cancer patients with
mutations in the BRCA1 and BRCA2, which are also mutated in a significant number of
prostate cancers. Since advanced prostate cancer generally develops resistance to chemo‐
therapeutic and hormone therapies, the identification of mechanisms underlying prostate
cancer progression is vital to identify potential targets for prostate cancer therapy. Recent
findings have demonstrated that BRCA1 and BRCA2 mutations confer sensitivity to PARP
inhibitors, promoting genomic instability and cell death, and that tumors with BRCA1 mu‐
tated are potential targets for a new generation of non-toxic PARP inhibitors. Moreover, the
mechanism by which PARP-1 inhibition and BRCA mutations allow the accumulation of
DNA errors and the promotion of tumor growth in prostate cells may provide the basis to
develop more effective strategies for therapeutic intervention. However, the identification of
new genetic markers are necessary to define the feasibility of PARP-1 as a therapeutically
target for the treatment of patients with prostate cancer.
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1. Introduction

Prostate cancer is the most commonly diagnosed cancer in men and is the second leading
cause of cancer deaths in men after non-melanoma skin cancer. According to the United
States National Cancer Institute, it was estimated that almost 241 740 men would be diag‐
nosed with prostate cancer in the United States alone in 2012 and more than 28 170 would
die of prostate cancer. Despite considerable advances in prostate cancer research, this cancer
is still associated with significant mortality and morbidity [1]. The risk factors involved in
the development of prostate cancer include advancing age, race and family history. If detect‐
ed in the early stage of disease, prostate cancer is considered curable by surgical excision
methods, radiotherapy and androgen deprivation therapy [2]. However, in a percentage of
men disease recurs, is frequently refractory to treatment and this is associated with poor
prognosis. It is thought there is a population of prostate tumour cells that have the capacity
to invade and metastasize, with bone being the most common metastatic site. Autopsy stud‐
ies have found that more than 80% of men who die of prostate cancer have metastatic boney
lesions [3].

The current prostate specific antigen (PSA) screening tool has allowed early detection of
prostate cancer, when still locally confined. PSA is a protein produced by the cells in the
prostate gland. The PSA screening tool measures the level of PSA in the blood where a high
PSA level is indicative of the presence of cancer. However, benign conditions may also show
elevated levels of PSA. Therefore, the PSA screening tool has significant limitations resulting
in false positives. Further, it is unable to distinguish the aggressive tumours requiring im‐
mediate intervention from those that are more appropriately managed by regular surveil‐
lance. Thus, there is considerable interest in identifying and discovering new prognostic and
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diagnostic markers for prostate cancer, particularly markers that can identify those tumours
likely to progress to a more aggressive state.

Prostatic intraepithelial neoplasia (PIN), in particular high-grade PIN have been identified
as precursors to prostate cancer. High-grade PIN is an abnormal condition of the prostate
gland and is considered a pre-malignant condition. Studies have reported that approximate‐
ly 30% of men with high-grade PIN lesions will develop prostate cancer [4]. Atypical small
acinar proliferation (ASAP) is also a precursor to prostate cancer. ASAP lesions mimic can‐
cer and have been found to be strongly predictive of subsequent prostate cancer, with ap‐
proximately 60% of men with ASAP found to subsequently develop prostate cancer [5]. The
progression of prostate cancer may be driven by the accumulation of genetic and epigenetic
changes, leading to the activation of oncogenes and inactivation of tumour suppressor genes
[6]. These changes lead to the development of PIN and ASAP which may progress into lo‐
calised invasive cancer and finally metastatic tumours.

Metastasis is a multistep event and it arises when there is a loss of tumour cell adhesion to
the primary site leading to cell detachment. These cells then invade through the extracellular
matrix (ECM) and subsequently adhere to secondary sites. The transition from a normal
prostate gland to the formation of PIN and to invasive and metastatic cancers involves alter‐
ations in the cell surface adhesive receptors, integrins. Integrins play important roles in nor‐
mal prostate development where they are involved in the interaction of the prostate
epithelial cells with the ECM and also influence cell signalling, growth, survival and differ‐
entiation. During metastasis, changes in integrin expression results in changes in the tumour
cell adhesion to adjacent cells and to the ECM leading to increased cell motility. Thus, integ‐
rins are key players in metastatic events since they mediate cell to cell (homotypic) and cell
to ECM (heterotypic) interactions of prostate cells.

2. Integrins

Integrins belong to a superfamily of transmembrane glycoprotein receptors involved in me‐
diating cell to cell and cell to ECM interactions. They exist as heterodimers composed of α
and β subunits bound by non-covalent bonds. To date, 18 α subunits and 8 β subunits have
been identified, which can associate to form 24 unique complexes (Table 1) with the differ‐
ent αβ combinations possessing distinct ligand binding specificities [7, 8]. There are three
distinct regions in each integrin subunit with each subunit containing an extracellular do‐
main, a transmembrane domain and a short intracellular domain.

The extracellular regions of the α and β subunits together form the ligand binding site. The
most common ligands for integrins are large ECM proteins such as laminin, fibronectin, col‐
lagen and vitronectin. These ECM proteins (except for laminin and collagen) have a com‐
mon arginine-glycine-aspartic acid (RGD) motif, whereas integrins recognise laminin and
collagen through cryptic RGD sites. In addition, there are some integrins that interact with
other adhesion molecules such as cadherins, intracellular adhesion molecules (ICAMs) and
vascular adhesion molecules (VCAMs), expressed on leukocytes and endothelial cells. By
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grouping the integrins according to integrin ligand specificity, the collagen binding integ‐
rins are α1β1, α2β1, α3β1, α10β1, α11β1 and α6β4, the laminin binding integrins are α1β1,
α2β1, α3β1, α6β1, α7β1 and α6β4 and the RGD recognising integrins are α5β1,αvβ1, αvβ3,
αvβ5, αvβ6, αvβ8 and αIIbβ3. However, integrins can frequently bind several ligands (as out‐
lined in Table 1), permitting redundancy in signalling as multiple integrins are generally
present on any particular cell surface.

Integrin Ligand

α1β1

α2β1

α10β1

α11β1

Collagen IV and VI, Laminin-1

Collagen I, Laminin-1,-2 and -10

Collagen IV and VI

Collagen I

Collagen binding

α3β1

α6β1

α7β1

α6β4

Laminin-5, Collagen IV, Fibronectin

Laminin-1, Merosis, Kalinin

Laminin-1 and -2

Laminin-1, -2, -5 and -10

Laminin binding

α4β1

α5β1

α8β1

α9β1

αvβ1

αvβ3

αvβ5

αvβ6

αvβ8

αIIbβ3

Fibronectin, VCAM

Fibronectin

Fibronectin

Fibronectin, Tenascin, Laminin-1

Fibronectin, Vitronectin

Fibronectin, Vitronectin

Vitronectin

Fibronectin

Fibronectin, Collagen IV, Laminin-5

Fibronectin, Vitronectin

RGD motif binding

α4β7

αEβ7

αDβ7

αLβ2

αMβ2

αXβ2

Fibronectin, VCAM

E-cadherin

ICAM3, VCAM

ICAM1-5

ICAM1, VCAM, fibrinogen

Fibrinogen

Leukocyte binding

Table 1. List of integrins and their ligands

As an integrin binds to its ligand, it undergoes structural changes which affect the ligand
binding affinity [9]. This affinity is also determined by the cytoplasmic signals from within
the cell which affects the molecular interactions at the integrin cytoplasmic domain influenc‐
ing the degree of cell adhesion. This is refered to as inside-out signaling. Integrins also play
a role in signal transduction where they transduce extracellular signals to the interior of the
cell, refered to as outside-in signaling. Such signalling can affect cell migration, differentia‐
tion, survival and proliferation [10-12]. When bound to the ECM proteins, integrins recruit a
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range of adaptor proteins, and activate various signalling pathways. For example, integrin
clustering activates the focal adhesion kinases (FAK), Src family kinases, Rac and Rho
GTPases leading to the recruitment of cytoskeleton proteins such as talin, α-actinin, vincu‐
lin, paxillin and tensin [13]. Activation of these kinase pathways and cytoskeleton proteins
contributes to changes in cell architecture, adhesion and migration on the ECM [14].

3. Roles of integrins in cancer progression

While integrins mediate cell attachment, ligation of integrins by the ECM proteins induces
cell migration by generating the traction required for invasion. In cancer, expression of in‐
tegrins that are involved in cell adhesion are frequently altered, leading to cell proliferation,
migration and metastasis. Previous studies in which integrin expression levels were corre‐
lated to the different stages of human tumours and the pathological outcomes (metastasis,
recurrence, survival), implicated a number of integrins in cancer progression [15-25]. These
integrins include αvβ3, α2β1, α3β1 and α6β1. In contrast integrin α4β1 is associated with
tumour suppression [26].

Integrin αvβ3 has been associated with tumour progression in a range of cancers including
lung cancer, gastric cancer, breast cancer and prostate cancer [15-18]. Integrin αvβ3 remains
the most well-studied integrin involved in tumour progression. Interestingly, integrin αvβ3
is usually only expressed in activated leukocytes, macrophages, platelets and osteoclasts
and not normally expressed in epithelial cells. It has been found to mediate adhesion of
breast cancer cells to bone matrix and also facilitate migration of breast cancer cells in bone
sialoprotein [19, 27]. In colon cancer, blocking integrin αvβ3 resulted in a decrease in tu‐
mour metastasis and improved survival in mice [21]. This integrin was also found to bind to
periostin, which is upregulated in epithelial ovarian cancer cells, and promotes cell adhesion
and migration [22].

Changes in integrin α2β1 have also been associated with tumour progression with loss of
integrin α2β1 resulting in the induction of breast cancer cell metastasis in vivo, suggesting
that integrin α2β1 is a metastasis suppressor [23]. The re-expression of α2β1 in breast cancer
cells reversed some of the tumourigenic properties of the cells [24]. In contrast, in prostate
cancer, integrin α2β1 was found to induce prostate cancer cell metastasis to the bone [25].
Thus, this suggests that integrin function is cell type and context dependent. This was evi‐
dent in a study by Zhang et al., where integrin α2 knockout mice, when challenged with
B16F10 melanoma cells showed increased tumour angiogenesis correlating with increased
vascular endothelial growth factor receptor 1 (VEGFR-1) [28]. However, the α2 knockout
mice bearing Lewis Lung carcinoma (LLC) cells showed no difference in tumour angiogene‐
sis. Further analysis showed that the integrin α2β1-dependent angiogenesis involves the se‐
cretion of placental growth factor (PLGF) which was produced by B16F10 cells but not the
LLC cells. These data suggest that integrin expression is cell type and context dependent
where it is dependent on the interactions of the host factors with the surrounding microen‐
vironment.
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4. Roles of integrins in prostate cancer progression

Integrins are expressed in normal prostate basal cells and are required for the interaction of
the cells with surrounding stroma which influences their growth, survival and differentia‐
tion potential. These integrins include α2β1, α3β1, α5β1 and α6β4 [29-33]. Altered expres‐
sion of integrins affects cell adhesion to adjacent cells and to the ECM and such affects have
been observed in solid tumours and prostate cancer cell lines. Table 2 highlights the most
well characterised integrins involved in prostate cancer progression, migration and inva‐
sion, and these integrins are discussed below.

Bonkhoff et al. (1993) investigated the expression of integrin α2β1 in normal, hyperplastic
and neoplastic human prostate tissue as well as lymph node metastases samples. Results
showed downregulated α2β1 in 70% of the hyperplastic samples compared to normal pros‐
tate tissues. However, α2β1 was upregulated in the lymph node metastases compared to
primary lesions. In another study, the role of integrin α2 in prostate cancer metastasis was
investigated [34]. Immunofluorescence staining showed the presence of α2 and β1 subunit
clusters in bone metastatic prostate cancer cells (C4-2B) and not in the lymph node metastat‐
ic prostate cancer cells (LNCaP), in contrast to the findings of Bonkhoff et al. which reported
α2β1 upregulation in lymph node metastasis. The functional blocking of the integrin α2 sub‐
unit with antibodies in the C4-2B bone metastatic prostate cancer cell line resulted in re‐
duced adhesion and inhibiton of invasion to collagen I [34]. The role of α2β1 in bone
metastasis is further supported by a study by Hall et al. (2006). A collagen-binding LNCaP
cell line was derived (LNCaPcol) and showed increased levels of α2β1 with associated in‐
creased migration towards collagen I [35]. In an in vivo analysis of these cells, in which
LNCaPcol was injected into the tibia of nude mice, the LNCaPcol injected mice developed
bone tumours. A follow-on study was conducted to investigate the signalling pathways in‐
volved in α2β1 stimulated migration [25]. RhoC guanosine triphosphatase activity was in‐
creased by five to eight fold in collagen binding cell lines, CB-2B and LNCaPcol compared to
non-collagen binding LNCaP. These results support the idea that ligation of collagen I to
α2β1 activates the RhoC signalling pathway, which mediates prostate cancer invasion and
metastasis to the bone.

A microarray study was conducted on 111 individuals with localised prostate cancer who
had undergone radical prostectomy, including 60 individuals who had tumour recurrence
after a follow-up of 123 months [36]. In this study increased integrin α3 and α3β1 expression
were found to be related to worse outcome with strong α3 and α3β1 expression associated
with higher incidence of recurrence. In another microarray study performed on five prostate
cancer cell lines (LNCaP, DU145, PC3, LAPC-4 and 22Rv1) and 13 prostate cancer xeno‐
grafts, integrin α4 showed decreased expression associated with deletion of the integrin α4
locus [26]. Since all samples were derived from metastases, it suggests that integrin α4 could
be a tumour suppressor. Interestingly, integrin α7 has also been identified as a tumour sup‐
pressor [13]. The prostate cancer cell lines, PC3 and DU145 were transfected with integrin α7
expression vector and implanted in SCID mice. After six weeks, the volume of the tumours
were measured and compared to mice transfected with control vector. Results showed re‐
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grafts, integrin α4 showed decreased expression associated with deletion of the integrin α4
locus [26]. Since all samples were derived from metastases, it suggests that integrin α4 could
be a tumour suppressor. Interestingly, integrin α7 has also been identified as a tumour sup‐
pressor [13]. The prostate cancer cell lines, PC3 and DU145 were transfected with integrin α7
expression vector and implanted in SCID mice. After six weeks, the volume of the tumours
were measured and compared to mice transfected with control vector. Results showed re‐
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duced tumour volume and fewer metastases in the integrin α7 vector transfected mice. Fur‐
ther analysis of metastasic potential using a wound-healing assay showed reduced rates of
migration in both PC3 and DU145 cells overexpressing integrin α7. Thus, these studies sup‐
port the notion that integrin α7 inhibits cell migration and acts as a tumour suppressor.

An early study using DU145 and PC3 cells, which express integrin αIIbβ3, suggested that in‐
tegrin αIIbβ3 is also involved in prostate cancer metastasis [37]. Although both cell lines ex‐
press integrin αIIbβ3, immunofluorescence data showed different localisation patterns of the
integrin. In DU145 cells the integrin localizes to focal contact sites whereas in PC3 cells, it is
mainly intracellular. Interestingly, when both the tumourigenic cell lines were injected intra‐
prostatically into SCID mice, only the DU145 cells metastasized. Further analysis by flow cy‐
tometry with an antibody to αIIbβ3 showed higher expression of αIIbβ3 in DU145 cells
isolated from the prostate when compared to DU145 cells from the subcutaneous tissue.
Therefore, the data suggests that integrin αIIbβ3 is involved in the metastatic progression of
prostate tumours. Recently, integrin α5β1 also has been found to be important in cell adhe‐
sion in prostate cancer cells [38]. When integrin α5β1 was blocked with an antibody, a de‐
crease in the number of adherent PC3 cells to fibronectin was observed. Partial inhibition of
the PC3 cell migration and the formation of quasi-spherical cell shape changes were ob‐
served, suggesting a reversal to a less mesenchymal phenotype. In addition, the blocking of
α5β1 resulted in weak expression of the cytoskeletal proteins F-actin and α-actinin suggest‐
ing a weak cell-fibronectin interaction. Thus, these results support the idea that integrin
α5β1 plays an important role in the adhesion of PC3 cells to fibronectin and the migration of
PC3 cells.

Integrin αvβ3 has also been identified to be involved in prostate cancer metastasis. Zheng et
al. (1999), found expression of integrin αvβ3 in 16 prostate cancer specimens but not in nor‐
mal prostate epithelial cells. The highly metastatic and invasive PC3 cell line also expresses
integrin αvβ3 but not the non-invasive LNCaP cell line [39]. These αvβ3 expressing PC3
cells and the primary prostate cancer cells were found to adhere and migrate on vitronectin.
When LNCaP cells were transfected with a αvβ3 expression plasmid to induce αvβ3 expres‐
sion, LNCaP cells also adhered to and migrated on vitronectin. Thus, this study suggests
that αvβ3 is potentially involved in prostate cancer invasion and metastasis. A following
study found integrin αvβ3 to be involved in bone metabolism and angiogenesis [40]. To in‐
vestigate how inhibition of integrin αvβ3 in cells native to the bone would affect prostate
cancer bone metastasis, a prostate cancer cell line that expresses little or no integrin αvβ3
was chosen. Interestingly, in this study, PC3 cells were used as they found undetectable lev‐
els of αvβ3 by FACS analysis and by using antibody staining. This is conflicting with the
previous study which reported expression of αvβ3 in PC3 cells and it is possible that this is
due to the use of different types of antibodies. Regardless, PC3 cells were injected directly
into human bone fragments which were previously implanted subcutaneously in SCID mice
and the mice were treated with anti-β3 antibody fragment (m7E3 F(ab’)2). This antibody on‐
ly blocks the human bone-derived αvβ3. After two weeks of treatment, inhibition of integrin
αvβ3 resulted in a reduced proportion of antigenically-human blood vessels within tumour-
bearing bone implants. In addition, a reduction in the rate of tumour cell proliferation with‐
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in the bone implants, reduced osteoclast number and degradation of calcified bone tissue
were observed.

The integrin α6 can pair with either β1 or β4 subunits and it binds to laminin. The integrin
α6β4 is a laminin receptor and is known as a hemidesmosome complex, mediating cell at‐
tachment to the ECM. It acts as the junctional complex on the basal cell surface and is in‐
volved in the attachment of epithelial cells to the adjacent basement membrane. In contrast,
integrin α6β1 has been found to be involved in the cell migratory phenotype. The expres‐
sion and distribution of integrin α6β1 in normal, hyperplastic and neoplastic prostate tissue
and lymph node metastases was examined [33]. Approximately 85% of the grade I and
grade II tumours and also the lymph node metastases showed upregulation of integrin
α6β1, compared to normal and hyperplastic samples. Staining showed clusters of α6β1 re‐
ceptors in acinar basement membranes which suggests integrin α6β1 is important in media‐
ting cell attachment to the basement membrane. Then, Nagle et al. (1994), found that while
most of the prostate carcinoma tissues they tested displayed downregulation of integrins,
the majority of these samples expressed α6β1 [41]. This is consistent with the loss of integrin
β4 in the carcinoma samples. In a separate study, integrin β4 was found to be absent in pros‐
tate carcinoma tissues and only present in normal prostate glands and PIN lesions [42], sup‐
porting the previous study. Therefore, these data suggest that integrin β4 is lost during
cancer progression and therefore, integrin α6 is preferentially paired with the β1 subunit,
forming α6β1. A following study found a variant form of integrin α6, α6p which was ex‐
pressed in DU145, LNCaP and PC3 prostate cancer cell lines but not expressed in the normal
prostate cells, PrEC [32]. This α6p variant also binds to both the β1 and the β4 subunits and
has three times longer half-life than α6. Recently, King et al. (2008) investigated the role of
integrin α6β1 in prostate cancer migration and bone pain in a novel xenograft mouse model
[43]. The human prostate cancer cells (PC3N), were stably transfected to overexpress either
the cleavable wild type (PC3N-α6-WT) which forms the α6p variant or the uncleavable
(PC3N-α6-RR) form of integrin α6. The α6 subunit can be cleaved via Urokinase-type Plas‐
minogen Activator (uPA) treatment and the cells were directly injected and sealed into the
femur of a mouse. After 21 days, tumour cells expressing wild-type integrin α6 (non-cleava‐
ble) showed a significant decrease in bone loss, unicortical or bicortical fractures and de‐
creased ability of tumour cells to reach the epiphyseal plate of bone and prevented
movement evoked pain, compared to the cleavable a6 integrin. Thus, these results suggest
that blocking of integrin α6 cleavage in prostate tumour cells results in decreased tumour
cell migration within the bone and reduced bone fractures and pain.

