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Foreword vii

FOREWORD

Prostate cancer is a life-altering diagnosis, not just for patients, but for their loved 
ones as well. Once, prostate cancer was most frequently diagnosed in men in their 
60s and 70s; with increasing use of imaging modalities and PSA testing, the inci-
dence is on the rise, and we are now seeing men in their 40s with the disease. This 
poses a challenge for clinical management depending on the stage of the disease—
from watchful waiting or active surveillance to aggressive treatment with the risk 
of therapeutic nihilism. While localized prostate cancer diagnosed at early stages 
is curable in most cases, the prognosis for metastatic disease is poor. Most patients 
with advanced disease will develop resistance to therapy and we need to under-
stand more about the disease and develop efficacious therapeutic strategies for 
prostate cancer.

This book enhances our understanding of this disease in many ways: identify-
ing who we need to diagnose, those most at risk based on their genetic profile, 
and also where diagnosis and treatment may not be in an individual’s best inter-
ests. It looks into the future where the diagnostic pathway merges with the treat-
ment with theranostics and reflects on lessons we can learn from the past. This 
book is a comprehensive and current account, covering the whole sphere of pros-
tate cancer. 

The editors, Simon Bott and Keng Ng, are to be congratulated for amassing 
such stellar contributors who together have produced a book that is easy to read 
but also highly informative. I enjoyed reading each chapter and I would encour-
age all those involved in the world of prostate cancer to do the same.

Professor Richard Hindley, MSc, FRCS (Urol)
Visiting Professor, University of Winchester, England

Consultant Urologist, Basingstoke and North Hampshire Hospital, England
May 2021

Doi: https://doi.org/10.36255/exonpublications.prostatecancer.foreword.2021

https://doi.org/10.36255/exonpublications.prostatecancer.foreword.2021
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PREFACE

Prostate cancer has become one of the world’s greatest healthcare challenges. 
Ageing populations mean the number of men diagnosed with this disease increases 
year on year. This has implications not only to the patient and their loved ones, 
but also clinical services, healthcare budget holders and to wider society. Despite 
being one of the most common cancer in Western men, its natural history, prog-
nosis, and treatment are poorly understood. This book brings together a select 
faculty of experts to present a comprehensive view of the current state and future 
perspectives of prostate cancer.

There are ten chapters in the book—the first four cover our present knowledge 
and understanding of the disease, the following three explore new advancements 
and treatments, particularly looking at overcoming resistance to therapy, and the 
remaining three chapters focus on specific molecules with the potential to become 
drug targets. 

Chapter 1 provides a comprehensive review of the global trends in epidemiol-
ogy, geographical variations, and incidence and mortality of prostate cancer. With 
numerous modifiable and unmodifiable risk factors, the etiology of prostate can-
cer is comprehensively covered. Chapter 2 summarizes the current knowledge on 
the various etiological factors of prostate cancer. Our understanding of the mecha-
nisms that cause the disease requires further expansion if we are to advance our 
ability to diagnose aggressive tumors and develop more effective therapies. 
Chapter 3 provides a snapshot of pathogenesis of prostate cancer. The diagnostic 
tools for prostate cancer have undergone significant advancements in recent years 
to improve the accuracy of prostate cancer detection and avoid overdiagnosis and 
subsequent overtreatment. Chapter 4 introduces the reader to the various bio-
chemical, genetic, imaging, and histological modalities that enable the accurate 
diagnosis and staging of the disease. Together, these four chapters serve as a suc-
cinct reference tool not only for clinicians or researchers, but also for the layper-
son who wish to have a basic understanding of the disease.

Chapters 5, 6 and 7 give a glimpse into future prospects for the treatment of 
prostate cancer. Androgen-deprivation therapy is the standard of care for meta-
static prostate cancer, but patients inevitably develop resistance to treatment; 
more efficient treatments are therefore necessary. One such possibility is the com-
bination of androgen deprivation with other forms of treatments such as immu-
notherapy, radiation, or small molecule inhibitors. Chapter 5 summarizes these 
promising combination treatment strategies and provides a comprehensive list of 
clinical trials on the topic. Chapter 6 introduces the reader to the exciting field of 
theranostics, which involves imaging a particular molecular target with a diag-
nostic radioisotope and then substituting it with a therapeutic isotope to treat 
patients who demonstrate sufficient target expression on diagnostic imagery. This 
is topical, given the FDA approval in December 2020 of PSMA-targeted PET 
imaging for men with prostate cancer. Improvements in systemic therapies need 
to be developed and applied in a timely, strategic manner to improve the care 
of  those at the most extreme risk of therapy failure with traditional therapy. 



Prefacex

Chapter 7 reviews the status of therapy for standard and high-risk patients, and 
strategies for translational science for patients at risk of compromised outcome 
and treatment failure. 

Chapters 8, 9, and 10 will be of particular interest to basic scientists, as they 
discuss the therapeutic potential of three molecules. Chapter 8 challenges 
researchers to rethink the role of p53, often dubbed the ‘guardian’ of the genome, 
in prostate cancer. Originally thought to be involved in metastatic disease, emerg-
ing data show that p53 is also dysregulated in primary tumors. Chapters 9 and 10, 
summarize the current evidence we have on the role of MUCIN 1 and STEAP 
proteins, respectively, and make a case for their therapeutic potential for the treat-
ment of prostate cancer. 

We thank the authors for their contribution, diligence, and dedication for 
making this project possible. This book is aimed primarily at clinicians and scien-
tists, but many areas will also be of interest to the layperson. We all have much to 
learn about prostate cancer. We hope this book enhances the reader’s knowledge 
in an informative and enjoyable way.

Simon RJ Bott, MD, FRCS, FEBU
Keng Lim Ng, MBBS, PhD, FRCS

Urology Department
Frimley Park Hospital

Portsmouth Rd, Frimley, Camberley
GU16 7UJ, UK

May 2021
Doi: https://doi.org/10.36255/exonpublications.prostatecancer.preface.2021
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Copyright: The Authors.
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Abstract: Prostate cancer is the third most common diagnosed malignancy. It is 
a heterogeneous disease with incidence rates that vary substantially across the 
world, from 6.3 to 83.4 per 100,000 people. Age-standardized incidence rates 
are the highest in Northern Europe and lowest in South Central Asia. Men of 
African origin are more prone to the disease compared with other ethnicities. 
Mortality rates differ significantly from incidence rates, with the highest figures 
in the Caribbean, Sub-Saharan Africa and Micronesia/Polynesia. This chapter 
provides an overview of the global trends in epidemiology of prostate cancer. 
Incidence and mortality rates in the Americas, Africa, Europe, Asia, and Oceania 
are presented. 

Keywords: epidemiology; incidence; mortality; prostate cancer; prostate-specific 
antigen
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INTRODUCTION 

In 2020, according to the World Health Organisation (WHO), prostate cancer is 
the third most common diagnosed malignancy. With 1,414,259 cases (7.3% of 
the total), prostate cancer is preceded only by lung and colorectal cancer with 
2,206,771 and 1,148,515 cases respectively (11.4 and 10.0%) (1). It is the most 
commonly diagnosed cancer in over 50% of countries in the world (112 of 185) 
and its incidence varies substantially between countries with a high Human 
Development Index (HDI) and those with a low HDI, 37.5 vs 11.3 per 100,000 
people, respectively. Mortality rates are less variable (8.1 vs 5.9 per 100,000 
people). Prostate cancer is a heterogeneous disease with incidence rates that vary 
substantially across the world from 6.3 to 83.4 per 100,000 people. The regions 
with highest figures are Northern and Western Europe, the Caribbean, Australia/
New Zealand, North America and Southern Africa (Figure 1). The lowest are 
found in Asia and North Africa. However, cases are increasing in Asian countries 
such as Japan and Singapore where, historically, this cancer had a low incidence 
rate and prostate-specific antigen (PSA) testing was minimal (2). Mortality rates 
differ significantly from incidence rates, with the highest figures in the Caribbean 
(75.8 per 100,000 people), Sub-Saharan Africa (22.0 per 100,000 people) and 
Micronesia/Polynesia (18.8 per 100,000 people) (1). This chapter provides an 
overview of the global incidence and mortality of prostate cancer.

PROSTATE CANCER IN THE USA

The most recent statistics published on prostate cancer by the National Center for 
Health Statistics (NCHS), USA, includes data from 1930–2017. This is due to a 
delay between data collection and analysis of about 3–4 years. Based on this 
assumption, the AMC (American Cancer Society) made the following prediction 
for 2020: (i) 606,520 total cancer deaths, of which, 33,330 (5.5% of total) were 
expected to be from prostate cancer; and (ii) 1,806,590 new cases of cancer, of 
which, 191,930 are prostate cancers (10.6%). Prostate cancer is the third most 
common tumor after lung and colon cancer, and the second most deadly after 
lung cancer. According to the SEER model (Surveillance, Epidemiology and End 
Results), the lifelong probability of an American developing an invasive prostate 
cancer is 11.6 (1 in 9) (3).

The incidence of prostate cancer is strongly correlated to the changes in medi-
cal practice and PSA monitoring programs. The early 1990s witnessed a sharp 
increase in cases. This was due to the widespread introduction of PSA monitoring 
(formally approved by FDA in 1986), which dramatically increased the detection 
of asymptomatic disease (4). Those figures then declined quite suddenly between 
2007 and 2014 and stabilized around 2016. Prostate cancer incidence rates con-
stantly declined by 6.5% per year from 2007 for all races combined. In contrast, 
for advanced stage disease, there was an inflection point involving all racial groups 
and ages (5). The explanation could partially rely on the fact that in 2012, the US 
Preventing Services Task Force recommendations were changed against routine 
PSA testing (Grade D) due to concerns about prostate cancer overdiagnosis and 
overtreatment (6, 7). Thus, after years of ‘excitement’, clinicians started testing 
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less and less patients. However, the increase in advanced stage diagnosis cannot 
completely be explained by the change in PSA screening protocols (Figure 2).

As explained by Negoita in his paper in 2018, those figures could also be 
partially explained by improved staging workup or better stage documentation 
(5). In 2018, the same US Task force revised their recommendation to “informed 
decision making” for men between 55 and 69 years (Grade C). This was due to 
updated evidence that showed “a small potential benefit’’ of reduced prostate mor-
tality in some men (8, 9). An important remark must be made regarding prostate 
cancer incidence and ethnicity. Much research has shown that the incidence of 
prostate cancer is greatest in African American men (1). This demographic is gen-
erally more likely to develop prostate cancer at any age and develop the cancer 
earlier in life than men of any other racial or ethnic group (Figure 3). Studies have 
been done to compare incidence rates of the same ethnic group between different 
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countries, but it has revealed to be difficult due to differences in data collection 
and detection pathways (10). 

Looking at the 1975–2017 data provided by the NCHS, we can see that there 
has been a slow increase in mortality since 1987, with an annual percent change 
(APC) of 0.9, reaching its peak between 1987 and 1991 with an APC of 3 for all 
races and 3.1 for white men. This peak was slightly delayed for black men, peak-
ing in 1988 (APC 3.3). The highest mortality for all races was observed between 
1975 and 2015, especially in 1993 (39.3 per 100,000 people). Again, mortality 
for black men reached its highest point in 1993 (81.9 per 100,000 people), two 
years after the peak for white men (36.5 per 100,000 people) (5). Since then, a 
steady decrease in mortality was observed: 1991–1994 (APC −0.5); 1994–1998 
(APC −4.2); 1998–2013 (APC −3.5); and 2013–2017 (APC −0.3). A higher decline 
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in mortality was observed in black men (APC −2.5) compared to white men 
(APC −0.7). During 2001–2015, the rate of mortality decreased among black men 
with an APC of −4.2 (5). 

PROSTATE CANCER IN THE AMERICAS OTHER THAN THE USA

Canada showed an increase in crude prostate cancer incidence/diagnosis rates 
during 1992–2010 by 1.70 ± 0.30 cases per 100,000 males per year. However, if 
the data are age-adjusted, no significant increase in incidence rates were noted. 
Over the same period Canada witnessed 69,655 deaths, with an overall decline. 
Crude mortality rates reduced by −0.19 ± 0.022 deaths per 100,000 males per 
year between 1992 and 2010, significantly lower in the quintile with the highest 
percentage of African–Canadian/Black individuals (11). 
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2012 to 2017. Source: Siegel et al. (19) Cancer Statistics 2020.
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Columbia, Costa Rico, and Ecuador witnessed an increase in prostate cancer 
incidence during 1993–2002. Incidence rates in Brazil have been relatively high 
but remained stable in more recent years, following an increase in 2012 (12). 
According to GLOBOCAN 2008, the incidence of prostate cancer in South 
America was 50.2 cases per 100,000. These figures rose to 59.2 in 2020 (12, 13). 
Mortality trends in the Americas are difficult to analyze due to the heterogeneity 
and lack of data available. Rates are increasing in Brazil, Colombia and Ecuador, 
decreasing in Argentina, Costa Rica and Chile, and stable in Mexico (12). The 
lowest mortality was observed in Brazil and Mexico (12–13 per 100,000 people) 
in 2000. In 2020, the overall mortality rate for prostate cancer in the Americas 
was 14.2 cases per 100,000 people a slight reduction when compared to the 16.2 
case per 100,000 observed in 2008 (12, 13). Unfortunately, due to the lack of 
resources, no regular screening plans are active in south America with the excep-
tion of the Barretos Cancer Hospital in Brazil, which has a program that offers 
screening for prostate cancer (PSA and DRE) as well as screening for other com-
mon types of cancer (ie, skin, breast, and cervix) using mobile units in 231 
municipalities from 6 states. From January 2004 to December 2007, 17,571 men, 
45-years-old,were screened and 652 prostate cancer cases were identified, mostly 
with localized disease (93.4%).

PROSTATE CANCER IN CENTRAL AMERICA/CARIBBEAN

The Caribbean has one of the highest rates of prostate cancer worldwide. Incidence 
rates have been registered as high as 304 cases per 100,000 (14–16). Hennis et al. 
reported an overall crude incidence rate of 131.0 (95% CI: 123.4– 139.0) per 
100,000 men; when data were standardized to the US, European, or World popu-
lations, this was 160.4 (95% CI: 151.0– 170.2), 163.1 (95% CI: 153.4–173.3), 
and 112.0 (95% CI: 105.2–119.3) per 100,000 men (17). Stratifying by age, it 
was noted that, prostate cancer incidence increased from 6.0 (95% confidence 
interval: 1.6–15.3) per 100,000 men at ages 40 to 44 years to 1,026.6 (95% CI: 
898.8–1,167.6) per 100,000 in men aged 70 to 74 years, and declined thereafter 
(17). In the paper, it was also noted that, differently from the USA, where socio-
economic and health-care access issues need to be considered, Barbados provides 
free access to healthcare. However, it must be taken into consideration that 
the information provided by the Public Health services of the area are often impre-
cise and sparse, and therefore it is particularly challenging to generate and provide 
reliable data. For the period 2003–2007, Gibson and Gibson reported that the 
Jamaican age-standardised rate (ASR) for prostate cancer was 78.1 per 100,000 
persons which is a substantial increase when comparted to 65.5 per 100,000 
people of the period 1998–2002 (15). Prostate cancer mortality in Trinidad and 
Tobago has been registered among the highest in the world, with an annual 
increase in mortality by 4.5% over the last decade (12). For Barbadian men, mor-
tality ranged from 63.2 to 101.6 per 100,000 persons between 1995–2008 (17). 
In 2020, the IARC (International Agency for Research on Cancer) provided simi-
lar figures to those of Gibson and Gibson with an ASR incidence of 75.8 cases per 
100,000 people, whereas the mortality was 27.9 cases per 100,000 people (13). 
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Among the Central American countries, Costa Rica leads with an ASR (age 
standardised to World Population rate) of 53.8 cases per 100,000 people, followed 
by Mexico and Cuba with 28.9 and 24.3 cases per 100,000 people respectively 
(18). Unfortunately, epidemiological data are scarse for those regions. Trends are 
available only for Costa Rica which showed an annual increase in incidence of 
3.8% per annum over the period 1997–2008. ASR on mortality put Belize at first 
place with 28.9 cases per 100,000 people followed by Cuba and Mexico with 
24.1 and 17.0 cases per 100,000 people for the period 2003–2010, respectively. 
Costa Rica stops at 14.8 cases per 100,000 people (19). The most recent data on 
Central America published by GLOBOCAN 2020 shows an ASR incidence of 
43.8 and mortality of 11.0 cases per 100,000 people (13). No active screening 
program are currently in place in Central America. Between 2004 and 2006, in 
Monterrey (Mexico) a screening program was run, using PSA and DRE; screening 
of 973 men, 40 years of age, showed that only 44% (55/125) of the men who had 
an abnormal result underwent prostate biopsy, and 27% (15/55) of these were 
diagnosed with prostate cancer, mostly with high grade lesions (based on Gleason 
scores 7) (18).

PROSTATE CANCER IN AFRICA

The incidence of prostate cancer in Africa is belived to be high. As it has been 
shown in many publications, prostate cancer is the leading cancer in terms of 
incidence and mortality in men of African origin. However, data is fragmented 
and incomplete. According to Echinemane et al. prostate cancer is more common 
than liver cancer, non-Hodgkin’s lymphoma, and lung cancer in Abidjan, Ivory 
Coast (20). In contrast, Chu et al. demonstrated that prostate cancer incidence 
among African Americans was as much as 40 times higher than black men in 
Africa (21). The highest rates were reported in East Africa with figures of 10.7–38.1 
per 100,000 people and the lowest rates were reported in West African countries, 
at 4.7–19.8 per 100,000 people. However, data collection and PSA testing are 
both minimal in the continent, thus severely affecting the reliability and statistical 
analysis of the data. 

Prostate cancer is becoming more and more an issue of public concern in 
Africa due to the fact that the majority of new diagnoses are advanced/metastatic 
cancers, with poor prognosis and low chances of long-term survival. About 64% 
of new prostate cancer cases in a Nigerian hospital had advanced disease and 
died within two years of diagnosis. Those figures are dismal when compared to 
the American data. For comparison, in the United States, 66% of the patients 
who had a diagnosis of prostate cancer in 1975 survived more than 5 years 
while between 2008 and 2014 that number rose to 98.2% (22). In 2010, Ferlay 
et al. estimated that 57,048 deaths will be caused by prostate cancer in Africa by 
2030. This represents a 104% increase over the next 10 years (23). According to 
the data provided by the IARC 2020, ASR of incidence and mortality for prostate 
cancer in the African continent were respectively 29.7 and 16.3 cases per 
100,000 people. 
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PROSTATE CANCER IN EUROPE

Due to the availability of more comprehensive information, data from the United 
Kingdom (UK) are discussed separately from the other European countries.

United Kingdom 

Currently, PSA screening is not offered in UK as part of early prostate cancer 
detection. Cancer Research UK advises that men 50-years or older can request 
screening through their general practitioner , where a discussion about risks and 
benefits will be made. According to the most recent data, prostate cancer is the 
most common cancer diagnosed in men in the UK, representing 26% of all new 
diagnoses in 2017 (24). For males aged 45 years and over, prostate cancer was 
the most common cancer, peaking at 32.8% of all cancers in the 65–74 age 
group. Considering age-specific incidence, prostate cancer rates rise steeply from 
around age 50–54, peak in the 75–79 age group before dropping slightly and 
remaining stable in the oldest age groups. The highest figures are in the 75 to 
79 age group as shown in Figure 3. Between 1993–1995 and 2015–2017, the 
European age standardised incidence rates of prostate cancer increased by 
41%, with a 4% increase between 2005–2007 and 2015–2017. The percentage 
increase for each age group is: 50–59 (291%), 60–69 (137%), and 70–79 (41%). 
In contrast, in the oldest group (over 80), the incidence decreased by 28%. These 
numbers are likely secondary to random findings due to PSA testing, incidental 
detection of asymptomatic disease and the increase of benign prostatic hyperpla-
sia procedures such as transurethral resection of the prostate (TURP) and its 
histological findings (24). An important factor that must be taken into account is 
the ethnic heterogeneity of prostate cancer across the UK population. According 
to “The PROCESS Cohort Study’’ published in 2008, Afro-Caribbean men had an 
age-adjusted prostate cancer incidence rate of 173 per 100,000 people compared 
to a rate of 56.4 per 100,000 for UK white men and 139 for black African men. 
Moreover, it was found that Afro-Caribbean men residing in the UK were three 
times more likely to be diagnosed with the disease and were diagnosed 5 year 
earlier than Caucasian men residing in the UK, despite both groups having equal 
access to diagnostic services (25). In conclusion, the lifetime risk of being diag-
nosed with prostate cancer is 13.2–15.0% for white males, while in black males 
it is significantly higher (23.5–37.2%), and in Asian males it is significantly lower 
(6.3–10.5%) (26).

During the 1990s, PSA testing was introduced; it showed a 10-fold difference 
in uptake in the UK compared to the USA. For Comparison, in 2001, in the USA, 
57% of men aged 50 years or older reported having a PSA test within the previous 
12 months. By contrast, for each year between 1999 and 2002, an estimated 6% 
of men aged 45–84 years were tested in the UK (27).

Despite those differences, Colling et al. showed that although age-adjusted 
prostate cancer mortality reached its maximum in early 1990s at almost identical 
rates, there was not a similar decrease in mortality in the UK that was seen in the 
USA. From the mid-1990s, Age-adjusted prostate-cancer mortality declined in the 
USA by 4.17% each year between 1994 and 2004, almost four-times the rate of 
decline in the UK (1.14% each year), especially in patients aged 75 years or 
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older (27). This data may be explained by a general tendency in the USA to treat 
prostate cancer more aggressively than in the UK. The most recent figures 
(2016–2018) showed that every year in UK, around 11,900 men die of prostate 
cancer. Those figures represented 13% of all cancer deaths in males in the UK in 
2018 (24). However, as can be seen from Figure 4 over the last decade (between 
2006–2008 and 2016–2018), prostate cancer age-standardized mortality rates for 
males decreased by 10%. According to the data provided by Cancer Research UK, 
mortality rates for prostate cancer are projected to fall by 16% in the UK between 
2014 and 2035, to 48 deaths per 100,000 males by 2035.

Prostate cancer in other European countries

A general increase in prostate cancer has been witnessed in Western Europe (28). 
It is unclear if these figures are secondary to PSA screening or other factors such 
as diet and low exposure to sunlight (Vitamin D) (29). Since mid 1990, an 
increase of APC between 4 and 5% has been witnessed in Austria, France, and 
Switzerland. Figures remained stable in other countries such as Netherlands from 
1999 to 2008. According to Center et al. (12), mortality rates decreased in Austria, 
France, Switzerland, Germany and Netherlands. The main decline was seen in 
Austria (APC 4.0) whereas the lowest in Germany and Netherlands (APC 2.3). In 
Southern Europe, an overall increase in prostate cancer was recorded between 
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1998 and 2007. The largest increase was seen in Croatia (APC 8.5%) followed by 
Italy, Slovenia, Malta and Spain. Mortality rates were more heterogenous with 
decline seen in Italy, Malta, Spain and increase in Croatia and Slovenia (28). An 
increase in prostate cancer incidence was recorded over the past decade in four out 
of the five Nordic countries (Denmark, Iceland, Norway, and Sweden). The most 
relevant increase was in Denmark (APC 8.2% between 1999 and 2008). Finland 
showed stable figures. In terms of mortality, a stable trend was seen in Denmark 
and Iceland whereas Norway and Sweden experienced a substantial decrease. In 
Finland, a decrease of 3.1% per annum has been seen since 2000 (12, 28).

PROSTATE CANCER IN RUSSIA AND FORMER 
SOVIET UNION COUNTRIES

This section analyses the incidence and mortality of prostate cancer in the Baltic 
States, Belarus, Russian Federation and Ukraine. It should be pointed out that 
these countries have very different profiles of PSA testing uptake. The Russian 
Federation was the first to introduce PSA testing in the 1990. Since 2013, PSA is 
part of a national health check-up program. Lithuania introduced the test in 2000. 
A nationwide PSA screening program has been introduced since 2006. By 2010 
around 72–78% of the total eligible male population received a PSA test. In Latvia, 
PSA testing has not been funded by the Government. A recent review by Patasius 
et al. showed that the countries can be divided in two groups (30): high (>100 
cases per 100,000 people), and low (<100 cases per 100,000 people) incidence 
countries. The Baltic States (Estonia, Latvia, and Lithuania) belong to the former 
whereas Belarus, the Russian Federation and Ukraine to the latter. Lithuania is the 
country with the highest incidence overall (203.4 per 100,000 people) followed 
by Estonia and Latvia (158.3 and 102.2 per 100,000 people, respectively). In the 
Russian Federation, figures are low (55.2 per 100,000 people) as it is for Ukraine 
(36.2 per 100,000 people). A recent study showed that the APC of prostate cancer 
has been constantly positive for all years; however, the inconsistency of cancer 
databases (1978 to 2016 in Lithuania and 2000–2012 in Ukraine) should be 
taken into account. The APC ranges from 3.4 to 7.4 for Ukraine and Lithuania, 
respectively. In Estonia and Lithuania, incidence peak for men aged 50–74 was in 
2007, followed by an incidence decrease in Lithuania since 2007 and Estonia 
since 2011. 