5. Epithelial-mesenchymal transition

Epithelial cell structure is maintained by cell-cell interactions involving tight junctions and
desmosomes and these cells are non-motile. In contrast, mesenchymal cells do not have cell-
cell contacts but have distinct cell-ECM interactions and cytoskeletal structures and are mo‐
tile. Epithelial-mesenchymal transition (EMT) is a series of events where the cell-cell and
cell-ECM interactions are altered resulting in detachment of epithelial cells from the sur‐
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duced tumour volume and fewer metastases in the integrin α7 vector transfected mice. Fur‐
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was chosen. Interestingly, in this study, PC3 cells were used as they found undetectable lev‐
els of αvβ3 by FACS analysis and by using antibody staining. This is conflicting with the
previous study which reported expression of αvβ3 in PC3 cells and it is possible that this is
due to the use of different types of antibodies. Regardless, PC3 cells were injected directly
into human bone fragments which were previously implanted subcutaneously in SCID mice
and the mice were treated with anti-β3 antibody fragment (m7E3 F(ab’)2). This antibody on‐
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the majority of these samples expressed α6β1 [41]. This is consistent with the loss of integrin
β4 in the carcinoma samples. In a separate study, integrin β4 was found to be absent in pros‐
tate carcinoma tissues and only present in normal prostate glands and PIN lesions [42], sup‐
porting the previous study. Therefore, these data suggest that integrin β4 is lost during
cancer progression and therefore, integrin α6 is preferentially paired with the β1 subunit,
forming α6β1. A following study found a variant form of integrin α6, α6p which was ex‐
pressed in DU145, LNCaP and PC3 prostate cancer cell lines but not expressed in the normal
prostate cells, PrEC [32]. This α6p variant also binds to both the β1 and the β4 subunits and
has three times longer half-life than α6. Recently, King et al. (2008) investigated the role of
integrin α6β1 in prostate cancer migration and bone pain in a novel xenograft mouse model
[43]. The human prostate cancer cells (PC3N), were stably transfected to overexpress either
the cleavable wild type (PC3N-α6-WT) which forms the α6p variant or the uncleavable
(PC3N-α6-RR) form of integrin α6. The α6 subunit can be cleaved via Urokinase-type Plas‐
minogen Activator (uPA) treatment and the cells were directly injected and sealed into the
femur of a mouse. After 21 days, tumour cells expressing wild-type integrin α6 (non-cleava‐
ble) showed a significant decrease in bone loss, unicortical or bicortical fractures and de‐
creased ability of tumour cells to reach the epiphyseal plate of bone and prevented
movement evoked pain, compared to the cleavable a6 integrin. Thus, these results suggest
that blocking of integrin α6 cleavage in prostate tumour cells results in decreased tumour
cell migration within the bone and reduced bone fractures and pain.

5. Epithelial-mesenchymal transition

Epithelial cell structure is maintained by cell-cell interactions involving tight junctions and
desmosomes and these cells are non-motile. In contrast, mesenchymal cells do not have cell-
cell contacts but have distinct cell-ECM interactions and cytoskeletal structures and are mo‐
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rounding tissue followed by rearrangement of the cytoskeleton to confer the ability to move
through a three-dimensional ECM and the induction of a series of new transcriptional sig‐
naling pathways to maintain the mesenchymal phenotype [42]. This process is important in
embryonic development, particularly in gastrulation and segment formation. However,
more recently, EMT has been implicated in carcinogenesis. EMT involves a multistep proc‐
ess in which the non-motile epithelial cells are tranformed into motile invasive cells [43].
This process is quite similar to the onset of the invasive metastasis process where there is a
transition from a benign to aggressive tumour phenotype, involving the detachment of tu‐
mour cells from the primary site followed by invasion through the ECM (Figure 1). The re‐
verse of the EMT process is known as mesenchymal-epithelial transition (MET), which
facilitates tumour cell attachment at secondary sites.

Integrin Integrin expression Reference

α2β1

↓ Prostate hyperplastic tissue

↑ Metastatic prostate cancer tissue

↑ Metastatic prostate cancer cell lines

Bonkhoff et al. (1993)

Hall et al. (2006), Bostwick DG et al.

(2006)

α3β1 ↑ Associated with higher recurrence Pontes-Junior et al. (2010),

αIIbβ3 ↑ Metastatic prostate cell lines Trikha et al. (1998)

α4
↓ Metastatic prostate cencer cell lines and xenograft

samples

Saramaki et al. (2006)

α7 ↓ Metastatic xenograft samples Ren et al. (2007)

αvβ3
↑ Prostate cancer tissue samples, metastatic prostate

cancer cell lines

Zheng et al. (1999), Nameth et al.

(2003)

α5β1 ↑ Metastatic prostate cancer cell line Stachrurska et al. (2012)

α6β1

↑ Metastatic prostate cancer tissue and metastatic

prostate cancer cell lines

Davis et al. (2001), Bonkhoff et al.

(1993), Trikha et al. (1998), King et al.

(2008)

α6β4 ↓ Metastatic prostate cancer tissue Davis et al. (2001)

Table 2. Integrin expression in prostate cancer progression

EMT involves a series of signalling processes. Firstly, it involves the break-down of cell-cell
interactions leading to loss of E-cadherin expression and the upregulation of mesenchymal
markers such as N-cadherin, vimentin and the transcription factors Snail, TWIST and ZEB
family members. Then, it is followed by a loss of cell polarisation and cytoskeleton remodel‐
ling. Finally, changes in cell adhesion occur leading to cell detachment and the activation of
proteolytic enzymes; matrix metalloproteinases (MMPs) [44]. The initiation of EMT is tissue
and context dependent and may not involve all EMT markers [45]. There are various stimuli
from outside the cell which regulate EMT within the tumour microenvironment. These in‐
clude the binding of transforming growth factor-β (TGFβ) to the TGFβ receptor (TGFβr),
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growth factors such as epidermal growth factor (EGF), fibroblast growth factor (FGF) and
hepatocyte growth factor (HGF) which bind to the tyrosine-kinase receptor (TKR), the high‐
ly conserved Wnt/β-catenin pathway and also integrin signalling which activates the FAK
signalling pathway [46, 47]. Since integrins are involved in cell adhesion and signalling, it is
possible that integrins can initiate and mediate EMT and invasion in tumour progression
(Figure 1).

E-cadherin is a type-I cell-cell adhesion glycoprotein and is a major inducer of EMT as loss
of E-cadherin results in decreased cell adhesion and thus, increased cell motility. It is ex‐
pressed by most epithelial tissues and it forms the tight junction connecting adjacent cells
and thus, the formation of stable cell-cell contact. Loss of E-cadherin has been associated
with tumour progression and metastasis in breast cancer, prostate cancer, colorectal cancer
and gastric cancer [44-48]. Besides genetic and epigenetic factors, transcription factors such
as the zinc finger proteins, Snail, Slug, ZEB1, ZEB2 and the basic helix-loop-helix protein,
TWIST are involved in the repression of E-cadherin. The zinc finger proteins repress E-cad‐
herin by binding to the E-box motif in the E-cadherin promoter. The role of the Snail tran‐
scription factor on E-cadherin has been studied in epithelial tumour cell lines of different
origins including bladder cancer, pancreatic cancer and colon cancer. Most of the cell lines
showed an inverse correlation between E-cadherin and Snail expression levels and when
Snail was transfected into the cell lines that express high E-cadherin levels, it resulted in
down-regulation of E-cadherin [49]. It has been proposed that Snail and ZEB2 initiate the si‐
lencing of E-cadherin by modifying chromatin organisation of the gene [50]. Subsequently,
Slug and ZEB1 have been proposed to be responsible for maintaining the repression of E-
cadherin and thus, maintenance of the mesenchymal phenotype [51].

TGFβ signaling is the main inducer of EMT in the development of cancer. Interestingly how‐
ever, the TGFβ response is context-dependent where it can either act as a growth inhibitor
or it can induce tumour progression by promoting angiogenesis, immune suppression and
preventing apoptosis [52, 53]. The main role of TGFβ is to induce apoptosis and thus, it gen‐
erally acts as a tumour suppressor during the early stages of cancer progression. However,
frequent loss-of-function mutations in TGFβ have been observed in cancer, which is associ‐
ated with the progression of cancer by inducing cell metastasis. Multiple signalling path‐
ways are involved in the induction of EMT by TGFβ including the Wnt/β-catenin pathway
and integrin signalling pathways. Ligation of the TGFβr results in the activation of Smad2
and Smad3 and constitutive phosphorylation of Smad4 [54]. These Smads then bind to ZEB1
and ZEB2 to repress E-cadherin expression [55-57]. Miyaki et al. (1999) found increased mu‐
tations in Smad 4 as the stage of colorectal tumours advanced, suggesting that inactivation
of Smad 4 in the TGFβ signalling pathway induces tumour metastasis [58].

Activation of the TKR by growth factors has also been found to induce EMT. Stimulation of
the breast cancer cell line, PMC42-LA with EGF resulted in E-cadherin downregulation and
upregulation of vimentin expression [59]. This is followed by increased cell adhesion and
migratory capacity suggesting the upregulation of integrins upon EGF treatment. Integrins
have also been linked to EMT as discussed below.
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from outside the cell which regulate EMT within the tumour microenvironment. These in‐
clude the binding of transforming growth factor-β (TGFβ) to the TGFβ receptor (TGFβr),

Advances in Prostate Cancer628

growth factors such as epidermal growth factor (EGF), fibroblast growth factor (FGF) and
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signalling pathway [46, 47]. Since integrins are involved in cell adhesion and signalling, it is
possible that integrins can initiate and mediate EMT and invasion in tumour progression
(Figure 1).
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of E-cadherin results in decreased cell adhesion and thus, increased cell motility. It is ex‐
pressed by most epithelial tissues and it forms the tight junction connecting adjacent cells
and thus, the formation of stable cell-cell contact. Loss of E-cadherin has been associated
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and gastric cancer [44-48]. Besides genetic and epigenetic factors, transcription factors such
as the zinc finger proteins, Snail, Slug, ZEB1, ZEB2 and the basic helix-loop-helix protein,
TWIST are involved in the repression of E-cadherin. The zinc finger proteins repress E-cad‐
herin by binding to the E-box motif in the E-cadherin promoter. The role of the Snail tran‐
scription factor on E-cadherin has been studied in epithelial tumour cell lines of different
origins including bladder cancer, pancreatic cancer and colon cancer. Most of the cell lines
showed an inverse correlation between E-cadherin and Snail expression levels and when
Snail was transfected into the cell lines that express high E-cadherin levels, it resulted in
down-regulation of E-cadherin [49]. It has been proposed that Snail and ZEB2 initiate the si‐
lencing of E-cadherin by modifying chromatin organisation of the gene [50]. Subsequently,
Slug and ZEB1 have been proposed to be responsible for maintaining the repression of E-
cadherin and thus, maintenance of the mesenchymal phenotype [51].

TGFβ signaling is the main inducer of EMT in the development of cancer. Interestingly how‐
ever, the TGFβ response is context-dependent where it can either act as a growth inhibitor
or it can induce tumour progression by promoting angiogenesis, immune suppression and
preventing apoptosis [52, 53]. The main role of TGFβ is to induce apoptosis and thus, it gen‐
erally acts as a tumour suppressor during the early stages of cancer progression. However,
frequent loss-of-function mutations in TGFβ have been observed in cancer, which is associ‐
ated with the progression of cancer by inducing cell metastasis. Multiple signalling path‐
ways are involved in the induction of EMT by TGFβ including the Wnt/β-catenin pathway
and integrin signalling pathways. Ligation of the TGFβr results in the activation of Smad2
and Smad3 and constitutive phosphorylation of Smad4 [54]. These Smads then bind to ZEB1
and ZEB2 to repress E-cadherin expression [55-57]. Miyaki et al. (1999) found increased mu‐
tations in Smad 4 as the stage of colorectal tumours advanced, suggesting that inactivation
of Smad 4 in the TGFβ signalling pathway induces tumour metastasis [58].

Activation of the TKR by growth factors has also been found to induce EMT. Stimulation of
the breast cancer cell line, PMC42-LA with EGF resulted in E-cadherin downregulation and
upregulation of vimentin expression [59]. This is followed by increased cell adhesion and
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Figure 1. Schematic representation of the EMT process and the roles of integrins in cell adhesion and migration

6. Roles of integrins and EMT in cancer

To date, studies on the involvement of integrins in EMT during cancer progression have
been limited, particularly in prostate cancer. Here we highlight the recent studies which cor‐
relate integrins (implicated in prostate cancer) and EMT. EMT involving changes in the ex‐
pression of cadherins has been observed in prostate cancer progression [44]. Loss of E-
cadherin (epithelial marker) expression has been correlated with increased tumour grade,
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with 46 out of 92 prostate tumour samples showing reduced or absence of E-cadherin stain‐
ing when compared to non-malignant prostate samples [45]. In contrast N-cadherin (mesen‐
chymal marker), was not expressed in normal prostate tissue but expressed in the poorly
differentiated areas of prostate cancer specimens, where E-cadherin was absent [44]. These
studies suggest that switching of cadherin expression correlates with prostate cancer meta‐
stasis.

Collagen type I which is the ligand of integrin α2β1 was found to induce the disruption of
E-cadherin adhesion complexes in pancreatic cancer [60]. The study suggested that binding
of collagen type I to α2β1 activates FAK phosphorylation which enhances tyrosine phos‐
phorylation of β-catenin and causes the disassembly of the E-cadherin complex. In addition,
Shintani et al. (2008) showed that activation of integrin α2β1 by collagen type I together
with activation of the discoidin domain receptor 1 (DDR1) induces N-cadherin expression
[61]. Furthermore, high E-cadherin was observed in suspended PC3 cells and the expression
decreased as cells attached to a fibronectin substrate, whereas N-cadherin expression was 4-
fold lower in suspension cells compared with attached cells [62]. Blocking of the integrin β1
by the AIIB2 antibody resulted in no increase of N-cadherin expression in PC3 cells, sug‐
gesting that integrin β1-mediated cell adhesion to fibronectin is involved in regulating N-
cadherin expression in prostate cancer. The study also investigated the regulation of N-
cadherin by Twist1 (a transcription factor that regulates mesenchymal gene expression).
Knockdown of Twist1 expression in PC3 cells resulted in decreased N-cadherin expression
and inhibition of cell migration. Interestingly, blocking of integrin β1 correlated with inhibi‐
tion of nuclear accumulation of Twist1 following cell attachment. Therefore, these data sug‐
gest that the integrin β1-mediated adhesion is regulated through Twist1 accumulation and
activation of N-cadherin.

Integrins have also been shown to activate latent TGFβ. TGFβ is involved in tissue homeo‐
stasis and is both a tumour suppressor and tumour inducer, as outlined above. Tumour cells
have increased secretion of TGFβ which induces EMT [63]. Studies have found that TGFβ
can be activated by integrins. Bates et al. (2005), developed a colon cancer model of EMT,
where EMT can be induced in the LIM 1863 colon cancer cell line by exposure to TGFβ. This
model showed that EMT resulted in upregulation of integrin αvβ6. This occurs through the
Ets-1 transcription factor and integrin αvβ6 was found to promote the activation of auto‐
crine TGFβ in post-EMT to stabilize and sustain EMT and also promote cell migration on
fibronectin [64]. In another study, in order to study the role of TGFβ, stable clones of trun‐
cated TGFβ were generated in non-transformed mouse mammary ductal epithelial cells
(NmuMG) [65]. The truncated TGFβ resulted in blocking of TGFβ-mediated growth inhibi‐
tion, Smad-mediated transcriptional activation, AKT signaling pathways and EMT. Howev‐
er, this did not block the TGFβ-mediated p38MAPK activation. Further, blocking of integrin
β1 with antibody resulted in inhibition of p38MAPK and EMT progression. Therefore, these
results suggest that TGFβ-induced EMT is dependent on both p38MAPK activation and in‐
tegrin β1 which thus suggests the cooperation of TGFβ and integrins in the modulation of
EMT progression.
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Figure 1. Schematic representation of the EMT process and the roles of integrins in cell adhesion and migration

6. Roles of integrins and EMT in cancer

To date, studies on the involvement of integrins in EMT during cancer progression have
been limited, particularly in prostate cancer. Here we highlight the recent studies which cor‐
relate integrins (implicated in prostate cancer) and EMT. EMT involving changes in the ex‐
pression of cadherins has been observed in prostate cancer progression [44]. Loss of E-
cadherin (epithelial marker) expression has been correlated with increased tumour grade,
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with 46 out of 92 prostate tumour samples showing reduced or absence of E-cadherin stain‐
ing when compared to non-malignant prostate samples [45]. In contrast N-cadherin (mesen‐
chymal marker), was not expressed in normal prostate tissue but expressed in the poorly
differentiated areas of prostate cancer specimens, where E-cadherin was absent [44]. These
studies suggest that switching of cadherin expression correlates with prostate cancer meta‐
stasis.

Collagen type I which is the ligand of integrin α2β1 was found to induce the disruption of
E-cadherin adhesion complexes in pancreatic cancer [60]. The study suggested that binding
of collagen type I to α2β1 activates FAK phosphorylation which enhances tyrosine phos‐
phorylation of β-catenin and causes the disassembly of the E-cadherin complex. In addition,
Shintani et al. (2008) showed that activation of integrin α2β1 by collagen type I together
with activation of the discoidin domain receptor 1 (DDR1) induces N-cadherin expression
[61]. Furthermore, high E-cadherin was observed in suspended PC3 cells and the expression
decreased as cells attached to a fibronectin substrate, whereas N-cadherin expression was 4-
fold lower in suspension cells compared with attached cells [62]. Blocking of the integrin β1
by the AIIB2 antibody resulted in no increase of N-cadherin expression in PC3 cells, sug‐
gesting that integrin β1-mediated cell adhesion to fibronectin is involved in regulating N-
cadherin expression in prostate cancer. The study also investigated the regulation of N-
cadherin by Twist1 (a transcription factor that regulates mesenchymal gene expression).
Knockdown of Twist1 expression in PC3 cells resulted in decreased N-cadherin expression
and inhibition of cell migration. Interestingly, blocking of integrin β1 correlated with inhibi‐
tion of nuclear accumulation of Twist1 following cell attachment. Therefore, these data sug‐
gest that the integrin β1-mediated adhesion is regulated through Twist1 accumulation and
activation of N-cadherin.

Integrins have also been shown to activate latent TGFβ. TGFβ is involved in tissue homeo‐
stasis and is both a tumour suppressor and tumour inducer, as outlined above. Tumour cells
have increased secretion of TGFβ which induces EMT [63]. Studies have found that TGFβ
can be activated by integrins. Bates et al. (2005), developed a colon cancer model of EMT,
where EMT can be induced in the LIM 1863 colon cancer cell line by exposure to TGFβ. This
model showed that EMT resulted in upregulation of integrin αvβ6. This occurs through the
Ets-1 transcription factor and integrin αvβ6 was found to promote the activation of auto‐
crine TGFβ in post-EMT to stabilize and sustain EMT and also promote cell migration on
fibronectin [64]. In another study, in order to study the role of TGFβ, stable clones of trun‐
cated TGFβ were generated in non-transformed mouse mammary ductal epithelial cells
(NmuMG) [65]. The truncated TGFβ resulted in blocking of TGFβ-mediated growth inhibi‐
tion, Smad-mediated transcriptional activation, AKT signaling pathways and EMT. Howev‐
er, this did not block the TGFβ-mediated p38MAPK activation. Further, blocking of integrin
β1 with antibody resulted in inhibition of p38MAPK and EMT progression. Therefore, these
results suggest that TGFβ-induced EMT is dependent on both p38MAPK activation and in‐
tegrin β1 which thus suggests the cooperation of TGFβ and integrins in the modulation of
EMT progression.
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The mesenchymal transcription factor Snail plays a role in EMT by repressing E-cadherin. A
study investigated the regulation of integrin αv expression by Snail in epithelial Madin-Dar‐
by canine kidney (MDCK) and A431 cells [66]. Upregulation of integrin αv was observed in
MDCK Snail transfected cells and A431 Snail transfected cells. Further investigation showed
expression of integrin αv was mediated directly through its promoter by the Snail transcrip‐
tion factor. In addition, MDCK Snail transfected cells showed increased cell migration to‐
wards osteopontin, the ligand for integrin αvβ3 in bone. Therefore, these data suggest that
Snail enhances cell migration, at least in part, by regulating integrin expression in cells. A
more recent study which involved stable transfection of Snail into ARCaP and LNCaP pros‐
tate cancer cell lines, found a decrease in cell adhesion and increase in cell migration on col‐
lagen I and fibronectin [67]. The Snail transfected ARCaP cells were then subjected to flow
cytometry and results showed downregulation of integrin α5, α2 and β1, which was re‐
versed by Snail knockdown.

A microarray study undertaken to examine 19 primary prostate tumours showed 65% loss
of E-cadherin in metastatic tumour samples compared to primary tumours [18]. The expres‐
sion levels also correlated with a 71% loss of integrin β4 when comparing metastatic to pri‐
mary tumours. These results suggest that progression of prostate cancer involves the loss of
E-cadherin and a possible involvement of E-cadherin in regulating integrin β4 expression.
More recently, a study has found expression of ZEB1 which is a dual zinc finger transcrip‐
tion factor and a known regulator of EMT to repress integrin β4 expression in PC3 cells [68].
Further, transient transfection of ZEB2 in the colon cancer cell line, SW480 was found to up‐
regulate the expression of integrin α5 [69]. Knockdown of ZEB2 resulted in suppression of
integrin α5 and the cells displayed reduced cell invasion. In addition, ZEB2 was found to
cooperate with the SP1 transcription factor to activate the integrin α5 and vimentin promot‐
ers and thus, induction of the mesenchymal gene during EMT in cancer progression.

7. Integrins as therapeutic targets

As previously discussed, integrins have been shown to mediate tumour progression, tu‐
mour cell metastasis and EMT in both in vitro and in vivo models. Thus, these preclinical
studies have suggested that integrins could be a novel therapeutic target to prevent cancer
progression, including prostate cancer. Currently, studies have been focused on targeting in‐
tegrin αvβ3 in breast cancer, ovarian cancer and prostate cancer. Integrin αvβ3 is likely to be
a good cancer angiogenesis target because it is highly expressed on tumour-associated new
blood vessels and the surface of most epithelial tumours cells.

There are currently antibody-type inhibitors (LM609, MEDI-522, CNTO95, c7E3, 17E6) or
peptide-type inhibitors (Cilengitide, ATN-161) under investigation. However, here only in‐
hibitors that have been tested specifically on prostate cancer models will be reviewed.
MEDI-522 is a humanized monoclonal antibody specific for integrin αvβ3 and a phase I
dose escalation trial was conducted in 25 individuals with a variety of metastatic solid tu‐
mours which included, breast, colorectal, melanoma, non-small cell lung cancer, ocular mel‐
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anoma, renal, sarcoma and prostate cancers [70]. Participants in the trial were treated on a
daily basis with dosages ranging from 2 to 10 mg/kg/wk, intravenously. Treatment showed
a possible effect on tumour perfusion with an increase in mean transit time of blood through
target tumour lesions after 8 weeks. There were no significant toxicities observed in the
treated individuals, with only mild constitutional and gastrointestinal symptoms observed.
Only two individuals with metastatic renal cancer remained on treatment and showed pro‐
longed stable disease for 1 or 2 years, respectively, suggesting MEDI-522 may have clinical
activity in metastatic renal cancer. Currently, a phase II, randomized, open-label, two-arm,
multicenter study of MEDI-522 in combination with docetaxel (an anti-mitotic, standard
chemotherapy drug), prednisone (a glucocorticoid prodrug), and zolendronic acid (a bi‐
sphosphonate) in individuals with metastatic androgen-independent prostate cancer has
just been completed. However, the results of the trial have not been documented yet.

CNTO95 is a fully human antibody that recognizes the integrin αv. It binds to both integrin
αvβ3 and αvβ5 [71]. CNTO95 was found to inhibit adhesion and migration of HUVECs (hu‐
man umbilical vein endothelial) and A375.S2 (human melanoma) cells on vitronectin, fibri‐
nogen, gelatin and fibrin, which are ligands for integrin αvβ3 and αvβ5. In an in vivo study,
CNTO95 inhibited the growth of human melanoma tumours in nude mice by approximately
80% and reduced final tumour weight by 99%, thus suggesting it has antitumour effects. A
phase I clinical study was conducted in 24 individuals with a variety of advanced solid tu‐
mours. However, there were no individuals with prostate cancer included in this study.
CNTO95, administered intravenously, was generally well tolerated with no adverse side ef‐
fects. Individuals with ovarian cancer showed a prolonged stable disease with CNTO95
treatment and a 9 month partial response was observed in one individual with angiosarco‐
ma. Interestingly, the partial response was observed in an individual with tumour express‐
ing integrin αvβ1 and not αvβ3, suggesting a broad specificity for integrin αv. Currently, a
phase II study of CNTO95 in combination with docetaxel for the first-line treatment of indi‐
viduals with metastatic hormone refractory prostate cancer has been completed, although
the results have yet to be documented.

Cilengitide is a cyclic peptide that is a potent and selective inhibitor of integrin αvβ3 and
αvβ5 mediated cell adhesion. In a phase I study, Cilengitide was administrated as a continu‐
ous infusion in 4 week cycles at doses of 1, 2, 4, 8, 12, 18, 27, and 40mg/h in 25 individuals
with a variety of solid tumours including prostate cancer. This study showed that Cilengi‐
tide was generally well tolerated as a continuous infusion and only mild side effects were
observed. However, the variable dose did not affect tumour size. This lack of dose-response
could be because the lowest dose was as effective as the highest dose. Interestingly, two
phase II studies on Cilengitide were conducted by the same research team [72, 73]. In the
earlier study, Cilengitide was administrated at 500 mg and 2000 mg, intravenously twice
weekly in 44 asymptomatic individuals with metastatic castrate resistant prostate cancer
(CRPC) [72]. The treatment was randomized and well tolerated and at the endpoint at 6
months, 9% of participants treated with 500 mg Cilengitide and 23% of participants treated
with 2000 mg Cilengitide showed no tumour progression, suggesting better outcomes with
the higher dose. The majority of the participants showed stable disease for 9 months. In the
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anoma, renal, sarcoma and prostate cancers [70]. Participants in the trial were treated on a
daily basis with dosages ranging from 2 to 10 mg/kg/wk, intravenously. Treatment showed
a possible effect on tumour perfusion with an increase in mean transit time of blood through
target tumour lesions after 8 weeks. There were no significant toxicities observed in the
treated individuals, with only mild constitutional and gastrointestinal symptoms observed.
Only two individuals with metastatic renal cancer remained on treatment and showed pro‐
longed stable disease for 1 or 2 years, respectively, suggesting MEDI-522 may have clinical
activity in metastatic renal cancer. Currently, a phase II, randomized, open-label, two-arm,
multicenter study of MEDI-522 in combination with docetaxel (an anti-mitotic, standard
chemotherapy drug), prednisone (a glucocorticoid prodrug), and zolendronic acid (a bi‐
sphosphonate) in individuals with metastatic androgen-independent prostate cancer has
just been completed. However, the results of the trial have not been documented yet.

CNTO95 is a fully human antibody that recognizes the integrin αv. It binds to both integrin
αvβ3 and αvβ5 [71]. CNTO95 was found to inhibit adhesion and migration of HUVECs (hu‐
man umbilical vein endothelial) and A375.S2 (human melanoma) cells on vitronectin, fibri‐
nogen, gelatin and fibrin, which are ligands for integrin αvβ3 and αvβ5. In an in vivo study,
CNTO95 inhibited the growth of human melanoma tumours in nude mice by approximately
80% and reduced final tumour weight by 99%, thus suggesting it has antitumour effects. A
phase I clinical study was conducted in 24 individuals with a variety of advanced solid tu‐
mours. However, there were no individuals with prostate cancer included in this study.
CNTO95, administered intravenously, was generally well tolerated with no adverse side ef‐
fects. Individuals with ovarian cancer showed a prolonged stable disease with CNTO95
treatment and a 9 month partial response was observed in one individual with angiosarco‐
ma. Interestingly, the partial response was observed in an individual with tumour express‐
ing integrin αvβ1 and not αvβ3, suggesting a broad specificity for integrin αv. Currently, a
phase II study of CNTO95 in combination with docetaxel for the first-line treatment of indi‐
viduals with metastatic hormone refractory prostate cancer has been completed, although
the results have yet to be documented.

Cilengitide is a cyclic peptide that is a potent and selective inhibitor of integrin αvβ3 and
αvβ5 mediated cell adhesion. In a phase I study, Cilengitide was administrated as a continu‐
ous infusion in 4 week cycles at doses of 1, 2, 4, 8, 12, 18, 27, and 40mg/h in 25 individuals
with a variety of solid tumours including prostate cancer. This study showed that Cilengi‐
tide was generally well tolerated as a continuous infusion and only mild side effects were
observed. However, the variable dose did not affect tumour size. This lack of dose-response
could be because the lowest dose was as effective as the highest dose. Interestingly, two
phase II studies on Cilengitide were conducted by the same research team [72, 73]. In the
earlier study, Cilengitide was administrated at 500 mg and 2000 mg, intravenously twice
weekly in 44 asymptomatic individuals with metastatic castrate resistant prostate cancer
(CRPC) [72]. The treatment was randomized and well tolerated and at the endpoint at 6
months, 9% of participants treated with 500 mg Cilengitide and 23% of participants treated
with 2000 mg Cilengitide showed no tumour progression, suggesting better outcomes with
the higher dose. The majority of the participants showed stable disease for 9 months. In the
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second phase II study, Cilengitide was adminitrated at 2000 mg, intravenously twice weekly
until toxicity or progression in individuals with non-metastatic CRPC [73]. This treatment
was well tolerated although two grade three toxicities (atrial fibrillation) were observed. In
addition, Cilengitide showed no detectable clinical activity in this study.

8. Conclusion

The in vivo, in vitro and clinical studies reviewed here have shown that integrins are a prom‐
ising therapeutic target in cancer progression and metastasis including prostate cancer.
Since integrins are involved in mediating cell adhesion, deregulation of integrins leads to tu‐
mour invasion and metastasis. Studies have also found integrins to be involved in EMT in
cancer progression. This occurs by either direct activation of the integrin and its signalling
pathway or by activating the TGFβ pathway and also mediating EMT transcription factors.
However, studies on the involvement of integrins and the pathways involved in EMT is still
very limited. Therefore, further studies are warranted to clarify the processes underlying in‐
tegrin involvement in EMT in cancer progression. To date, there are still no clinical studies
investigating the effect on EMT of integrin inhibitors. These studies will improve our under‐
standing of the integrin mediated EMT pathway and the effects on tumour metastasis. Since
bone metastasis is the major cause of prostate cancer related death, targetting integrins us‐
ing integrin inhibitors could potentially prove valuable in the prevention of the develop‐
ment of prostate cancer boney lesions.
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The Role of E-Cadherin-Catenin
Complex in Prostate Cancer Progression
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Additional information is available at the end of the chapter
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1. Introduction

The genetic changes that promote progression of prostate adenocarcinomas are multifactori‐
al and include alterations in several genes. The aberrations include those in genes that affect
normal cell adhesion. The long arm of chromosome 16 (16q22.1) is deleted in 30% of primary
prostatic tumors and more than 70% of metastatic prostate cancers. The E-cadherin gene is
located in this region. E-cadherin is involved in maintaining homotypic cell-cell adhesion
between normal prostatic glandular cells. The loss of E-cadherin expression is associated
with metastatic progression of prostate cancer (Mason, 2002). Recent data suggests that ab‐
normal expression of E-cadherin, leading to impaired adhesion, correlates with hematoge‐
nous spread of primary tumor cells in prostate cancer patients (Loric, 2001). The study
further suggests that abnormal E-cadherin expression is a significant independent indicator
of prostate cancer recurrence in patients.

Metastatic dissemination of prostate cancer cells occurs via the lymphatic system as well as
the vascular system. This complex process of metastasis involves a series of steps starting
with neoplastic transformation of prostate cells, tumor angiogenesis/lymphogenesis and
cancer growth, loss of cell adhesion molecules and detachment of cancer cells from primary
tumor, local invasion of stroma, dissemination of primary tumor cells via the lymphatics or
vasculature, avoidance of tumor surveillance by the immune system, homing of primary
prostate cancer cells to distant sites, establishment of tumor and growth of tumor at distant
metastatic site (Arya et al., 2006). While the majority of metastic lesions are found in the ob‐
turator lymph nodes, lesions have also been detected in presacral, presciatic, as well as inter‐
nal and external iliac nodes. Conversely, hematogenous spread of prostate cancer cells
results in the formation of metastatic lesions in the bone, lung, liver and epidural space. In‐
terestingly, in the majority of patients who die from prostate cancer, metastatic lesions have
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1. Introduction

The genetic changes that promote progression of prostate adenocarcinomas are multifactori‐
al and include alterations in several genes. The aberrations include those in genes that affect
normal cell adhesion. The long arm of chromosome 16 (16q22.1) is deleted in 30% of primary
prostatic tumors and more than 70% of metastatic prostate cancers. The E-cadherin gene is
located in this region. E-cadherin is involved in maintaining homotypic cell-cell adhesion
between normal prostatic glandular cells. The loss of E-cadherin expression is associated
with metastatic progression of prostate cancer (Mason, 2002). Recent data suggests that ab‐
normal expression of E-cadherin, leading to impaired adhesion, correlates with hematoge‐
nous spread of primary tumor cells in prostate cancer patients (Loric, 2001). The study
further suggests that abnormal E-cadherin expression is a significant independent indicator
of prostate cancer recurrence in patients.

Metastatic dissemination of prostate cancer cells occurs via the lymphatic system as well as
the vascular system. This complex process of metastasis involves a series of steps starting
with neoplastic transformation of prostate cells, tumor angiogenesis/lymphogenesis and
cancer growth, loss of cell adhesion molecules and detachment of cancer cells from primary
tumor, local invasion of stroma, dissemination of primary tumor cells via the lymphatics or
vasculature, avoidance of tumor surveillance by the immune system, homing of primary
prostate cancer cells to distant sites, establishment of tumor and growth of tumor at distant
metastatic site (Arya et al., 2006). While the majority of metastic lesions are found in the ob‐
turator lymph nodes, lesions have also been detected in presacral, presciatic, as well as inter‐
nal and external iliac nodes. Conversely, hematogenous spread of prostate cancer cells
results in the formation of metastatic lesions in the bone, lung, liver and epidural space. In‐
terestingly, in the majority of patients who die from prostate cancer, metastatic lesions have
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been detected in the bone. One study shows that E-cadherin and β-catenin are downregulat‐
ed in prostatic bone metastasis, but not in primary prostate tumors (Arya et al., 2006). The
spine, femur, pelvis, rib cage, skull and humerus are frequent sites of metastatic prostate
cancer lesions. The bone stroma apparently provides a microenvironment suitable for the
growth of metastatic prostate cancer cells. While the molecular mechanisms associated with
prostate cancer metastasis are not completely elucidated, potential markers of high-risk
prostate cancer include the cadherins, catenins, focal adhesin kinase, connexins, integrins
and metalloproteinases (Mol et al., 2007).

The E-cadherin-catenin complex and associated proteins have functional roles in cell-adhe‐
sion as well as in downstream signaling. It is well known that increased expression of cyto‐
plasmic β-catenin is associated with increased translocation to the nucleus leading to
transcriptional activation of β-catenin-TCF responsive genes. β-catenin, γ-catenin and
p120ctn proteins are expressed in the nucleus, thereby suggesting that a complex system of
checks and balances may exist in normal as well as in tumor cells.

2. Classical cadherins, type I

2.1. E-cadherin

The tight association of individual cells at junctional organelles and the polarized distribu‐
tion of cytoplasmic and cell surface-components are the primary characteristics of normal
epithelial tissues. As a result of this adhesion, normal epithelial cells are less mobile as com‐
pared to either cells of mesenchymal origin or to cancer cells of epithelial origin. Normal ep‐
ithelial cells also have the ability to form selective permeability barriers, and to exhibit
vectorial transport in tissues. Four organelles (tight junctions, desmosomes, gap junctions,
zonula adherens junctions) are responsible for adhesion between two adjacent cells. In addi‐
tion, distinct proteins are associated with each of these types of intracellular junctions, sug‐
gesting a specific role of each junction in normal cellular processes. First are the tight
junctions, which have dual functions: maintenance of cell polarity and inhibition of uncon‐
trolled exchange of small molecules, macromolecules, and water between two adjacent cells.
Occludin and ZO-1 protein complexes are typically found in tight junctions in epithelial and
endothelial cells (Schnittler et al., 1998). Second, desmosomes typify cells that have under‐
gone epithelial differentiation. Desmosomes function in homophilic adhesion between adja‐
cent cells and link desmosomal proteins to the cytoskeletal proteins called intermediate-
sized filaments (Ifs). Desmoglein and desmocollin are pivotal components of desmosomal
function (Schafer et al., 1996; Mertens et al., 1999). Third, gap junctions form intracellular
channels that allow direct transfer of ions and metabolites. Connexin proteins form these
gap junction channels (Dermietzel and Hofstadter, 1998; Windoffer et al., 2000). Zonula ad‐
herens junctions, the fourth type of organelles, are specialized structures containing the cell
adhesion molecule E-cadherin.

The human E-cadherin gene, CDH1, is located on chromosome 16q22.1 (Rimm et al., 1994).
It encodes a 135 kDa precursor form of E-cadherin. In essence, the precursor form cannot
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function in homophilic adhesion without undergoing N-terminal cleavage. The precursor E-
cadherin protein is cleaved in the cytoplasm to form a mature 120 kDa protein containing
the newly formed extracellular N-terminal domain. The extracellular domain or N-terminal
end of E-cadherin is essential for homophilic calcium-dependent cell-cell adhesion. The ma‐
ture form of E-cadherin, on the other hand, is transported to the basolateral surface of the
epithelial cell where it can function in homophilic adhesion.

The mature E-cadherin contains three distinct domains: the highly conserved carboxy-termi‐
nal domain, a single pass transmembrane domain, and an extracellular domain (Figure 1).
The extracellular domain consists of five tandem subdomain repeats that bind calcium, re‐
ferred to as C1-C5 subdomains with the C1 domain being the most distal from the cell mem‐
brane. The C1 subdomain contains a histidine-alanine-valine sequence (HAV) that is
speculated to be essential for the process of cell-cell adhesion. E-cadherin exists as a cis dim‐
er on an individual cell when it is not adhering to an adjacent cell. Subsequent to calcium
binding, a conformational change occurs in the HAV structure of the C1 subdomain, allow‐
ing the tryptophan-2 residue to move into a hydrophobic cavity. This conformational
change allows E-cadherin to form a trans dimer ‘zipper’ between two adjacent cells. Subse‐
quent linkage to the cytoskeleton stabilizes cell-cell adhesion. The cytoplasmic domain of E-
cadherin is required for cadherin-catenin complex formation. The cytoplasmic tail of E-
cadherin consists of two regions: the juxtamembrane region and the catenin-binding region.
These regions are principally required for clustering of E-cadherin at cell-cell contacts (juxta‐
membrane) and as a major link to the actin cytoskeleton. These regions are known to stabi‐
lize E-cadherin clusters and participate in signal transduction processes via the catenin-
binding region. The thirty-two amino acid, hydrophobic transmembrane region separates
the extracellular domain from the highly conserved intracellular domain.