Despite remarkable differences in incidence, mortality rates among all countries 
are relatively similar. The highest figures were recorded in Lithuania (ASR of 26.68, 
1995–1999) and the lowest in the Russian Federation (ASR of 12.24 in the same 
period). Age-specific mortality was the highest in the over 85 age group. During 
2011–2015, the mortality rates in this group doubled. However, the relative differ-
ence between the Baltic states and other countries remained unchanged (30). The 
reason behind the high mortality rates after the implementation of the PSA-based 
screenings is unclear. It is possible that these figures are secondary to over-report-
ing of prostate cancer as the underlying cause of death in death certificates. A simi-
lar issue was noted in the USA in 1991, a few years after the implementation of PSA 
screening (31). 
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PROSTATE CANCER IN ASIA

The incidence of prostate cancer in Asian countries has been historically much 
lower than their Western counterpart, ranging between 4.5 cases per 100,000 per-
sons for South-Central Asia, 10.5 for Eastern Asia and 11.2 for Southeast Asia (12). 
Those values could be explained both by a low susceptibility of Asian men to 
prostate cancer and the lack of a systematic screening program. However, there is 
evidence that these figures are increasing in several countries (23). A review by Ha 
Chung et al., showed a general increase in prostate cancer incidence across China, 
India, South Korea, Vietnam, Japan, and Singapore (32). These figures were sup-
ported by data from GLOBOCAN 2008 and 2012 (23, 32). Sim and Cheng noted 
that in some centres in Japan, the incidence rate rose from 6.3 to 12.7 (102% 
increase) between 1978 and 1997, while the incidence rates in Singaporean 
Chinese men increased to 118% (from 6.6 to 14.4 case per 100,000 people) 
within the same period (33). The lowest incidence reported in Asia was in 
Shanghai whereas the highest was in the Rizal Province in the Philippines. Figure 5 
shows the differences in incidence and mortality across Asia. Studies have also 
shown that Asian Men living in the United States develop higher risk of prostate 
cancer than their counterparts living in Asia suggesting that change in lifestyle, 
and probabaly increased screening, could be the major contributors (34). 

In 2008, prostate cancer accounted for about 2% of all cancer-associated 
deaths in the Asia-Pacific. In the same period, over 250,000 men died of pros-
tate cancer around the globe, of which, 42,000 (16%) deaths occurred in the 

Eastern Asia South-East Asia South-Central Asia Western Asia
Incidence 11.0 12.0 4.0 27.0

Mortality 3.0 7.0 2.0 13.0

0.0

5.0

10.0

15.0

20.0

25.0

30.0

C
as

es
 p

er
 1

00
.0

00
 p

eo
p

le

Prostate Cancer incidence and mortality in Asian Regions 2012

Figure 5.  Incidence and mortality rates (per 100,000) in different Asian regions in 2012. Data 
source: GLOBOCAN 2012 v1.0, Cancer Incidence and Mortality Worldwide: IARC Cancer 
Base No. 11. Source: Adapted from Chen et al., 2014, “Prostate Cancer in Asia: A Collaborative 
Report.”



Giona S12

Asia-Pacific area. China accounted for 34% of prostate cancer deaths, Japan 
24%, and Indonesia 16% (34). In addition, it was noted that in Asian countries, 
despite having a 20 times lower incidence rate than USA, prostate cancer mor-
tality was only about 2.5% lower than the USA. A useful tool that can be used is 
the mortality rate to incidence rate ratio, MR/IR. In 2012, the MR/IR in Asia was 
between 0.3 and 0.6 whereas it was 0.1 in the USA and 0.18 in Europe (35). 
This disparity between IR and MR could be explained by the lack of screening 
tools and the consequent delayed diagnosis in Asia compared to Western 
countries. In view of these results, Zhang et al. suggested that it would be wise 
and useful to integrate PSA screening, as well as develop a nationwide cancer 
registration system (35). 

PROSTATE CANCER IN OCEANIA AND NEW ZEALAND 

Australia approved the use of PSA in 1989, similarly to the USA. The introduction 
of this test caused a steep increase in the lifelong risk of detecting prostate cancer 
from the 6.1% of 1982 (1 in 17) to 18.4% of 1994 (36). In 1996, the Australian 
Health Advisor Committee recommended against screening asymptomatic men 
for prostate cancer. Between 2008 and 2009, 21–25% of the Australian men aged 
50–75 had a PSA test (37). In 2012, the introduction of the American USPSTF 
recommendation against PSA testing caused a further reduction in screening. The 
impact of the 2018 USPSTF has not been studied yet in the country. Overall, the 
lifetime risk of prostate cancer has shown some fluctuations after the years, but 
has never dipped below 15%, and in 2012 it was 19.7% (95% CI 19.4% to 20%: 
1 in 5) (36). According to IARC 2008, the prostate cancer ASR incidence was 94.5 
per 100,000 persons, which dropped to 70 per 100,000 in 2020 (1). Mortality 
rates decreased in Australia by 2.3% between 1995 and 2004 and by 2.8% per 
year on average in New Zealand (12). According to GLOBOCAN, the ASR mortal-
ity secondary to prostate cancer was 15.3 cases per 100,000 people in 2008 (12) 
and 15.3 per 100,000 people in 2020 (1).

CONCLUSION

Prostate cancer is one of most common cancers diagnosed worldwide. With more 
than 1,400,000 (>7%) new cases and more than 375,000 (3.8%) deaths annually, 
it is the third most common malignancy diagnosed, and is the eighth cause of 
cancer death. Its incidence varies greatly between regions of the World, and is 
hugely affected by PSA testing and related screening programs.. It has been dem-
onstrated that wherever screening is available, the incidence increases without 
necessarily seeing associated steady decrease in cancer specific mortality. Currently, 
there is no international consensus on the best approach on PSA testing. It is well 
known and documented that men of African origin are more prone to develop 
prostate cancer over the course of their life, whereas Asian ethnicities seems to be 
less affected. The reason behind those differences is still unclear, but is likely to be 
multifactorial. 
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Abstract: While the exact etiology of prostate cancer remains elusive, various 
modifiable and unmodifiable risk factors have been suggested as contributing 
factors. These include age, ethnicity, family history, genetics, obesity, diet, 
hormones, smoking, alcohol, and certain medications; however, none of these, 
perhaps with the exception of ethnicity and age, has been conclusively proven to 
be a definite etiological factor for prostate cancer. Men of black African ancestry 
are more prone to the disease. The probability of developing prostate cancer 
increases with age, from 0.005% in men younger than 39 years of age to 2.2% in 
men between 40 and 59 years, and 13.7% in men between 60 and 79 years. 
A better understanding of the environmental, genetic, nutritional, hormonal, and 
molecular landscape that shape the etiology and pathophysiology of prostate 
cancer will lead to better preventative strategies, enhanced diagnostic pathways, 
and improved management of the disease. This chapter provides an overview of 
the current understanding of the etiology of prostate cancer.
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INTRODUCTION

Prostate cancer is the most common cancer in men and is the third leading cause 
of cancer-related mortality after lung and colorectal cancers in Europe (1). The 
etiology of prostate cancer is multifactorial and remain quite baffling, with numer-
ous modifiable and unmodifiable risk factors associated with its development. 
Some well-established risk factors include advanced age, positive family history, 
and African ancestry. However, epidemiological studies based on geographical 
distribution and ethnic variability of prostate cancer have suggested that environ-
mental factors, lifestyle, and diets can influence the risk of prostate cancer and its 
progression. Global variations in prostate cancer incidence are well known and is 
comprehensively discussed in chapter 1 of this book. The high incidence of pros-
tate cancer can also be attributed to the increasing use of prostate specific antigen 
(PSA) screening, aging population, and better diagnostic modalities. Understanding 
the etiology, pathophysiology, and natural history of prostate cancer is useful to 
aid in the diagnosis and better management of this cancer. 

AGE

Age is a well-established risk factor for prostate cancer. Incidence of prostate can-
cer increases with age. Prostate cancer is rare below the age of 40. This age-related 
trend is seen globally, both in developed and developing countries (2). PSA 
screening has led to an earlier age of prostate cancer detection as it has a lead time 
of approximately 10 years before any symptoms occur. The probability of devel-
oping prostate cancer increases from 0.005% in men younger than 39 years of age 
to 2.2% in men between 40 and 59 years, and 13.7% in men between 60 and 79 
years (3). The probability of histological diagnosis of prostate cancer is higher 
with 50% of men between 70 and 80 years of age showing histological evidence 
of malignancy (4). Fortunately, majority of these low grade, low volume histologi-
cal diagnosis of prostate cancer follows an indolent course without any significant 
risk of dying from the disease. 

FAMILY HISTORY AND GENETIC PREDISPOSITION

Prostate cancer has an increased heritability. Men with a brother or father diag-
nosed with prostate cancer have a two to four-fold risk of developing prostate 
cancer––the risk is higher if a brother is diagnosed (5). The risk attributed to 
genetic factors increases further with more relatives being affected and earlier age 
of diagnoses (6). In addition, the Nordic Twin Study of Cancer estimated that the 
variation of prostate cancer risk among twins attributed to genetic factors was 
57%, thus making prostate cancer one of the most heritable cancers (7). Recent 
studies have also suggested increased risk of prostate cancer in families with famil-
ial breast cancer and familial prostate cancer traits. A large prospective study of 
37002 men for 16 years in the USA identified that those with familial breast can-
cer had a 21% greater risk of prostate cancer overall; family history of prostate 
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cancer alone was associated with a 68% increased risk of total disease and those 
who were with a family history of both cancers were also at elevated risk (8). One 
possible explanation for the link between familial breast cancer and increased 
prostate cancer risk lies in the BRCA gene mutation. Given the link between BRCA 
and breast cancer, and evidence of increased prostate cancer risk among male 
BRCA carriers, inherited BRCA mutations may provide one biological mechanism 
for familial clustering of prostate and breast cancer (6). These results from familial 
history links further enhance and confirm the role of genetic predisposition from 
susceptible genes associated with prostate cancer risk which has led to the genome 
wide association studies (GWAS) in prostate cancer. GWAS have provided greater 
insight to the genetic predisposition for prostate cancer risk. There are more than 
180 independent single nucleotide polymorphisms (SNPs) associated with pros-
tate cancer risk, which account for a third of familial prostate cancer heritability 
risk (9, 10). A review by Benafif et al. (11) showed that prostate cancer genetic 
susceptibility variants can explain 37.5% of the familial relative risk of prostate 
cancer, with approximately 6% accounting for rare variants (including 2 rare 
SNPs on 8q24 and HOXB13) and 31.5% for commonly occurring SNPs. In the 
largest prostate cancer GWAS and meta-analysis reported by Schumacher et al., 
63 novel prostate cancer susceptibility loci were identified bringing the total num-
ber of known loci to 167 (12). Armed with this genetic information, better tar-
geted prostate cancer screening programs aimed at those at higher risk groups can 
be performed utilizing genetic identity information kits. Such screening program 
can target those who will be at risk of clinically significant prostate cancer and will 
be able to replace the non-specific PSA screening and avoid unnecessary prostate 
biopsies. Once prostate cancer is diagnosed, the affected individual genetic pro-
files can be utilized to predict aggressiveness and progression of disease. 
Furthermore, individualized targeted therapy can be prepared based on these 
genetic tumor profiles to enhance the precision of the treatment regimen.

ETHNICITY

There are ethnic and geographic variations in the incidence of prostate cancer. 
There is a higher incidence, severity, and mortality rates amongst men of black 
African descent. In the USA, there is a threefold variability amongst different 
ethnic/racial groups, with the highest incidence amongst black men of African 
descent (13). Mortality rates are 2.4 times higher in black men in the USA when 
compared to white men (14). One observation that could account for these dif-
ferences in incidence and mortality is the prevalence of multiple prostate cancer 
genetic risk loci across racial/ethnic groups (15). A review by Rani et al. explained 
the observations of lower TMPRSS-ERG fusion, PTEN deletion, differential 
methylation of genes (SNRPN, SHANK2, MST1R, and ABCG5), and up-regula-
tion of MNX1 in men of African descent promoted oncogenesis due to the dele-
tion of such protective tumor suppressor roles. Another chemokine receptor, 
DARC, found in red blood cells where they remove chemokines from prostate 
tumor microenvironment, has been shown to be depleted in large proportion of 
African men, contributing to increased incidence and mortality rates in this eth-
nic group (16).
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SMOKING AND ALCOHOL

Among the modifiable risk factors for prostate cancer, smoking has been shown to 
have an association with prostate cancer incidence and mortality. A meta-analysis 
of 24 cohort studies by Huncharek et al. revealed that there was no increased risk 
or incidence of prostate cancer among current smokers, but the risk increased 
with increasing amount smoked. Furthermore, ex-smokers had increased risk of 
prostate cancer and heavy smokers had a 24–30% increase risk of prostate cancer 
related deaths (17). Previous studies have not been conclusive regarding alcohol 
consumption and prostate cancer risk. However, a systematic review and meta-
analysis of 340 studies noted that there was a significant dose-response relation-
ship between alcohol consumption and prostate cancer risk. The risk increases 
with increasing volume of alcohol intake when compared to non-drinkers (18). 
This relationship has implications affecting public health strategies which may 
reduce the risk of prostate cancer in developed countries.

 OBESITY AND METABOLIC SYNDROME

Obesity and increased body mass index have been associated with numerous can-
cers including prostate cancer, with increased adiposity leading to increased mor-
tality risk of prostate cancer (19). According to the meta-analysis by Cao and Ma, 
an increase in 5kg/m2 in body mass index led to a 20% higher risk of prostate 
cancer mortality (20). Despite that, the underlying mechanisms as to why this is 
the case remains elusive. Three possible reasons which relate the risk of prostate 
cancer and obesity are insulin like growth factor 1 (IGF-1), sex hormones, and 
adipokines (21). Recently, more studies on adipokines, which are chemokines 
secreted by adipocytes into plasma, have shed some light in this aspect. One of 
the adipokines is adiponectin which has been studied extensively and implicated 
in the development and progression of prostate cancer. With increasing obesity, 
plasma adiponectin concentrations fall, especially in men (22). A meta-analysis by 
Liao et al., showed that lower concentrations of adiponectin was significantly 
associated with a greater risk of prostate cancer, with various possible explanatory 
mechanisms which included anti-inflammatory, anti-proliferative, AMPK, and 
Wnt signaling pathways (23). Therefore, in future, adiponectin may be a potential 
biomarker in the diagnosis of prostate cancer. 

Metabolic syndrome is a cluster of conditions that include hypertension, 
hyperglycemia, hypercholesterolemia/ high triglycerides, and excess body fat with 
increased waist circumference. Metabolic syndrome has been associated with 
increased risk of common cancers like colorectal and breast cancers. In prostate 
cancer, metabolic syndrome has been shown to have a slight association with 
incidence of prostate cancer (OR 1.17) and has a greater association with more 
aggressive disease and biochemical recurrence (24). This was supported by a 
study of 8122 men in the REDUCE trial which revealed that having three or more 
components of metabolic syndrome were significantly associated with a greater 
risk of higher-grade prostate cancer (25). This finding may suggest that control-
ling the effects of metabolic syndrome may prevent from aggressive prostate can-
cer progression. 
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PHYSICAL ACTIVITY, DIET, AND NUTRITION

Numerous studies have shown that there is an inverse relationship between physi-
cal activity and risk of progression and mortality from prostate cancer. One large 
study of 2705 men with prostate cancer revealed a 61% reduction in risk of pros-
tate cancer-specific mortality in men who had at least three hours of vigorous 
exercise per week than those who did less than 1 hour per week (26). However, 
there is no concrete evidence to suggest if increased physical activity or regular 
physical exercises could reduce the risk of developing prostate cancer.

Diet and nutrition have been implicated in many cancers including prostate 
cancer. Numerous studies have investigated the association of prostate cancer and 
what we consume––fat intake, calcium, dairy, lycopenes, soy consumption, sele-
nium, vitamin D, processed food, and Western diets. Consumption of highly pro-
cessed foods can increase the risk of prostate cancer and conversely, intake of 
unprocessed/limited processed foods was associated with lower risk of prostate 
cancer as shown by PROtEuS study (27). This explains why Westernized diet of fast 
foods, that are highly processed, have a higher association with the incidence of 
prostate cancer than less processed foods. Regarding vegetarian diet, a recent meta-
analysis which included almost 200 men with prostate cancer diagnosis, did not 
show any significant association between vegetarian diet and prostate cancer risk 
compared to a non-vegetarian diet (28). Lycopene is a red pigmented carotenoid 
found in tomatoes and watermelons. A systematic review by Rowles et al. showed 
that increased dietary and circulating lycopene lowers prostate cancer risk. Higher 
dietary intake and circulating lycopene levels corresponded to greater reduction in 
prostate cancer risk (29). Prostate cancer incidence is much lower in Asian coun-
tries where soy consumption is high. This has led to numerous studies on soy foods 
with the isoflavone levels (genistein and daidzein) and its association with 
prostate cancer. Conclusion from a systematic review by Applegate et al. showed 
that increased soy food consumption significantly lowers the risk of prostate 
cancer (30). The SELECT trial (Selenium and Vitamin E Cancer Prevention Trial) 
did not show any benefit of selenium and vitamin E supplementation in reducing 
the risk of prostate cancer but in fact increased the risk of high-grade cancer and 
type 2 diabetes mellitus (31). A Mendelian randomization analysis revealed that 
selenium supplementation did not enhance prostate cancer prevention, and may 
lead to increased risk of advanced prostate cancer and type 2 diabetes (32).

Dairy products which contain plenty of calcium have been studied extensively 
in prostate cancer. Most studies show that there is a positive association between 
dietary intake of dairy products and intake of high calcium with prostate cancer 
(33, 34). One probable mechanism for this lies in the fact that increased calcium 
levels will suppress the levels of 1,25 dihydroxyvitamin D (calcitriol), which is the 
active form of vitamin D. Calcitriol has been shown to affect cell cycle, induce 
apoptosis and inhibit the growth of normal prostatic epithelial cells, together with 
prostate cancer cell lines and primary cultures of prostate cancer cells (35). Dairy 
products are associated with increased levels of insulin like growth factors which 
has been linked to high-grade prostate cancer (36). However, the expert report 
from the World Cancer Research Fund on Diet and Cancer stated that calcium 
intake is a “probable” risk factor for prostate cancer, but the evidence for dairy 
products was weak and inconclusive (37). 
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Countries where there is higher fish consumption have recorded lower inci-
dence of prostate cancer than countries of Western diet low in fish intake. Various 
studies looking at fish intake and prostate cancer progression have mixed results, 
some showing a reduction in risk while others showing no association (38, 39). 
Interestingly, Richman et al. showed that consumption of eggs and poultry with 
skin following diagnosis of prostate cancer, may increase the risk of prostate can-
cer progression (39).

Due to the abundance of literature on diet, nutrition, weight, exercise, and its 
association with prostate cancer, one can only be practical in the approach to reduce 
the risk of prostate cancer. Therefore, for those who are concerned with prostate 
cancer risk, Wilson et al. have recommended to stop smoking, increase physical 
activities, and observe a healthy weight. The authors have also recommended 
increasing fish and tomatoes intake while reducing dairy intake (40). The 2018 
World Cancer Research Fund/American Institute for Cancer Research Cancer 
Prevention Recommendations and Prostate Cancer revealed that three components––
limiting the consumption of sugary drinks, heavily processed foods, and alcohol––
have been independently associated with lowering prostate cancer risk (41).

MEDICATIONS

Metformin has been the cornerstone of treatment of type 2 diabetes mellitus for a 
long time, but recent interest has shed light on its anti-neoplastic properties, 
particularly in prostate cancer patients. In a comprehensive review by Ahn et al., 
there were numerous studies that showed metformin usage associated with 
reduction in risk of prostate cancer and progression, while other studies noted no 
association regarding incidence or survival. Various antineoplastic mechanisms of 
metformin involving numerous pathways like adenosine monophosphate-
activated protein kinase (AMPK) activation, inhibition of the mammalian target of 
rapamycin (mTOR) activity and induction of apoptosis have been shown (42). In 
a recent meta-analysis of cohort studies investigating metformin use and prostate 
cancer risk, there was no association noted (43). Nonetheless, there are currently 
ongoing clinical trials investigating the use of metformin monotherapy, or in con-
junction with androgen deprivation therapy, in metastatic prostate cancer patients, 
hoping to shed some light for the use of metformin in improving prostate cancer 
survival. Statins have also been implicated in delaying the progression of prostate 
cancer. In a large study of 11,000 prostate cancer patients in the United Kingdom, 
post-diagnostic patients who had statins showed a 34% lower risk of prostate 
cancer death (44). Furthermore, this effect was even stronger for men who were 
already on statins prior to diagnosis. Another retrospective study revealed that the 
time to progression was longer in patients who were on anti-androgen therapy 
and statins compared to those who were not on statins (45).

SEX AND VASECTOMY

Interestingly, the meta-analysis by Jian et al. showed that the risk of prostate can-
cer decreases by 4% for every 5 years delay in the age of first sexual intercourse. 
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The authors also concluded that an increment of 10 female sexual partner is 
associated with a 1.1-fold increase in prostate cancer risk. Moderate ejaculation 
frequency (2–4 times/week) was also significantly associated with lower risk of 
prostate cancer (46). Another aspect of ejaculation regarding vasectomy has also 
been implicated in prostate cancer risk. A systematic review by Bhindi et al. 
showed that there was no association between vasectomy and prostate cancer 
risk (47).

HORMONES 

Initial studies decades ago, described the close relationship of testosterone/
androgens to prostate growth, and has led to anti-androgen treatment as one of 
the corner stone of metastatic prostate cancer treatment. However, over the last 
few years there has been a paradigm shift in our understanding, attitude, and 
application of testosterone to prostate cancer risk, progression, and survival. The 
mechanism of androgen receptor saturation model described by Morgentaler 
et al. showed that in the prostate, anything above the baseline serum testosterone 
concentration will play no further role in stimulating prostate growth, due to the 
fact that the intraprostatic androgen receptor sites are completely saturated/
bound (48).

A recent review by Golla et al. analyzed data from studies investigating the use 
of testosterone in localized prostate cancer on active surveillance, watchful wait-
ing, and definitive treatments. They found that there was no increased risk of 
prostate cancer diagnosis or more aggressive cancer at diagnosis in men with tes-
tosterone supplementation for testosterone deficiency. They also concluded that 
there is no increased risk of cancer progression in men who are on active surveil-
lance and definitive treatment with testosterone therapy (49).

Regarding 5 alpha reductase inhibitors (5ARIs) and its association with pros-
tate cancer, the two initial studies (PCPT and REDUCE trials) paved way to our 
understanding of 5ARI in relation to treatment of lower urinary tract symptoms 
caused by benign prostatic hyperplasia and risk of prostate cancer. 5ARIs prevent 
the conversion of testosterone to dihydrotestosterone which is the active hormone 
that regulates growth in prostate cells. In both trials, there was significant risk 
reduction (22–24%) in developing prostate cancer, but there was increased risk of 
high-grade prostate cancer at diagnosis (50, 51). However, there were explana-
tions later following further sub analysis that accounted for the increased risk of 
high-grade disease. 

Furthermore, two large studies confirmed the effectiveness of 5ARIs in reduc-
ing the risk of developing prostate cancer. Unger et al. showed that in 16-year 
follow-up, there was 21.1% decreased risk of prostate cancer in men who had 
finasteride compared with placebo and suggested that short term, seven-years, 
usage of finasteride could provide long term benefit in preventing prostate 
cancer (52). This finding was further supported by another study in Sweden in 
which 23,442 men who had treatment with 5ARls for eight years resulted in 
reduction in the overall risk of developing prostate cancer, and the effect was 
larger with longer drug exposure. It also revealed that 5ARI treatment did not 
affect the long-term risk of developing high-grade cancer at diagnosis (53).
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INFECTION, INFLAMMATION AND CHEMOKINES

Chronic inflammation is often a result of numerous exogenous stimuli like infec-
tions, radiation, hormones, chemicals, and other noxious stimuli. Following on 
from this, cancers can often be a subsequent chain of events related chronic 
inflammation. The key feature of cancer-related inflammation is the recruitment of 
leukocytes, production of cytokines and chemokines, and subsequent progres-
sion, angiogenesis, epithelial-mesenchymal transition (EMT), migration, and 
metastasis (54). Prostate cancer is no different and numerous studies have investi-
gated the role of chemokines produced by cancer cells and prostate cancer-related 
chronic inflammation pathway. Chemokines are chemotactic cytokines that influ-
ence immune responses and inflammation (54). These inflammatory milieus will 
then interact with the tumor microenvironment and can lead to development and 
progression of the tumor. Examples of such important chemokines in prostate 
cancer are CXCR––upregulated in prostate cancer , and DARC––absence of which 
will lead to increased incidence and mortality of prostate cancer (16). Better 
understanding of chemokines and its receptor axis in the tumor microenviron-
ment will pave way for future chemokine targeted therapies in prostate cancer.

CONCLUSION

In summary, although there are many putative risk factors for prostate cancer, 
apart from ethnicity and age, there is no confirmative etiological factor. Even with 
age, the frequent use of imaging modalities for other causes resulting in increased 
incidental finding of prostate cancer in younger men appear to cast doubt on the 
role of age being a risk factor. While a family history of prostate cancer helps early 
monitoring of susceptible individuals, more studies need to be done to ascertain 
the true role of family history in prostate cancer. Results of studies suggesting the 
role of smoking, alcohol, diet, physical activity, and other non-genetic factors 
being risk factor for prostate cancer are equivocal. GWAS have great potential, 
and the identification of SNPs may enable a specific screening program replacing 
the non-specific PSA screening and avoid unnecessary prostate biopsies.
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Abstract: Prostate cancer is a major cause of pathology in men world-wide and is 
age-related. Rare in the under 40s, a third of all those over 80 have been shown to 
have prostate lesions at autopsy. Both hereditary and molecular influences appear 
to be involved in the pathogenesis of the condition. Androgenic receptors play a 
major role in most, but not all, prostate cancers. The cell type involved is related 
to the aggressiveness of the malignancy. Of those that develop the disease, some 
die with prostate cancer, others because of it. Over 90% of the cancers are adeno-
carcinomas. The likelihood of progression of the disease can, but only to a degree, 
be predicted on histological examination, according to the Gleason Scale and its 
modifications. These assess degrees of tissue differentiation. Use of blood levels of 
prostate specific antigen levels as an indication of the activity of tumors is also not 
straightforward. Our understanding of the disease mechanisms needs further 
expansion if we are to advance diagnosis of aggressive tumors and develop more 
effective therapies.
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INTRODUCTION

In the United Kingdom (UK), prostate cancer is the most prevalent neoplasm in 
males, accounting for 13% of total cancer cases (1). Prostate cancer contributes to 
7% of all cancer-related deaths, making it the second most common cause of can-
cer death in males. Age-standardized incidence rates for prostate cancer have 
increased by 41% since 1993 although mortality rates have dropped 10% in the 
last decade (1). It is a heterogenous disease, with a wide scope of disease patho-
genesis from asymptomatic and prolonged, where men die with the disease, to 
severe malignancy where men die from it or have significant morbidity. At the 
turn of the century, a Spanish study evaluating prostate histology at autopsy iden-
tified that men from the third decade onwards have neoplastic lesions of the 
prostate and 33% of the male population in their eighth decade have prostate 
cancer (2). In addition, prostate cancer is the most commonly diagnosed malig-
nancy in older men (over the age of 65) worldwide, especially in highly developed 
countries (Australia, New Zealand, Northern and Western Europe, and North 
America) (3–5). The high prevalence of the disease can be attributed to the vol-
ume of cases identified through prostate specific antigen (PSA) testing, especially 
in the United States (6). However, prostate cancer screening has been surrounded 
by controversy and can be seen as an ethical dilemma. Studies have shown that 
distinguishing between indolent pathology and aggressive tumors using PSA lev-
els alone is insufficient as it is not cancer-specific (7). It is also a challenge as high 
PSA levels do not directly correlate with pathogenicity and requires further inves-
tigations through multiparametric magnetic resonance imaging (MRI) and histol-
ogy. Therefore, early diagnosis often leads to harm to patients via overdiagnosis 
and unnecessary treatment (radical surgery, radiotherapy and chemical castration) 
leading to reduced quality of life (QoL) and psychological trauma knowing they 
have a cancer diagnosis (7). This chapter aims to address the developmental pro-
cesses involved in prostate cancer including hereditary and molecular 
components.

PROSTATE CARCINOGENESIS

The prostate is a male sex glandular structure, derived embryologically from the 
urogenital sinus. The glandular tissue consists of multiple secretory units (acini), 
consisting of ducts lined with epithelial cells, that converge and open either side 
of the verumontanum. Its main functions are to provide force to ejaculate semen 
and to add nutrient-rich alkaline fluid to the semen to maintain spermatic health 
post-ejaculation and enhance fertility (8). The gland is highly susceptible to 
malignant transformation and as a consequence has a higher rate of malignancy 
than other structures in the urogenital tract. Studies have shown that the char-
acterization of prostatic carcinogenesis is closely linked to organogenesis embry-
ologically, including a heavy reliance on androgenic hormone signaling, such as 
testosterone, as well as debated potential links to other embryological signaling 
pathways such as Sonic Hedgehog expression (Shh) and inappropriate expres-
sion of the Gli-1 oncogene leading to stromal tumor growth and proliferation 
(9–11). 
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HISTOPATHOLOGY OF PROSTATE CANCER

Prostate cancer involves malignancy primarily of the epithelium and is thus 
classed as a carcinoma. There are rarer subtypes of prostate cancer such as 
sarcomas (derived from mesenchyme) and lymphomas (12). Neoplastic 
changes normally arise in the peripheral glandular tissue of the prostate. The 
prostatic epithelium comprises of luminal, basal and rare neuroendocrine (NE) 
cell types (13). The epithelial luminal cells, expressing androgen receptors 
(ARs), cover the internal surface of the prostatic ducts and secrete prostatic 
fluid and the glycoprotein PSA. They are surrounded by basal cells, that pro-
duce proteins used for fluid production and the formation of the acinar base-
ment membrane that separates the epithelial acini from the prostatic stroma. 
These cells have interspersed NE cells. Both basal and NE cell types are defi-
cient in ARs and thus are not testosterone or androstenedione dependent (14). 
Fibroblasts, smooth muscle and infiltrating immunological cells combine 
together to form the stroma of the prostate. There is currently a large interest 
in identifying the cell type that is responsible for oncogenic transformation 
(cell of origin) in prostate cancer due to the variability of disease progression 
and the unpredictability of treatment response (13, 15). Prostate cancer biop-
sies show tissue deficient in basal cells, leading to questions as to whether there 
is a form of basal cell differentiation into luminal cells or that luminal cells are 
the primary cell of origin (13). Using these cell types, it has been hypothesized 
that tumors arising from luminal cells will be more aggressive than those aris-
ing from basal cells (16). About 90–95% of prostate cancers are acinar adeno-
carcinomas that arise from the peripheral prostatic gland (17). Histological 
diagnosis is made by assessing the loss of surrounding basal cells, loss of nor-
mal glandular architecture, including the disruption to the epithelial-stromal 
basement membrane, and nuclear atypia of luminal cells (Figure 1) (18). 
Aggressiveness of the adenocarcinoma is reflected in the degree of differentia-
tion on histology. This is graded using a Gleason Score grading system, last 
modified in 2014 by the International Society of Urologic Pathology (ISUP) 
(19). This stratifies histological findings of prostate cancer with prognostic 
behavior, that is, the 5-year biochemical recurrence (BCR) risk following radi-
cal prostatectomy (Table 1) (20). Prostate cancer is staged using the 2018 clas-
sification for adenocarcinoma of the prostate based on primary tumor (T), 
lymph node involvement (N) and metastases (M). Prostate cancer typically 
involves regional lymph nodes in the pelvis below the bifurcation of the com-
mon iliac arteries, and metastases that are outside of the true pelvis, most com-
monly bone and in advanced disease, lung, and liver (21). 

PRECURSOR OF PROSTATE CANCER

Prostate cancer involves the transformation of benign epithelial cells into their 
malignant phenotype. The most frequent process of cancer transformation in the 
prostate is called prostatic intraepithelial neoplasia (PIN) (22). PIN is a multicen-
tric condition and is defined as the “neoplastic growth within the pre-existing 
benign epithelium of the acini or ducts” (23). PIN can be divided into two grades, 
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Figure 1.  Prostate histology in Gleason grading groups. Gleason scoring allows physicians to 
predict the prognosis of patients by assessing the histological patterns of their disease. 
A. Normal prostate tissue showing well-formed and well demarcated glands. B. Grade 
Score 3 prostatic glands are well-formed and individualized meaning they are well 
delineated with a clear stroma. C. Gleason Score 4 glands become fused together, are poorly 
formed, and show a cribriform pattern. D. Gleason Score 5 there is a lack of gland formation 
and the presence of individual cells. This particular section also demonstrates cytoplasmic 
vacuoles. (Images kindly provided by Dr. Maria Bahhadi-Hardo, Consultant Histopathologist, 
Frimley Park Hospital, Frimley Surrey, UK).

low (LGPIN) and high (HGPIN). HGPIN has a high predictive value for predicting 
progression to adenocarcinoma. HGPIN can only be detected on needle biopsy, it 
does not raise serum PSA levels and is not identified on transrectal ultrasound 
(TRUS) (24, 25). Histologically there are four main findings: micropapillary, tuft-
ing, cribriform and flat (25). These findings are of diagnostic value only and their 
individual presence/absence does not predict tumor aggressiveness (25). The 
basal cell layer is mostly intact in HGPIN with minimal stromal invasion. HGPIN 
is clinically significant, with patients requiring repeat biopsy as surveillance, with 
a recommended interval of 3–6 months for 2 years then yearly for life (26). 
Multiple studies have reported HGPIN as a significant predictor for occurrence of 
prostate cancer (22–58%), therefore the presence of HGPIN on biopsy may war-
rant therapeutic treatment in the future (25). 
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ANDROGENIC REGULATION OF PROSTATE CANCER

ARs are essential transcription factors in the regulation of male sexual develop-
ment and accessory sexual organ maintenance (27). Prostate cancer growth and 
disease progression is initially dependent on AR activation, via testosterone and 
dihydrotestosterone (DHT), leading to nuclear translocation of the receptor and 
subsequent binding to androgen response elements (AREs) initiating transcrip-
tion of genes that regulate cellular differentiation, proliferation and apoptosis (28) 
(Figure 2). Therefore, AR stimulation is integral to the maintenance and survival 
of prostate luminal epithelial cells. The hypothalamic-pituitary-gonadal (HPG) 
axis regulates the production of androgens. Androgens are primarily produced in 
Leydig cells of the testes under the regulation of luteinizing hormone (LH) secreted 
by the anterior pituitary gland, which in turn is regulated by gonadotropin-releas-
ing hormone (GnRH). Testosterone is converted into DHT in the epithelial cells of 
the prostate by 5α-reductase which acts as a potent ligand to cytoplasmic ARs. 

Studies have failed to establish a link between raised serum levels of androgens 
and prostate cancer (29). In fact, high androgen levels are linked to reduced risk 
of aggressive prostate cancer, whilst patients with low serum androgen levels have 
higher risk of prostate cancer recurrence and advanced pathology (30). In low-
androgen environments, there is a selective pressure for luminal cells to become 
androgen-independent in order to survive. Therefore, ARs are important clinically 
as they are seen as integral to the progression of disease in prostate cancer. Due to 
its role in the development, maintenance and secretory functions of the prostate, 
the HPG axis is a therapeutic target in the treatment of prostate cancer (31). 

TABLE 1	 Gleason grading groups (19, 20)

Grade group 1: Gleason score <6 
Only individual discrete well-formed glands 
96% 5-year BCR free progression

Grade group 2: Gleason score 3+4 = 7
Predominantly well-formed glands with lesser component of poorly formed/fused/cribriform glands 
88% 5-year BCR free progression

Grade group 3: Gleason score 4+3 = 7
Predominantly poorly formed/fused/cribriform glands with lesser component of well-formed glands 
63% 5-year BCR free progression

Grade group 4: Gleason score 4+4 = 8; 3+5 = 8; or 5+3 = 8
Only poorly formed/fused/cribriform glands, OR Predominantly well-formed glands and lesser 
component lacking glands, or Predominantly lacking glands and lesser component of well-formed 
glands 
48% 5-year BCR free progression

Grade group 5: Gleason scores 9–10
Lack gland formation (or with necrosis) with or without poorly formed/fused/cribriform glands 
26% 5-year BCR free progression
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ARs  have four functional domains: an amino-terminal transcription activation 
domain (NTD), a DNA-binding domain (DBD) that fastens the AR to the ARE of 
AR-regulated genes, a hinge region, and a C-terminal ligand-binding domain 
(LBD) that contains a ligand-binding pocket (LBP) that binds to androgens. When 
a ligand is bound, the LBD undergoes a conformational change allowing it to 
recruit co-factors, recognize the DNA sequences, along with the NTD, and initiate 
the transcription of these genes (such as PSA) and facilitating male sexual devel-
opment (32). ARs have two active functional domains (AFs) that initiate tran-
scription when activated (33). AF-1 is present in the NTD and its activation is 
androgen independent. AF-2 is located in the LBD and is androgen ligand-
dependent (34). The LBP of the LBD is a therapeutic target and is targeted with 
treatments such as bicalutamide. AF-1 may enable cross-coupling between andro-
genic and growth factor signaling pathways (33). Therefore, these AFs are deemed 
clinically important as they could provide the key to understanding castration-
resistant prostate cancer (CRPC).

THEORETICAL PATHWAYS IN THE PROGRESSION TO 
CASTRATION-RESISTANT PROSTATE CANCER 

Androgenic blockade, through LBP and 5α-reductase antagonists, as well as HPG 
overstimulation via LH/GnRH analogues, leads to epithelial cell apoptosis and a 

Figure 2.  Androgenic regulation of prostate cancer. In the cytoplasm, activity of ARs is 
regulated by ligand-binding and heat shock proteins (HSP). Testosterone (T) is transported 
into the cytoplasm of androgen-receptive cells and is converted to DHT by 5-α reductase. 
DHT ligand binding leads to dissociation from HSP, MAPK then phosphorylates the receptor, 
this is followed by dimerization. The AR dimer then translocates into the nucleus where it 
binds to androgen response elements (AREs) in the DNA activating transcription of elements 
that are essential for cell growth and survival. 
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transient response in preventing proliferation in prostate cancer treatment. 
Patients will inevitably develop CRPC and thus develop a more lethal form of 
prostate cancer. However, the distinct pathological processes involved in this 
transformation is yet to be fully described as it is likely to involve a multitude of 
mechanisms. Studies have reported AR mutations play an important role in the 
malignant potential of CRPC and that androgen-independent prostate cancer cells 
exhibit high levels of AR genetic amplification (35). AR mutations in primary 
prostate cancer are rare, however these mutations are prevalent in CRPC (50%) 
(36, 37). The AR gene mutations database describes 1029 associated AR muta-
tions, of which 159 are related to predisposing men to prostate cancer (38). These 
mutations lead to alterations that improve the functional activity of the receptor, 
such as increased AR sensitivity to low levels of ligand (35, 39), non-androgen 
ligand binding, ligand-independent activation as well as AR-independent path-
ways (32). Further studies and meta-analyses have identified that shortened AR 
CAG-repeats in the NTD may increase the risk of prostate cancer (32) and the 
genetic links are further supported by familial risk, with men having 2–4 times 
risk if a first-degree relative has prostate cancer (40). 

ANDROGEN RECEPTOR ‘CROSS-TALK’ WITH PEPTIDE 
GROWTH FACTORS

AR-independent pathways include alternative peptide growth factors including 
transforming growth factor-β (TGF-β), epidermal growth factor (EGF), fibroblast 
growth factor (FGF) and insulin-like growth factor (IGF) (41, 42). These peptide 
factors help facilitate the AR-regulated proliferation of prostate epithelial cells via 
a process called ‘cross-talk’ (42). For instance, EGF, alongside its membrane-
associated tyrosine receptor kinase EGF-1 (EGFR, HER1), is involved in the 
motility and invasiveness of cancer cells through enhanced migration through 
extracellular matrix barriers, basal membranes and then the subsequent cellular 
proliferation (43). ErbB2 (HER2), a member of the EGFR family, is upregulated in 
CRPC and has been associated with androgen-independent transcriptional activa-
tion of ARs and the subsequent heightened expression of PSA (29). HER2/neu 
receptors, part of the EGFR family, are found overexpressed in breast and ovarian 
cancers. They have been proposed as a mechanism for AR-independent activation 
in CRPC (44). In vitro and in vivo studies involving forced overexpression of HER2/
neu receptors or transfection of HER2/neu in prostate cancer cell lines (LNCaP) 
identified promotion to AR-independence and expression of PSA (44, 45). 

ANDROGEN RECEPTOR BYPASS PATHWAYS

The reduction in AR activation leads to hypersensitization of other pathways. 
For instance, the upregulation in IGF-1, EGF and other growth factors subse-
quently activate ErbB2 and other tyrosine receptor kinases (32). This results in 
the activation of phosphatidylinositol 3-kinase (PI3K) and subsequent PI3K-
AKT-mTOR pathway (46, 47). PI3K activation, converts phosphatidylinositol 
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4,5-bisphosphonate (PIP2) to phosphatidylinositol 3–5-triphosphate (PIP3) 
which recruits protein kinase B (AKT) proteins to the luminal cell cytoplasm 
(46). AKT signaling involves deregulating the tuberous sclerosis 1/2 (TSC1/2), 
an inhibitor of the GTP-binding protein RHEB, which in turn is responsible for 
the activation of the mechanistic target of rapamycin complex 1 (mTORC1), a 
kinase that is critical to the regulation of cell cycle. mTORC1 impedes autoph-
agy and promoting prostate cancer cellular proliferation (Figure 3) (46). 
Through this pathway, studies have proven that IGF-1 can activate AR-mediated 
gene transcription and stimulate the production of PSA in LNCaP cells. As a 
result, the PI3K-AKT-mTOR pathway is of interest in establishing new thera-
peutic targets for patients with CRPC (47, 48). 

THE ROLE OF TUMOR SUPPRESSOR GENE PTEN IN PROSTATE 
CANCER

Genetic analysis of CRPC tumors has identified that the gene for the protein phos-
phatase and tensin homolog (PTEN) is mutated in 20% of cases (49). PTEN is a 
tumor suppressor gene, it acts by negatively regulating the PI3K-AKT-mTOR 
pathway and halting the cell-cycle at the G1 stage therefore halting cellular 

Figure 3.  Androgen receptor bypass pathways. Reduced AR suppression leads to the 
upregulation of Tyrosine Receptor Kinases (RTK) e.g., ErbB2 by factors such as IGF, GF and 
EGF. RTK activation leads to the stimulation of PI3K with phosphorylates PIP2 into PIP3. This 
process is inhibited by the tumor suppressor PTEN. PIP3 activates AKT which indirectly 
suppresses the activity of the cell survival protein mTORC1 by inhibiting TSC1/2 which in 
turn suppresses the GTP-binding protein RHEB. mTORC1 is pivotal in the translation of 
proteins and therefore protein synthesis. Therefore, AR inhibition, as well as PTEN 
suppression, leads to overactivation of the PIP3-AKT-mTOR pathway – creating an alternate 
route for cell survival in CRPC.
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proliferation. Loss of PTEN thus results in an increase in the PI3K-AKT-mTOR 
pathway as well as impairing normal AR regulation, resulting in increased cellular 
proliferation, AR expression and reduced apoptosis (29). PTEN’s expression is 
inversely correlated with Gleason Score and therefore is associated significantly 
with aggressive prostate cancer (Gleason >7, P = 0.0004), with up to 20% of high-
grade tumors being negative for PTEN expression (50). 

TUMOR MICROENVIRONMENT IN PROSTATE CANCER

The tumor microenvironment (TME) describes the vast array of supporting cells 
(including immune cells, fibroblasts, adipose cells, microvasculature, and compo-
nents of the extracellular matrix [ECM]) that form a complex network surround-
ing tumor cells that may play a role in their pathogenicity, especially involving 
their transition from normal cells to neoplastic cancer cells themselves (51, 52). 
Studies have reported that tumor cells are able to ‘hijack’ immune cells and prime 
them to aid metastatic potential (51). As studied by Chen et al. (53), immune cells 
can be infiltrated by tumor cells forming tumor-associated macrophages (TAMs). 
They identified that CD8-T cells can express PSA in aggressive forms of prostate 
cancer, and this perhaps enhances the tumor’s ability to metastasize to lymphatic 
tissue and bone. Therefore, the TME may provide the environment whereby alter-
native cell types transform into malignant tumor cells in aggressive prostate can-
cer and influence the ability to invade local and systemic structures (54). 

APOPTOSIS REGULATION

Dysregulation in the programmed cell death mechanisms (apoptosis) is important 
in the pathogenesis of prostate cancer and is deemed a key driver in the exponen-
tial growth of tumor cells (55). There are two distinct pathways, intrinsic and 
extrinsic, that are involved in the normal signaling of programmed cell death that 
are critical to tissue homeostasis. Extrinsic (receptor pathway) mechanisms 
involve the intracellular binding of apoptosis-inducing ligands, such as tumor 
necrosis factor (TNF), to cell-surface death receptors that are part of the TNF-R 
superfamily such as CD95 (Apo-1/Fas) or TNF-related apoptosis-inducing ligand 
(TRAIL) receptors. These receptors contain the Fas-associated death domain 
(FADD) and form death-inducing signaling complexes (DISCs) with intracellular 
caspases that contain a death-effector domain (DED) such as caspases 8 and 10 
(56, 57). Effector caspases, including caspase-3, activate proteolysis and cleavage 
of intracellular/intranuclear substrates, inducing apoptosis (56). 

Intrinsic (mitochondrial pathway) mechanisms involve the activation of mito-
chondria through intracellular damage such as DNA damage via chemoradiother-
apy. Intracellular insults result in the p53 activation of the pro-apoptotic B-cell 
lymphoma 2 (Bcl-2) family (including Bax, Bid and Bad) that induce mitochon-
drial release of cytochrome c (Cyc-c) (58). Cyc-c is a key component, alongside 
procaspase 9 and apoptotic protease activating factor-1 (Apaf-1), that form an 
apoptosome, an apoptosis inducing complex (59). The apoptosome then 
converges alongside the extrinsic pathway in activating caspase-3. 
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Bcl-2 family members such as Bax, Bid and Bad are proapoptotic factors that 
target the mitochondrial membrane and facilitate Cyc-c release. However, Bcl-2 is 
permanently anchored to the mitochondrial wall, is anti-apoptotic and prevent 
the release of Cyc-c (55). Therefore, the Bcl-2 family work in homeostasis to regu-
late cellular death. In aggressive prostate cancer, Bcl-2 is upregulated, swinging 
the homeostatic balance firmly towards anti-apoptosis (60). This overexpression 
is seen in chemoradiotherapy-resistant prostate cancer phenotypes, therefore can 
be seen as a key indicator in the prognosis of aggressive prostate cancer (55, 60). 
Upstream of Bcl-2 family receptors, mutations of the p53 tumor suppressor gene 
are also characteristic of malignant prostate cancer and CRPC, further highlight-
ing the critical role of apoptosis in pathogenicity (61). The true genetic and 
molecular pathophysiology of prostate cancer is a complex topic. Unlike breast 
cancer, there are no highly penetrant and dominating genetic mutations that 
account for the majority of prostate cancer cases. Thus, there is huge scope for 
future therapeutic innovation and bespoke genetic analysis may well play a role in 
reducing the prevalence of CRPC. 

CONCLUSION

Prostate cancer is a multi-factorial disease entity that is still incompletely under-
stood. A major problem is the current difficulty in assessing risk of progression of 
the disease which can have a relatively benign course or be rapidly spreading to 
other tissues with fatal consequences. Expansion of our knowledge of the patho-
genesis of prostate cancer is essential if our search for truly predictive markers, 
and tissue assessments, is to lead to a rapid understanding of potential clinical 
outcome of a tumor of the prostate, and for the development and use of highly 
effective treatments that do not lead to some patients being negatively affected by 
unnecessary procedures and diagnoses.
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Abstract: How prostate cancer is diagnosed and staged is an ever-evolving field. 
It plays a fundamental role in ensuring the appropriate therapeutic options are 
offered to the patient whilst preventing overdiagnosis and overtreatment. Despite 
the numerous advances in the field, a suspicion of prostate cancer continues to 
arise from digital rectal examination and measurement of serum prostate specific 
antigen (PSA). Additional derivatives of serum PSA along with urinary biomarkers 
and multiparametric magnetic resonance imaging can then help to risk stratify 
patients in order to appropriately counsel them on the risks and benefits of a pros-
tate biopsy. After a diagnosis of prostate cancer is reached, further staging may be 
required and can be achieved by a variety of imaging techniques such as com-
puted tomography (CT), bone scintigraphy, and prostate specific membrane anti-
gen-based positron-emission tomography/CT. In this chapter, we review the 
current role of these and other diagnostic tools in prostate cancer.