E-cadherin forms a complex with four catenin proteins, α-catenin (102 kDa), β-catenin (92
kDa), γ-catenin (83 kDa) and p120 catenin (75-120 kDa). The interaction of E-cadherin with
cytoplasmic catenins, α, β, γ and p120 (p120ctn) is required for the normal function of E-cad‐
herin. The human genes for all four cadherin-associated catenins have been cloned and char‐
acterized; the genes are located on four different chromosomes. While α-Catenin is located
on chromosome 5q31, β-catenin is located on chromosome 3p21, γ-catenin on chromosome
17q21, and p120ctn on chromosome 11q11 immediately adjacent to the centromere. All four
catenins bind to E-cadherin, but exist as two distinct pools of E-cadherin-catenin complexes
in the same cell. E-cadherin binds to either β-catenin or γ-catenin, but does not directly bind
to α-catenin. α-catenin, however, binds to either β-catenin or γ-catenin. Therefore, in a sin‐
gle cell, one complex consists of E-cadherin with α− and β-catenin, and the other complex
consists of E-cadherin with α and γ-catenin. E-cadherin-catenin complex formation begins
shortly after biosynthesis, while still in the endoplasmic reticulum. The sequential order of
cadherin-catenin complex formation begins with β-catenin interacting with E-cadherin. If E-
cadherin fails to associate with β-catenin, E-cadherin is retained in the endoplasmic reticu‐
lum where it is subsequently degraded. A 30 amino-acid region within the cytoplasmic
domain of E-cadherin is essential for β-catenin binding. E-cadherin and β-catenin are trans‐
ported together in a bipartite fashion to the cell surface, where they associate with α-catenin.
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The amino-terminal region of α-catenin binds to actin filaments in the cytoplasm, linking the
cadherin-catenin complex to the cytoskeleton. Post-translational modification of p120ctn is as‐
sociated with modulation of cadherin clustering and stablization of adhesion.In summary, a
functional cadherin-catenin complex is important for maintaining cellular integrity.
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Figure 1. Schematic diagram of E-cadherin-catenin complex. The mature E-cadherin contains three distinct do‐
mains: the highly conserved cytoplasmic domain, a single pass transmembrane domain (TM), and an extracellular do‐
main. The cytoplasmic tail of E-cadherin consists of two regions: the juxtamembrane domain (JMD) and the catenin-
binding domain (CBD). β- and γ-Catenin bind to the CBD, and p120ctn binds to the JMD regions of E-cadherin. These
regions are principally required for clustering of E-cadherin at cell-cell contact and as a major link to the actin cytoske‐
leton. E-cadherin forms a complex with four catenin proteins, α-catenin (102 kDa), β-catenin (92 kDa), γ-catenin (83
kDa), and p120 catenin (75-120 kDa). α, α-catenin; β, β-catenin; γ, γ-catenin; p120ctn, p120 catenin.

2.2. Role of Cadherin in physiological and pathological processes

E-cadherin expression is regulated in both physiological and pathological processes, such as
embryonic morphogenesis and tumorigenesis. Tissue and organ formation is regulated in a
spatio-temporal manner involving cell proliferation, death, cell-cell adhesion, cell-substrate
adhesion, polarization, and migration. One example of this highly regulated process is blas‐
tocyst differentiation. E-Cadherin has an essential function in the formation of the blastocyst
during mouse embryonic development. Another example of the normal physiological proc‐
esses associated with E-cadherin regulation is the formation of fluid space in development
of murine cochlea. In this embryonic process, E-cadherin is downregulated on the lateral
membranes of reticular lamina. This down-regulation allows the process of fluid space
opening in the organ of Corti. Wound healing is a third example where a physiological
event involves regulation of E-cadherin expression. Injury of the epithelial cell layer in the
skin signals the release of cytokines and other factors, such as epidermal growth factor
(EGF). These signals reduce cell adhesion and stimulate cell motility, allowing for wound re‐
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pair. Subsequent to wound repair, cell adhesion is upregulated to restore the epithelial layer
to its normal physiological state. Therefore, E-cadherin has to be highly regulated in the
above normal physiological processes. Conversely, aberrant growth and differentiation re‐
sult when E-cadherin is not tightly regulated, such as in cancer.

Association of E-cadherin with neighboring cells acts to inhibit cell mobility and to main‐
tain normal epithelial cell phenotype. Tumorigenesis is an example of a pathological proc‐
ess  that  involves  E-cadherin  regulation.  The  loss  or  down-regulation  of  E-cadherin
expression has been described in several tumors including stomach (Shino 1995; Tamura,
2000), colon (Van Aken, 1993; Dorudi, 1993), pancreas (Pignatelli,  1994), liver (Joo, 2002),
prostate (Morton et al., 1993; Umbas et al., 1994; Ross et al., 1994; Bussemakers et al, 1994;
Pan et al., 1998; Noe et al., 1999; Cheng et al., 1996), breast (Lim and Lee, 2002; Hiraguri et
al, 1998; Moll et al., 1993; Palacios et al., 1995; Gamallo et al., 1993; Oka et al., 1993; Ras‐
bridge et al., 1993; De Leeuw et al., 1997), uterus (Sakuragi et al., 1994), ovary (Veatch et
al., 1994), thyroid (Brabant et al., 1993), and head and neck (Mattijssen et al., 1993). Recent
reports suggest that poorly differentiated tumors exhibit reduced E-cadherin expression as
a  consequence  of  down-regulation  or  defects  in  catenins  (Kadowaki  et  al.,  1994;  Kawa‐
nishi  et  al.,  1995;  Navarro  et  al.,  1993;  Oyama et  al.,  1994).  Therefore,  the  results  from
these studies suggest that the degree of differentiation of tumors is related to the level of
E-cadherin expression.

E-cadherin acts as an inhibitor of the invasive and metastatic phenotype of cancer cells.
Since tumor invasion and metastasis is a multistep process, E-caderin may play a significant
role in regulating invasion and metastasis at the initial steps in the process by promoting ho‐
motypic cell-cell adhesion. Numerous mechanisms affecting E-cadheirn-catenin complex
formation are associated with a reduction in cell adhesion. While gene mutation is responsi‐
ble for inactivating E-cadherin-mediated cell adhesion in some breast cancers and gastric ad‐
enocarcinomas (Berx et al., 1998a; Berx et al., 1998b), the exact mechanism of E-cadherin
down-regulation in other highly invasive tumors is still under investigation. Mechanisms
that regulate homophilic cell adhesion include reduction or loss of E-cadherin expression,
reduced transcription of genes encoding catenin proteins, redistribution of E-cadherin to dif‐
ferent sites within the cell, shedding of E-cadherin, cleavage of E-cadherin, and competition
of proteins for binding sites on E-cadherin (Cavallaro and Christofori, 2004).

The proximal E-cadherin promoter contains multiple regulatory elements including three
E-boxes, a single CCAAT box, and a GC-rich element. Therefore, the E-cadherin promoter
contains more than one site for transcription factors to bind and regulate gene transcrip‐
tion  in  cancers.  These  factors  include  AP-2  (Batsche  et  al.,  1998),  SNAIL  (Battle  et  al.,
2000),  SLUG (Hajra  et  al.,  2002),  dEF1/ZEB-1 (Grooteclaes  and Frisch,  2000),  SIP1/ZEB-2
(Comijn  et  al.,  2001),  E12/E47  (Perez-Moreno  et  al.,  2001),  and  LEF/TCF  (Huber  et  al.,
1996). While the retinoblastoma gene and c-myc protooncogene products transactivate the
E-cadherin promoter in epithelial cells through interaction with AP-2 transcription factors
(Batsche et al.,  1998), transcription of E-cadherin is down-regulated by overexpression of
ErbB2 (D’Souza and Taylor-Papadimitriou, 1994).  SNAIL and SLUG transcription factors
have been shown to repress E-cadherin expression in breast cancer cell lines via all three
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The amino-terminal region of α-catenin binds to actin filaments in the cytoplasm, linking the
cadherin-catenin complex to the cytoskeleton. Post-translational modification of p120ctn is as‐
sociated with modulation of cadherin clustering and stablization of adhesion.In summary, a
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Figure 1. Schematic diagram of E-cadherin-catenin complex. The mature E-cadherin contains three distinct do‐
mains: the highly conserved cytoplasmic domain, a single pass transmembrane domain (TM), and an extracellular do‐
main. The cytoplasmic tail of E-cadherin consists of two regions: the juxtamembrane domain (JMD) and the catenin-
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leton. E-cadherin forms a complex with four catenin proteins, α-catenin (102 kDa), β-catenin (92 kDa), γ-catenin (83
kDa), and p120 catenin (75-120 kDa). α, α-catenin; β, β-catenin; γ, γ-catenin; p120ctn, p120 catenin.
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reduced transcription of genes encoding catenin proteins, redistribution of E-cadherin to dif‐
ferent sites within the cell, shedding of E-cadherin, cleavage of E-cadherin, and competition
of proteins for binding sites on E-cadherin (Cavallaro and Christofori, 2004).

The proximal E-cadherin promoter contains multiple regulatory elements including three
E-boxes, a single CCAAT box, and a GC-rich element. Therefore, the E-cadherin promoter
contains more than one site for transcription factors to bind and regulate gene transcrip‐
tion  in  cancers.  These  factors  include  AP-2  (Batsche  et  al.,  1998),  SNAIL  (Battle  et  al.,
2000),  SLUG (Hajra  et  al.,  2002),  dEF1/ZEB-1 (Grooteclaes  and Frisch,  2000),  SIP1/ZEB-2
(Comijn  et  al.,  2001),  E12/E47  (Perez-Moreno  et  al.,  2001),  and  LEF/TCF  (Huber  et  al.,
1996). While the retinoblastoma gene and c-myc protooncogene products transactivate the
E-cadherin promoter in epithelial cells through interaction with AP-2 transcription factors
(Batsche et al.,  1998), transcription of E-cadherin is down-regulated by overexpression of
ErbB2 (D’Souza and Taylor-Papadimitriou, 1994).  SNAIL and SLUG transcription factors
have been shown to repress E-cadherin expression in breast cancer cell lines via all three
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E-box elements, but particularly, via EboxA and EboxC, located in the proximal E-cadher‐
in promoter (Hajra et al., 2002). Moreover, SLUG is a putative in vivo repressor of E-cad‐
herin in breast cancer (Hajra et al., 2002). The E-cadherin promoter also contains binding
sites for the lymphoid enhancer factor 1 (LEF1)-β-catenin transcription factor complex; this
complex down-regulates E-cadherin expression (Huber et al., 1998). Overexpression of in‐
tegrin-linked protein kinase (p59ilk) stimulates LEF1-β-catenin signaling and causes down‐
regulation of E-cadherin expression with a concomitant decrease in cell adhesion (Novak
et al., 1998). A single nucleotide polymorphism in the E-cadherin promoter has also been
associated with a higher risk of prostate cancer in certain ethnic populations with a possi‐
ble  role  in  transcriptional  regulation of  E-cadherin  gene expression in  these  individuals
(Goto et al., 2007).

Gene  transcription  can  also  be  regulated  by  epigenetic  inactivation.  Many  cancer  cells
have been shown to use this mechanism to inactivate tumor-suppressor genes (Sidransky,
2002).  Methylation  of  genes  that  encode  p16  (cyclin-dependent  kinase  inhibitor),  DAPK
(death-associated protein kinase, apoptosis associated protein), and MGMT (a DNA repair
protein, methyl O-guanine methyltransferase) has been implicated in lung, and head and
neck cancer (Esteller et al.,  1999; Sanchez-Cespedes et al.,  2000). Aberrant methylation of
the hMLH1 promoter has also been associated with microsatellite instability in colon can‐
cer  (Grady et  al.,  2001).  Methylation  of  APC (Usadel  et  al.,  2002),  a  key  component  in
Wnt-β-catenin signaling, is associated with early-stage lung cancer and esophageal cancer
(Kawakami, 2000). E-cadherin expression is downregulated in highly invasive prostate tu‐
mors as a result of transcriptional regulation (Morton et al., 1993; Kuczyk et al, 1998). Re‐
duction  in  E-cadherin  expression  in  prostate  cancer  cells  has  been  attributed  to
hypermethylation  of  CpG  islands  in  the  E-cadherin  gene  promoter  (Graff  et  al.,  1995;
Graff et al., 1997; Herman et al., 1996; Hirohashi, 1998; Li et al., 2001). This type of silenc‐
ing  of  E-cadherin  gene  expression  is  also  seen  in  cervical  cancer  cell  lines  and  tumors
(Chen et al., 2003). In summary, epigenetic inactivation of genes is an alternative mecha‐
nism used  to  regulate  expression  of  certain  genes  in  cancer  cells.  The  significance  and
mechanism of gene inactivations associated with prostate cancer cell  invasion remain to
be determined.

Post-translational  modification  is  an  alternative  mechanism  to  regulate  E-cadherin-de‐
pendent homophilic cell  adhesion (Hirohashi,  1998).  Protein tyrosine kinases (PTKs) and
phosphatases (PTPs), regulate intracellular phosphotyrosine levels, thereby regulating di‐
verse  cellular  behaviors  such  as  adhesion,  growth  and  differentiation,  and  migration.
Her2/Neu or ErbB2 tyrosine kinase, as well as transmembrane tyrosine phosphatases such
as PTPμ, PTPκ, PTPλ and LAR, have been found to be associated with cadherin-catenin
complexes  in  epithelial  cells,  suggesting  opposing  roles  for  these  proteins  in  regulating
cadherin-catenin association (Hellberg et al., 2002). Stimulation of growth factor receptors,
i.e. EGF receptor (EGFR), can also regulate E-cadherin expression in tumor cells in a post-
translational manner (Hazan and Norton, 1998; Moustafa et al, 1999). A reciprocal and re‐
versible  control  of  intercellular  adhesion  and  cell  proliferation  occurs  with  increased
expression of EGFR in several epithelial tumors (Jawhari et al, 1999). Restoration of E-cad‐
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herin expression in human papilloma virus-transfected keratinocytes reversed the invasive
phenotype and, interestingly, down-regulated EGFR expression (Wilding et al., 1996). An
inverse  relationship  between  EGFR  activation  and  E-cadherin  expression  was  also  ob‐
served in lung cancer cells treated with neutralizing monoclonal antibody to EGFR (Mous‐
tafa et al., 1999). By blocking EGFR stimulation in lung cancer cells, E-cadherin expression
is induced. Activation of Src can also induce tyrosine phosphorylation of E-cadherin and
inhibit cell-cell adhesion. As a result of Src activation, the E-cadherin complex is ubiquiti‐
nated, leading to its endocytosis and thereby inhibiting homophilic cell adhesion (Fujita et
al.,  2002).  Either transcriptional or post-translational modification of the cadherin-catenin
complex can determine the integrity of the adherens junction, as well as regulating down‐
stream signaling.

3. E-cadherin associated catenin proteins

3.1. α-catenin

The α-catenin gene encodes a 102kDa protein that links E-cadherin to the actin cytoskeleton.
The amino terminus of α-catenin contains the actin-binding domain essential for linking the
cadherin-catenin complex to the cytoskeleton (Beavon, 2000). The cytoplasmic components
of the adherens junctions are necessary for linking cadherins to actin (Takeichi, 1991). The
association of cadherins with the cytoskeleton is mediated via either α-actinin (Nieset et al.,
1997; Knudsen et al., 1995) or vinculin (Hazan et al., 1997a; Weiss et al., 1998; Watabe-Uchi‐
da, 1998). α-Catenin is also known to interact with ZO-1 (Itoh et al., 1997). α-catenin asso‐
ciates with either β-catenin or γ-catenin in adherens junctions, but does not form a complex
in desmosomes where γ-catenin is bound to desmosomal cadherins and desmoplakin, an‐
other desmosomal protein. Therefore, α-catenin links E-cadherin-catenin proteins to the cy‐
toskeleton at adherens junctions, but not at desmosomes. This would suggest that α-cateinin
may contribute to the stability of the E-cadherin-catenin complex in normal tissues. Recent
studies have suggested that α-catenin is the best prognostic marker for prostate cancer spe‐
cific survival (van Oort et al., 2007).

3.2. β-catenin

β-catenin is a 92 kDa multifunctional protein that belongs to the armadillo family of pro‐
teins, characterized by a central domain of 12 repeats of about 40 amino acids called arm re‐
peats (Figure 2). The arm domain was originally described in armadillo, which is the
Drosophila homologue of β-catenin (Kodama et al., 1999). β-catenin serves as a link between
cadherins and the actin cytoskeleton. β-catenin also binds to numerous other proteins in
cadherin-independent complexes (Behrens, 2002) such as APC, lymphoid enhancer factor
and T-cell factor (LEF/TCF) transcription factors, RGS domain proteins axin/conductin (Ki‐
kuchi, 1999; Kikuchi, 2000; Von Kries et al., 2000; Akiyama, 2000) and prontin 52 (Bauer et al,
1998). β-catenin also associates with fascin, an actin-binding protein, in a cadherin inde‐
pendent manner (Tao et al., 1996).
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Figure 2. Diagram of the twelve armadillo repeats of β-catenin. The β-catenin protein consists of 12 armadillo re‐
peats designated as 1-12. β-Catenin associates with specific proteins within the indicated region of the 12 repeats, in a
mutually exclusive manner. Armadillo repeats 1-7 is designated as the LEF binding region; E-cadherin binds to repeats
4-12; APC binds to repeats 1-10; Tcf binds to repeats 3-8 of the β-catenin protein. Armadillo protein 12 has been
shown to be involved in transactivation of Wnt-responsive genes. N, N-terminus; C, Carboxy-terminus; LEF, lymphoid
enhancer-binding factor ; APC, adenomatous polyposis coli; TCF, T-cell Transcription factor.