Keywords: diagnosis; imaging; prostate biopsy; prostate cancer gene 3; prostate-
specific antigen 
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INTRODUCTION

Diagnostic tools for prostate cancer have undergone significant advancements in 
recent years to improve the accuracy of prostate cancer detection and avoid over-
diagnosis and subsequent overtreatment. Despite this, a suspicion of prostate can-
cer continues to arise from a raised serum prostate specific antigen (PSA) level, 
and/or a digital rectal examination (DRE). However, an elevated PSA alone should 
no longer necessitate a prostate biopsy. The use of diagnostic adjuncts can help to 
predict the presence of clinically significant prostate cancer thereby avoiding 
unnecessary biopsies in a proportion of patients. 

DIGITAL RECTAL EXAMINATION (DRE)

DRE can be used as an inexpensive diagnostic tool to check the prostate for cancer 
and to give an assessment of the prostate volume. It has the ability to detect pros-
tate cancer with a volume of >0.2ml, if situated in the posterior peripheral zone, 
and can be used to raise suspicion irrespective of PSA. However, there is a high 
degree of interobserver variability, and a normal DRE does not eliminate the risk 
of a significant prostate cancer (1). An historical prospective multicenter trial 
found 18% of prostate cancers were detected solely by DRE (2), nowadays this 
figure is thought to be less. Nevertheless, an abnormal DRE is an indication for a 
prostate biopsy irrespective of the PSA. 

PROSTATE-SPECIFIC ANTIGEN (PSA)

PSA is, broadly speaking, an organ-specific glycoprotein secreted by the prostatic 
epithelium which may be elevated in a variety of conditions, both benign and 
malignant. Higher levels of PSA indicate a greater likelihood of prostate cancer. A 
PSA cut-off of ≤4ng/ml was originally proposed as a normal level in men aged 
50–70 years. However, analysis of men with a PSA level of ≤4.0ng/ml in the 
Prostate Cancer Prevention Trial (PCPT) found 15% had clinically significant 
prostate cancer (3). Therefore, the ability to detect prostate cancer at any PSA level 
means that no cut-off thresholds for PSA can be used with absolute confidence. 
Furthermore, a single elevated PSA reading cannot be relied upon due to normal 
biological fluctuations. A population-based study found that 30% of men with an 
abnormal PSA had a return to normal PSA on their next reading (4). This high-
lights the importance of obtaining a confirmatory PSA reading a few weeks after 
the first reading. The unreliability of PSA means instead the urologist must take 
into consideration additional factors to determine if the patient should proceed to 
biopsy, which may include PSA derivatives.

Age-adjusted PSA

Serum PSA readings do not account for the normal age-related PSA changes. The 
Olmstead county population study demonstrated that serum PSA increases with 
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age and recommended age-specific reference ranges (Table 1) (5). Therefore, if the 
decision to proceed to further diagnostic tests for prostate cancer is being based 
solely on a PSA reading, the patients age should be accounted for in order to 
appropriately counsel them and avoid an unnecessary biopsy. 

PSA density

In addition to changes in PSA with age, the Olmstead county population study 
also demonstrated an increase in PSA with increasing prostate volume (5). To 
account for this, PSA density can be calculated as the total PSA divided by prostate 
volume. An increased PSA density is associated with a higher risk of prostate 
cancer, with a generally agreed cut off value of between 0.12–0.15 ng/ml/cc (6). 
A prospective multi-center study in patients undergoing an extended template 
biopsy has found PSA density to be more predictive than total PSA for detecting 
prostate cancer (7). 

PSA kinetics

Changes in PSA over time can be assessed as PSA velocity (change in PSA over 
time, ng/ml/year) and PSA doubling time (number of months for the PSA to 
increase two-fold). Whilst PSA kinetics are useful for prognostic purposes after 
patients have received treatment, they currently have no role in the diagnostic 
setting (8).

Free and total PSA

Total PSA readings include the sum of all detectable forms of PSA, including PSA 
bound to protease inhibitors and free PSA. For reasons that are unclear, the per-
centage of free PSA has been demonstrated to be lower in patients with prostate 
cancer compared to those with benign disease (9). A multi-center prospective 
study evaluated men with a benign prostate gland on palpation and a total PSA 
level of 4 to 10 ng/ml. The study found the probability of prostate cancer in men 
aged 65 to 75 years was 55% when the free/total (f/t) PSA ratio was 0.1 and 
reduced to just 9% when the f/t PSA ratio was >0.25 (10). Therefore, in these 
select patients with a benign prostate gland and PSA of 4 to 10 ng/ml measuring 

TABLE 1	 Recommended age specific serum PSA reference 
ranges (5)

Age (years) Serum PSA reference range ng/ml

40 – 49 0 – 2.5 

50 – 59 0 – 3.5 

60 – 69 0 – 4.5 

70 – 79 0 – 6.5 
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free PSA may help to avoid unnecessary imaging or biopsy; but it should be used 
cautiously as it can be affected by other factors including prostate volume and 
most patients’ f/t PSA ratio falls between 0.1 and 0.25 (11).

ADDITIONAL SERUM TESTS

Additional assays are now commercially available measuring a panel of kallikre-
ins. The use of these tests aims to reduce the number of unnecessary prostate 
biopsies.

Prostate health index

The prostate health index (Phi) test uses a formula to combine the results of total 
PSA, free PSA and [-2]proPSA ([-2]proPSA/free PSA x √tPSA). It has been shown 
to have greater specificity and sensitivity than any of its individual compo-
nents (12). Furthermore, it has been demonstrated to improve the prediction of 
clinically significant prostate cancer (aggressive histopathology per Epstein crite-
ria or ≥ Gleason 7) in men with a PSA between 4 and 10 ng/ml (13). The use of 
Phi has the potential to reduce unnecessary biopsies; however, it has not been 
widely adopted partly due to the pre-analytical stability of [-2]proPSA. For an 
accurate [-2]proPSA reading, it is recommended that the serum is separated within 
3 hours of the sample being taken as the reading increases with clotting time (14). 

Four kallikrein score

Similar to the Phi test, the 4 Kallikrein (4K) score has also been shown to be a 
predictor for prostate cancer which can be used to avoid unnecessary biopsies 
(15,16). It combines four kallikrein markers (total PSA, free PSA, intact PSA and 
kallikrein-like peptidase 2 [hK2]) with patient age, DRE findings and prior biopsy 
status. A direct comparison of the 4K score and Phi found both tests to be equally 
predictive of prostate cancer and clinically significant prostate cancer (17). 

URINE TESTS

In addition to serum tests, several urinary biomarkers for prostate cancer have 
been described. These include urinary measurements of prostate cancer gene 3, 
TMPRSS2:ERG, and SelectMDX test.

Prostate cancer gene 3

Prostate cancer gene 3 (PCA3) is a prostate specific non-coding mRNA that is over 
expressed in prostate cancer and detectable in urine collected after prostatic mas-
sage (18). Initial investigations into the use of PCA3 were performed in men with 
a previous negative biopsy and persistently elevated PSA levels. These early 
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studies suggested that using a PCA3 cut off score of 35, the test had a sensitivity 
of 58% and specificity of 72% and was superior to PSA in predicting the biopsy 
outcome (19–21). However, the ability of the test to predict clinically significant 
prostate cancers found variable results. Fewer studies have evaluated the use of 
PCA3 to direct the need for an initial biopsy. One prospective multicenter study 
in men with a PSA between 2.5 and 10 ng/ml found a sensitivity of 64% and 
specificity of 76% and similarly found it superior to PSA in predicting biopsy 
outcome (22). However, further research is still required in the biopsy naïve 
patient to understand the use of PCA3 in this setting. Consequently, whilst initial 
research suggests that PCA3 may be useful in predicting the presence of prostate 
cancer, particularly in patients that have had a previous benign biopsy, it remains 
unclear whether it can be accurately used to detect clinically significant disease, 
what cut off levels should be used, and with the extra expense of performing the 
test, what clinical benefit it truly offers (23).

TRANSMEMBRANE SERINE PROTEASE 2:ERG

The ERG gene is a transcription factor of the ETS family which has been observed 
to be overexpressed in prostate cancer as a result of its fusion to the transmem-
brane protease serine 2 gene (TMPRSS2) (24). TMPRSS2:ERG fusion transcripts 
can be detected in urine with a sensitivity of 37% and specificity of 93% (25). 
Further studies have shown improved diagnostic ability when combined with the 
PCA3 test (Michigan-Prostate score [MiPS]) (26). However, this is still under 
investigation and it is likely that the discovery of TMPRSS2:ERG will have a bigger 
role as a potential therapeutic target than for diagnostics.

SelectMDX test

Similar to PCA3 and TMPRSS2:ERG, the SelectMDX test is based on the presence 
of mRNA biomarkers in urine namely HOXC6 and DLX1. Combining the presence 
of these biomarkers with traditional clinical risk factors (PSA, PSA density, DRE, 
age, history of prostate biopsy and family history), the SelectMDX test has the abil-
ity to detect clinically significant prostate cancer (27). Further analysis has demon-
strated that the use of SelectMDX may lead to a reduction in unnecessary biopsies 
and overtreatment (28). However, with the advent of prostate magnetic resonance 
imaging (MRI), a clear role for all these urinary biomarkers in prostate cancer diag-
nostics is uncertain. Future research will need to focus on how these biomarkers 
may be effectively integrated to avoid unnecessary and costly imaging.

IMAGING

The role of imaging in prostate cancer diagnostics is rapidly evolving and can be 
used to identify clinically significant prostate cancers and avoid unnecessary 
biopsies.
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Transrectal ultrasound (TRUS)

Prostate cancer can appear as a hypoechoic lesion on conventional B-mode TRUS; 
however, this is a non-specific finding. A large prospective study found no signifi-
cant difference in the detection of prostate cancer from biopsies of patients with 
or without hypoechoic lesions (25.5% versus 25.4%) (29). This indicates a 
hypoechoic lesion itself is not associated with an increase in cancer prevalence 
and B-mode TRUS alone is not diagnostic of prostate cancer. Nevertheless, it 
serves a vital purpose in identifying the prostate in order to perform biopsies.

Additional variations in ultrasound (US) imaging have also been assessed for 
their usefulness in diagnosing prostate cancer. Color doppler US (CDUS) mea-
sures blood flow and therefore has the potential to detect prostate cancer as a 
result of increased tumor vasculature. An early evaluation of CDUS found it was 
able to diagnose up to 70% of prostate cancers but generally performed better in 
high-grade disease and when used in combination with the conventional B-mode 
TRUS (30). However, a further study has shown the use of CDUS in targeted pros-
tate biopsies did not improve prostate cancer detection rates when compared with 
standard TRUS (31). Contrast enhanced US (CEUS) uses microbubble contrast 
agents to detect increased microvasculature in the prostate. Its use in detecting 
prostate cancer has been shown to improve the sensitivity when compared to 
unenhanced CDUS (32). Sonoelastography is based on the principle that there are 
significant differences in the elastic properties of benign and malignant prostate 
tissue. The technique estimates the response of tissues under harmonic mechani-
cal excitation using Doppler ultrasound to detect areas of abnormal stiffness (33). 
The initial study investigating its use found sonoelastography was able to detect 
84.1% of prostate cancers (34). 

Whilst each of these US techniques has shown promise in initial studies to 
improve the detection of prostate cancer, combined imaging is reported to offer 
the most benefit. Multiparametric US (mpUS) consisting of a combination of 
B-mode, sonoelastography and CEUS improved the sensitivity for clinically sig-
nificant prostate cancer to 74% from 55%, 55% and 59%, respectively (35). 
Nevertheless, the use of US in prostate cancer diagnostics is unclear particularly 
with the recent evolving role of multiparametric-MRI (mp-MRI) which is more 
accurate than mpUS (36).

Micro-ultrasound is the only US technique that has shown promise in rivalling 
mp-MRI. Traditional TRUS operates at frequencies of 6–9 MHz whilst micro-
ultrasound is a new modality that operates at 29 MHz. This improves image reso-
lution by 300% allowing for the detection of subtle changes in ductal anatomy. 
Early results of this technique have demonstrated an improvement in the detec-
tion of clinically significant prostate cancer and that it may be able to detect lesions 
missed on multiparametric-MRI (mp-MRI) (37,38). Although further research is 
required to understand the exact role micro-ultrasound will have in prostate can-
cer diagnostics.

Multiparametric magnetic resonance imaging

The European Society of Urogenital Radiology recommends mp-MRI for the 
detection of prostate cancer should include a combination of high-resolution T2 
weighted images and at least two functional MRI techniques; diffusion weighted 
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imaging (DWI) and dynamic contrast enhanced (DCE) imaging (39). Prostate 
cancer typically manifests as a round low signal intensity focus on T2-weighted 
MRI, high signal intensity on DWI at high b-values and classically demonstrates 
early enhancement on DCE-MRI. The Prostate Imaging-Reporting and Data 
System (PI-RADS) provides a structured way to report each lesion by allocating a 
score between 1 and 5 that predicts its chance of being a clinically significant 
prostate cancer; with 5 indicating a very high likelihood for the presence of clini-
cally significant prostate cancer (40). A meta-analysis assessing the diagnostic 
accuracy of mp-MRI for prostate cancer found it to have high specificity and sen-
sitivity, 88% and 74%, with a variable but high negative predictive value ranging 
from 65–94% (41). Furthermore, a comparison of pre-operative MRI to radical 
prostatectomy histopathology found prostate cancer detection rates increased 
with both tumor volume and increasing Gleason score (42). One of the main uses 
of mp-MRI is to identify a target to biopsy to improve the detection of clinically 
significant prostate cancers (43). This will be discussed further in the chapter 
along with its use in staging. In addition, a prebiopsy mp-MRI can also be used to 
avoid undertaking biopsies in patients with no visible lesions. The PROMIS trial 
found that using a mp-MRI and only performing a prostate biopsy on patients 
with PI-RADS lesions of ≥3 could have avoided a biopsy in 27% of patients (44).

RISK CALCULATORS

The use of risk calculators can help to combine diagnostic tests to predict an indi-
vidual patients’ risk of clinically significant prostate cancer and potentially reduce 
unnecessary investigations. One such validated risk calculator is that developed 
from the PCPT cohort. The PCPT predictive model was initially developed to 
combine the patients’ age, race, family history, serum PSA, DRE and prior biopsy 
status to produce a risk score for having both low- and high-grade prostate cancer 
on a biopsy (45). Further developments now provide the option to include free 
PSA, urinary PCA3 and TMPRSS2:ERC into the PCPT calculator (46,47). Other 
risk calculators also include mp-MRI findings. A systematic review has identified 
that over 100 prediction models exist in the literature, although not all of these 
have been validated and currently no single model has shown superiority over 
another (48). 

PROSTATE BIOPSY

The modern era of prostate biopsies began with the systematic sextant method in 
which initially 6 and subsequently 12 ultrasound guided biopsies were taken 
from 6 sites (apex, middle and base of each lobe) (49). Currently, TRUS guided 
prostate biopsy can be performed via either a transrectal or transperineal approach. 
A meta-analysis comparing the two biopsy approaches found the diagnostic accu-
racy to be comparable, however, the transperineal approach was associated with a 
lower risk of fever and rectal bleeding (50). Following the publication of the land-
mark PROMIS study, a prebiopsy mp-MRI is now the gold standard to perform 
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targeted biopsies (44). A subsequent Cochrane review found this approach 
increases the number of significant cancers detected while reducing the number 
of insignificant cancers diagnosed (43). Different methods for performing targeted 
biopsies of lesions identified on mp-MRI exist; direct in-bore targeted biopsy, 
fusion biopsy, and cognitive targeted biopsy.

Direct in-bore targeted biopsy

Direct in-bore MRI targeted biopsy in which the biopsies are performed in the MR 
scanner using real time MRI guidance. A prospective matched cohort study com-
paring this technique with a 10-core TRUS biopsy found a significantly improved 
correlation with histology at radical prostatectomy (88% versus 55%) (51). 
However, this is a labor intense and costly procedure, taking up 2–3 hours of 
scanning time. It requires administration of a general anesthetic with the patient 
in the scanner potentially creating difficulty with airway management. 

MRI fusion biopsy

An MRI-transperineal or transrectal fusion target biopsy is where software is used 
to merge the MRI image of the prostate with the TRUS image in real time to accu-
rately direct biopsies. Several different systems are available including Artemis, 
Biopsee and Koelis Trinity. The system records the site of biopsy confirming that 
the selected target has been sampled and is useful for future reference. This 
approach takes some extra time as the prostate and lesion requires contouring but 
is faster and less expensive than the direct in-bore biopsy technique. The main 
potential source of error is in the co-registration of the MRI and TRUS images. The 
prostate images are obtained in different positions; MRI in supine and TRUS either 
in the left lateral or lithotomy with the hips flexed which rotates the prostate 
within the pelvis. Image registration is either rigid or elastic. Rigid image registra-
tion overlays the MRI images onto the TRUS images without any adjustment for 
possible deformation during the procedure such as from patient movement. 
Whilst elastic registration does compensate for this deformation and, therefore, 
would be anticipated to be more accurate. However, a meta-analysis comparing 
rigid and elastic registration found no significant difference in the detection of 
clinically significant prostate cancer (52).

Cognitive targeted biopsy

Finally, cognitive targeted biopsy or visual registration are where the MRI images 
are reviewed by the urologist who then performs the biopsies, either via a trans-
perineal or transrectal route, using TRUS guidance aiming to sample the general 
location of the suspicious lesion. This is the simplest, fastest, and cheapest 
method to perform MRI-targeted biopsies. However, the accuracy is highly 
dependent on operator experience and training requiring good knowledge of 
prostate zonal anatomy on both MRI and TRUS images. Furthermore, in cases of 
negative template biopsy for quality control there is no ability to check whether 
the target was sampled (53). Despite this, a comparison of cognitive targeted to 
systematic biopsies found no statistically significant difference in the detection 
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of clinically significant prostate cancer and found fewer insignificant cancers 
were detected (54).

What is the preferred biopsy approach?

There is clear evidence that MRI targeted biopsies improve the detection of clini-
cally significant prostate cancer and results in fewer insignificant lesions being 
detected. So far studies have failed to demonstrate any of the different MRI target-
ing techniques described to be superior to another (55,56). Targeted biopsies can 
be taken via a transperineal or transrectal approach with the former having a 
reduced risk of sepsis (50). Other factors to consider when performing a biopsy 
include anesthetic and position. Biopsies can be performed under general or local 
anesthetic. The local anesthetic technique has been shown to have good patient 
tolerability without the associated risks of a general anesthetic and with reduced 
operative time and patient recovery (57). Furthermore, biopsies under local anes-
thetic can be performed in the lithotomy or left lateral decubitus position, with 
the latter associated with improved pain scores (58).

STAGING

Once a diagnosis of prostate cancer has been reached, the patient requires clinical 
staging in order to direct the appropriate treatment. 

Multiparametric magnetic resonance imaging

In addition to directing the need for a prostate biopsy, mp-MRI can be used for 
local staging of prostate cancer. T2-weighted imaging can be used to look for 
extracapsular extension (ECE) (T3a), seminal vesicle invasion (SVI) (T3b) and 
invasion into other organs (T4). Pooled data from a meta-analysis has demon-
strated mp-MRI has high specificity but poor sensitivity in detecting ECE, 91% 
and 57%, and SVI, 96% and 58%, respectively (59). The use of mp-MRI to 
assess the prostate for suspicious lesions also indirectly provides an assessment 
of nodal disease. However, similar to its use in local staging, mp-MRI has also 
been shown to have poor sensitivity for the detection of nodal disease. A meta-
analysis found a pooled sensitivity of 39% and specificity of 82% with signifi-
cant study heterogeneity (60). Accordingly, mp-MRI can therefore not be 
completely relied upon for local staging for the presence of lymph node 
metastases.

Computed tomography

The use of computed tomography (CT) in the detection of lymph node metastases 
has also been shown to be an unreliable method. Similar to mp-MRI, a meta-
analysis found a good specificity at 82% but a poor sensitivity of 42% (60). The 
main drawback in the use of CT and mp-MRI to detect lymph node metastases is 
their reliance on nodal enlargement which is not always present (61).
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Choline positron emission tomography CT

The use of choline positron emission tomography (PET) CT is based on high 
uptake of the radiotracer believed to be due to the increase in membrane phos-
phatidylcholine in cancer cells (62). Its use in prostate cancer diagnostics has 
largely been evaluated in its ability to detect lymph node metastases which has 
found variable results. However, its utilization in high-risk prostate cancer has 
demonstrated a significantly improved specificity and sensitivity suggesting it may 
be useful under these conditions for the detection of nodal metastases (63). 
Although, with the developments in 68Gallium (68Ga) labelled prostate specific 
membrane antigen (PSMA) PET-CT, it is unclear whether choline PET-CT will 
have a role in the future of prostate cancer diagnostics.

Bone scan

Bone metastases are most frequently looked for using a technetium Tc 99m meth-
ylene disphophonate (Tc 99m MDP) bone scan. PSA, Gleason score, and clinical 
stage are all significant predictors of bone metastases. It is suggested that a staging 
baseline bone scan should be performed in patients with intermediate (PSA 10–20 
ng/ml or Gleason score 7 or cT2b) or high-risk prostate cancer (PSA >20ng/ml or 
Gleason score 8–10 or cT2c/3/4). By using these criteria, it was found that staging 
baseline bone scan could be avoided in approximately 81% of patients with a 
negative predictive value of 99.6% (64).

Prostate specific membrane antigen-based PET CT

68Ga PSMA PET-CT shows great promise in improving prostate cancer diagnos-
tics. PSMA is over-expressed on the cell membrane of nearly all prostate cancer 
cells with expression levels increasing according to the stage and grade of 
tumor  (65). A meta-analysis comparing 68Ga PSMA PET CT with MRI for the 
diagnosis of lymph node metastases in patients with intermediate or high-risk 
prostate cancer found 68Ga PSMA PET CT to have a higher sensitivity (65% versus 
41%) (66). A further meta-analysis has also demonstrated 68Ga PSMA PET-CT to 
have the highest sensitivity and specificity for the diagnosis of bone metastases 
when compared with choline PET-CT, MRI, and bone scintigraphy (67). A recent 
multicenter randomized study also found 68Ga PSMA PET-CT in men with high-
risk prostate cancer (Gleason grade group 3–5, PSA ≥20 or clinical stage ≥T3) was 
superior to bone scan and CT, with a 92% accuracy. Importantly, this improved 
method of staging resulted in more frequent changes to the patients’ management 
plan, and it therefore has the potential to offer the most appropriate first line 
therapy in addition to avoiding unnecessary treatment (68). 

CONCLUSION

The integration of these diagnostic tools for prostate cancer enables the urologist 
to risk stratify patients and appropriately direct the diagnostic path. There have 
been significant improvements in the detection of clinically significant prostate 
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cancer in addition to preventing overdiagnosis as well as improvements in staging. 
However, further advances to improve the sensitivity of staging investigations and 
streamlining of the pathway are required to make this both clinically and 
cost-effective. 
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Abstract: Prostate cancer is the most commonly diagnosed solid tumor and the 
second leading cause of cancer-related deaths in men in the United States. While 
localized prostate cancer has an excellent prognosis for patients, about one-third 
of patients are diagnosed with high-risk disease, including metastatic cancer. The 
5-year survival rate of metastatic prostate cancer is only about 30%. Due to the 
androgen dependence of prostate cancer cells, androgen-deprivation therapy is 
the standard of care for metastatic prostate cancer, which includes both surgical 
and medical approaches. Nevertheless, androgen-deprivation therapy in general 
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is not curative; patients can develop castration-resistant prostate cancer. Despite 
current chemotherapies, including the utilization of novel androgen signaling 
inhibitors and immunotherapy, patients still succumb to the disease. Hence, cas-
tration-resistant prostate cancer is a lethal disease. Combination treatment is a 
strategy for treating this lethal disease and thus will be the focus of discussion in 
this chapter. 

Keywords: androgen deprivation therapy; castration-resistant prostate cancer; 
chemotherapy; combination treatment; immunotherapy 

INTRODUCTION

Prostate cancer is the most commonly diagnosed solid tumor, and the second 
leading cause of cancer-related deaths in men in the United States (1). Patients 
with localized prostate cancer have an excellent prognosis (2), however, up to 
15% of prostate cancer patients are diagnosed with high-risk disease, i.e., disease 
with prostate-specific antigen (PSA) levels of over 20 ng/mL and Gleason scores of 
8 or higher (3). The 5-year survival of patients with metastatic prostate cancer is 
about 30%.