In addition to its role in cell-adhesion, β-catenin is associated with Wnt signal transduction
pathway (Figure 3). This pathway is important in regulating embryonic development, and
generation of cell polarity. Wnt proteins are differentially expressed in tissues during mam‐
malian development (Cadigan and Nusse, 1997). These proteins are particularly important
in regulating tissue differentiation and organogenesis (Behrens, 2002; Parr and McMahon,
1994; Willert and Nusse, 1998; Brown and Moon, 1998; Bullions and Levine, 1998). When
Wnt proteins are aberrantly activated, tumor formation ensues (Moon and Kimelman, 1998;
Zeng et al., 1997; Wodarz and Nusse, 1998; Peifer and Polakis, 2000; Bienz and Clevers, 2000;
Barker and Clevers, 2000). Wnt has also been demonstrated to play a role in cancer develop‐
ment by transmitting a signal via its cytoplasmic component, β-catenin protein (Lejeune et
al., 1995; Shimizu et al., 1997; Polakis, 2001; Polakis, 2000; Polakis 1999; Eastman and Gros‐
schedl, 1999; Cadigan and Nusse, 1997). Recent studies have suggested that Wnt proteins
may have a role in tumor-induced osteoblastic activity, which is characterized by increased
bone production as a result of prostate caner metastasis to the bone (Hall et al., 2006). Wnt
proteins bind to cell surface receptors termed Frizzled (Fz). This interaction results in the ac‐
tivation of the cytoplasmic phosphoprotein disheveled (Dvl). Activated Dvl inhibits activa‐
tion of axin and conductin proteins in the Wnt signaling cascade. Axin and its homolog,
conductin (Axin2/Axil) form a multiprotein complex with APC and GSK3β; this activated
complex catalyzes the phoshphorylation of β-catenin at specific residues in its N-terminal
domain (Behrens, 2002; Ikeda et al., 1998). Axin and conductin act as scaffold proteins that
directly bind several components of the Wnt signaling pathway, promoting the phosphory‐
lation of β-catenin by GSK-3β (Jho et al., 2002; Ikeda et al., 1998; Fagotto et al., 1999; Itoh et
al., 1998; Hsu et al., 1999; Julius et al., 2000). Four ser/thr residues in the N-terminal region of
β-catenin are targets for GSK-3β phosphorylation. In the absence of a Wnt signal, GSK3β
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phosphorylates β-catenin, which is then targeted for ubiquitination and subsequently de‐
graded by proteasomes. Interestingly, recent studies show that additional proteins are in‐
volved in priming β-catenin for phosphorylation by GSK3β. Casein kinase I, Casein kinase II
and GSK3β act together in marking β-catenin for phosphorylation (Polakis, 2002; Amit et al.,
2002; Liu et al., 2002; Yanagawa e al., 2002; Zhang et al., 2002).
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Figure 3. Diagram of Wnt signaling pathway. This schematic represents the Wnt-mediated signaling pathway that
functions to stabilize cytoplasmic β-catenin. In the absence of Wnt signaling, β-catenin is degraded by the activity of
glycogen synthase kinase 3β (GSK3β) in a complex with APC, axin, axin2 (conductin/Axil), and β-TrCP. The binding of
Wnt proteins to its receptor, Frizzled (Fz) at the cell surface leads to the activation of Disheveled (Dvl) in the cytoplasm.
Subsequently, GSK3β complex is inactivated and β-catenin accumulates in the cytoplasm, then enters the nucleus to
interact with LEF/TCF proteins. β-Catenin-Tcf transcription factor activates the expression of Wnt responsive genes.

Regulation of β-catenin degradation is pivotal in downstream signaling. Several gene mu‐
tations  have  been reported in  human cancers  that  render  β-catenin  resistant  to  GSK-3β
mediated degradation. First, mutations in APC, a suppressor in human cancers, are associ‐
ated with aberrant expression of β-catenin in colon cancers (Kawahara et al., 2000; Bienz
and Clevers, 2000; Polakis 2000; Bright-Thomas and Hargest, 2002; Kawasaki et al., 2003).
Second, oncogenic mutations have been identified in β-catenin at putative GSK-3β phos‐
phorylation sites, which stabilize β-catenin in colorectal cancer and melanoma (Van Noort
et al., 2002, Morin et al., 1997 and Korinek et al., 1997). Third, a mutation in human AX‐
IN1 has  been found to  be  associated with hepatocellular  carcinoma (Satoh et  al.,  2000),
while a mutation in AXIN2 (also called conductin) is found in colorectal and liver cancers
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Figure 2. Diagram of the twelve armadillo repeats of β-catenin. The β-catenin protein consists of 12 armadillo re‐
peats designated as 1-12. β-Catenin associates with specific proteins within the indicated region of the 12 repeats, in a
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enhancer-binding factor ; APC, adenomatous polyposis coli; TCF, T-cell Transcription factor.

In addition to its role in cell-adhesion, β-catenin is associated with Wnt signal transduction
pathway (Figure 3). This pathway is important in regulating embryonic development, and
generation of cell polarity. Wnt proteins are differentially expressed in tissues during mam‐
malian development (Cadigan and Nusse, 1997). These proteins are particularly important
in regulating tissue differentiation and organogenesis (Behrens, 2002; Parr and McMahon,
1994; Willert and Nusse, 1998; Brown and Moon, 1998; Bullions and Levine, 1998). When
Wnt proteins are aberrantly activated, tumor formation ensues (Moon and Kimelman, 1998;
Zeng et al., 1997; Wodarz and Nusse, 1998; Peifer and Polakis, 2000; Bienz and Clevers, 2000;
Barker and Clevers, 2000). Wnt has also been demonstrated to play a role in cancer develop‐
ment by transmitting a signal via its cytoplasmic component, β-catenin protein (Lejeune et
al., 1995; Shimizu et al., 1997; Polakis, 2001; Polakis, 2000; Polakis 1999; Eastman and Gros‐
schedl, 1999; Cadigan and Nusse, 1997). Recent studies have suggested that Wnt proteins
may have a role in tumor-induced osteoblastic activity, which is characterized by increased
bone production as a result of prostate caner metastasis to the bone (Hall et al., 2006). Wnt
proteins bind to cell surface receptors termed Frizzled (Fz). This interaction results in the ac‐
tivation of the cytoplasmic phosphoprotein disheveled (Dvl). Activated Dvl inhibits activa‐
tion of axin and conductin proteins in the Wnt signaling cascade. Axin and its homolog,
conductin (Axin2/Axil) form a multiprotein complex with APC and GSK3β; this activated
complex catalyzes the phoshphorylation of β-catenin at specific residues in its N-terminal
domain (Behrens, 2002; Ikeda et al., 1998). Axin and conductin act as scaffold proteins that
directly bind several components of the Wnt signaling pathway, promoting the phosphory‐
lation of β-catenin by GSK-3β (Jho et al., 2002; Ikeda et al., 1998; Fagotto et al., 1999; Itoh et
al., 1998; Hsu et al., 1999; Julius et al., 2000). Four ser/thr residues in the N-terminal region of
β-catenin are targets for GSK-3β phosphorylation. In the absence of a Wnt signal, GSK3β
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phosphorylates β-catenin, which is then targeted for ubiquitination and subsequently de‐
graded by proteasomes. Interestingly, recent studies show that additional proteins are in‐
volved in priming β-catenin for phosphorylation by GSK3β. Casein kinase I, Casein kinase II
and GSK3β act together in marking β-catenin for phosphorylation (Polakis, 2002; Amit et al.,
2002; Liu et al., 2002; Yanagawa e al., 2002; Zhang et al., 2002).
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Figure 3. Diagram of Wnt signaling pathway. This schematic represents the Wnt-mediated signaling pathway that
functions to stabilize cytoplasmic β-catenin. In the absence of Wnt signaling, β-catenin is degraded by the activity of
glycogen synthase kinase 3β (GSK3β) in a complex with APC, axin, axin2 (conductin/Axil), and β-TrCP. The binding of
Wnt proteins to its receptor, Frizzled (Fz) at the cell surface leads to the activation of Disheveled (Dvl) in the cytoplasm.
Subsequently, GSK3β complex is inactivated and β-catenin accumulates in the cytoplasm, then enters the nucleus to
interact with LEF/TCF proteins. β-Catenin-Tcf transcription factor activates the expression of Wnt responsive genes.

Regulation of β-catenin degradation is pivotal in downstream signaling. Several gene mu‐
tations  have  been reported in  human cancers  that  render  β-catenin  resistant  to  GSK-3β
mediated degradation. First, mutations in APC, a suppressor in human cancers, are associ‐
ated with aberrant expression of β-catenin in colon cancers (Kawahara et al., 2000; Bienz
and Clevers, 2000; Polakis 2000; Bright-Thomas and Hargest, 2002; Kawasaki et al., 2003).
Second, oncogenic mutations have been identified in β-catenin at putative GSK-3β phos‐
phorylation sites, which stabilize β-catenin in colorectal cancer and melanoma (Van Noort
et al., 2002, Morin et al., 1997 and Korinek et al., 1997). Third, a mutation in human AX‐
IN1 has  been found to  be  associated with hepatocellular  carcinoma (Satoh et  al.,  2000),
while a mutation in AXIN2 (also called conductin) is found in colorectal and liver cancers
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(Liu et al., 2000; Lustig et al., 2002). Conversely, constitutive Wnt signaling negatively reg‐
ulates the ubiquitination and degradation of cytosolic β-catenin leading to its stabilization.
In  summary,  stabilization  of  β-catenin  in  the  cytosol  is  altered  by  three  independent
mechanisms: 1) gene mutation of any one of the degradation complex components: APC,
axin, axin2 or GSK-3β, 2) gene mutation of β-catenin, or 3) constitutive Wnt signaling. As
a  result,  the  level  of  cytosolic  β-catenin  increases,  and β-catenin  translocates  to  the  nu‐
cleus where it interacts with transcription factors of the LEF/TCF family. Several negative
feedback loops could limit the duration or intensity of a Wnt-initiated signal. First, the F-
box protein β-TrCP is an ubiquitin-ligase complex that has been shown to be involved in
the proteasome mediated degradation of phosphorylated β-catenin (Chen et al., 1997; Beh‐
rens, 2002; Winston et al., 1999, Hart et al., 1999; Latres et al., 1999; Kitagawa et al., 1999).
β-TrCP is  post-transcriptionally  induced by  β-catenin/TCF signaling.  As  a  result  of  this
signal,  β-catenin  degradation  is  accelerated.  Second,  Tcf4/β-catenin  signaling  regulates
transcription  of  the  Tcf1  gene  in  epithelial  cells.  While  TCF1  does  not  bind  β-catenin,
TCF1  binds  to  transcriptional  repressors  such  as  groucho,  which  would  allow TCF1  to
serve  as  a  feedback repressor  of  β-catenin/Tcf4  target  genes  (Roose  et  al.,  1999;  Polakis
2002). Third, axin2 (conductin) appears to downregulate β-catenin to normal levels after a
Wnt signal in a negative feedback loop mechanism (Jho et al.,  2002;  Leung et al.,  2002).
This would suggest that, without precise regulation of Wnt-initiated signaling, β-catenin is
aberrantly expressed.  As a  result,  downstream target  genes that  might  contribute to  tu‐
morigenesis are either up- or downregulated.

Increased concentration of  β-catenin  in  the  cytoplasm promotes  its  binding to  LEF/TCF
family of DNA-binding proteins. As a result, β-catenin translocates to the nucleus where
it transcriptionally activates specific target genes. Although the exact mechanism of nucle‐
ar translocation of β-catenin has not been elucidated, association of β-catenin with several
nuclear transport proteins, including importin/karyopherin and Ran (Wiechens and Fagot‐
to, 2001; Fagotto et al., 1998), is not responsible. β-catenin lacks a classical nuclear localiza‐
tion  sequence,  but  the  armadillo  repeats  at  the  C-terminus  are  essential  for  nuclear
translocation (Figure 2; Giannini et al.,  2000; Funayama et al.,  1995). Recent studies have
suggested that, in prostate cancer cells, β-catenin can translocate into the nucleus as part
of a complex with androgen receptor, AR, (Mulholland et al., 2002). This association of β-
catenin with the androgen receptor is abrogated in the absence of armadillo repeat 6, fur‐
ther  supporting  the  association  of  certain  armadillo  repeats  with  specific  β-catenin
functions. Armadillo repeats 4-12 are required for β-catenin to bind to E-cadherin (Hulsk‐
en et al., 1994; Orsulic 1996; Piedra et al., 2001). The expression of cadherin proteins could
thus  sequester  β-catenin  to  the  plasma  membrane,  preventing  its  nuclear  translocation
(Heasman et al., 1994; Fagotto et al., 1996; Weng et al., 2002). In the absence of sequester‐
ing proteins,  β-catenin co-localizes with LEF/TCF in the nucleus to transactivate specific
genes that contain LEF/TCF binding sites.

LEF-1 and TCF1-4 were first  identified in  immune cells  (Clevers  and van De Wetering,
1997).  LEF-1  is  a  sequence-specific  DNA-binding protein  that  is  expressed in  pre-B and
pre-T  lymphocytes  of  adult  mice  as  well  as  in  the  neural  crest,  mesencephalon,  tooth
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germs and whisker follicles (Van Genderen et al., 1994). In addition to its role in organo‐
genesis  and  embryogenesis,  constitutive  LEF/TCF/β-catenin  transactivation  is  associated
with oncogenesis in human colon carcinomas and melanomas (Korinek et al., 1997; Morin
et al., 1997; Rubinfeld et al., 1997; Aoki et al., 1999). Although LEF/TCFs can bind directly
to DNA through their HMG or DNA-binding domain, they are incapable of independent‐
ly  activating  gene  transcription  (Polakis  2000;  Polakis  2002,  Behrens,  2002;  Jiang  and
Struhl,1998;  Kiatagawa  et  al.,  1999;  Hecht  et  al.,  1999;  Eastman  and  Grosschedl,  1999;
Roose et al., 1999). Specific regions of β-catenin are required to interact with either LEF or
TCF proteins.  Armadillo  repeats  1-7  of  β-catenin  interact  with  LEF  while  armadillo  re‐
peats 3-8 interact with TCF (Fig 1-3; Piedra et al.,  2001; Sadot 1998; Behrens et al.,  1996;
Van de Wetering, 1997). β-catenin forms a complex with LEF/TCF proteins, depending on
the amount of free β-catenin available. In this complex, LEF/TCF provides the DNA bind‐
ing domain while β-catenin provides the transactivation domain. β-catenin binds specifi‐
cally  to  sequences  1-51  of  Tcf-4  (Miravet  et  al.,  2002).  Activation  of  this  transcriptional
complex between β-catenin and Tcf induces the expression of specific target genes (Miz‐
ushima et al., 2002; Behrens, 2002; Polakis 2002). Examples of these genes include ultrabi‐
thorax  in  Drosophila,  nodal  related  3  (McKendry  et  al.,  1997),  and  siamois  in  Xenopus
(Brannon et al., 1997), and c-myc (He 1998; Kolligs et al., 2000) and cyclin D1 (Tetsu and
McCormick, 1999; Shtutman et al., 1999) in mammals. The list of target genes also include
genes that regulate cellular functions other than stimulating cell growth, such as cyclooxy‐
genase-2 (Howe et al., 2001); multi-drug resistance gene (Yamada et al., 2000); AF17 (Lin
et al., 2001); metalloproteinase 7 (MMP-7) (Crawford et al., 1999; Brabletz et al., 1999); per‐
oxisome  proliferator-activated  receptor  δ  (He  1999);  laminin-5  γ2  (Hlubek  2001);  c-jun/
fra-1 (Mann et  al.,  1999)  TCF-1 (Roose et  al.,  1999);  axin2 (Jho et  al.,  2002;  Leung et  al.,
2002); ITF-2 (Kolligs et al.,  2002); E-cadherin (Huber et al.,  1998; Novak et al.,  1998); and
mesenchymal genes (Huber et al., 1996; Miller and Moon, 1996; Novak and Dedhar, 1999).

3.3. Post-translational modification of β-catenin

The armadillo repeat domains of β-catenin are essential for binding to its many partners
including E-cadherin, α-catenin and TCF-4. This association of β-catenin with various pro‐
teins  is  regulated  by  post-translational  modification  at  specific  sites  of  the  arm  repeats
(Piedra et al., 2001). Sequences in central arm repeats 4-12 are required for β-catenin to as‐
sociate with E-cadherin (Hulsken et al., 1994). Moreover, phosphorylation of tyrosine resi‐
due  654  (located  in  arm  repeat  12)  decreases  association  of  β-catenin  with  E-cadherin
(Roura et  al.,  1999).  Simultaneously,  phosphorylation of  tyr-654 stimulates binding of β-
catenin to the basal transcription factor TATA-binding protein (TBP). Phosphorylation of
tyr-654 removes steric hindrance at the C-terminal allowing better access of key compo‐
nents of the transcriptional machinery, such as TBP. Since Tcf-4 binds to armadillo repeats
3-8,  its  association with β-catenin is  not  affected by phosphorylation of  tyr-654 (arm re‐
peat 12). β-Catenin binding to α-catenin is determined by a short 31 amino-acid sequence
in the first armadillo repeat of β-catenin (Aberle et al., 1994). However, this association be‐
tween β- and α-catenin is not affected by any known post-translational modifications of
tyrosine residues.
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(Liu et al., 2000; Lustig et al., 2002). Conversely, constitutive Wnt signaling negatively reg‐
ulates the ubiquitination and degradation of cytosolic β-catenin leading to its stabilization.
In  summary,  stabilization  of  β-catenin  in  the  cytosol  is  altered  by  three  independent
mechanisms: 1) gene mutation of any one of the degradation complex components: APC,
axin, axin2 or GSK-3β, 2) gene mutation of β-catenin, or 3) constitutive Wnt signaling. As
a  result,  the  level  of  cytosolic  β-catenin  increases,  and β-catenin  translocates  to  the  nu‐
cleus where it interacts with transcription factors of the LEF/TCF family. Several negative
feedback loops could limit the duration or intensity of a Wnt-initiated signal. First, the F-
box protein β-TrCP is an ubiquitin-ligase complex that has been shown to be involved in
the proteasome mediated degradation of phosphorylated β-catenin (Chen et al., 1997; Beh‐
rens, 2002; Winston et al., 1999, Hart et al., 1999; Latres et al., 1999; Kitagawa et al., 1999).
β-TrCP is  post-transcriptionally  induced by  β-catenin/TCF signaling.  As  a  result  of  this
signal,  β-catenin  degradation  is  accelerated.  Second,  Tcf4/β-catenin  signaling  regulates
transcription  of  the  Tcf1  gene  in  epithelial  cells.  While  TCF1  does  not  bind  β-catenin,
TCF1  binds  to  transcriptional  repressors  such  as  groucho,  which  would  allow TCF1  to
serve  as  a  feedback repressor  of  β-catenin/Tcf4  target  genes  (Roose  et  al.,  1999;  Polakis
2002). Third, axin2 (conductin) appears to downregulate β-catenin to normal levels after a
Wnt signal in a negative feedback loop mechanism (Jho et al.,  2002;  Leung et al.,  2002).
This would suggest that, without precise regulation of Wnt-initiated signaling, β-catenin is
aberrantly expressed.  As a  result,  downstream target  genes that  might  contribute to  tu‐
morigenesis are either up- or downregulated.

Increased concentration of  β-catenin  in  the  cytoplasm promotes  its  binding to  LEF/TCF
family of DNA-binding proteins. As a result, β-catenin translocates to the nucleus where
it transcriptionally activates specific target genes. Although the exact mechanism of nucle‐
ar translocation of β-catenin has not been elucidated, association of β-catenin with several
nuclear transport proteins, including importin/karyopherin and Ran (Wiechens and Fagot‐
to, 2001; Fagotto et al., 1998), is not responsible. β-catenin lacks a classical nuclear localiza‐
tion  sequence,  but  the  armadillo  repeats  at  the  C-terminus  are  essential  for  nuclear
translocation (Figure 2; Giannini et al.,  2000; Funayama et al.,  1995). Recent studies have
suggested that, in prostate cancer cells, β-catenin can translocate into the nucleus as part
of a complex with androgen receptor, AR, (Mulholland et al., 2002). This association of β-
catenin with the androgen receptor is abrogated in the absence of armadillo repeat 6, fur‐
ther  supporting  the  association  of  certain  armadillo  repeats  with  specific  β-catenin
functions. Armadillo repeats 4-12 are required for β-catenin to bind to E-cadherin (Hulsk‐
en et al., 1994; Orsulic 1996; Piedra et al., 2001). The expression of cadherin proteins could
thus  sequester  β-catenin  to  the  plasma  membrane,  preventing  its  nuclear  translocation
(Heasman et al., 1994; Fagotto et al., 1996; Weng et al., 2002). In the absence of sequester‐
ing proteins,  β-catenin co-localizes with LEF/TCF in the nucleus to transactivate specific
genes that contain LEF/TCF binding sites.