Androgens are essential for normal prostate development and differentiation 
but are also involved in prostate cancer initiation and progression. Hence, 
androgen-deprivation therapy (ADT), which blocks androgen receptor (AR) sig-
naling, is the standard of care for treating metastatic prostate cancer (4, 5). 
Nevertheless, ADT is not curative; most prostate cancer cells eventually become 
resistant to ADT, becoming a castration-resistant (CR) phenotype. The CR phe-
notype of prostate cancer cells can be achieved through a variety of mecha-
nisms, including AR elevation to sustain AR signaling with residual levels of 
circulating androgens, AR mutation in the ligand-binding site causing receptor 
promiscuity, truncation of AR structure generating constitutively activated vari-
ants, intra-tumoral androgen biosynthesis for intracrine AR activation, and/or 
ligand-independent AR activation by growth factor signaling pathways, such as 
ErbB-2 (6–14). 

Neuroendocrine (NE)-like prostate cancer cells can also support the CR phe-
notype. In a normal prostate, authentic NE cells are a minor population; in can-
cer, it makes up less than 5% of total prostate cancer cases. Nevertheless, up to 
60% of CR tumors are found to contain the NE-like cells (15–17), i.e., cells that 
express NE biomarkers. NE-like cells undergo trans-differentiation from adeno-
carcinoma cells during therapies, especially prolonged ADT, and can support 
prostate cancer cell survival and progression under ADT through secretion of 
growth factors (15–17). Currently, there are no FDA-approved agents that can 
effectively treat patients with CR prostate cancer, authentic NE prostate cancer, or 
NE-like prostate cancer. The current FDA-approved drugs either alone or in 
combination can only extend the life of a patient by a few months. In this chap-
ter, we discuss current treatments and summarize the recent completed combina-
tion trials as well as ongoing emerging combination trials for the management of 
CR prostate cancer. 
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CURRENT TREATMENT STRATEGIES FOR PROSTATE CANCER 

Currently, treating prostate cancer patients is a well-organized roadmap according 
to FDA guidelines, however, none of these options are curative and the disease 
will often progress after a short period of time. Below, we discuss the current 
therapeutic strategies utilized for each stage of prostate cancer including surgery 
and radiotherapy, ADT, taxanes, and sipuleucel-T. 

Surgery and radiotherapy 

While watchful waiting and active surveillance are the preferred method of choice 
for men with certain low-risk prostate cancer (18), several other strategies are 
available for localized disease. Surgery, as well as external beam radiotherapy 
(EBRT) and brachytherapy are all common treatment regimens for localized pros-
tate cancer. EBRT is often utilized in patients with high-risk disease, while brachy-
therapy is effective for patients with low-risk disease (19, 20). Primary surgery is 
a viable treatment option for prostate cancer and allows for histopathological 
analysis of the tumor (21). Surgery has been shown to be more beneficial than 
watchful waiting in terms of mortality, disease progression and metastasis (22). To 
date, surgery and radiotherapy remain the first line of defense against localized 
prostate cancer (Figure 1). However, it is important to note that there is no differ-
ence in mortality rate between active surveillance, surgery, or radiotherapy for 
low-risk patients (23). Nevertheless, these treatment options are not 100% effec-
tive, as relapse of metastatic disease and progression to CR prostate cancer can 
occur. Some completed clinical trials are shown in Table 1, while those ongoing 
emerging combination trials are in Table 2.

Androgen deprivation therapy (ADT)

ADT is the standard of care for the treatment of metastatic prostate cancer and can 
be carried out by various approaches, including orchiectomy, chemical castration, 
antiandrogen therapy and/or combinations thereof. Chemical castration employs 
chemicals to reduce testosterone production in the testes thus preventing andro-
gen stimulation of prostate cancer cells. Currently, the chemicals for castration 
include luteinizing hormone releasing hormone (LHRH) or gonadotropin releas-
ing hormone (GnRH) agonists or antagonists (1, 5). 

Typically, androgens are primarily produced in the testes and adrenal glands. 
Unexpectedly, about 50% of CR prostate cancer cells exhibit intracrine regulation, 
i.e., they can perform de novo testosterone biosynthesis from cholesterol (10, 14). 
Hence, a novel avenue for treating CR prostate cancer is to inhibit androgen bio-
synthesis in those cells. To enhance the efficacy of ADT, antiandrogens can be 
utilized in conjunction with chemical or surgical castration, which will further 
reduce androgen stimulation of prostate cancer cells by mitigating the ability of 
cancer cells to synthesize or utilize androgen signaling. One class of antiandrogen 
are the androgen biosynthesis inhibitors, such as abiraterone acetate. These agents 
abrogate the activity of CYP17A, an enzyme involved in two crucial steps of 
androgen biosynthesis; therefore, these compounds are effective treatment options 
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for prostate cancer that is capable of intra-tumoral androgen biosynthesis. 
A  phase  III clinical trial (NCT00887198) in chemotherapy-naïve CR prostate 
cancer patients showed a 3.7 month increase in overall survival as well as increased 
time to initiation of chemotherapy and PSA progression upon abiraterone treat-
ment (24). The phase III trial (NCT00638690) of abiraterone after progression on 
docetaxel prolonged the survival of patients by four months and increased pro-
gression-free survival (PFS) by two months (25). These two studies led to the FDA 
approval of abiraterone acetate in 2011 for treatment of CR prostate cancer in 
chemotherapy-naïve patients as well as upon docetaxel resistance. 

Another class of antiandrogens is the AR blocker, an AR antagonist that pre-
vents androgen receptors from nuclear translocation and DNA binding. AR 
blocker bicalutamide (Casodex) and second-generation agent enzalutamide 
(Xtandi) were FDA-approved in 1995 and 2012, respectively, for the treatment of 
prostate cancer. The phase III AFFIRM trial (NCT00974311) determined that 
enzalutamide prolongs the survival period by five months in CR prostate cancer 
patients, post-docetaxel treatment (26). In the PREVAIL phase III trial 

Figure 1.  Prostate cancer progression and treatment options. Most prostate cancer cases are 
detected prior to its spread to other parts of the body. Surgery and radiotherapy can treat 
localized tumors. The standard-of-care treatment for metastatic prostate cancer is ADT. 
Nevertheless, most metastatic prostate cancer will relapse, i.e., the development of CR 
prostate cancer. The CR prostate cancer can be initially treated with antiandrogens such as 
enzalutamide, abiraterone or with immunotherapy agent such as Sipuleucel-T. Upon further 
progression of the disease, docetaxel and cabaitaxel can be used, in addition to abiraterone 
and enzalutamide, if the patient has not previously been treated with these agents. 
Unfortunately, these CR prostate cancer treatments will only prolong a patient’s life by less 
than one year before they succumb to the disease (1–3).
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(NCT01212991), enzalutamide was shown to delay radiographic disease progres-
sion in chemotherapy-naïve patients with 65% of patients disease-free for 12 
months compared to 14% with the placebo. This trial also showed an improved 
overall survival of two months with enzalutamide treatment (27). Interestingly, 
the STRIVE trial (NCT01664923) in CR prostate cancer patients showed that 
enzalutamide had a significantly higher PFS at 19.4 months compared to 5.7 
months with bicalutamide, and increased time to PSA progression (28). These 
results have led to the popularity of enzalutamide over bicalutamide in treating 
prostate cancer in recent years. Recently, apalutamide (Erleada) was approved by 
the FDA for treatment of non-metastatic CR prostate cancer due to the success of 
the SPARTAN trials (NCT01946204) which demonstrated that apalutamide could 
prolong metastasis-free survival by over two years (29).

While ADT has been the gold standard for treating metastatic prostate cancer 
since 1941 (4), and is a life-long treatment, this therapy eventually fails. Therefore, 
ongoing studies are currently analyzing potential combination treatments to 
reduce the risk of recurrence after ADT or to treat CR prostate cancer.

Taxanes

Taxanes are anticancer agents that stabilize microtubules to prevent cell division 
and mitosis, and thus result in cell death of rapidly dividing tumor cells. Paclitaxel 
(Taxol) is the first and most common of these anti-microtubule agents for advanced 
cancer treatments (FDA approved in 1998). Docetaxel (Taxotere) is one of the few 
FDA-approved drugs for CR prostate cancer. In combination with prednisone, 
docetaxel has been shown to provide a survival benefit of 2.4 months compared 
with mitoxantrone. Cabazitaxel (Jevtana) is another member of the taxane family 
used to combat docetaxel resistance in several cancers; however, resistance to 
both taxanes can occur via upregulation of ABC1 transporter P-glycoprotein 
(30, 31). It should be noted that taxanes are highly toxic, often leading to severe 
side effects in patients (30). Hence, the development of more selective compounds 
continues. 

Sipuleucel-T 

Sipuleucel-T is an immunology product of peripheral blood mononuclear cells 
harvested by leukophoresis. The dendritic cells are co-cultured with PA2024, a 
recombinant fusion protein of prostatic acid phosphatase (PAcP) and granulocyte-
macrophage colony-stimulating factor (GM-CSF) before being infused into the 
patient. PAcP is a prostate epithelia-specific differentiation antigen (11–13) 
expressed in about 95% of prostate cancers, while GM-CSF stimulates dendritic 
cell maturity and activation. The infusion of these autologous dendritic cells stim-
ulates the patient’s immune system, particularly antitumor T-cells, to target the 
cancer cells. This immunotherapy has been shown to provide a survival benefit of 
4.5 months in patients with CR prostate cancer and is well tolerated by patients 
(32, 33). The IMPACT trial demonstrated that patients received the greatest effects 
from Sipuleucel-T when they had low PSA levels (34). Sipuleucel-T was approved 
by the FDA in 2010 as a first- or second-line therapy for the treatment of asymp-
tomatic or minimally symptomatic metastatic CR prostate cancer before or after 
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docetaxel therapy (35). Currently, studies continue to expand the potential pool 
of immunological products that can be utilized for treating prostate cancer, includ-
ing T cell activator ipilimumab, and anti-ErbB-2 antibodies trastuzumab and per-
tuzumab among others. 

COMBINATION TREATMENTS FOR CASTRATION-RESISTANT 
PROSTATE CANCER 

Prostate cancer often develops resistance to, and progress on, the various thera-
pies discussed above. Combination therapies with current treatment strategies 
could effectively suppress the tumor and increase lifespan of patients. Most com-
binations utilize ADT or androgen deprived conditions, and combination thera-
pies with radiation, chemotherapy, and immunotherapy show promise.

Combination of radiation with ADT

As the standard-of-care treatment of metastatic prostate cancer, ADT has more 
potential treatment combinations compared to other FDA-approved drugs for CR 
prostate cancer. An increasing number of patients with high-risk disease are 
treated with ADT and radiation therapy to prevent or delay the development of 
CR prostate cancer. The use of ADT before, during, and after radiation therapy is 
now highly encouraged for patients with intermediate- or high-risk disease. 
Overall survival, disease-free survival, distant metastasis-free survival, and bio-
chemical-free survival rates all increase upon combination of ADT with radio-
therapy compared to radiotherapy alone (36–39). The detailed synergistic 
mechanism of androgen suppression with local radiotherapy remains under 
investigation. One proposed mechanism is that AR suppression may lead to a 
downregulation of non-homologous end-joining (NHEJ) and further sensitization 
of prostate cancer cells to radiation (40). Nevertheless, it should be noted that the 
combination treatment of ADT and radiotherapy may cause the adverse increase 
of NE-like prostate cancer cell populations, therefore increasing the potential for 
resistance of CR prostate cancer to treatments (41). Patients can also be over-
treated by the combination of ADT and radiotherapy. Hence, the optimal timing 
and duration of this combination should be further studied to reduce adverse 
effects (36–39). There is an emerging role of prostate radiotherapy in advanced 
and metastatic disease based upon the STAMPEDE trial (NCT00268476), wherein 
patients were randomized to receive radiation therapy to the prostate despite a 
diagnosis of metastatic disease (36–39). In that study, while it showed no overall 
survival benefits, patients with low volume metastatic disease were shown to have 
an overall survival advantage. 

Radium-223 dichloride (radium-223, Xofigo) deserves attention. Radium-223 
emits low levels of alpha particle radiation resulting in DNA double-strand breaks 
and cell death. It is also a “calcium mimetic”. The ALSYMPCA trial (the Alpharadin 
in Symptomatic Prostate Cancer Patients, NCT00699751) with Radium-223 
alone in treating metastatic, CR prostate cancer showed a significant efficacy in 
overall survival (14.9 months vs. 11.3 months) in all patient subgroups with sig-
nificantly fewer adverse events than placebo patients (42). Nevertheless, the ERA 
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223 trial, which combined abiraterone with Radium-223 found no improvement 
in skeletal event-free survival; instead, there was an increased occurrence of bone 
fractures with this combination (43). Hence, osteoprotective agents have been 
suggested and studies continue with combinations of Radium-223 with enzalu-
tamide (PEACE III trial). The benefits of combination treatment of Radium-223 
with additional therapies beyond ADT remain under further investigation for CR 
prostate cancer. 

Combination of chemotherapy with ADT 

ADT with chemotherapy is another potential combination treatment option to 
target both androgen-sensitive (AS) and androgen-independent (AI) prostate can-
cer cells. The GETUG-AFU 15 trial (NCT00104715) revealed that ADT with 
docetaxel increased survival by 5.7 months, however, this combination increases 
severe side effects as well as deaths due to the toxicity of docetaxel (44). The 
CHAARTED trial (NCT00309985) found a statistically significant increase in 
overall survival with this combination, extending a patient’s life by 13.6 months 
longer than ADT alone as well as providing an 8.5 month increase in time to bio-
chemical, symptomatic, and radiographic progression (45). The STAMPEDE trial 
(NCT00268476) confirmed that the combination of ADT and docetaxel provides 
a survival benefit of about 10 months compared to ADT alone as well as an 
increase in PFS seen in the CHAARTED trial, and confirmed the high toxicity 
found in the GETUG-AFU 15 trial. Additionally, the STAMPEDE trial showed that 
zoledronic acid (Zometa), an agent that slows osteoclast activity, had little effect 
on the survival of prostate cancer patients in combination with ADT (46). Short 
and long-term toxicities for docetaxel are real, and efforts are needed to find alter-
native agents or mitigate toxicity.

Extracellular signal-regulated kinase (ERK) inhibitors are a possible alternative 
to reduce taxane toxicity. ERK inhibitors can increase the potency of docetaxel on 
CR prostate cancer cells (47). Hence, ERK inhibitors can be employed with 
docetaxel under ADT, which will reduce the docetaxel dosage as well as its toxic-
ity while achieving a similar therapeutic index (47). Future clinical trials of this 
new combination may shed more light on this subject. 

Other chemotherapeutics for combination treatment of CR prostate cancer 
are Poly (ADP-ribose) polymerase (PARP) inhibitors. Two pre-clinical models 
showed synergistic anticancer effects of Olaparib and enzalutamide in androgen-
sensitive and -independent cell lines and in xenograft models (48, 49). The com-
bination of abiraterone and Olaparib initially in a phase II trial (NCT01972217) 
found a 5.6 month increase in PFS in metastatic CR prostate cancer patients 
compared to abiraterone alone (50). A Phase III trial (NCT03732820) for this 
combination has had significant outcomes, including extending survival in a bio-
marker selected population. Hence, both inhibitors Rucaparib and Olaparib have 
received FDA approval for treating metastatic CR prostate cancer with specific 
genetic alterations. 

Combination of immunotherapy with ADT 

Immunotherapy, namely cancer vaccines, represent another promising treatment 
to combine with ADT. One such option is a PSA-targeted poxviral vaccine, 
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PROSTVAC-IF, which was initially reported to reduce death rates by 44% and 
provide prostate cancer patients with an 8.5 month increase in survival alone (51). 
Nevertheless, further studies showed that PROSTVAC-IF alone did not effectively 
increase overall survival (52). Prostate cancer-specific immunotherapy is thus 
being explored as part of combination treatments. Currently, two phase III clinical 
trials are ongoing which analyze the survival effects of the combination of 
PROSTVAC-IF with ADT (NCT00450463, NCT01867333). 

Other preclinical studies include the analysis of CAR-T cells targeted to Muc1, 
a glycoprotein that is often expressed on the surface of prostate cancer cells but 
not in non-cancerous tissues. Studies found that Muc1 CAR-T cells effectively 
reduce prostate cancer tumor growth in combination with the antiandrogen flu-
tamide. The study further ensured that flutamide does not negatively affect CAR-
T-Muc1 activity (53). Combination therapy can also be utilized through targeting 
prostate-specific membrane antigen (PSMA); Murga et al. (54) showed that an 
anti-PSMA antibody conjugated to anti-microtubule agent monomethyl auristatin 
E is effective against prostate cancer cells that express PSMA. The combination of 
this antibody-drug conjugate with enzalutamide or abiraterone resulted in the 
synergistic inhibition of prostate cancer growth, as the antiandrogens increased 
the expression of PSMA. Recent advances determined that insulin-like growth 
factor (IGF) also contributes to castration-resistance. Hence, targeting PSMA with 
the IGF-1/IGF-2 neutralizing antibody xenuzumab in combination with 
enzalutamide has been successful in inhibiting prostate cancer growth in preclini-
cal models (55).

Combination of targeting androgen biosynthesis and ADT 

Several studies have investigated combinations with androgen biosynthesis 
inhibitors beyond those traditionally utilized in ADT for CR prostate cancer 
treatment. Shutting down androgen signaling with concurrent abiraterone and 
enzalutamide treatment was found to be of no benefit (54). Alternately, while 
combining abiraterone and LHRH agonists could reduce tumor burden, it pro-
duced no change to patient outcomes. Unexpectedly, the study discovered the 
upregulation of glucocorticoid receptor (GR) in response to androgen block-
age, suggesting a potential mechanism of resistance (56). Hamid et al. showed 
that the combination of dutasteride, a 5α-reductase inhibitor, and enzalu-
tamide resulted in a synergistic inhibition of prostate cancer cell growth in 
culture (57). 

Analyses of cohort studies revealed that the usage of statins (cholesterol-
lowering drugs) correlated with reduced risk of several cancers, including pros-
tate cancer and its advanced stage progression, as well as increases in survival 
rates. This could be due to the fact that cholesterol is the unique source of 
steroid biosynthesis, including testosterone, which prostate cancer cells rely 
on. Several studies have shown that the combination of ADT and statins reduces 
the risk of advanced prostate cancer and increases the survival rates of prostate 
cancer patients (58–60). The combination of statins and abiraterone exhibits 
an added effect of cell growth inhibition (61). Interestingly, a novel statin deriv-
ative simvastatin hydroxyl acid (SVA) appears to be more potent than its par-
ent  compound simvastatin toward CR prostate cancer cells, with minimal 
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toxicity (62). Further, SVA exhibits an added inhibitory effect on CR prostate 
cancer cells in cultures in combination with abiraterone acetate or docetaxel 
(personal observation). Due to promising in vitro studies, the potential clinical 
usage of SVA in combination with ADT for treating CR prostate cancer warrants 
further investigation. 

Combination of radiation therapy with immunotherapy under ADT

Radiation was initially thought to be immunosuppressive, thus combining immu-
notherapy treatments with radiation was considered implausible. Nevertheless, 
radiation is not as detrimental to the immune system as initially thought and can 
even stimulate an immune response to a variety of cancers (63). Kwilas et al. first 
showed that there was evidence of synergy in the combination of immunotherapy 
and radiation (64). Subsequently, many studies have tailored this combination to 
their specific cancer of interest. 

In the context of prostate cancer, a phase II trial (NCT01807065) analyzed the 
combination of sipuleucel-T and radiation in men with CR prostate cancer. It was 
shown that radiation therapy did not affect product parameters or delivery of 
sipuleucel-T therapy (65). Clinical trials of this combination are ongoing to deter-
mine if sipuleucel-T and radiation therapy provide a survival benefit to patients 
with CR prostate cancer. 

Combination of chemotherapy with immunotherapy under ADT

A phase III trial of Sipuleucel-T combined with docetaxel has been conducted, 
in which it was found there was about a 10 month increase in overall survival 
when patients were treated with docetaxel several months after Sipuleucel-T 
treatment (66). In parallel, efforts are still ongoing to get FDA approval of 
PROSTVAC-IF for treatment of prostate cancer or CR prostate cancer. A phase 
III clinical trial that combines PROSTVAC-IF with docetaxel (NCT02649855) 
is underway. 

Clinical trials with immune checkpoint inhibitors as a single agent have been 
unsuccessful (67). Therefore, studies have looked to combinations with these 
molecules. A phase I/II study in CR prostate cancer analyzed the effects of ipilim-
umab, a monoclonal antibody that blocks the binding of immunoregulatory mol-
ecule Cytotoxic T-lymphocyte Associated Protein 4 (CTLA-4) to its ligand to 
enhance T cell activation and proliferation (68). Trials showed the combination of 
ipilimumab and radiation therapy were well tolerated by patients, and had effec-
tive antitumor properties, including a 50% reduction in PSA levels and stable 
disease (69). Unfortunately, a phase III trial showed that this combination provided 
no survival advantage in patients with docetaxel-resistant prostate cancer  (70). 
Interestingly, the anti-PD-L1 antibody durvalumab has had some success in the 
clinical setting. A small study by Karzai et al. determined that durvalumab with 
Olaparib was effective against CR prostate cancer with a high mutational burden 
in DNA damage response proteins (71). Many other studies with immunothera-
pies, including pembrolizumab and durvalumab, are currently in progress with 
combination therapies, including Olaparib, AKT inhibitors and others, for CR 
prostate cancer treatment. 
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Combinations with docetaxel under ADT

Treatment combinations with docetaxel have had mixed results on patient sur-
vival. For example, thalidomide in combination with anti-VEGF-A antibody beva-
cizumab and docetaxel effectively reduced PSA levels in a phase II clinical trial 
(NCT00091364) (72). A phase III trial found that the combination of lenalido-
mide with docetaxel reduced patient survival compared to docetaxel alone due to 
toxicity (73). While adding anti-angiogenic agent bevacizumab to this particular 
combination resulted in significant reduction in PSA and disease, a phase III trial 
(NCT00110214) of docetaxel with prednisone and bevacizumab showed that 
there was no difference in overall survival in treatments with or without beva-
cizmab (74). 

Efforts have continued on developing new compounds and combinations. As 
for pre-clinical models, the combination of fatty acid binding protein 5 (FABP5) 
inhibitors and docetaxel or cabazitaxel shows synergistic cytotoxic effects in vitro 
and in vivo (75). Similarly, docetaxel nanoparticles in combination with the recep-
tor activator of nuclear factor κB ligand (RANKL) monoclonal antibody, deno-
sumab, led to an increase in survival and reduction in tumor burden and bone 
metastasis in prostate cancer xenograft animal model (76). Combination of 
docetaxel with anti-microtubule agent mebendazole was found to be effective 
against prostate cancer; further analysis showed enhanced anti-tumor activity 
without toxicity (77). 

Novel small molecule inhibitors as single agents and their 
combinations

Small molecule inhibitors are potentially useful agents against prostate cancer, 
either as single agents or in combination with ADT. Phosphatase and tensin 
homolog (PTEN) loss is common in advanced prostate cancer, thus targeting the 
AKT/mammalian target of rapamycin (mTOR) pathway––a PTEN-regulating 
pathway––could represent a viable therapeutic option (78). Preclinical models 
showed that inhibition of phosphoinositide 3-kinase (PI3K) or AKT with small 
molecules AZD8186 or AZD5363, respectively, in combination with ADT resulted 
in enhanced growth suppression of xenograft prostate cancer tumors (79). 
Nevertheless, AKT inhibitors can cause an elevation of PSA level (62). Hence, 
alternate biomarker(s) for this treatment should be developed. 

Small molecule inhibitors have also been combined with docetaxel with 
mixed results. Due to the frequent alterations in kinase signaling pathways upon 
progression to the CR phenotype (8, 47), inhibition of tyrosine kinases and cor-
responding downstream molecules was attempted as a treatment for CR prostate 
cancer. While Phase I/II trials (NCT00439270) showed that dasatinib (Sprycel), 
a Src and BCR-ABL tyrosine kinase inhibitor (TKI), in combination with 
docetaxel was well tolerated by patients, the phase III READY trial 
(NCT00744497) revealed no improvement in patient survival (80). The combi-
nation of dasatinib and abiraterone also did not show any benefit to patients 
(81). Phase III TRAPEZE trial (NCT00554918) combining docetaxel with stron-
tium-89, zoledronic acid, or both showed significantly reduced bone metastasis 
while having no effect on overall patient survival upon treatment with 
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zoledronic acid and docetaxel (82). The SYNERGY trial (NCT01188187) dem-
onstrated that the combination of docetaxel and custirsen, an antisense oligo-
nucleotide that inhibits production of resistance-associated chaperone protein 
Clusterin, also does not improve overall patient survival (83). The AFFINITY 
trial (NCT01578655) also resulted in no improvement for patient survival with 
a combination of custirsen and cabazitaxel (84). 