LEF-1 and TCF1-4 were first  identified in  immune cells  (Clevers  and van De Wetering,
1997).  LEF-1  is  a  sequence-specific  DNA-binding protein  that  is  expressed in  pre-B and
pre-T  lymphocytes  of  adult  mice  as  well  as  in  the  neural  crest,  mesencephalon,  tooth
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germs and whisker follicles (Van Genderen et al., 1994). In addition to its role in organo‐
genesis  and  embryogenesis,  constitutive  LEF/TCF/β-catenin  transactivation  is  associated
with oncogenesis in human colon carcinomas and melanomas (Korinek et al., 1997; Morin
et al., 1997; Rubinfeld et al., 1997; Aoki et al., 1999). Although LEF/TCFs can bind directly
to DNA through their HMG or DNA-binding domain, they are incapable of independent‐
ly  activating  gene  transcription  (Polakis  2000;  Polakis  2002,  Behrens,  2002;  Jiang  and
Struhl,1998;  Kiatagawa  et  al.,  1999;  Hecht  et  al.,  1999;  Eastman  and  Grosschedl,  1999;
Roose et al., 1999). Specific regions of β-catenin are required to interact with either LEF or
TCF proteins.  Armadillo  repeats  1-7  of  β-catenin  interact  with  LEF  while  armadillo  re‐
peats 3-8 interact with TCF (Fig 1-3; Piedra et al.,  2001; Sadot 1998; Behrens et al.,  1996;
Van de Wetering, 1997). β-catenin forms a complex with LEF/TCF proteins, depending on
the amount of free β-catenin available. In this complex, LEF/TCF provides the DNA bind‐
ing domain while β-catenin provides the transactivation domain. β-catenin binds specifi‐
cally  to  sequences  1-51  of  Tcf-4  (Miravet  et  al.,  2002).  Activation  of  this  transcriptional
complex between β-catenin and Tcf induces the expression of specific target genes (Miz‐
ushima et al., 2002; Behrens, 2002; Polakis 2002). Examples of these genes include ultrabi‐
thorax  in  Drosophila,  nodal  related  3  (McKendry  et  al.,  1997),  and  siamois  in  Xenopus
(Brannon et al., 1997), and c-myc (He 1998; Kolligs et al., 2000) and cyclin D1 (Tetsu and
McCormick, 1999; Shtutman et al., 1999) in mammals. The list of target genes also include
genes that regulate cellular functions other than stimulating cell growth, such as cyclooxy‐
genase-2 (Howe et al., 2001); multi-drug resistance gene (Yamada et al., 2000); AF17 (Lin
et al., 2001); metalloproteinase 7 (MMP-7) (Crawford et al., 1999; Brabletz et al., 1999); per‐
oxisome  proliferator-activated  receptor  δ  (He  1999);  laminin-5  γ2  (Hlubek  2001);  c-jun/
fra-1 (Mann et  al.,  1999)  TCF-1 (Roose et  al.,  1999);  axin2 (Jho et  al.,  2002;  Leung et  al.,
2002); ITF-2 (Kolligs et al.,  2002); E-cadherin (Huber et al.,  1998; Novak et al.,  1998); and
mesenchymal genes (Huber et al., 1996; Miller and Moon, 1996; Novak and Dedhar, 1999).

3.3. Post-translational modification of β-catenin

The armadillo repeat domains of β-catenin are essential for binding to its many partners
including E-cadherin, α-catenin and TCF-4. This association of β-catenin with various pro‐
teins  is  regulated  by  post-translational  modification  at  specific  sites  of  the  arm  repeats
(Piedra et al., 2001). Sequences in central arm repeats 4-12 are required for β-catenin to as‐
sociate with E-cadherin (Hulsken et al., 1994). Moreover, phosphorylation of tyrosine resi‐
due  654  (located  in  arm  repeat  12)  decreases  association  of  β-catenin  with  E-cadherin
(Roura et  al.,  1999).  Simultaneously,  phosphorylation of  tyr-654 stimulates binding of β-
catenin to the basal transcription factor TATA-binding protein (TBP). Phosphorylation of
tyr-654 removes steric hindrance at the C-terminal allowing better access of key compo‐
nents of the transcriptional machinery, such as TBP. Since Tcf-4 binds to armadillo repeats
3-8,  its  association with β-catenin is  not  affected by phosphorylation of  tyr-654 (arm re‐
peat 12). β-Catenin binding to α-catenin is determined by a short 31 amino-acid sequence
in the first armadillo repeat of β-catenin (Aberle et al., 1994). However, this association be‐
tween β- and α-catenin is not affected by any known post-translational modifications of
tyrosine residues.
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3.4. γ-catenin

γ-Catenin and β-catenin are closely related and are members of the gene family that in‐
cludes the Drosophila protein armadillo (Kodama et al., 1999; McCrea et al., 1991). γ-Cat‐
enin  is  identical  to  plakoglobin  (Peifer  et  al.,  1992;  Knudsen  and  Wheelock,  1992).  γ-
Catenin  and  β-catenin  share  80%  sequence  identity  in  the  twelve  arm  repeat  domains
(Huber and Weis, 2001), but only share 29% and 41% sequence identity in the N- and C-
terminal  regions,  respectively.  There  are  two types  of  cell-cell  junctions:  adherens  junc‐
tions  and  desmosomes  (Takeichi,  1991;  Cowin  and  Burke,  1996).  While  adherens
junctions have one transmembrane component, E-cadherin, desmosomes have two trans‐
membrane components,  desmoglein and desmocollin  (Buxton et  al.,  1993).  Similar  to  β-
catenin,  γ-catenin  binds  directly  to  E-cadherin  and  α-catenin  at  adherens  junctions
(Aberle et  al.,  1994;  Hulsken et  al.,  1994).  γ-Catenin is  the only component of  both des‐
mosome and adherens junctions,  suggesting a pivotal  role in cell-cell  adhesion. In addi‐
tion  to  forming  a  complex  with  E-cadherin,  γ-catenin  interacts  with  the  cytoplasmic
regions  of  desmoglein  and  desmocolin  (Kowalczyk  et  al.,  1994;  Mathur  et  al.,  1994;
Troyanovsky  et  al.,  1994a;  Troyanovsky  et  al.,  1994b;  Wahl  et  al.,  1996;  Witcher  et  al.,
1996).  Arm repeats 1-4 of  γ-catenin specifically interact  with desmoglein.  In contrast,  γ-
catenin  arm  repeats  11-12  are  required  for  binding  desmocolins,  but  not  desmogleins
(Witcher et al., 1996). A recent model proposes that the amino- and carboxy-terminal do‐
mains  of  γ-catenin  form intramolecular  interactions  with  the  armadillo  domain,  inhibit‐
ing  its  association  with  desmoglein  (Wahl,  2000).  Classical  cadherins,  which  include  E-
and N-cadherin,  bind to the same site on γ-catenin as desmocolin (Hulsken et al.,  1994;
Sacco et  al.,  1995).  Therefore,  complexes  consisting of  E-cadherin,  γ-  and α-catenins  are
formed  at  adherens  junctions,  while  γ-catenin,  desmoglein  and  desmocolin  complexes
are formed at desmosomes in a mutually exclusive manner. γ-Catenin in adherens junc‐
tions and desmosomes may have a potential  role in organizing cadherins into an adhe‐
sive  zipper  between  two adjacent  cells,  thereby  tightening  the  association  between  two
cells. γ-Catenin is also found in the cytoplasm, where it forms a homodimer of unknown
function (Cowin et al., 1986). The α-catenin binding region maps to the first repeat of γ-
catenin,  while  N-cadherin  binding  region  maps  within  repeats  7  and  8  (Sacco  et  al.,
1995).  γ-Catenin, like β-catenin (Ben Ze’ev and Geiger,  1998),  interacts with several pro‐
teins, such as classical cadherins (Sacco et al., 1995), α-catenin (Nieset et al., 1997), fascin
(Tao et al., 1996), axin (Ikeda et al., 1998; Behrens et al., 1998; Hart et al., 1999; Itoh et al.,
1998), APC (Hulsken et al., 1994), and LEF/TCF transcription factors (Simcha et al., 1998;
Huber et al., 1996). Tcf-4, however, contains two different sites for binding β- and γ-cate‐
nin. Interaction with γ-catenin inhibits transcription of downstream target genes (Miravet
et al., 2002). β-Catenin binds to amino acids 1-50 of Tcf-4, whereas γ-catenin binds to res‐
idues  51-80.  Tcf-4  specifically  binds  to  γ-catenin  in  the  region  of  arm repeats  1-6.  Fur‐
thermore, in vitro  kinase assays have suggested that phosphorylation of Tcf-4 negatively
affects  its  interaction  with  γ-catenin  without  altering  its  association  with  β-catenin.
Therefore,  γ-catenin can contribute to homophilic  cell-adhesion involving both adherens
junctions and zonula adherens junctions.

Advances in Prostate Cancer652

3.5. p120ctn

p120Catenin (p120ctn) was originally described as a tyrosine-phosphorylated protein in Src-
transformed cells (Reynolds et al., 1992; Peifer et al., 1994; Mariner et al., 2000; Noren et al.,
2000). Recent evidence suggests pleiotropic functions of p120ctn such as cadherin clustering
(Yap, 1998a; Yap et al., 1998b), cell motility (Chen et al., 1997), cadherin turnover at the cell
surface (Davis et al., 2004), as well as regulation of neuronal outgrowth and of cadherin-cat‐
enin complex stability (Aono et al., 1999; Ohkubo and Ozawa, 1999). While α-, β- and γ-cate‐
nins bind to the catenin-binding domain (CBD) of the cadherin cytoplasmic tail, p120ctn

binds to the juxtamembrane domain (JMD). Unlike the other catenin proteins, p120ctndoes
not interact with α-catenin, APC, or transcription factor Lef-1 (Daniel and Reynolds, 1995).
Hence, p120ctn does not directly modulate the actin cytoskeleton, implying a distinct role of
p120ctn in cadherin-catenin complex and downstream signaling.

p120ctn is thought to indirectly regulate assembly and disassembly of adherens junctions via
the Rho family of GTPases (Anastasiadis and Reynolds, 2000; Mariner et al., 2001; Anastasia‐
dis et al, 2000; Grosheva et al., 2001). p120ctn mediates cadherin-dependent activation of
RhoA at nascent cell-cell contacts, thereby regulating cadherin clustering and cell junction
formation (Anastasiadis et al., 2000). RhoA-GDP forms a complex with p120ctn in the cyto‐
plasm. Dissociation of GDP from RhoA is inhibited because of this trimer formation. In re‐
sponse to post-translational modification, such as tyrosine phosphorylation, p120ctn forms a
tighter complex with cadherin-catenin complexes at the cell membrane. The cadherin-bound
p120ctn dissociates from RhoA, resulting in the activation of RhoA by guanine nucleotide ex‐
change factors (GEFs) such as Vav2. The exchange of GDP for GTP activates RhoA, which
leads to downstream RhoA signaling events that promote cadherin clustering and junction
formation. Therefore, cytoplasmic p120ctn regulates specific signaling events at the cell mem‐
brane, but this does not preclude the role of nuclear p120ctn in signal transduction.

In response to a putative external signal, p120ctn translocates to the nucleus where it binds
Kaiso transcription factor, suggesting that p120ctn regulates transcriptional activity of un‐
identified target genes (Daniel and Reynolds, 1999; Van Hengel et al., 1999; Mariner et al.,
2000). Kaiso interacts with p120, but does not form a complex with E-cadherin, α−catenin or
β-catenin, suggesting a mutually exclusive interaction of p120ctn with either Kaiso or E-cad‐
herin. Kaiso is a DNA-binding protein that recognizes a specific consensus sequence and
methylated CpG dinucleotides (Daniel et al., 2002; Prokhortchouk et al., 2001). Kaiso is ubiq‐
uitously expressed in a panel of cell lines that includes human breast cancer cell lines MCF-7
and MDA-MB-231. However, human prostate cancer cell lines have not yet been character‐
ized with respect to Kaiso protein expression.

3.6. p120ctn isoforms

Most cell types express alternatively spliced isoforms of p120ctn (Anastasiadis and Reynolds,
2000; Thoreson and Reynolds, 2002; Staddon et al., 1995). The following nomenclature is
used to distinguish the multiple isoforms of p120ctn (Figure 4). Four different ATG start sites
at the N-terminal are used to generate p120 isoforms type 1, 2, 3 and 4. While all four iso‐
forms contain a central armadillo domain with ten arm repeats, only p120 isoform 1 contains
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3.4. γ-catenin

γ-Catenin and β-catenin are closely related and are members of the gene family that in‐
cludes the Drosophila protein armadillo (Kodama et al., 1999; McCrea et al., 1991). γ-Cat‐
enin  is  identical  to  plakoglobin  (Peifer  et  al.,  1992;  Knudsen  and  Wheelock,  1992).  γ-
Catenin  and  β-catenin  share  80%  sequence  identity  in  the  twelve  arm  repeat  domains
(Huber and Weis, 2001), but only share 29% and 41% sequence identity in the N- and C-
terminal  regions,  respectively.  There  are  two types  of  cell-cell  junctions:  adherens  junc‐
tions  and  desmosomes  (Takeichi,  1991;  Cowin  and  Burke,  1996).  While  adherens
junctions have one transmembrane component, E-cadherin, desmosomes have two trans‐
membrane components,  desmoglein and desmocollin  (Buxton et  al.,  1993).  Similar  to  β-
catenin,  γ-catenin  binds  directly  to  E-cadherin  and  α-catenin  at  adherens  junctions
(Aberle et  al.,  1994;  Hulsken et  al.,  1994).  γ-Catenin is  the only component of  both des‐
mosome and adherens junctions,  suggesting a pivotal  role in cell-cell  adhesion. In addi‐
tion  to  forming  a  complex  with  E-cadherin,  γ-catenin  interacts  with  the  cytoplasmic
regions  of  desmoglein  and  desmocolin  (Kowalczyk  et  al.,  1994;  Mathur  et  al.,  1994;
Troyanovsky  et  al.,  1994a;  Troyanovsky  et  al.,  1994b;  Wahl  et  al.,  1996;  Witcher  et  al.,
1996).  Arm repeats 1-4 of  γ-catenin specifically interact  with desmoglein.  In contrast,  γ-
catenin  arm  repeats  11-12  are  required  for  binding  desmocolins,  but  not  desmogleins
(Witcher et al., 1996). A recent model proposes that the amino- and carboxy-terminal do‐
mains  of  γ-catenin  form intramolecular  interactions  with  the  armadillo  domain,  inhibit‐
ing  its  association  with  desmoglein  (Wahl,  2000).  Classical  cadherins,  which  include  E-
and N-cadherin,  bind to the same site on γ-catenin as desmocolin (Hulsken et al.,  1994;
Sacco et  al.,  1995).  Therefore,  complexes  consisting of  E-cadherin,  γ-  and α-catenins  are
formed  at  adherens  junctions,  while  γ-catenin,  desmoglein  and  desmocolin  complexes
are formed at desmosomes in a mutually exclusive manner. γ-Catenin in adherens junc‐
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3.5. p120ctn

p120Catenin (p120ctn) was originally described as a tyrosine-phosphorylated protein in Src-
transformed cells (Reynolds et al., 1992; Peifer et al., 1994; Mariner et al., 2000; Noren et al.,
2000). Recent evidence suggests pleiotropic functions of p120ctn such as cadherin clustering
(Yap, 1998a; Yap et al., 1998b), cell motility (Chen et al., 1997), cadherin turnover at the cell
surface (Davis et al., 2004), as well as regulation of neuronal outgrowth and of cadherin-cat‐
enin complex stability (Aono et al., 1999; Ohkubo and Ozawa, 1999). While α-, β- and γ-cate‐
nins bind to the catenin-binding domain (CBD) of the cadherin cytoplasmic tail, p120ctn

binds to the juxtamembrane domain (JMD). Unlike the other catenin proteins, p120ctndoes
not interact with α-catenin, APC, or transcription factor Lef-1 (Daniel and Reynolds, 1995).
Hence, p120ctn does not directly modulate the actin cytoskeleton, implying a distinct role of
p120ctn in cadherin-catenin complex and downstream signaling.

p120ctn is thought to indirectly regulate assembly and disassembly of adherens junctions via
the Rho family of GTPases (Anastasiadis and Reynolds, 2000; Mariner et al., 2001; Anastasia‐
dis et al, 2000; Grosheva et al., 2001). p120ctn mediates cadherin-dependent activation of
RhoA at nascent cell-cell contacts, thereby regulating cadherin clustering and cell junction
formation (Anastasiadis et al., 2000). RhoA-GDP forms a complex with p120ctn in the cyto‐
plasm. Dissociation of GDP from RhoA is inhibited because of this trimer formation. In re‐
sponse to post-translational modification, such as tyrosine phosphorylation, p120ctn forms a
tighter complex with cadherin-catenin complexes at the cell membrane. The cadherin-bound
p120ctn dissociates from RhoA, resulting in the activation of RhoA by guanine nucleotide ex‐
change factors (GEFs) such as Vav2. The exchange of GDP for GTP activates RhoA, which
leads to downstream RhoA signaling events that promote cadherin clustering and junction
formation. Therefore, cytoplasmic p120ctn regulates specific signaling events at the cell mem‐
brane, but this does not preclude the role of nuclear p120ctn in signal transduction.

In response to a putative external signal, p120ctn translocates to the nucleus where it binds
Kaiso transcription factor, suggesting that p120ctn regulates transcriptional activity of un‐
identified target genes (Daniel and Reynolds, 1999; Van Hengel et al., 1999; Mariner et al.,
2000). Kaiso interacts with p120, but does not form a complex with E-cadherin, α−catenin or
β-catenin, suggesting a mutually exclusive interaction of p120ctn with either Kaiso or E-cad‐
herin. Kaiso is a DNA-binding protein that recognizes a specific consensus sequence and
methylated CpG dinucleotides (Daniel et al., 2002; Prokhortchouk et al., 2001). Kaiso is ubiq‐
uitously expressed in a panel of cell lines that includes human breast cancer cell lines MCF-7
and MDA-MB-231. However, human prostate cancer cell lines have not yet been character‐
ized with respect to Kaiso protein expression.

3.6. p120ctn isoforms

Most cell types express alternatively spliced isoforms of p120ctn (Anastasiadis and Reynolds,
2000; Thoreson and Reynolds, 2002; Staddon et al., 1995). The following nomenclature is
used to distinguish the multiple isoforms of p120ctn (Figure 4). Four different ATG start sites
at the N-terminal are used to generate p120 isoforms type 1, 2, 3 and 4. While all four iso‐
forms contain a central armadillo domain with ten arm repeats, only p120 isoform 1 contains
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a putative coiled-coil domain. The significance of this domain in tumorigenesis is not com‐
pletely understood. All p120ctn isoforms contain a loop in arm repeat 6, which is thought to
act as a nuclear localization signal. C-terminal splicing of p120ctn, where exons A, B, C or
none of the C-terminal exons are present adds to the complexity of p120ctn nomenclature. An
additional A, B or C designation is included in p120ctn nomenclatrure, based on which C-ter‐
minal exon is present. For example, p120ctn 1BC refers to an isoform of p120ctn that is spliced
at start site 1 in the N-terminus and contains exons B and C at the C-terminus. These four
p120ctn isoforms are differentially expressed based on cell type, suggesting that each isoform
may have a specific cellular function. For instance, macrophages and fibroblasts make N-
cadherin and express the p120ctn 1A isoform, whereas epithelial cells make E-cadherin and
express smaller isoforms such as p120ctn 3A (Anastasiadis and Reynolds, 2000). Based on al‐
ternative splicing, possible occurrence of up to 32 isoforms of p120ctn were found in human
cells (Anastasiadis and Reynolds, 2000). As discussed above, it is well established that
p120ctn interacts with E-cadherin, RhoA and the Kaiso transcription factor. However, the size
and specific isoform(s) involved in these interactions remains to be determined. Delineation
of the sub-cellular distribution (cytoplasmic vs nuclear) of p120ctn isoforms may provide
some insight into the specific function of each.
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Figure 4. Diagrammatic representations of the multiple isoforms of p120 catenin. Cell-type-specific alternative
splicing events result in multiple isoforms of p120 catenin. Four N-terminal ATG start sites generate p120 isoforms 1, 2,
3, and 4. p120 isoform 1 contains a putative coiled-coil domain (C-C), which is absent from isoforms 2-4. Additional
alternative splicing generates p120 isoforms using alternative exons in the C-terminal region, exons A, B and C. Iso‐
forms are designated p120ctn 1-4, depending on the N-terminal start site. The A, B, and/or C designations refer to the
exons present in the p120 catenin isoform. If none of the C-terminal exons are present, the letter N (for none) is used
in the nomenclature (e.g. p120ctn1N). PD, phosphorylation domain; NLS, Nuclear localization sequence.
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Similar to the situation with β and γ-catenin, increased levels of p120ctn in the cytoplasm
may direct translocation of p120ctn to the nucleus where a downstream signaling cascade is
initiated. Although the mechanism of nuclear translocation and the molecular basis for
p120ctn isoform specificity has not been described, post-translational modification of p120ctn

may be one means of directing p120ctn into either the cytoplasmic or the nuclear compart‐
ments. Specific sites of Src-initiated phosphorylation have been identified in murine p120,
isoform 1A (Mariner et al., 2001). All of the Src-stimulated phosphorylation sites are present
in the amino terminus of p120ctn, whereas the tyrosine residues in the armadillo repeat re‐
gions are not phosphorylated. Six of these phosphorylated sites cluster in a short-region up‐
stream of the first arm repeat and fourth ATG start site. The significance of Src
phosphorylation at these sites remains to be determined. Nonetheless, post-translational
modification of p120ctn may be involved in regulating cell-type specific expression patterns,
cellular distribution, and/or downstream signaling.

4. N-cadherin

N-cadherin is a member of the classical cadherin family of transmembrane glycoproteins in‐
volved in homotypic cell adhesion (Takeichi, 1995). The extracellular domain of N-cadherin
consists of five cadherin domains with residues that allow homophilic binding in the first ex‐
tracellular domain (ECD) (Shan et al., 1999; Koch et al., 1999).In neuronal cells, N-cadherin is in‐
volved in the control of axonal growth, synapse formation and synaptic plasticity (Matsunaga
et al., 1988; Riehl et al., 1996; Fannon and Colman, 1996; Inoue and Sanes, 1997; Tang et al., 1998;
Bozdagi et al., 2000). While it is known that N-cadherin is important in homotypic cell adhe‐
sion, there is some evidence that N-cadherin may also be involved in signaling cascades that
promote axonal growth (Utton et al., 2001). N-cadherin has been shown to have a role in bone
formation (Marie, 2002). In contrast to E-cadherin, which is primarily expressed on cells of epi‐
thelial origin, N-cadherin is expressed on mesenchymal cells, such as neuronal tissues, stromal
fibroblasts, muscle endothelium and in pleural mesothelial cells (Hazan et al., 1997b).

N-cadherin expression is also altered in pathological processes, such as metastasis of highly in‐
vasive cancer cells to regional lymph nodes and bone.The metastatic process is multifactorial,
with possible transition of cells from an epithelial to a mesenchymal phenotype promoting mi‐
gration of cells to distant sites. For example, breast cancer cell lines that have de-differentiated
(more primitive) to a mesenchymal phenotype have reduced expression of E-cadherin with
concomitant up-regulation of N-cadherin (Hazan et al., 1997b). The de-differentiated breast
cancer cells are capable of interacting with surrounding stromal tissues, supporting the inva‐
sive phenotype of the breast cancer cells. The epithelial to mesenchymal transition (EMT) is al‐
so seen in prostate cancer cell lines, and is correlated with the increased invasive capacity of
these cells (Tran et al., 1999). The more invasive prostate cancer cell lines (i.e., JCA-11) and pros‐
tate stromal fibroblasts express N-cadherin, with a loss of E-cadherin expression. This would

1 JCA-1 and TsuPr1 have now been identified as derivatives of T24 Bladder Carcinoma cells and are not of prostatic origin
(Van Bokhoven et al., 2001). However, JCA-1 and TsuPr1 remain relevant to our theoretical model of cancer cell invasion
due to their urogenital origin and therefore, are included in this thesis. JCA-1 and TsuPr1 are indicated with * to emphasize
the known origin of these cell lines.
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a putative coiled-coil domain. The significance of this domain in tumorigenesis is not com‐
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may have a specific cellular function. For instance, macrophages and fibroblasts make N-
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express smaller isoforms such as p120ctn 3A (Anastasiadis and Reynolds, 2000). Based on al‐
ternative splicing, possible occurrence of up to 32 isoforms of p120ctn were found in human
cells (Anastasiadis and Reynolds, 2000). As discussed above, it is well established that
p120ctn interacts with E-cadherin, RhoA and the Kaiso transcription factor. However, the size
and specific isoform(s) involved in these interactions remains to be determined. Delineation
of the sub-cellular distribution (cytoplasmic vs nuclear) of p120ctn isoforms may provide
some insight into the specific function of each.
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Figure 4. Diagrammatic representations of the multiple isoforms of p120 catenin. Cell-type-specific alternative
splicing events result in multiple isoforms of p120 catenin. Four N-terminal ATG start sites generate p120 isoforms 1, 2,
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alternative splicing generates p120 isoforms using alternative exons in the C-terminal region, exons A, B and C. Iso‐
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exons present in the p120 catenin isoform. If none of the C-terminal exons are present, the letter N (for none) is used
in the nomenclature (e.g. p120ctn1N). PD, phosphorylation domain; NLS, Nuclear localization sequence.
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Similar to the situation with β and γ-catenin, increased levels of p120ctn in the cytoplasm
may direct translocation of p120ctn to the nucleus where a downstream signaling cascade is
initiated. Although the mechanism of nuclear translocation and the molecular basis for
p120ctn isoform specificity has not been described, post-translational modification of p120ctn

may be one means of directing p120ctn into either the cytoplasmic or the nuclear compart‐
ments. Specific sites of Src-initiated phosphorylation have been identified in murine p120,
isoform 1A (Mariner et al., 2001). All of the Src-stimulated phosphorylation sites are present
in the amino terminus of p120ctn, whereas the tyrosine residues in the armadillo repeat re‐
gions are not phosphorylated. Six of these phosphorylated sites cluster in a short-region up‐
stream of the first arm repeat and fourth ATG start site. The significance of Src
phosphorylation at these sites remains to be determined. Nonetheless, post-translational
modification of p120ctn may be involved in regulating cell-type specific expression patterns,
cellular distribution, and/or downstream signaling.

4. N-cadherin

N-cadherin is a member of the classical cadherin family of transmembrane glycoproteins in‐
volved in homotypic cell adhesion (Takeichi, 1995). The extracellular domain of N-cadherin
consists of five cadherin domains with residues that allow homophilic binding in the first ex‐
tracellular domain (ECD) (Shan et al., 1999; Koch et al., 1999).In neuronal cells, N-cadherin is in‐
volved in the control of axonal growth, synapse formation and synaptic plasticity (Matsunaga
et al., 1988; Riehl et al., 1996; Fannon and Colman, 1996; Inoue and Sanes, 1997; Tang et al., 1998;
Bozdagi et al., 2000). While it is known that N-cadherin is important in homotypic cell adhe‐
sion, there is some evidence that N-cadherin may also be involved in signaling cascades that
promote axonal growth (Utton et al., 2001). N-cadherin has been shown to have a role in bone
formation (Marie, 2002). In contrast to E-cadherin, which is primarily expressed on cells of epi‐
thelial origin, N-cadherin is expressed on mesenchymal cells, such as neuronal tissues, stromal
fibroblasts, muscle endothelium and in pleural mesothelial cells (Hazan et al., 1997b).

N-cadherin expression is also altered in pathological processes, such as metastasis of highly in‐
vasive cancer cells to regional lymph nodes and bone.The metastatic process is multifactorial,
with possible transition of cells from an epithelial to a mesenchymal phenotype promoting mi‐
gration of cells to distant sites. For example, breast cancer cell lines that have de-differentiated
(more primitive) to a mesenchymal phenotype have reduced expression of E-cadherin with
concomitant up-regulation of N-cadherin (Hazan et al., 1997b). The de-differentiated breast
cancer cells are capable of interacting with surrounding stromal tissues, supporting the inva‐
sive phenotype of the breast cancer cells. The epithelial to mesenchymal transition (EMT) is al‐
so seen in prostate cancer cell lines, and is correlated with the increased invasive capacity of
these cells (Tran et al., 1999). The more invasive prostate cancer cell lines (i.e., JCA-11) and pros‐
tate stromal fibroblasts express N-cadherin, with a loss of E-cadherin expression. This would

1 JCA-1 and TsuPr1 have now been identified as derivatives of T24 Bladder Carcinoma cells and are not of prostatic origin
(Van Bokhoven et al., 2001). However, JCA-1 and TsuPr1 remain relevant to our theoretical model of cancer cell invasion
due to their urogenital origin and therefore, are included in this thesis. JCA-1 and TsuPr1 are indicated with * to emphasize
the known origin of these cell lines.
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suggest that mutually exclusive expression of either E-cadherin or N-cadherin would establish
an epithelial or mesenchymal phenotype, respectively. Homotypic adhesion between prostate
cancer cells and stromal fibroblasts (encapsulating the prostate gland) could promote prostate
cancer cell invasion and extracapsular metastasis. The loss of E-cadherin and concomitant ex‐
pression of N-cadherin would allow prostate cancer cells to undergo an epithelial to mesenchy‐
mal transition allowing the cells to now become highly invasive.

5. Classical cadherins, Type II

5.1. Cadherin 11

Type II cadherins, cadherins 5, 6, 7, 8, 9, 10, 11, and 12, have structural features similar to Type I
cadherins, but differ in amino acid sequence. Type II mesenchymal cadherins are normally ex‐
pressed on stromal cells and osteoblasts. A mesenchymal cadherin, cadherin 11, and its truncat‐
ed variant are expressed on highly invasive breast cancer cell lines (Pishvaian et al., 1999), but
not on non-invasive cell lines. Previous studies have shown that cadherin 11 is expressed in em‐
bryonic mesenchymal tissues, and restricted to certain regions of neural tube (Kimura et al.,
1995; Hoffman and Balling, 1995). As tumor cells become more invasive and less differentiated,
with concomitant loss of E-cadherin expression, there is an increase in mesenchymal cadherin
expression. This pattern would suggest an epithelial to mesenchymal transition of highly inva‐
sive, poorly differentiated tumor cells. Although little is known about the expression pattern
and function of Type II cadherins in prostate cancer cell lines, expression of cadherin 11 may fa‐
cilitate metastasis of cancer cells and form distant lesions, particularly in the bone (Bussemakers
et al., 2000; Tomita et al., 2000). It is important to note that patients with advanced lung, breast or
prostate cancers develop bone metastasis (Mundy, 2002; Soos et al., 1997). In humans, prostate
cancer cells invade Batson’s vertebral veins, allowing metastatic cancer cells to reach and colo‐
nize distant sites within the bone (Geldof, 1997; Oesterling et al, 1997; Lehr and Pienta, 1998).
Therefore, successive E-cadherin down-regulation, expression of metalloproteinases, and ex‐
pression of mesenchymal cadherins allow prostate cancer cells to follow a defined metastatic
pathway. The prostate cancer cells may disassociate, invade the basement membrane, metasta‐
size, and colonize distant sites in the bone with concomitant expression of mesenchymal cadher‐
in 11. This type of cancer cell-stromal cell interaction mediated by cadherin 11 is seen in invasive
gastric cancers (Shibata et al., 1996). It is possible that E-cadherin acts as a tumor suppressor in
cancer progression, while cadherin 11 regulates invasion and formation of metastatic lesions in
the bone. This would warrant further investigation of the expression pattern and function of
cadherin 11, as well as its role in signalling metastatic progression of prostate cancer cell lines.

6. Matrix metalloproteinases

6.1. Structural motifs

The matrix metalloproteinases (MMPs) are a family of zinc-dependent endopeptidases that
consist of more than 21 human MMPs. MMPs are divided into eight distinct structural
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groups, five of which are secreted and three of which are membrane-localized MMPs, MT-
MMPs (Table 1). The existence of multiple MMPs suggests that each MMP subfamily has a
specific function that is cell-type specific. Understanding the structural composition of each
of the MMP subfamilies may provide some insight into their differential expression and
function (Figure 5). MMPs contain an amino-terminal signal sequence (pre) that directs
them to the endoplasmic reticulum, a propeptide (pro) sequence with a zinc-interacting thiol
group that is cleaved upon activation, and a catalytic domain with a zinc-binding site. Clas‐
sification of MMPs into the eight subclasses is based on their structural motifs. For example,
Group 1 MMPs containing only the pre-, pro- and catalytic domains only, are called the
minimal-domain MMP (Sternlicht and Werb, 2001; Egelblad and Werb, 2002). Group 2
MMPs are simple hemopexin-domain containing MMPs with a hemopexin-like domain in
addition to the pre-, pro- and catalytic domains found in the minimal-domain MMPs. This
additional domain is involved in interactions with tissue inhibitors of metalloproteinases
(TIMPS), as well as with their proteolytic substrates. A hinge region connects the catalytic
and hemopexin domains. The function of the hinge region is not known, but molecular
modeling studies suggest that this region interacts with triple helical collagen (Nagase and
Woessner, 1999). Six of the eight structural groups contain the hemopexin domain with the
exception of Group 1, minimal- domain MMPs and Group 8, the Type II transmembrane
MMPs. While the specific mechanism of proteolytic cleavage is not known, the hemopexin
domain is essential for collagenases to cleave triple helical interstitial collagens (Bode, 1995).
Note, however, that MMPs have substrate specificity distinct from that of hemopexin do‐
main (Clark and Cawston, 1989). Cell-surface activation of pro-MMP2 requires the presence
of hemopexin-domain of MMP-2 (Murphy et al., 1992; Strongin et al., 1995). In addition, re‐
cent in vitro studies have suggested that the hemopexin domain may assist tumor cells in
evasion of immune surveilance. The hemopexin C-terminal domain of MT1-MMP has been
suggested to modulate the levels of complement component (gC1qR) in the tumor cell mi‐
croenvironment (Rozanov et al., 2002). C1q is a subcomponent of the C1 complex of the clas‐
sical pathway of complement activation. Active MT1-MMP can reduce the levels of soluble
gC1qR in the tumor vicinity via proteolytic cleavage. Interestingly, the hemopexin-like C-
terminal domain is involved in proteolytic cleavage of gC1qR. These in vitro studies imply
that tumor cells can evade immune surrveilance by hemopexin domain mediated cleavage
of complement components. Group 3 encompasses gelatin-binding MMPs containing fibro‐
nectin-like repeats that are associated with binding collagen (FI) and gelatin (Egeblad and
Werb, 2002; Allan et al., 1995; Steffensen et al., 1995). Groups 4-8 contain a motif between the
propeptide and catalytic domains that is recognized by intracellular furin-like serine protei‐
nases (FU). These MMPs are intracellularly activated by furin-initiated proteolytic cleavage
at this site. Groups 5 MMPs contain a vitronectin-like insert in addition to the FU recogni‐
tion motif. MMPs that are associated with the membrane include the membrane-type MMPs
(Group 6) and the glycosylphosphatidylinositol (GPI)-anchored MMPs (Group 7). Mem‐
brane-type MMPs (MT-MMPs) have a carboxy-terminal, single-span transmembrane do‐
main (TM) and a very short cytoplasmic domain (Cy). In contrast to the MT-MMPs, the GPI-
anchored MMPs are tethered to the membrane by a GPI component at the C-terminal.
Group 8 represents the type II transmembrane MMPs with an N-terminal signal anchor (SA)
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suggest that mutually exclusive expression of either E-cadherin or N-cadherin would establish
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groups, five of which are secreted and three of which are membrane-localized MMPs, MT-
MMPs (Table 1). The existence of multiple MMPs suggests that each MMP subfamily has a
specific function that is cell-type specific. Understanding the structural composition of each
of the MMP subfamilies may provide some insight into their differential expression and
function (Figure 5). MMPs contain an amino-terminal signal sequence (pre) that directs
them to the endoplasmic reticulum, a propeptide (pro) sequence with a zinc-interacting thiol
group that is cleaved upon activation, and a catalytic domain with a zinc-binding site. Clas‐
sification of MMPs into the eight subclasses is based on their structural motifs. For example,
Group 1 MMPs containing only the pre-, pro- and catalytic domains only, are called the
minimal-domain MMP (Sternlicht and Werb, 2001; Egelblad and Werb, 2002). Group 2
MMPs are simple hemopexin-domain containing MMPs with a hemopexin-like domain in
addition to the pre-, pro- and catalytic domains found in the minimal-domain MMPs. This
additional domain is involved in interactions with tissue inhibitors of metalloproteinases
(TIMPS), as well as with their proteolytic substrates. A hinge region connects the catalytic
and hemopexin domains. The function of the hinge region is not known, but molecular
modeling studies suggest that this region interacts with triple helical collagen (Nagase and
Woessner, 1999). Six of the eight structural groups contain the hemopexin domain with the
exception of Group 1, minimal- domain MMPs and Group 8, the Type II transmembrane
MMPs. While the specific mechanism of proteolytic cleavage is not known, the hemopexin
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sical pathway of complement activation. Active MT1-MMP can reduce the levels of soluble
gC1qR in the tumor vicinity via proteolytic cleavage. Interestingly, the hemopexin-like C-
terminal domain is involved in proteolytic cleavage of gC1qR. These in vitro studies imply
that tumor cells can evade immune surrveilance by hemopexin domain mediated cleavage
of complement components. Group 3 encompasses gelatin-binding MMPs containing fibro‐
nectin-like repeats that are associated with binding collagen (FI) and gelatin (Egeblad and
Werb, 2002; Allan et al., 1995; Steffensen et al., 1995). Groups 4-8 contain a motif between the
propeptide and catalytic domains that is recognized by intracellular furin-like serine protei‐
nases (FU). These MMPs are intracellularly activated by furin-initiated proteolytic cleavage
at this site. Groups 5 MMPs contain a vitronectin-like insert in addition to the FU recogni‐
tion motif. MMPs that are associated with the membrane include the membrane-type MMPs
(Group 6) and the glycosylphosphatidylinositol (GPI)-anchored MMPs (Group 7). Mem‐
brane-type MMPs (MT-MMPs) have a carboxy-terminal, single-span transmembrane do‐
main (TM) and a very short cytoplasmic domain (Cy). In contrast to the MT-MMPs, the GPI-
anchored MMPs are tethered to the membrane by a GPI component at the C-terminal.
Group 8 represents the type II transmembrane MMPs with an N-terminal signal anchor (SA)
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that targets the MMP to the cell membrane. MMP-23 is identified as a type II transmem‐
brane MMPs with unique cysteine array (CA) and immunoglobulin (Ig)-like domains at the
C-terminus. The functional significance of these domains has not yet been established.