An interesting small molecule is Aneustat (OMN54), a multivalent botanical 
drug undergoing a phase I clinical trial (NCT01555242) for advanced cancers, 
primarily lymphomas. Pre-clinical studies revealed that docetaxel and Aneustat 
treatment reduced the growth of prostate cancer LNCaP C4–2 cell line and LTL-
313H prostate cancer tissue mouse xenografts with potential synergistic effects via 
inhibition of AR, AKT phosphorylation and Bcl-2 expression (85). Hence, it is 
proposed that combination of docetaxel with Aneustat could further extend the 
life of prostate cancer patients. Meanwhile, early ex vivo studies showed that the 
combination of docetaxel and dopamine D2 receptor agonist bromocriptine effec-
tively reduced tumor growth and bone metastasis in prostate cancer xenograft 
models (86), a potential novel combination for prostate cancer treatment. 

Development of more novel compounds for CR prostate cancer treatment is 
equally important. For example, statin derivative SVA, imidazopyridine deriva-
tives, and pregnene analogs (87–89) have been shown to be effective against CR 
prostate cancer cells under androgen-reduced conditions. It is imperative to con-
tinue the efforts on investigating their utilities in CR prostate cancer therapy. 

CONCLUSION

In summary, while no single agent or agent combinations are shown to cure CR 
prostate cancer patients, significant progress continues to be made and patients 
are living longer with advanced prostate cancer. We propose that the next imme-
diate step in the management of metastatic prostate cancer is to make CR prostate 
cancer a chronic disease, while improving the patient’s quality of life. Together, 
these will accomplish our immediate goal of reducing the lethality of prostate 
cancer. While the advancement of current combinations is important, it is also 
imperative to develop novel compounds that can target both the adenocarcinoma 
and the neuroendocrine prostate cancer cell populations, while sparing normal 
cells from cytotoxicity. 
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Abstract: Despite advances in the treatment of localized prostate cancer, many 
patients progress to metastatic castration-resistant prostate cancer with limited 
median survival benefits, and significant morbidity. Therefore, efforts to explore 
new therapeutic modalities for metastatic castration-resistant prostate cancer are 
urgently needed. A theranostic approach in oncology is based on the principle of 
imaging a particular molecular target with a diagnostic radioisotope, and then 
substituting it with a therapeutic isotope to treat a patient who demonstrates suf-
ficient target expression on diagnostic images. Radioisotope pairs are usually cho-
sen in such a way that their physical and chemical properties are similar to ensure 
the therapeutic agent will be distributed in the same way as the diagnostic agent. 
This chapter outlines the most recent advances in the use of prostate specific 
membrane antigen (PSMA) in theranostics with emphasis on 177Lu-PSMA, 
225Ac-PSMA and 223Ra-dicloride. The clinical utility of these radioisotopes along 
with their limitations and future perspectives are discussed.
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INTRODUCTION

Prostate cancer remains an important cause of morbidity and mortality in men 
(1) with recent global patterns identifying South Africa as one of the countries 
with the highest mortality (2). The mainstay of localized cancer treatment 
consists of prostatectomy, active surveillance and/or radiation therapy, whereas 
metastatic disease is treated with androgen ablation with or without addi-
tional agents, such as docetaxel, abiraterone, enzalutamide, cabazitaxel, and 
sipuleucel-T (Sip-T) (3). Despite the aforementioned therapies, the majority of 
patients ultimately progress to metastatic castration-resistant prostate cancer 
with limited median survival benefits and significant morbidity. The median 
overall survival for metastatic castration-resistant prostate cancer patients ranges 
from 13–32 months with a 15% 5-year survival rate. Therefore, efforts to explore 
new therapeutic modalities for metastatic castration-resistant prostate cancer 
are urgently needed (4).

CONVENTIONAL THERAPIES

Conventional therapy for metastatic prostate cancer consists of androgen depriva-
tion therapy combined with abiraterone acetate plus prednisone, docetaxel, or 
enzalutamide (4). In the South African setting, initial treatment most commonly 
includes docetaxel. A recent publication by Abdel-Rahman (5) combined the 
pooled analysis from three prospective studies which included a total of 1212 
patients with metastatic prostate cancer that were treated with the combination of 
docetaxel and prednisone. Findings indicated a high prevalence of high-grade 
toxicities, especially neutropenia in older patients. These findings were in line 
with a number of prior retrospective studies showing a higher risk of treatment 
toxicities among elderly patients receiving docetaxel for metastatic castration-
resistant prostate cancer (5).

 THE THERANOSTIC APPROACH

The theranostic approach in oncology is based on the principle of imaging a 
particular molecular target with a diagnostic radioisotope, and then substitut-
ing it with a therapeutic isotope to treat a patient who demonstrates sufficient 
target expression on the diagnostic images. Radioisotope pairs are usually cho-
sen in such a way that their physical and chemical properties are similar to 
ensure that the therapeutic agent will be distributed in the same way as the 
diagnostic agent (Figure 1). Probably the earliest example of this concept is the 
use of radioactive iodine to image and treat thyroid cancer, where imaging is 
performed with 123I and therapy with 131I. Another example of such a ther-
anostic pair is 68Ga-PSMA (Gallium-68 prostate specific membrane antigen) 
and 177Lu-PSMA (Lutetium-177 prostate specific membrane antigen). The 
radioactive isotope and the target molecule are connected via a ligand or a 
chelator (6–8). 
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68GA-PSMA

The superiority of 68Ga-PSMA as an imaging modality in prostate cancer manage-
ment (for example, bone scintigraphy) has been sufficiently demonstrated in 
multiple comparative studies as well as in a few systematic reviews and meta-analysis 
(9–11). A 2020 systematic review and meta-analysis published in European Urology 
concludes that “Ga-68-PSMA positron emission tomography (PET) improves 
detection of metastases with biochemical recurrence, particularly at low pre-PET 
prostate-specific antigen (PSA) levels of >0.2 ng/ml (33%) and 0.2–0.5 ng/ml 
(45%)”. A prospective, multi-center study by Hofman et al. (the “proPSMA” study) 
also convincingly demonstrated the superiority of PSMA-based imaging over com-
puted tomography (CT) and bone scintigraphy (9). Imaging with 68Ga-PSMA has 
subsequently been included in the guidelines of the European Association of Urology 
and National Comprehensive Cancer Network (12). When a theranostic approach 
is planned, any PSMA-based imaging, labelled to Technetium-99 (99mTc) or 
Fluorine-18 (18F) may be used for selection and follow-up of patients. However, 
68Ga-PSMA has been best validated to date in this setting.

18F-FDG

The use of 18F-FDG (Fluorine-18 Fluorodeoxyglucose) seems valuable in screen-
ing patients appropriately for targeted radionuclide therapy, although routine 

Figure 1.  PSMA receptor targeting. Diagrammatic representation of PSMA receptor targeting 
for cancer detection and / or treatment depending on the radionuclide selection. 
A theranostic approach consists of first imaging disease presence and extent with a 
diagnostic isotope prior to targeting disease with a therapeutic isotope.
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baseline imaging with both FDG and PSMA may not be practical or cost-effective. 
Imaging with 18F-FDG PET may have to be reserved for cases with poor clinical 
and/or biochemical responses despite stable disease, or partial treatment response 
noted on 68Ga-PSMA. This clinical setting may be indicative of prostate cancer 
that is no longer expressing PSMA in certain metastatic lesions and incongruent 
uptake of FDG is generally indicative of a poor prognosis (13–15). 

177LU-PSMA

PSMA is a Type II transmembrane glycoprotein, consisting of 750 amino acids 
that is over-expressed in the vast majority of prostate cancer cells. The PSMA 
receptor has an internalization process that allows endocytosis of bound proteins 
on the cell surface into an endosomal compartment, which allows PSMA labelled 
radioisotopes to be concentrated within the cell. The density of expression of this 
transmembrane receptor on prostate cancer cells further increases depending on 
the Gleason score of the prostate cancer, and in castrate- resistant prostate can-
cers, which makes it an ideal target for radionuclide therapy (16, 17). A small 
molecule that specifically binds to the PSMA is commercially available as PSMA-11 
and PSMA-617. This molecule consists of a glutamate-urea-lysine that has a high 
affinity and specificity towards PSMA, a chelator (DOTA in case of PSMA-617 for 
therapy; N,N′-bis [2-hydroxy-5-(carboxyethyl)benzyl] ethylenediamine-N,N′-
diacetic acid (HBED-cc) in case of PSMA-11 for diagnosis), and a linker that 
differs depending on the chelating agent. The linker can be re-designed for opti-
mization of hydrophilicity and biodistribution. PSMA-617 is a theranostic probe 
that can be used for both imaging and therapy just by changing the radiometal. 
However, in clinical practice, PSMA-11 is often used for diagnostic staging and 
the DOTA-analogue PSMA-617 is used for therapy as the biodistribution of the 
different PSMA ligands is more suitable for each application (18–20). 

177Lu is a therapeutic isotope which results in the emission of beta minus 
particles (β−) that have a range between 1 and 10 mm with energies between 0.1 
and 1 MeV. This results in multiple single strand breaks in the DNA of the targeted 
cancer cells. A recent review by Jones et al. (21) on PSMA theranostics summa-
rized current ongoing trials with 177LuPSMA. In a more recent review, Emmet 
(22), highlighted the expanding role of PSMA-directed theranostics in prostate 
cancer as a sensitive diagnostic tool that can be coupled with efficacious and low-
toxicity therapeutic options. 

Mode of administration of 177Lu-PSMA

Patients are selected based on the expression of the PSMA target after PSMA-
based imaging, for example, 68Ga-PSMA PET/CT or 99mTc-PSMA or 18F-PSMA 
(Figure 2). Absence of any contra-indications, such as bone marrow suppression 
or renal impairment, is also evaluated (23, 24). Currently, 177Lu-PSMA radioli-
gand therapy (RLT) is administered on a compassionate basis when all traditional 
therapies have been exhausted. Its exact sequence in the treatment pathway 
among well-established therapies is uncertain. The guidelines by the European 
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Association of Nuclear Medicine (EANM) state that 177Lu-PSMA should be 
administered in the following way (25): (i) in patients with low cardiovascular 
risk, 1–2 L normal saline may be given intravenously at 20 cc/min flow rate; and 
(ii) RLT is administered by slow intravenous injection of 177Lu-PSMA. The fol-
lowing patient-specific recommendations for RLT can be considered:

(i)	 Diuretics and moderate laxatives can be given after RLT to support clearance 
of unbound 177Lu-PSMA.

(ii)	 Cold packs applied to salivary glands could eventually reduce 177Lu-PSMA 
uptake during the blood pool phase. The value of cold packs is still 
controversial.

(iii)	Prophylactic antiemetic therapy, for example, ondansetron.
(iv)	Corticosteroids one day before, and up to several days after RLT are 

mandatory in case of cerebral, spinal or other metastases with risk of painful 
or obstructive swelling; otherwise, they are optional and case-dependent.

These guidelines have also been adapted to the South African context and 
published (26).

Efficacy, safety and outcomes of 177Lu-PSMA

Several retrospective studies performed worldwide have demonstrated promising 
improvements in progression-free and overall survival (27–30). Hofman et al. (24) 

Figure 2.  Patient selection for targeted radionuclide therapy. Eligibility evaluation for PSMA 
radioligand therapy includes demonstrating the presence of sufficient PSMA overexpression 
on imaging as well as ensuring adequate renal function, bone marrow reserves and ECOG of 
less than 2. Diffuse skeletal metastases are better suited to treatment with 225Ac-PSMA as 
opposed to the presence of predominantly soft tissue metastases that is better suited to 
treatment with 177Lu-PSMA.
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performed the first large prospective study at the Peter MacCallum Cancer Centre 
in Melbourne, Australia. The researchers recruited men with metastatic castration-
resistant prostate cancer and progressive disease after standard treatments, includ-
ing taxane-based chemotherapy and second-generation anti-androgens. Eligible 
patients had progressive disease as defined by imaging (according to Response 
Evaluation Criteria In Solid Tumors [RECIST] or bone scan) or new pain in an 
area of radiographically evident disease, and were required to have an Eastern 
Cooperative Oncology Group (ECOG) performance status score of 2 or lower. 
The study participants received up to four cycles of intravenous 177Lu-PSMA-617 
with a mean dose of 7.5 GBq/cycle, at six weekly intervals. Primary endpoints 
consisted of a PSA response according to Prostate Cancer Clinical Trial Working 
Group criteria (defined as a greater than 50% PSA decline from baseline) and 
imaging responses (as measured by bone scan, CT, PSMA, and FDG PET/CT) and 
quality of life (assessed with the EORTC-Q30 and Brief Pain Inventory-Short 
Form questionnaires). Toxicity was assessed according to Common Terminology 
Criteria for Adverse Events (CTCAE).

Results indicated that the most common side effects were dry mouth, fatigue 
and nausea, none of which exceeded grade 2 in severity. In terms of the outcomes, 
an objective response in nodal or visceral disease was reported in 82% of patients 
with measurable disease, together with clinically meaningful improvements in 
pain severity and quality of life, as early as after the second cycle of therapy. The 
authors concluded that radionuclide treatment with 177Lu-PSMA-617 has a high 
treatment-response rate with low toxic effects, and reduction of pain in men with 
metastatic castration-resistant prostate cancer who have progressed after conven-
tional treatments (24). 

 Emmet et al. (31) from the St Vincent’s Hospital in Sydney, Australia, conducted 
a prospective phase 2 study which focused on imaging predictors of treatment 
response and patterns of disease progression. Eligibility criteria included uptake 
on PSMA PET above or equal to liver activity, in the absence of any 18F-FDG PET-
discordant disease. Study participants received up to 4 cycles of 177Lu-PSMA at 
6  weekly intervals, after which imaging was repeated. Treatment response to 
177Lu-PSMA was assessed using PSA response and comparison to molecular imag-
ing parameters at baseline. The authors concluded that “PSMA PET plays an 
important role in predicting treatment response to Lu-PSMA and in identifying 
subsequent patterns of failure, which may aid in determining the next best treat-
ment options”. Several retrospective studies have also suggested similar efficacy 
and toxicity profiles (31).

A recent meta-analysis and systematic review on RLT with 177LuPSMA for met-
astatic castrate-resistant prostate cancer suggested that this is an effective treat-
ment of advanced stages of the disease that is refractory to standard therapeutic 
options and that it has a low toxicity profile (20). In another review on the use of 
177LuPSMA in the setting of metastatic prostate cancer, the authors concluded that 
177Lu-PSMA RLT is a safe and promising form of treatment especially in patients 
who have progressed beyond standard treatment. Considering its low toxicity, 
177Lu-PSMA RLT is additionally an ideal therapeutic option for patients who do 
not tolerate docetaxel therapy well or those who have extensive bone marrow 
involvement. Also, when compared to established systemic therapies, 177Lu-PSMA 
RLT results in PSA reductions and lengthens overall survival and progression-free 
survival with low-grade, transient toxicity (32). 



Theranostics in Prostate Cancer 87

225AC-PSMA

The most promising targeted alpha-emitters for RLT included Actinium-225 (225Ac), 
Bi-213 (213Bi) and Radium-223 (223Ra). Although some initial promising evidence 
for the use of 213Bi-PSMA was presented (33), it has since been realized that 
its physical characteristics makes 213Bi a less than ideal candidate. The use of 
225Ac-PSMA has been most extensively evaluated in humans and seem to provide 
the best therapeutic possibilities of the three alpha emitters. 

225Ac-PSMA is an alpha-emitter with a relatively long half-life of 9.9 days. Its 
decay scheme results in the emission of four alpha particles and two beta particles, 
which together with the long half-life make for a rather cytotoxic radioisotope 
(34). The therapeutic use of an alpha-emitter offers several advantages. Its high 
linear energy transfer together with the short radiation range in human tissue 
results in multiple double-stranded DNA breaks which are largely independent of 
the cell cycle and oxygenation state, whilst leaving the surrounding unaffected 
tissues relatively unscathed. It offers an alternative form of therapy when conven-
tional therapies (such as chemotherapy or external radiation) have resulted in 
resistance. A potential additional advantage is more pronounced abscopal effect 
when compared to beta radiation in preclinical studies. This effect relates to 
systemic tumor regression outside of the treated areas and may lead to favorable 
combinations with immunotherapy, such as immune checkpoint inhibitors 
(34, 35). Combining alpha-emitters with low molecular weight ligands that 
are internalized lead to fast tumor uptake and non-target clearance with a more 
favorable red marrow toxicity profile. Targeted alpha therapies have been in use 
for decades and have been successfully used in the treatment of brain tumors, 
neuro-endocrine tumors, prostate cancer and others (34).

Targeted alpha therapy appears to be particularly well-suited for application in 
combination with other forms of conventional therapy for the ablation of micro-
metastases, in patients with diffuse bone marrow infiltration, and in patients who 
have become resistant to other conventional therapy (34). The practical aspects of 
225Ac-PSMA with regards to patient selection, preparation, administration, and 
minimization of side effects has been described (36) but standardized interna-
tional guidelines are still lacking. 

Dose determination, dosimetry, and administration

Dose determination of 225Ac-PSMA was established by Kratochwil et al. (37), 
based on time-activity curves that made use of dosimetry estimates obtained from 
serial 177Lu-PSMA scans obtained post-therapy which were then extrapolated to 
the physical half-life of 225Ac. Fourteen patients were divided into four groups 
with different empirical doses for salvage therapy as follows: 50kBq/kg (n=4), 100 
kBq/kg (n=4), 150kBq/kg (n=2) and 200 kBq/kg (n=4). Treatment response and 
the presence of any toxicity was retrospectively evaluated. Results indicated the 
highest radiation dose was received by the salivary glands (2.3Sv), followed by the 
kidneys (0.7Sv) and the bone marrow (0.05 Sv). The researchers found that xero-
stomia became the dose-limiting factor at treatment activities above 100 kBq/kg/
cycle. Therapy administered at a dose of 100 kBq/kg resulted in a significant 
decline in s-PSA, which had a duration of less than 4 months, which was then 
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improved with further cycles administered every two months. Administered 
activities of 50 kBq/kg resulted in a poor tumor control with no occurrence of side 
effects. Based on the aforementioned data, 100 kBq/kg/cycle was determined 
as the optimal dose for human use with intervals of eight weeks in-between 
doses (37). A recently published ‘image of the month’ demonstrated the feasibility 
of image-based dosimetry with 225Ac-PSMA quantitative SPECT (single photon 
emission computed tomography) (38). Micro dosimetry calculations have also 
been calculated with Monte Carlo simulations (39). 

Clinical evidence with 225Ac-PSMA

Clinical evidence has been limited mostly to retrospective observational studies at 
this point, with the majority of treated patients having received 225Ac-PSMA in a 
salvage therapy setting. A paper by Kratochwil and colleagues (40) evaluated 
tumor control duration and efficacy in a group of 40 patients with metastatic 
castrate-resistant prostate cancer. A dose of 100 kBq/kg was administered at inter-
vals of two months for three cycles, and six-month follow-up evaluation per-
formed with PSMA-based PET or SPECT imaging. Interim evaluations consisted 
of s-PSA and full blood count results, done monthly. 

Outcomes considered consisted of the duration of the s-PSA response as well 
as the progression-free response based on the six-month radiological response. 
Their results demonstrated that 87% of included patients (n=38) demonstrated a 
decrease in s-PSA and that 63% of patients (n=33) demonstrated a s-PSA response 
of greater than 50%. Median duration of tumor control was nine months, with 
five patients even exceeding two-year survival. This is indeed a remarkable 
response considering the very late stage of disease (when all other treatment 
options had been exhausted) in this group of patients when compared to conven-
tional therapies used earlier-on in the treatment landscape. Such treatments 
include abiraterone, demonstrating a median duration of tumor control of 10 
months, and docetaxel of 6.5 months. Xerostomia was the main side effect and led 
to discontinuation of therapy in four patients. The authors commented on a per-
ceived higher efficacy compared to 177Lu-PSMA with salivary gland toxicity as the 
major limiting factor. The surrogate markers s-PSA and radiological progression-
free survival seemed to correspond well to the duration of tumor control (40). 

Sathekge et al. published a study based on 57 patients, started on doses of 
either 10MBq (in cases such as those with a high bone tumor burden) or 8MBq 
which was then de-escalated based on the remaining tumor burden and occur-
rence of side effects. Radiological measurements and s-PSA were used as surrogate 
markers and patients were divided into two groups based on previous therapies 
received. Group A consisted of patients who received combinations of conven-
tional therapy such as surgery, radiation therapy and/or androgen deprivation 
therapy. A 71% decrease in tumor markers was found in group A, compared to a 
92% response rate in Group B that consisted of patients who received minimal or 
no previous therapy. The majority of these patients reported an improvement in 
Quality of Life (with decreased bone pain) and minimal side effects. Group B also 
included patients who were chemotherapy naïve, due to ineligibility or unwilling-
ness to undergo chemotherapy, who demonstrated significantly higher response 
rates and even complete responses (41).
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Another publication on a larger patient cohort by the same group reports on 
possible outcome predictors in patients with metastatic castrate-resistant pros-
tate cancer treated with 225Ac-PSMA. The study population comprised of 
73 patients treated with 210 cycles of 225Ac-PSMA-617. Special investigations 
that were routinely performed included full blood count, kidney function includ-
ing glomerular filtration rate, liver function tests, s-PSA and 68Ga-PSMA PET/CT. 
Eighty-three percent of these patients demonstrated a favorable s-PSA response, 
with greater than 70% demonstrating a decline in s-PSA exceeding 50%. 
Indicators of a positive treatment response included the magnitude of the s-PSA 
decline, whereas patients that were previously treated with 177Lu-PSMA had a 
poorer prognosis. The results further demonstrated a complete treatment 
response in 29% of participants and estimated the median progression-free 
survival and overall survival at 15 months and 18 months, respectively. 
Xerostomia was reported in the vast majority of patients (85%) but was not 
severe enough to discontinue therapy. No Grade IV bone marrow toxicity was 
reported, and renal toxicity occurred only in a small number of patients with 
baseline renal impairment. From these results, it is clear that 225Ac-PSMA-617 is 
indeed a viable treatment option for patients who have castration-resistant 
prostate carcinoma and for whom conventional therapy has failed. Treatment 
response is durable, and the side effects are tolerable (42). 

A more recent prospective study from India (43) evaluated response and out-
comes in 28 patients recruited with metastatic castrate-resistant cancer. 
Participants included a mixture of patients who demonstrated resistance to 
177Lu-PSMA (n=15, [54%]) and others who had not been previously treated with 
177Lu-PSMA (n=13 [46%]), the majority of whom had extensive skeletal metas-
tases on baseline imaging. This study population also included a significant 
number of patients (72%) with ECOG 3–4 unlike other study populations. 
A dose of 100kBq/kg was administered at two-month intervals and responses 
were evaluated based on s-PSA according to the prostate cancer working group 
criteria (PCWG3). Other parameters that were evaluated included overall sur-
vival, progression-free survival, disease control rate, tumor response according to 
PERCIST 1 criteria and the occurrence of side effects based on the CTCAE v5 
criteria. The authors reported a >50% decline in s-PSA for 39% of patients at the 
end of follow-up, with a median progression-free survival of 12 months and a 
median overall survival of 17 months. The authors hypothesized that the slightly 
inferior results, when compared to other groups, could be attributable to the 
high percentage of patients with high ECOGs (ECOG 3–4) that were included. 
Decreases in s-PSA was again identified as a good prognostic indicator and vice 
versa and side effects experienced were limited to Grade I/II toxicity. Sub-group 
analysis comparing the outcomes of patients with prior exposure to 177Lu-PSMA 
compared to those naïve to 177Lu-PSMA demonstrated a greater than 50% decline 
in 53.8% of patients compared to only 26.6% in the previously exposed group. 
Similar to previous studies that demonstrated promising disease control rates 
with 225Ac-PSMA, this study also showed low toxicity (43). There are a number 
of impressive case studies that demonstrate remarkable treatment responses to 
225Ac-PSMA in patients with significant visceral metastases, such as brain, lungs 
and orbital (44–46). The outcomes of several current large multi-center trials are 
eagerly anticipated.



Vorster M and Sathekge MM90

COMPARING 177LU-PSMA AND 225AC-PSMA

To the best of the authors’ knowledge, no prospective head-to-head comparisons 
have been performed to establish which form of targeted radionuclide therapy is 
more effective. Theoretically, 225Ac-PSMA produces more double-stranded DNA 
breaks within the tumor cells, which should lead to a higher efficacy. It is also bet-
ter suited to patients with significant skeletal metastases as the shorter tissue pen-
etration should spare the bone marrow to a greater extent than 177Lu-PSMA with 
its β-particle emission. This unfortunately comes at the cost of significant toxicity 
to the salivary glands with a non-negligible effect on quality of life. Figure 2 
suggests a possible pathway for treatment selection in patients with metastatic 
castration-resistant prostate cancer. Some centers prefer to treat patients with 
mainly soft tissue involvement with 177Lu-PSMA and to reserve those with exten-
sive skeletal involvement (with or without soft tissue involvement) for therapy 
with 225Ac-PSMA. The choice would of course further be dictated by what is avail-
able, what is funded, and what the patients’ preferences are.

223Ra-dicloride

An overview of targeted alpha therapy in the setting of prostate cancer would 
hardly be complete without mentioning the use of 223Ra (Radium-223). 223Ra is an 
alpha particle emitter with a physical half-life of 11.4 days which acts on meta-
static bone lesions due to its similarities to calcium in that it complexes with 
hydroxyapatite at areas of increased bone turnover. The ALSYMPCA trial was a 
large Phase III international multi-center trial that compared the efficacy of 
223Ra dichloride to that of a placebo in the setting of metastatic castrate-resistant 
prostate cancer. Participants consisted of those with symptomatic and progressive 
disease with at least two skeletal metastases, but without any visceral metastases 
and with an ECOG up to 2. Results from this trial consisting of over 900 partici-
pants demonstrated an improvement in overall survival of 3.6 months when 
compared to placebo and was subsequently approved for use by the FDA (47). 
Side effects were mostly related to bone marrow with resultant anemia, lympho-
penia and thrombocytopenia. Long-term effects on the emergence of bone 
marrow-related cancers are unknown considering the lag effect of nearly 20 years 
needed and there are a number of other concerns and criticisms around this trial. 
Importantly, the use of bone scintigraphy in combination with CT in the screening 
process of participants seems sub-optimal in light of better detection modalities 
such as 68Ga-PSMA PET (48). The other limitation is that treatment is limited to 
skeletal metastases only and that any visceral metastases (such as lung, liver and 
brain with major impact on prognosis) are left untreated. The EANM has recently 
published a procedure guideline on the use of 223Ra-dicloride in the treatment of 
skeletal metastases in prostate cancer patients (49). 

COMBINATION THERAPIES

Some research groups have adopted a tandem approach making use of both 
177Lu-PSMA and 225Ac-PSMA in an attempt to increase efficacy whilst minimizing 
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possible toxicity. In such approach, researchers from the Saarland University, 
Saarbrücken, Germany, administered 5 MBq of 225Ac-PSMA in combination with 
7 GBq of 177Lu-PSMA-617. Results indicated a good s-PSA response after a single 
course of low activity 225AcPSMA combined with a full activity of 177Lu-PSMA 
with reduced salivary gland toxicity (50). Kulkarni et al. also used a similar 
approach making use of 2–7 MBq of 225Ac-PSMA in combination with 3–7.5 GBq 
of 177Lu-PSMA-617 (51). 

To date, there have been no clinical trials evaluating the effects of 225AcPSMA 
in combination with chemotherapy. Often patients have had chemotherapy at the 
point when they are referred for targeted alpha therapy and good efficacy is still 
achieved. Currently, it seems that conventional therapies are complimentary to 
225Ac-PSMA and vice versa. The best patient management will take place in the 
setting of a multi-disciplinary team, where treatment options can be introduced as 
needs arise. External beam radiation therapy is often needed post targeted alpha 
therapy in instances where one or two metastatic lesions remain which do not 
justify systemic therapy. 

Targeted alpha therapy provides radiation with high linear energy transfer, 
whereby even a single alpha particle traversing a DNA strand results in double-
stranded DNA breaks with blunt edges that are difficult to repair. Despite this 
effective mechanism, poor response or resistance is not negligible (despite suf-
ficient PSMA expression) and is likely related to DNA repair pathways. A pilot 
study by Kratochwil et al. investigated 10 patients with poor responses to TAT 
despite sufficient PSMA expression with CT-guided biopsy and targeted next-
generation sequencing. Histology could be obtained in seven lesions, which 
identified increases in the following mutations in DNA-damage recognition: 
ATM, CHEK-2 and TP53. The authors concluded that the frequency of DNA 
damage-recognition and signaling-checkpoint genes appeared increased in 
non-responders. Unfortunately, this study was performed in the absence of a 
control group, which makes the normal prevalence of these phenomena diffi-
cult to assess. This group also commented that the occurrence of gene muta-
tions coding for BRCA1/2 tended to be rare (52). The implications from these 
findings are that the combination of TAT with PARP-inhibitors and/or immuno-
therapies may be beneficial under certain conditions, particularly in poor 
responders. 

Future combinations with DNA damage-repair targeting agents such as 
poly (ADP-ribose)-polymerase inhibitors (PARPi), such as Olaparib, in patients 
with germline/ somatic mutations of especially ATM, BRCA1 and BRCA2 seems 
to be a reasonable approach, and this will be evaluated in ongoing prospective 
trials. Combination with immune checkpoint inhibitors also provide a 
potentially exciting therapeutic development (53). Figure 3 summarizes the 
potential mechanisms to optimize PSMA therapy based on a diagram by 
Kumar et al. (53). 

TREATMENT RESPONSE EVALUATION CRITERIA

In the majority of published trials on targeted alpha therapy, treatment response 
evaluation is based on criteria similar to those used by the Prostate Cancer Clinical 
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Trials Working Group 2/3 (54) which include clinical and laboratory findings 
together with conventional imaging modalities (CT, magnetic resonance imaging, 
and bone scan). Some groups have also included PSMA-based imaging although 
these have not yet been standardized by means of an international guideline. In a 
recent editorial published in the Journal of Nuclear Medicine, Fanti et al. (55) 
proposed the development of robust systemic treatment response assessment cri-
teria at the time of PSMA imaging, which they coined “PSMA PET Progression 
Criteria (PPP)”. They propose the following three criteria: (i) the appearance of at 
least two new lesions that are PSMA-positive and at distant sites; (ii) appearance 
of one new PSMA-positive lesion, which corresponds to clinical and laboratory 
data, and which is confirmed either by biopsy or with correlative imaging within 
three months of the PSMA PET; and (iii) an increase in size or intensity of PSMA 
uptake in at least one lesion by at least 30% which corresponds to clinical and 
laboratory data and is confirmed with biopsy or correlative imaging within three 
months of the PET study (55). 

Figure 3.  Optimization of prostate cancer treatment with PSMA radionuclide therapy. A 
combination of various strategies is needed to optimize selection and treatment for patients 
with metastatic CRPC. TAT combined with chemotherapy, immunotherapy and PARP-
inhibitors may increase the effectiveness of therapy over that of a single PSMA-based 
radionuclide agent, especially in those patients with non-congruent uptake on FDG PET. 
(Based on the diagram by Kumar et al Clinical Cancer Research. 2020; 26(12):2774–6.)
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CONCLUSION

It is anticipated that further developments with regards to the type of PSMA and 
delivery thereof will continue in an effort to maximize the tumor radiation dose 
whilst limiting radiation to particularly the salivary glands. Improved dosimetry 
modeling may also assist in the individualization of doses with the need for dose-
escalation and de-escalation based on individual patient imaging. This would also 
apply to establishing ideal treatment intervals and the total number of cycles 
needed. There is a need for formalized international guidelines with regards to 
patient selection and treatment regimens as well as the interpretation and report-
ing of treatment response on PSMA-based imaging. It is further hoped that 
225Ac-PSMA will be registered and produced worldwide based on emerging data 
from prospective randomized trials. It will earn its deserved spot in the treatment 
landscape of patients with metastatic castrate resistant prostate cancer. It is antici-
pated that earlier on in the treatment schedule, patients will receive greater ben-
efits either as a single therapy, or in combination with various therapies that may 
include 177Lu-PSMA, chemotherapy, androgen-deprivation therapy and immune-
checkpoint inhibitors.
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Abstract: Adenocarcinoma of the prostate is a common malignancy affecting 
one in nine men, with six of every 10 cases identified in men older than 66 years, 
and more adversely affects African American males. It remains less common in 
men under the age of 40. The age adjusted incidence is increasing with the 
application of prostate specific antigen (PSA) as a biomarker. PSA helps identify-
ing the disease at an early stage, which is treatable and curable with traditional 
therapies. However, a significant percentage of men present with high Gleason 
grade and advanced disease, with lower PSA, and younger age at presentation. 
These patients can have a compromised outcome. Once again, we are evaluating 
patients under the age of 50 with advanced disease due in part to inconsistent 
application of clinical screening. More effort is needed for high-risk patients to 

Adenocarcinoma of the Prostate: 
Future Directions for Translational 
Science
Tao Wang1 • Brian Lewis2 • Ameer Elaimy5 • Marcus Ruscetti2 • 
Mitchell Sokoloff3 • Kriti Mittal4 • Thomas J. FitzGerald1

1Department of Radiation Oncology, University of Massachusetts Medical School, 
Worcester, MA, USA; 2Department of Molecular Cell and Cancer Biology, University 
of Massachusetts Medical School, Worcester, MA, USA; 3Department of Urology, University 
of Massachusetts Medical School, Worcester, MA, USA; 4 Department of Hematology 
Oncology, University of Massachusetts Medical School, Worcester, MA, USA; 5Department 
of Medicine, University of Massachusetts Medical School, Worcester, MA, USA

Author for correspondence: Thomas J. FitzGerald, Department of Radiation Oncology, 
University of Massachusetts Medical School, Worcester, MA, USA.  
Email: TJ.Fitzgerald@umassmemorial.org

Doi: https://doi.org/10.36255/exonpublications.prostatecancer.translationalscience.2021

7

https://creativecommons.org/licenses/by-nc/4.0/�
mailto:TJ.Fitzgerald@umassmemorial.org
https://doi.org/10.36255/exonpublications.prostatecancer.translationalscience.2021


Wang T et al.98

provide timely, meaningful intervention and effective therapy. In this chapter, we 
review the status of therapy for standard and high-risk patients, and strategies 
for translational science for patients at risk of compromised outcome and treat-
ment failure.

Keywords: biomarkers; castration-resistant prostate cancer; hormone-sensitive 
disease; neuroendocrine expression; therapeutic resistance

INTRODUCTION

Adenocarcinoma of the prostate affects one in nine men and adversely affects 
African Americans (1). Local therapy including surgery and modern radiation 
therapy are curative, with success in low and favorable intermediate risk patients, 
which include more than 50% of patients who acquire the disease. This has driven 
a conversation of therapeutic nihilism for favorable patients. While clinical physi-
cians have always weighed risks and benefits of therapy in juxtaposition with 
medical comorbidities, arguments that the impact on normal tissue by therapy 
outweigh the benefits of identification of the disease have become a more visible 
narrative promoting therapeutic nihilism and a decrease in patient screening. This 
has led to an increase in the identification of high-risk patients who may have 
benefited from earlier and more timely intervention before the disease became 
more advanced and less treatable/curable (2–5). Clinical colleagues continue to 
refine therapy techniques to decrease therapeutic morbidity including image vali-
dation of surgical margins and compressed courses of image-guided radiation 
therapy. In addition, improvements in systemic therapy need to be developed and 
applied in a timely strategic manner to improve the care of those at most extreme 
risk of therapy failure despite traditional therapy. These include strategies for 
incorporation of validated genomic and proteomic biomarkers into clinical deci-
sion care paths (6). 

CURRENT PATIENT MANAGEMENT

Groups of investigators vary in the interpretation and definition of low, inter-
mediate, and high-risk disease. For the patient at diagnosis, most study groups 
and national organizations consider high risk disease to be patients with PSA 
> 20 at presentation with Gleason score of 8–10 and clinical stage >= T3 (7). 
The National Comprehensive Cancer Network (NCCN) separate high risk from 
very high risk by T stage with T3A being high risk and T3B-T4 being very high 
risk (7). Other groups including the American Urological Association, the 
European Association of Urology, and the NRG cooperative group of the 
National Clinical Trials Network (NCTN) have subtle variation in criteria, 
nevertheless patients with more locally advanced disease, positive lymph 
nodes, and significant elevation in PSA with high Gleason grade are considered 
high risk patients (8–10).
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Hormone-sensitive disease

These patients are identified at the time of initial diagnosis or early in their disease 
course at the time of treatment failure. The disease almost uniformly remains 
responsive to hormonal therapy and nearly all forms of therapy either for local 
disease or oligometastatic disease as part of primary management. The application 
of hormone therapy is highly effective in both primary and metastatic disease (11). 
The challenge for patient outcome is the sequelae of hormone management 
applied for a protracted time period. Because of the influence of surgery/orchiec-
tomy, the clinical application of testosterone interruption therapy was thought 
optimally delivered as permanent therapy (12,13). With the advent of testoster-
one antagonist therapy, therapy did not have to be applied on a permanent basis 
and hormone treatment could be titrated. 

Hormone therapy

Investigators were initially influenced by analogies drawn to breast cancer treat-
ment. In breast cancer, hormone therapies are applied for years with evidence that 
longer duration is superior to shorter duration. Although the sequelae and limited 
tolerance of therapy are acknowledged, breast cancer care continues to apply 
hormone therapy for extended periods of time with half and full decades of 
treatment. The sequelae of hormone therapy in men treated for extended period 
for prostate cancer are visible and leave fingerprints not easily removed. There are 
cardiovascular, neurocognitive, and muscular-skeletal risks associated with pro-
tracted hormone therapy prompting investigators to re-visit the application of 
hormone therapy and to titrate the duration of hormone therapy in selected clini-
cal situations when possible. The interruption of testosterone signaling pathways 
appears to have a negative impact on coronary artery health and may have a direct 
or indirect effect secondary to cardiovascular health on the central nervous 
system (14). Hormone therapy can demineralize bones and decrease muscle mass 
further compromising cardiovascular health (15). Hormonal therapy has both 
direct and indirect impact on carbohydrate metabolism resulting in increased 
adipose deposition, fluid retention, and weight gain creating additional challenges 
in maintaining both cardiovascular and muscular-skeletal health (16). The mech-
anism of this effect is multi-focal, however decrease in muscle mass limits storage 
capacity for glycogen thus promoting adipose deposition through gluconeogene-
sis-associated pathways. Investigators continue to evaluate the potential benefits 
of hormone therapy coupled with therapeutic titration (how much is enough) and 
different strategies.

Alternative strategies 

Adequate alternatives to hormonal therapy remain an objective for translational 
science. The addition of hormone therapy to radiation therapy for unfavorable 
intermediate risk and high-risk patients has led to a survival benefit for these 
patients (17–18). The benefit is always balanced with therapy sequelae. Strategies 
for achieving the benefits without sequelae are goals for translational science 
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moving forward for this patient population given the success of therapy. Our 
assumption has been that the mechanism of action for therapy is directly associ-
ated with testosterone interruption. This is an accepted validated mechanism; 
however, it is time to revisit this paradigm as alternative and additive thought 
processes may prove to be of additional importance. Hormone ablation therapy 
may function through multiple mechanisms including interruption of molecular 
cell adhesion pathways which play an important role in the development of 
tumor angiogenesis. In laboratory experiments, hormone ablation therapy 
appears to alter cell adhesion, preventing tumor growth and development. 
Although therapies directed at angiogenesis hold promise (19–21), the impact 
traditionally placed emphasis on altering the established tumor microvascular 
compartment. Strategies for cell adhesion modification placed emphasis on lim-
iting tumor cell growth prior to the development of tumor angiogenesis. This 
may explain in part why cell adhesion modification with Casodex (bicalutamide) 
is effective because it limits tumor cell development before tumor vessels can 
mature (22–23). This is a possible additional benefit for radiotherapy in addition 
to testosterone interruption. Therefore, adhesion molecules such as integrins 
may be important along several steps of the angiogenesis pathway, however the 
most important step may be at the initiation of tumor cell adhesion. Coupled 
with radiation therapy, there was significant increase in tumor cell kill including 
in vivo tumor explants of prostate cancer cells with cell adhesion based therapeu-
tic modulation (24–26). Therefore, strategies to apply therapy to specific tumor 
cell adhesion molecules, including integrin modulation, appear potentially effec-
tive in mimicking some of the impact of hormone ablation therapy but hormone 
signaling does many more things than simply regulate cell adhesion. Initial clini-
cal trials using COX-2 inhibition in multiple disease areas were less successful 
(27–28), however, coupling cell type specific therapy with radiation treatment 
may help titrate hormone therapy and provide alternatives to management mov-
ing forward. If adequate alternative therapy, such as cell adhesion modulation as 
a co-partner with radiation therapy, can be identified, hormonal ablation therapy 
can be deferred to second line management as disease would be hormone-
sensitive and vulnerable to therapy. This would position the therapy community 
quite well and delay the onset of castration-resistant disease secondary to chronic 
application of hormone treatment. Alternative strategies including the use of 
novel androgen receptor signaling inhibition with agents such as abiraterone 
acetate and enzalutamide may also hold promise in early phase hormone sensi-
tive disease as an alternative to Lupron and other current hormone application 
strategies (29, 30).

Radiation therapy

Improvements in radiation therapy technology have provided significant advances 
in patient care. Therapy can now be applied in high doses in a safe manner 
through intensity modulation and daily image guidance which is both nimble and 
accurate. Using volume modulated arc therapy, concerns of intra-fractional motion 
of targets are eased due to the speed of treatment with therapy now delivered in 
a  few minutes once targets have been confirmed with image guidance (31). 
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Investigators are now delivering higher daily treatment dose to targets due in large 
part to the confidence in daily treatment reproducibility and accuracy in normal 
tissue avoidance (32–33). In the past, hormone therapy was thought to be an 
excellent adjunct to care, perhaps in part to limitations in therapy technology. 
Coupled with modern imaging and improvements in image tracers for PET 
including therapeutic application of radio pharmacy, radiation therapy may evolve 
into the initial sole modality of care with hormone and hormone-associated 
analog therapy moved to second line management, even for hormone-sensitive 
disease (5).

Hormone-resistance disease

Although nearly all patients respond to hormone androgen deprivation therapy, 
over time patients with metastatic disease and protracted hormone therapy 
ultimately develop castration-resistant disease refractory to more traditional 
therapies. Although prostate cancers historically metastasize to bone as a pre-
ferred site of disease, clinicians are now seeing soft tissue disease including end 
organ parenchyma and the central nervous system (34–37). This may be in part 
driven by alteration of the bone marrow environment by protracted hormonal 
application thus generating alteration in soft tissue parenchymal microenviron-
ment promoting tumor growth. This may also be due to the propensity of tumors 
that undergo treatment-induced neuroendocrine differentiation to metastasize to 
visceral organs such including the liver (37). The development of this situation is 
accompanied in parallel by an accumulation of various gene mutations, chromo-
somal translocations, and increased aberrant DNA repair mechanisms and lineage 
plasticity within the tumor population that permit the hormone insensitive cells 
to thrive and proliferate (38–39). These tumors have a predilection to express 
homologous recombination genes independent of processes associated with 
repair, therefore more vulnerable to mutations and malevolent clinical behavior. 
This population of patients continue to have guarded outcome, therefore a real 
opportunity for improvement in clinical care. In addition, patients with altera-
tions in DNA repair pathways may respond better to immunotherapies due to a 
higher mutational load. Application of androgen receptor directed therapies in 
the early phase of castrate resistance can generate a response to therapy, however, 
the response is not uniformly durable, therefore alternate strategies need to be 
developed (29).

Tumor metabolism

Tumor metabolism pathways are also altered in advanced prostate cancer. 
Pathways supporting glycolysis appear promoted in prostate tumor cells. Among 
potentially important pathways includes fructose-biphosphate aldose A 
(ALDOA). Aldolase A is encoded by ALDOA and is an important enzyme on the 
glycolysis pathway. Recent evidence suggests that ALDOA is an oncogene and 
upregulation of it is associated with prostate cancer growth, metastasis, and poor 
survival. This raises the potential of a metabolic target for prostate cancer care 
moving forward (40). 
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Androgen and androgen receptors

Androgen signaling drives prostate cancer development and disease progression 
and is thought to be responsible for inducing pathways towards castration resistant 
disease. The androgen receptor functions as a transcription factor and activates 
downstream signaling associated with disease progression which is interrupted by 
androgen deprivation therapy. Endogenous androgens include testosterone and 
dihydrotestosterone. Even in their absence, resistance can develop, and hormone 
therapy becomes ineffective even though the androgen signaling pathways remain 
active (41). Alterations in the androgen receptor have been identified which are 
potentially responsible or work in parallel to the development of castrate resistant 
disease. An initial example of alteration was the identification of additional X 
chromosome copy numbers in the AR gene locus in patients with castrate resistant 
disease (42, 43). Translational science has identified AR phosphorylation sites/
kinase function which are thought to maintain transcriptional activity in this 
setting including the generation of altered binding sites (44). It is thought that 
hypoxia inducible factor (HIF) functions through this mechanism. In the absence 
of oxygen, HIF is activated, translocated to the nucleus, and activates genes asso-
ciated with invasion and tumor cell survival (45). Expression of HIF is associated 
with poor prognosis in patients with prostate cancer as ADT in hypoxia is thought 
to induce adaptive androgen/AR therapeutic independence, thus invite resistance 
to therapy (46).

Activated kinase

Activated kinase activity is also thought to play an important role in castrate-
resistant disease (47). Therefore, modern transcriptomic profiling can be applied 
to tissue of patients with known castrate-resistant disease to see if repetitive com-
mon pathways can be identified to define actionable targets for application of 
therapy. Investigators have identified in tissue samples of patients with castrate-
resistant prostate cancer amplification of extracellular signal-regulated kinase 1​
(ERK1) in a large cohort of patients (48, 49). Elevated levels of phosphorylated 
ERK1 and ERK2 have been found in tissue samples of patients who were with 
high-risk features post prostatectomy and outcome were aligned with ERK expres-
sion more than clinicopathological features (50). Therefore, identifying both 
appropriate patients and targets that align with expression products are needed to 
improve outcomes. Approved therapies such as Trametinib may be applicable in 
this setting. In our laboratory, we have identified subsets of cell lines resistant to 
radiation therapy which can be made more sensitive to treatment with down regu-
lation of ERK 1 and 2 (51). 

Neuroendocrine and resistance to therapeutics

Neuroendocrine features are now being identified in prostate cancer and they 
impose a guarded clinical outcome (52–54). The neuroendocrine cells are found 
to increase in prostate adenocarcinoma (55–57). The expansion of NE cells in 
prostate cancer may be derived from preexisting NE cells in the normal or 
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neoplastic prostate cells (58, 59), or from treatment-induced differentiation (60–
64). Neuroendocrine progenitor cells are a limited percentage of epithelial cells 
and reside in all anatomical zones of the prostate gland. They have limited prolif-
erative potential and are devoid of the androgen receptor with limited to no capac-
ity to generate PSA (55). The neuroendocrine cells contain neurosecretory granules 
and express neural peptide hormones including bombesin/gastrin secreting 
releasing peptide (GRP), neurotensin (NT), serotonin, calcitonin, and parathyroid 
hormone related peptide (PTHrP) (65). These cells express survival genes includ-
ing Bcl-2. In our laboratory, we have identified modified cell lines that demon-
strate resistance to radiation therapy. These cells interestingly demonstrate the 
ability to undergo epithelial-mesenchymal transition. These cells can be made 
sensitive to treatment with down regulation of Bcl-2 (65, 66).

Poly (ADP-ribose) polymerase

It is important to develop pathways of therapy that are independent of hormone-
related signaling strategies. A potential area of improvement is the use of poly 
(ADP-ribose) polymerase (PARP) inhibitors. These compounds impact DNA base 
excision repair, transcription, replication, genomic stability, and cell death 
(67, 68). Because of their impact generated in the background of fundamental 
basic science, PARP inhibition holds promise in multiple disease sites including 
prostate cancer (69–71). One of the involved mechanisms is the mammalian tar-
get of rapamycin pathway (mTOR) (72). While PARP-1 activation may promote 
tumor cell growth, inhibition of PARP inhibits tumor growth and promotes cell 
death particularly when defect of other genes such as BRCA1 and BRCA2 or ATM 
(Ataxia–telangiectasia mutated) exist (73, 74). Inhibition of PARP in malignancy 
with BRCA1 and BRCA2 mutations shows convergence of AR signaling pathways 
and DNA damage response. Down-regulating homologous recombination genes 
in castrate-resistant tumor with AR-directed therapy may serve to further sensitize 
tumor to PARP inhibition as a two-step process including both therapies (75). 
Early clinical trials are favorable in selected patients who have homozygous 
deletions, deleterious mutations, or both, in BCRA 1/2, ATM (Fanconi) and 
CHEK2, identified using next generation sequencing in castrate-resistant patients 
including those who had received previous therapy including docetaxel (76, 77). 
The next generation of PARP inhibitors are demonstrating response is previously 
treated patients (78). In our laboratory, we have identified cell lines resistant to 
radiation therapy that can be made more sensitive to treatment with the addition 
of PARP inhibitors, therefore a potentially promising addition to the care of high-
risk patients.