MMP subfamily Structural Group MMP number MMP name Substrates

Collagenases 2 1 Interstitial collagenase Collagens I, II, III and VI, gelatins,

aggrecan, entactin
2 8 Neutrophil collagenase Collagens I, II, III, aggrecan
2 13 Collagenase-3 Collagens I, II, III

Gelatinases 3 2 72 kDa Type IV

gelatinase

Gelatin, collagens I, IV, V, VII, X, XI,

fibronectin, laminin, vitronectin
3 9 92 kDa Type IV

gelatinase

Gelatins, collagens IV, V, XIV,

aggrecan, elastin, entactin, vitronectin
Stromelysins 2 3 Stromelysin-1 Aggrecan, gelatins, fibronectin,

laminin, collagen III, IV, IX, X,

vitronectin
2 10 Stromelysin-2 Aggrecan, fibronectin, laminin,

collagen IV
4 11 Stromelysin-3 Fibronectin, laminin, collagen IV,

aggrecan, gelatins
2 18 Putative MMP Collagen I

Membrane-type MMPs 6 14 MT1-MMP Pro-MMP2, avb3 integrin, CD44,

proMMP13, fibronectin, laminin,

vitronectin, collagens I, II, III
6 15 MT2-MMP Not identified
6 16 MT3-MMP ProMMP-2
7 17 MT4-MMP Not identified
6 24 MT5-MMP Not identified
7 25 MT6-MMP Not identified

Other MMPs 1 7 Matrilysin (PUMP-1) Aggrecan, fibronectin, laminin,

collagen IV, elastin, entactin,

vitronectin
2 12 Macrophage elastase Elastin
2 19 Rheumatoid arthritis-

associated MMP

Not identified

2 20 Enamelysin Amelogenin
5 21 Homologue of Xenopus

XMMP
2 22 CMMP
8 23 Cysteine array MMP
1 26 Endometase,

matrilysin-2

Fibronectin, vitronectin, fibrinogen,

type IV collagen, MMP9, gelatin
2 27 Unkown
4 28 Epilysin

Table 1. Classification and Nomenclature of Human MMPs. MMP superfamily is classified into eight structural groups.
While five of these groups are secreted, three groups are membrane-bound. The MMP subfamily, structural group
number, corresponding MMP number and the common name are shown in the table. Substrates for each enzyme are
also listed in the table (Vincenti, 2000; Nagase and Woessner, 1999; Egelblad and Werb, 2002). MMP Structural
Groups: Group 1, Minimal-domain; Group 2, Simple hemopexin-domain-containing; Group 3, Gelatin-binding; Group
4, Furin-activated secreted; Group 5, Vitronectin-like insert; Group 6, Transmembrane; Group 7, GPI-anchored; Group
8, Type II Transmembrane.
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Figure 5 Structure of the matrix metalloproteinase. MMPs contain the following 
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hemopexin-like domain. The cleavage of N-terminal propeptide domain of the latent 

MMP yields the active form of the enzyme. The gelatinases contain a fibronectin-like 

region within their catalytic domain.  The membrane-type MMPs are characterised by a 

C-terminal transmembrane domain. The hemopexin-like repeat is absent in matrilysin 

(MMP-7). 
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Figure 5. Structure of the matrix metalloproteinase. MMPs contain the following domains: signal peptide (pre-pep‐
tide), propeptide, catalytic domain, hinge region, and hemopexin-like domain. The cleavage of N-terminal propeptide
domain of the latent MMP yields the active form of the enzyme. The gelatinases contain a fibronectin-like region with‐
in their catalytic domain. The membrane-type MMPs are characterised by a C-terminal transmembrane domain. The
hemopexin-like repeat is absent in matrilysin (MMP-7).

Common names  are  also  used to  distinguish  substrate  specificity  for  each  of  the  MMP
groups described above. For example, interstitial collagenases, such as MMP-1 (structural
group 2), have high specificity for fibrillar collagen types I, II, and III. In contrast, gelati‐
nases, MMP-2 and MMP-9 (structural group 3), have a greater propensity to cleave dena‐
tured  collagen  products,  as  well  as  basement  membrane  components  such  as  collagen
type  IV.  Stromelysins,  such  as  MMP-3  (structural  group 2),  cleave  extracellular  compo‐
nents  and have the ability  to activate other MMPs.  Recently,  a  new subfamily of  mem‐
brane-tethered or membrane-type MMPs, MT-MMPs (Group 6) has been included in the
MMP family. Five enzymes: MT1-, MT2-, MT3-, MT4- and MT5- (Sato et al., 1996; Takino
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domain of the latent MMP yields the active form of the enzyme. The gelatinases contain a fibronectin-like region with‐
in their catalytic domain. The membrane-type MMPs are characterised by a C-terminal transmembrane domain. The
hemopexin-like repeat is absent in matrilysin (MMP-7).

Common names  are  also  used to  distinguish  substrate  specificity  for  each  of  the  MMP
groups described above. For example, interstitial collagenases, such as MMP-1 (structural
group 2), have high specificity for fibrillar collagen types I, II, and III. In contrast, gelati‐
nases, MMP-2 and MMP-9 (structural group 3), have a greater propensity to cleave dena‐
tured  collagen  products,  as  well  as  basement  membrane  components  such  as  collagen
type  IV.  Stromelysins,  such  as  MMP-3  (structural  group 2),  cleave  extracellular  compo‐
nents  and have the ability  to activate other MMPs.  Recently,  a  new subfamily of  mem‐
brane-tethered or membrane-type MMPs, MT-MMPs (Group 6) has been included in the
MMP family. Five enzymes: MT1-, MT2-, MT3-, MT4- and MT5- (Sato et al., 1996; Takino
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et al., 1995; Will and Hinzmann, 1995; Puente et al., 1996; Pei, 1999) have been identified
as members of this group.

MMPs are synthesized as inactive zymogen requiring proteolytic cleavage of the N-termi‐
nus in order to be activated. A cysteine-sulphydryl group in the propeptide domain inter‐
acts with a zinc ion bound to the catalytic domain. Proteolytic cleavage removes the
propeptide domain, leading to the activation of latent MMP (Cao et al., 1998). Generally,
MMPs are activated by either serine proteinases or other activated MMPs outside of the cell.
In contrast, MMP-11, MMP-28 and MT-MMPs are activated by intracellular furin-like serine
proteinases before they are associated with the cell membrane. MMP activity is regulated at
three levels: transcription, activation, and inhibition/deactivation.

6.2. Transcriptional regulation of MMPs

Increased MMP expression in tumors is primarily associated with transcriptional changes
rather than genetic alterations, although translocation of MMP23 genes in neuroblastoma
and amplification of MMP24 gene have been reported (Llano, 1999). Transcriptional regula‐
tion of MMP mRNA expression is subject to influences by several chemical reagents, neuro‐
hormones, and cytokines (Liotta et al., 1983; Unemori and Werb, 1988; Galis et al., 1994;
Werb et al., 1989; Matrisian and Hogan, 1990). For example, tumor necrosis factor alpha
(TNF-α) and interleukin-1 can stimulate the production of MMP-1, MMP-3, and MMP-9
(MacNaul et al., 1990). While the pathways by which these factors regulate MMP transcrip‐
tion remain to be determined, it is known that the MMP promoter regions contain response
elements that transcriptionally regulate expression. Tumor response element (TRE) and acti‐
vation protein-1 (AP-1) binding sites are present in MMP-1, MMP-3, MMP-7, MMP-9,
MMP-10, MMP-12 and MMP-13 (Benbow and Brinkerhoff, 1997). Transcriptional regulation
can be further influenced either by genetic polymorphisms or by growth factor-activated
transcription factors. MMP-1 protein expression is influenced by polymorphisms in MMP-1
gene promoter. Promoters of inducible MMPs and TIMPs have specific sites that bind AP-1
and Polyoma Enhancer A-binding Protein-3 (PEA-3), which is pivotal in transcriptional acti‐
vation. While Fos and Jun families of transcription factors bind to AP-1 sites, PEA-3 binds to
the Ets binding sites (EBS). The presence of two guanine nucleotides in the MMP-1 promoter
creates a functional Ets-binding site adjacent to an AP-1 site, up-regulating the transcription
of MMP-1 gene in multiple cancers, including ovarian cancers (Kanamori, 1999). MMP tran‐
scription can also be downregulated in response to certain signals. For example, MMP-1
transcription can be repressed in the presence of the tumor suppressor p53 (Sun et al., 1999).
Interestingly, p53 is also known to differentially regulate MMP-13 expression (Sun et al.,
2000). Another example of transcriptional regulation of MMPs is the up-regulation of
MMP-7 expression in colon tumors (Crawford, 2001). The PEA-3 subfamily of Ets transcrip‐
tion factors and the β-catenin-LEF-1 complex activate MMP-7 expression in colon tumors.
These findings suggest that multiple regulatory elements in MMP promoter regions coor‐
dinately regulate tissue-specific and temporal expression of MMP.
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6.3. Activation of MMPs

While transcriptional regulation is important in determining MMP synthesis, activation of
MMPs is a key factor in regulating proteolysis of specific substrates. Newly synthesized
MMPs are secreted into the extracellular space in zymogen form. Outside the cell, other
MMPs, serine proteinases, growth factors, and chemical/physical reagents can activate the
latent MMP. Proteolytic enzymes such as urokinase, plasmin, and cathepsins are known to
activate MMPs. In addition, organomercurials (APMA) are used routinely to activate MMPs
under experimental conditions. MMP activity in vivo has been associated with the interstitial
form urokinase plasminogen activator (uPA). Recent evidence has shown that latent MMP-2
is activated at the cell surface in a highly regulated pathway involving tissue inhibitors of
metalloproteinases-2 (TIMP-2) and MT1-MMP (Hernandez-Barrantes et al., 2000). TIMP-2
binds MT1-MMP at its N-terminus and proMMP-2 at its C-terminus. Another free MT1-
MMP molecule cleaves the bound proMMP-2, leading to partial activation of MMP-2. An‐
other fully activated MMP-2 is required to remove a residual portion of the MMP-2
propeptide (Deryugina, 2001). At low concentrations, TIMP-2 stimulates proMMP-2 activa‐
tion; at high concentrations, it inhibits MMP-2 activation.

6.4. Inhibition of MMP activity

Inhibition/deactivation of MMPs can be accomplished by several factors including α-2-mac‐
roglobulin, tissue inhibitors of metalloproteinases (TIMPs), small molecules with TIMP-like
domains, and the membrane-bound inhibitor RECK (reversion-inducing cysteine-rich pro‐
tein with kazal motifs) (Sasahara et al., 2002). In tissue fluids, α2-macroglobulin forms a
complex with MMPs that can bind to a scavenger receptor. Endocytosis removes the trimer‐
ic complex, α2-macroglobulin-MMP-scavenger receptor, in an irreversible manner. The ac‐
tivity of MMPs is regulated by the presence of endogenous protein inhibitors, Tissue
Inhibitors of Metalloproteinases (TIMP). Four TIMPs (TIMPs1-4) have been identified, each
with a specific function (Gomez et al., 1997). TIMPs inhibit tumorigenesis, cell invasion,
metastasis and angiogenesis. A fine balance between MMPs and TIMPs regulates tumor
progression. TIMP binds to the active site of MMP, leading to a conformational change in
the enzyme. The ratio of MMP to its specific TIMP determines the metastatic potential of a
tumor cell. Recent evidence suggests that an increase in MMP2 to TIMP2 ratio is associated
with high-grade and high-stage prostate tumors (Still et al., 2000).

6.5. Normal and pathological processes involving MMP expression

MMPs are involved in normal embryonic development (Alexander et al., 1996b; Lelongt et
al., 1997), renal organogenesis (Lelongt et al., 1997), and invasion and metastasis of cancer
(Stetler-Stevenson et al., 1993). There are several examples of normal embryonic develop‐
ment that require MMP expression, including trophoblast implantation, embryonic growth,
and tissue morphogenesis. In addition, MMPs are required for normal wound repair. As
part of the wound repair process, development of new tissue at the site of injury involves a
series of highly regulated events. MMPs degrade several components of the extracellular
matrix (ECM), followed by migration of new cells to the site leading to formation of new
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ECM at the injured site. The level as well as the tissue-specificity of MMPs can determine
the degree of wound repair. For example, MMP-7 is the only MMP expressed by lung epi‐
thelial cells under conditions of tracheal damage (Dunsmore et al., 1998). In contrast, more
than one MMP is required for epithelial cell migration during normal wound repair (Sud‐
beck et al., 1997). While different levels of MMP-1, -2, and –9 have been detected at the
wound site, neutrophil-derived MMP-8 is the primary collagenase present in normal healing
wounds. However, unregulated expression of MMP-8 is associated with chronic leg ulcers
(Armstrong and Jude, 2002; Nwomeh et al., 1999). Mammary gland development and invo‐
lution is another example of a physiological process that requires tightly regulated expres‐
sion of MMPs (Lund et al., 1996). In summary, regulation of MMP expression and MMP
activity is essential for normal cellular processes.

Pathological processes that are associated with aberrant MMP expression include cardio‐
vascular disease (Libby, 1995;  Thompson et al.,  1995),  interstitial  fibrosis (Norman et al.,
1995), glomerulosclerosis (Schaefer et al., 1997; Jacot et al., 1996), pulmonary emphysema
(D’Armiento et al., 1992), and bullous pemphigoid (Liu et al., 1998), an autoimmune sub-
epidermal blistering disease. MMPs are also associated with tumor progression and con‐
tribute  to  tumor  invasion  and  metastasis.  MMPs  are  associated  with  five  principal
processes promoting tumor progression (Egeblad and Werb, 2002). First, MMPs can pro‐
mote cancer cell proliferation by three known mechanisms. These include release of cell-
membrane-bound precursors of some growth factors, such as TGF-α, degradation of ECM
proteins resulting in the release of peptide growth factors, or indirect proliferative signals
through integrins. Second, MMPs regulate apoptosis as well as anti-apoptosis. MMP-3, -7,
-9 and –11 are known to regulate apoptosis involving different signaling processes. Over‐
expression of  MMP-3 is  known to induce apoptosis  in  mammary epithelial  cells  by de‐
grading  laminin  (Alexander  et  al.,  1996a;  Witty  et  al.,  1995)  and  MMP-7  cleaves  FAS
ligand, a ligand for the death receptor FAS, from its membrane-bound precursor. As a re‐
sult of this cleavage, a pro-apoptotic molecule is released into the surrounding microen‐
vironment (Powell et al., 1999; Mitsiades et al., 2001). MMPs can also induce apoptosis of
endothelial cells or epithelial cells by shedding the adhesion molecules VE-cadherin (Her‐
ren  et  al.,  1998),  PECAM-1  (Ilan  et  al.,  2001)  and  E-cadherin  (Steinhusen  et  al.,  2001).
Third, MMPs are positive regulators of angiogenesis, which is required for tumor growth.
MMP-2, -9 and –14 and –19 have been shown to regulate angiogenesis by promoting the
availability of factors involved in angiogenesis, such as vascular endothelial growth factor
(VEGF), fibroblast growth factor 2 (FGF-2) and TGF-β. These factors are required for en‐
dothelial  cell  proliferation and migration. Moreover,  MMP-2 is required for transition to
an angiogenic phenotype in a tumor model (Fang et al., 2000), suggesting that MMPs are
important for maintenance of tumor growth and proliferation. Fourth, MMPs allow cancer
cells to evade immune surveillance. For example, MMP-9 can cleave interleukin-2 recep‐
tor-a (IL-2Ra) from the surface of activated T lymphocytes, thereby suppressing their pro‐
liferation (Sheu et al., 2001). As a result of this suppression, tumor-specific T lymphocytes
cannot infiltrate tumor cells. MMP-11 also generates a cleavage product that allows tumor
cells to evade the tumor-targeted activity of natural killer cells. MMP-11 cleaves α1-protei‐
nase-inhibitor, which decreases natural killer cell cytotoxicity (Kataoka et al., 1999). Active
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membrane-type 1 MMP (MT1-MMP) has also been suggested to assist tumor cells in eva‐
sion of immune surveillance (Rozanov et al., 2002). Therefore, tumor cells escape immune
surveillance leading to uncontrolled tumor growth. Fifth, MMPs degrade extracellular ma‐
trix components and allow tumor cells to migrate across epithelial basement membranes
and metastasize to a new site. While the exact mechanism triggering MMP release by tu‐
mor cells  is  not  yet  completely understood,  MMPs are the only enzymes known to de‐
grade fibrillar collagen types I, II, III and IV. MMP-2, -3, -13 and –14 promote invasion of
cell lines in in vitro models of invasion (Lochter et al., 1997; Belien et al., 1999; Deryugina
et al., 1997; Polette and Birembaut, 1998). Furthermore, MMP-2 and MMP-14 cleave lami‐
nin-5 leading to cell motility (Koshikawa et al., 2000). Proteolytic cleavage of CD44 as well
as integrin αv subunit by MMP-14 promotes cell migration (Kajita et al., 2001; Deryugina,
2001).  Recently,  MT-MMP1 has been identified as a downstream target of the β-catenin/
Tcf4 complex in colorectal cancers, suggesting that E-cadherin-catenin signaling is impor‐
tant  in  regulating  MT-MMP1 expression  (Takahashi  et  al.,  2002).  Interestingly,  MMP-14
has recently been shown to function as  an integrin convertase promoting cell  adhesion,
migration and focal  adhesion kinase phosphorylation of  breast  cancer  cells  (Ratnikov et
al., 2002). These findings suggest that MMP-14 may be important in regulating cross-talk
between integrin and cell-adhesion molecules. MMP-3 as well as MMP-7 cleaves E-cadher‐
in leading to tumor progression (Noe et al.,  2001).  The newly released E-cadherin cleav‐
age product  could interfere with another unprocessed E-cadherin molecule such that  E-
cadherin function is impaired and, as a result, tumor-cell invasion ensues. Taken together,
MMPs are important in many aspects of tumor progression in addition to tumor cell mi‐
gration and invasion.

6.6. Role of MMP in prostate cancer

Growth factors and receptor kinases can also influence transcriptional regulation of MMPs.
MMPs have been shown to play a significant role in prostate cancer metastasis (Wood et al.,
1997; Sehgal et al, 1998; Pajouh et al, 1991; Powell et al, 1993). Moreover, recent evidence
suggests an increase in MMP-2 and TIMP-2 ratio is associated with high-grade and high-
stage prostate tumors (Still et al., 2000). MMP expression could be induced by two possible
mechanisms. First, prostate stromal cells could secrete growth factors such as epidermal
growth factor (EGF) and induce expression of downstream effectors such as metalloprotei‐
nases. Growth factors and their receptors have been shown to be key components of tumor
development and progression (Sundareshan et al., 1999). Epidermal growth factor receptor
(EGFR) expression in bladder cancer cells, for example, is associated with high tumor stage
and grade (Nutt et al., 1998). EGF has been shown to induce the AP-1 transcriptional regula‐
tory complex, which transcriptionally activates MMP-1 expression and MMP-3 expression
in fibroblasts. EGFR stimulation promotes both breast cancer cell migration (Price et al.,
1999) and induces MMP-1 expresssion (Nutt and Lunec, 1996). Second, MMP expression is
also regulated by E-cadherin expression (Nawrocki-Raby et al., 2003). Restoration of E-cad‐
herin expression in E-cadherin negative Dunning rat prostate tumor cells inhibits in vitro
invasion and MMP-2 activity in these cells (Luo et al., 1999).
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tor-a (IL-2Ra) from the surface of activated T lymphocytes, thereby suppressing their pro‐
liferation (Sheu et al., 2001). As a result of this suppression, tumor-specific T lymphocytes
cannot infiltrate tumor cells. MMP-11 also generates a cleavage product that allows tumor
cells to evade the tumor-targeted activity of natural killer cells. MMP-11 cleaves α1-protei‐
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stage prostate tumors (Still et al., 2000). MMP expression could be induced by two possible
mechanisms. First, prostate stromal cells could secrete growth factors such as epidermal
growth factor (EGF) and induce expression of downstream effectors such as metalloprotei‐
nases. Growth factors and their receptors have been shown to be key components of tumor
development and progression (Sundareshan et al., 1999). Epidermal growth factor receptor
(EGFR) expression in bladder cancer cells, for example, is associated with high tumor stage
and grade (Nutt et al., 1998). EGF has been shown to induce the AP-1 transcriptional regula‐
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in fibroblasts. EGFR stimulation promotes both breast cancer cell migration (Price et al.,
1999) and induces MMP-1 expresssion (Nutt and Lunec, 1996). Second, MMP expression is
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7. Concluding remarks

The cellular localization of E-cadherin and the catenin proteins has a significant role in regu‐
lating cancer progression. β-, γ- and p120ctn proteins are important components of the E-cad‐
herin-catenin signal transduction pathway. Elucidating the mechanisms of nuclear
localization or nuclear retention of β-, γ- and p120ctn proteins, may help us to understand the
role of these catenins in regulating E-cadherin downstream signaling events associated with
prostate cancer invasion.
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