Immunotherapy

Cellular immunotherapy with sipuleucel-T has been applied to patients with met-
astatic castrate resistant prostate cancer (79). Though the first ever FDA-approved 
immunotherapy, Sipuleucel-T, was approved in the setting of castration resistance 
prostate cancer (albeit only mediating a moderate delay in mortality) (80), other 
now conventional cell-based (for example, chimeric antigen receptor [CAR]-T 
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cells) and checkpoint blockade immunotherapies (for example, PD-1/PD-L1, 
CTLA-4 antibodies) that have revolutionized the treatment of other malignancies 
have yet to be effective or approved in the setting of prostate cancer (81, 82). This 
is possibly a consequence of the immunologically “cold” landscape of prostate 
cancer that is devoid of cytotoxic T lymphocytes and infiltrated with immunosup-
pressive myeloid cell populations. Combining immunotherapeutic agents with 
other approved therapies for castration-resistance prostate cancer, however, 
appears to be a promising strategy and is currently under investigation (83). 
Patients with alterations in DNA repair genes may respond better to immuno-
therapies due to a higher tumor mutational burden and combining immune 
checkpoint blockade with PARP inhibitors may further improve the treatment 
outlook of this subset of castration resistance prostate cancer patients. Release of 
tumor antigens and immunostimulatory molecules following radiation-induced 
cell death may also boost the impact of immunotherapy regimens by increasing 
tumor immunogenicity (84–86). In addition, therapies that indirectly (for exam-
ple, chemotherapies) or directly (for example, CSF1-R, CCL2 antagonists) target 
suppressive myeloid populations could further enhance T cell function and as a 
result immunotherapy efficacy.  

Imaging and theranostics

Improvements in imaging are playing an important role in patient management 
for prostate cancer. Magnetic resonance imaging is fused into ultrasound to pro-
vide accuracy in biopsy, identify aggregates of disease including extraprostatic 
extension of disease, involvement of the neurovascular bundle, and potentially 
identify areas of high-risk disease less obvious in a background of low-risk disease 
(86). This has considerable influence in the planning of radiation therapy and 
moves patients with higher risk to radiation therapy as opposed to surgery for 
primary management. In addition, this has served to improve the accuracy of 
radiation therapy including brachytherapy both in planning and daily execution 
of therapy. Metabolic imaging with Axumin (fluciclovine PET/CT scan) (87) and 
PSMA PET/CT scan (88) is teaching us more accurate location of lymph node 
anatomy further improving the accuracy of radiation therapy. Further improve-
ments in imaging with respect to identification of disease and response to therapy 
will be discussed in the section on hormone resistant disease.

The Radiographic Assessments for detection of Advanced Recurrence 
(RADAR) Groups 1 and 2 have identified fundamental elements of imaging of 
prostate cancer including technetium bone scan, magnetic resonance imaging, 
and computer tomography (89, 90). In the group 2 review, important aspects 
of next generation imaging (NGI) with novel PET radioligands were identified 
as being important next steps for both imaging disease and possibly being 
used as vehicles for therapy as these strategies mature for the application of 
radiopharmacy (89). Imaging with bone scintigraphy with technetium-labeled 
poly phosphates and diphosphates (Tc 99/Tc MDP) is a well-established imag-
ing strategy for both identification of bone metastasis and evaluating response 
and/or disease progression. Alpha emitting Radium 223 has been used to treat 



Future Directions for Prostate Cancer Therapy 105

bone metastasis. The breakdown product of Radium is strontium which is 
deposited in bone and subsequently affects bone metastasis as a secondary 
indirect event (91). 

Prostate specific membrane antigen (PSMA) has emerged as an important 
biomarker for prostate cancer management and may serve an important role for 
both imaging and the emerging field of theranostics combining imaging and 
infusional radiation therapy (92). Technetium is a bone-seeking isotope active 
in areas of new bone formation, therefore identifying areas of tumor in an indi-
rect manner as disease promotes new bone formation as a response to injury 
(93, 94). In adults, new bone formation can be associated with degenerative 
bony changes or metastatic disease, however in context the test is helpful in 
evaluating potential areas of metastatic disease. F-Na-18 fluoride can be applied 
with PET to identify bone metastasis similar to technetium and may also provide 
a quantitative basis for measuring the volume of disease in bone because of 
three-dimensional volumetrics (95). The challenge for these compounds is they 
only measure disease in bone. Given the changes in pattern of care moving 
forward including failure and disease progression in soft tissue, imaging vehicles 
of the future will require strategies for imaging all sites of disease for quantifica-
tion of the volume of disease and response assessment. F18-fluciclovine 
(F18-FACBC) images protein synthesis and can be applied with PET CT and 
PET MR (96). This can image prostate recurrence without significant uptake in 
the bladder and has the potential of providing quantitative metrics for the vol-
ume of disease. F18/C11-Choline and C13-acetate both target phospholipid 
synthesis (97). Both can identify recurrence of disease and provide quantitative 
metrics. Bladder accumulation and short half-life of C13 acetate can limit utility 
of clinical application. PSMA-targeting agents have been developed with imag-
ing using SPECT-CT and PET-CT which can be applied for imaging of recur-
rence and possibly therapy (98, 99). Serial imaging with SPECT may be used 
moving forward with image fusion to perform quantitative dosimetry. Dose to 
target volume as well as dose migration to unintended sites can calculate dose to 
target in a manner similar to teletherapy and brachytherapy and use radiosur-
gery to augment dose to target as needed for treatment of oligometastasis. This 
approach would be used by replacing the radionucleotide Ga 68 with either a 
beta emitting nuclide such as lutetium 177 (Lui 177) or an alpha emitter such 
as actinium 225 (Ac 225 or bismuth 213 (Bi 213) (100). Alpha emitters may 
have a theoretical advantage as tumoricidal effects may be independent of both 
cell cycle and the oxygen effect (100). Early trials with AC 225 have demon-
strated response in patients with castrate resistant prostate disease with xerosto-
mia as the primary point of toxicity due to accumulation of isotope in salivary 
tissue. The alpha particle therapy appears more effective in chemotherapy naïve 
disease. Therefore, the future may include the application of tools for both imag-
ing and therapy through similar processes with imaging used to both identify 
disease and assess dose to volume using stereotactic therapy to augment dose to 
areas of limited uptake. Through this prism the radiation oncology/radiology 
partnership may provide the upfront “chemotherapy” (systemic therapy) of the 
future.
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CONCLUSION

Molecular science of prostate cancer has matured at a rapid rate and direct 
applications of our growing knowledge are now on the horizon. Application of 
protocols to modulate cell adhesions, signaling pathways, survival pathways, 
epigenetic, DNA repair and hypoxia conditions or immunotherapy may prove to 
be important adjuncts in the clinical RT management of these patients (Figure 1). 
The success of therapies for low and intermediate risk may permit titration of 

Figure 1. Therapeutic strategies associated with molecular mechanisms of prostate cancer cell 
survival upon ionizing radiation. Cells less sensitive to therapy will survive after being treated 
with radiation therapy. The schematic chart suggests the possible molecular mechanisms 
associated with tumor cell survival. With the modern development of imaging tools, 
hormone ablation therapy, target therapy, chemotherapy, immunotherapy and 
radiopharmacy, effective therapeutic strategies will evolve for the treatment of high-risk 
patients.
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therapy adjusted to the sequelae of current management. For the high-risk patient, 
advances in our understanding of genomics/proteomics coupled with better 
understanding of molecular science will serve to improve outcome of high-risk 
patients affected with disease.
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Abstract: Mutations in the tumor suppressor gene TP53 are among the most 
common genetic aberrations in cancer. In prostate cancer, the role of mutant TP53 
remains incompletely understood. Initially, mutations in TP53 were considered 
late events during malignant progression and associated with metastatic dissemi-
nation and castration resistance. However, recent studies report an inactivation of 
TP53 at an unexpectedly high frequency in primary as well as metastatic castra-
tion-naïve prostate cancer. In this chapter, we discuss the biology of p53, the 
relevance of TP53 mutations for prostate cancer progression and therapy 
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resistance, and its potential role as a marker to identify patients who require more 
intensified treatment. 

Keywords: castration-naïve prostate cancer; castration-resistant prostate cancer; 
p53, therapy resistance; TP53

INTRODUCTION

Prostate cancer is the most common non-cutaneous cancer in men (1). Due to 
the introduction of broader screening and testing for prostate-specific antigen 
(PSA) blood levels, the majority of prostate cancers are now diagnosed at a local-
ized state (2). Prostate cancer is a heterogeneous disease, and the clinical out-
come of localized prostate cancer is highly variable. Approximately 30% of men 
suffer from relapse despite definitive local treatment by radical prostatectomy or 
percutaneous radiotherapy (3). Localized prostate carcinoma already shows a 
substantial molecular and genetic diversity (4). There is hence an urgent clinical 
need to identify molecular and genetic markers with predictive and prognostic 
relevance in addition to “classical” outcome parameters such as TNM stage, 
Gleason score and initial PSA level (5). A better characterization of genetic fac-
tors associated with more aggressive tumor growth kinetics could influence clini-
cal decision-making with respect to more personalized neoadjuvant and/or 
adjuvant strategies (6). 

The finding that a significant proportion of men with advanced prostate cancer 
harbor germline and/or somatic mutations in DNA damage repair genes has been 
a major advancement in the management of the disease (7). It has been known for 
a while that tumors with DNA damage repair gene defects are associated with 
earlier metastatic dissemination and poorer disease outcome (8–11). At the same 
time, mutations, in particular in BRCA1 and BRCA2, create a therapeutic vulner-
ability that has been exploited by the use of PARP inhibitors in patients with meta-
static, castration-resistant prostate cancer (mCRPC) (11, 12). Recent results from 
several phase II and III trials confirm a clinical advantage of PARP inhibition in 
terms of progression-free and overall survival (12–18). However, there is mount-
ing evidence that not all patients who are broadly categorized as carrying DNA 
damage repair gene defects (in fact many of these genes play only indirect roles in 
DNA damage repair) benefit from PARP inhibition (19). Therefore, additional 
molecular markers are needed to characterize therapeutic vulnerabilities, treat-
ment resistance and patient prognosis with an even higher resolution. 

A gene that is typically not included in targeted next-generation sequencing 
(NGS) panels used in key phase II and III trials to identify patients for PARP 
inhibitor treatment is TP53, one of the most frequently altered tumor suppressor 
genes in human cancer.

THE EVOLUTION AND FUNCTION OF p53

p53 was first discovered in 1979 and initially thought to be an oncogene (20–24). 
Subsequent work demonstrated that the transcription factor p53, together with 
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its E3 ubiquitin ligase MDM2, is at the center of a signaling node that plays a 
crucial role in stress response and tissue homeostasis (25). Over hundreds of mil-
lions of years, the p53 family has evolved from protecting the germline of inver-
tebrates from mutations to a more general signaling hub that preserves the tissue 
integrity of vertebrates (25). p53 responds to a diverse array of cellular stresses by 
activating the transcription of genes that either lead to a reconstitution of the 
damaged cell or its elimination by apoptosis or cellular senescence (26). 
p53-dependent transcription hence promotes cell cycle arrest, DNA repair, meta-
bolic adaptation, or the upregulation of pro-apoptotic genes such as BAX or 
PUMA or pro-senescence genes such as PML or CDKN1A. These properties as key 
regulator of cell fate decision make p53 the single most critical human tumor 
suppressor and contribute to the fact that TP53 is the most commonly altered 
gene in human cancer (27, 28).

Physiologically, p53 is expressed at a low level in most normal cells, which 
involves a number of cellular antagonists, most importantly its E3 ubiquitin ligase 
MDM2 and its heterodimerization partner, MDM4 (29). By ubiquitinating p53, 
MDM2 drives the proteasomal degradation of p53 (30). MDM2 itself is positively 
regulated by p53 thus creating a feedback loop to ensure low p53 protein levels 
in the absence of cellular stress. Over a dozen of extrinsic and intrinsic stress sig-
nals have been reported to feed into the MDM2-p53 signaling node to cause acti-
vation of p53-dependent gene transcription (25). The p53 response is activated 
by decreased degradation upon disruption of the p53/MDM2/MDM4 complex 
leading to p53 stabilization. The disruption of these interactions is regulated by 
posttranslational modifications of MDM2 and/or p53 such as phosphorylation by 
protein kinases activated by stress such as ATR, ATM, CHK1, CHK2 or DNA-PK, 
among others (25, 31). Additional mechanisms of p53 activation exist such as the 
nucleolar sequestration of MDM2 by ARF in response to oncogene stress (32). 
Another mechanism of activation of the MDM2-p53 node involves the deubiqui-
tinating enzyme HAUSP (33). Obviously, different sources of cellular stress can 
trigger distinct modes of p53 activation depending on the responding protein 
kinases. 

Upon its activation, p53 binds to the promoter of p53-responsive target 
genes to activate gene transcription. MDM2 and MDM4 are co-recruited to 
these promoters where they form a complex with p53 to modulate target gene 
activation (34). 

STRUCTURE OF p53 

The tumor suppressor gene TP53 encodes a protein with 393 amino acids and is 
located on chromosome 17p13.1 (35). The p53 protein comprises an N-terminal 
transactivation domain, a proline-rich domain, a central DNA-binding domain, 
followed by a tetramerization domain and an intrinsically disordered C-terminal 
regulatory domain (36). Inactivating mutations in TP53 occur in approximately 
50% of human cancers, and mutation rates range between more than 90% and 
below 5% depending on the tumor type (37). Most mutations are detected in 
the central DNA-binding domain, thereby incapacitating the function of p53 as 
a  transcription factor. Missense mutations, frameshift deletions and frameshift 
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insertions account for approximately 70% of pathogenic mutations (37). 
Inactivation of both TP53 alleles is found in over 90% of cancers with TP53 muta-
tions, most commonly through a single missense mutation and loss of the second 
allele through a deletion of chromosome 17p (37). Missense mutations frequently 
lead to an impaired degradation by MDM2 thus stabilizing the protein and ren-
dering it easily detectable as overexpressed by immunohistochemistry (38). 
Remarkably, the top hotspot missense mutations occur at methylated CpG sites, 
which encode evolutionary conserved arginine residues. The most common muta-
tion is R175H, followed by R248Q, R273H, R248W, R273C, and R282W, which 
account for approximately a quarter of all TP53 missense mutations (39). As a 
functional consequence of these mutations, the transcriptional activation of 
p53-specific target genes is disrupted (40, 41) although gain-of-function muta-
tions have also been described (42). 

In addition to acquired mutations, germline mutations of TP53 have been 
identified in patients with Li-Fraumeni syndrome. The Li-Fraumeni syndrome is 
characterized by sarcomas, breast and adrenal cortex carcinomas, cerebral 
tumors, and acute leukemias at a young age (43, 44). Germline mutations in 
TP53 are highly penetrant with an up to 100% cumulative lifetime risk to develop 
cancer (45).

TP53 MUTATIONS IN PROSTATE CANCER

Initially, inactivation of TP53 has been suggested to be a late event during prostate 
cancer progression (46–49). While it is now firmly established that mCRPC has 
the highest TP53 mutations rates (see below), there is emerging evidence that 
TP53 mutations can also be found at a relatively high frequency in primary, and, 
especially, in castration-naïve metastatic prostate cancer (50–56). 

In the TCGA cohort, whole genome sequencing of 333 samples from men with 
localized prostate cancer was performed and a mutation rate in TP53 of 8% was 
detected (51). In a different study, sequencing of 111 cases of primary prostate 
cancer revealed a TP53 mutation rate of 6% (57). 

Remarkably, the rate of TP53 mutations in castration-naïve metastatic prostate 
cancer was between 28% and 36% and hence significantly higher than in primary 
prostate cancer (50, 52, 58) and only exceeded by mutation rates found in 
mCRPC. Analysis of 150 mCRPC samples showed a TP53 mutation rate of 
53% (59). In additional studies, the TP53 mutation rate was between 31% and 
73% (53, 60–63). Whole-exome sequencing data from 410 mCRPCs identified 
33% of tumors with a biallelic loss of TP53 and 32% with single-copy loss or a 
pathogenic mutation (62). These findings confirm the marked differences in the 
TP53 mutation rate in primary, metastatic castration-naïve and castration-resistant 
prostate cancer. 

Important insights into the role of TP53 deficiency in disease progression stem 
from studies that incorporate patient outcome measurements and longitudinal 
studies. Hamid and colleagues showed that TP53 alterations increase from local-
ized castration-naïve prostate cancer (20%) to metastatic castration-naïve prostate 
cancer (37%) and mCRPC (73%) and are associated with an approximately 2-fold 
risk for disease recurrence in patients with primary prostate cancer (53). In a recent 
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study by Mateo and colleagues, primary prostate cancer specimens from 175 
patients who later developed mCRPC were analyzed. Mutations and homozygous 
loss of TP53 were the most frequently detected aberrations and found in 25% of 
the primary tumors (52). In addition, there appears to be an increase of TP53 
alterations, besides alterations of the androgen receptor (AR) pathway, when 
same-patient specimens obtained from the untreated primary tumor and mCRPC 
were compared (52). 

In conclusion, there is emerging evidence for a high rate of TP53 mutations in 
primary prostate cancer predisposed to a lethal disease outcome as well as pros-
tate cancer with metastatic dissemination at the time of diagnosis. 

p53 AND RESISTANCE OF PROSTATE CANCER TO 
SYSTEMIC THERAPY 

Prostate cancer growth and progression exquisitely depends on androgens, and 
androgen deprivation still remains the most important treatment modality for 
patients with recurrent or metastatic disease (64). However, all patients ulti-
mately develop tumor progression and castration resistance (65). The role of 
TP53 inactivation in response to androgen deprivation therapy has not been 
studied in detail. Thus far, there appears to be no negative impact of TP53 altera-
tions in the response to first-line antihormonal treatment (52). In the last decade, 
several novel therapeutic options for patients with mCRPC have been established 
including the CYP17 inhibitor abiraterone and the androgen receptor antagonist 
enzalutamide (66, 67). Since not all men benefit from these next-generation anti-
androgens, there is a clinical need for markers that indicate primary or acquired 
resistance to aid decision-making. Because mCRPC still critically depends on AR 
signaling (68), the constitutively active AR splice variant V7 (AR-V7) has been 
suggested as a crucial, albeit not exclusive, component of the resistance mecha-
nisms to next-generation antiandrogens (69, 70). De Laere and colleagues could 
demonstrate that inactivation of TP53 was associated with significantly shorter 
progression-free and overall survival of prostate cancer patients treated with abi-
raterone or enzalutamide (71). The poorest progression free survival was found 
in patients with a biallelic TP53 inactivation. Of note, TP53 mutations were the 
only marker independently associated with an unfavorable response to abi-
raterone and enzalutamide and, remarkably, outperformed genomic AR altera-
tions and expression of AR splice variants (71). How p53 influences resistance to 
next-generation antiandrogens remains to be clarified. Interestingly, there is evi-
dence to suggest that wild-type p53 may suppress AR activation (72–74). 

The microtubule-stabilizing agent docetaxel is the only chemotherapy that has 
been shown to extend survival in patients with mCRPC (75, 76). The response of 
prostate cancer cells to docetaxel has been found to be compromised by mutant 
p53 (77). The clinical utility of TP53 mutation status as a predictive marker for 
docetaxel treatment hence warrants further investigation. 

Whether and to what extend TP53 perturbations affect the response to the 
PARP inhibitor olaparib, which has recently been approved for patients with 
mCRPC and BRCA1/2 mutations (16, 18), is currently unclear.
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TP53 AND THE CLONAL EVOLUTION OF PROSTATE CANCER

Since a substantial proportion of primary prostate cancers harbor mutations in 
TP53, the question arises whether TP53 inactivation may be a driver event for 
malignant progression. There is mounting evidence that this could be the case. 
TP53 mutations have been reported as truncal aberrations in considerable 
proportions of metastatic prostate cancers (58, 78). Interestingly, a case study 
could demonstrate that a mutant TP53 clone originating from a small, well-differ-
entiated focus of primary prostate cancer was apparently the origin of metastatic 
spread with a 17-year lag period (79). However, TP53 mutations have also been 
reported to be enriched in metastatic lesions and there are also examples of tumors 
in which TP53 aberrations can be found exclusively in metastases (52, 80).

In conclusion, TP53 mutations seem to be an early event in some prostate 
cancers while in others an enrichment in metastatic lesions can be found. In the 
future, increasingly sensitive detection methods such as single-cell sequencing 
hold the promise to even better define the molecular composition of primary and 
metastatic prostate cancer with respect to the TP53 mutation status.

DOES p53 HAVE POTENTIAL AS A THERAPEUTIC TARGET 
AFTER ALL?

Given the high frequency of TP53 inactivation in prostate cancer and in cancer in 
general, the question remains how this finding could be translated into a thera-
peutic vulnerability. p53 is notoriously difficult to target and numerous studies 
have used approaches such as gene therapy, inhibition of MDM2 or MDM4 inter-
actions, synthetic lethal approaches, and others (81–85). It should not be forgot-
ten that p53 has originally been discovered as a tumor antigen induced by 
chemical carcinogens (86). Hence, approaches to exploit mutant p53 as immuno-
logical target as well as the increased genomic instability of p53-defective cells 
through immune oncological interventions still appear promising. In this context, 
an exacerbation of the mutational burden may further enhance the therapeutic 
vulnerability of p53-deficient cells to promote responses to immune checkpoint 
inhibitors. 

CONCLUSION

Inactivation of TP53 has initially been described as a late event during malignant 
progression and associated mainly with mCRPC. There is now compelling 
evidence that mutated TP53 can also be detected in primary prostate cancer, and, 
especially, in castration-naïve metastatic prostate cancer. Inactivation of TP53 
predicts an unfavorable patient outcome, early metastatic dissemination, and 
resistance to next-generation antiandrogens. Therefore, TP53 perturbations have 
a strong potential as a marker to identify patients with a high risk for lethal disease 
outcome who could benefit from more intensified treatment. 
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Abstract: Despite extensive research efforts in prostate cancer for the last several 
decades, the disease remains a leading cause of cancer death in men in the devel-
oped world. A typical feature of prostate cancer initiation and progression is the 
landscape of genetic alterations, which changes the expression patterns of numer-
ous molecules in prostate epithelial cells, where the disease originates. These aber-
rantly expressed proteins are tumor-associated antigens. Their uniqueness in 
tumors offers an avenue not only in advancing our understanding of prostate 
cancer but also in the search for better diagnostic and therapeutic tools. Mucin 1 
is one of the most well-characterized tumor-associated antigens. The protein is 
overexpressed and aberrantly glycosylated following prostate cancer development, 
and influences certain disease factors including disease initiation, metastasis, and 
resistance to therapy. Mucin 1 possesses value as a biomarker in predicting 
prostate cancer prognosis and has been studied as a therapeutic target. This 
chapter provides an overview of the impact of Mucin 1 on prostate cancer and its 
clinical values.
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INTRODUCTION

Prostate cancer remains the most prevalent malignancy and the second leading 
cause of cancer-related death in men in the developed world (1). The disease 
originates from the prostate epithelial cells as prostatic intra-epithelial neoplasia 
and progresses to invasive carcinoma and metastatic prostate cancer (2, 3). 
Metastases occur frequently in the bone (4). Primary prostate cancers are com-
monly managed by active surveillance, and curative treatments including radical 
prostatectomy and radiation. Approximately 30% of patients following radical 
prostatectomy will develop recurrent tumors or biochemical recurrence with rise 
in serum prostate-specific antigen (PSA) (5). Recurrent tumors are typically resis-
tant to therapy, and relapsed prostate cancers or prostate cancers with resurged 
PSA are associated with higher risk of metastasis (6). Metastatic prostate cancers 
are treated with androgen deprivation therapy (ADT), which commonly leads to 
resistance in the form of castration-resistant prostate cancer (CRPC) (7, 8). There 
are multiple therapeutic options available for CRPCs, including taxane-based che-
motherapy and those targeting androgen receptor signaling such as abiraterone or 
enzalutamide (8–10), and immunotherapy (11, 12). Despite this variety of treat-
ment options, CRPC remains lethal (8, 13).

Cancer initiation, progression, and development of therapy resistance are reg-
ulated by complex processes, owing to the genetic and epigenetic changes that 
occur during the course of oncogenesis. These alterations result in a large number 
of unique tumor-associated antigens (TAAs) (14, 15). PSA as a classic prostate 
cancer TAA has been shown to generate PSA-specific T cells (16, 17). The nature 
of cancer-specific alterations (overexpression and modification) makes TAAs 
attractive targets for diagnostic and therapeutic purposes. Mucin 1 (MUC1) is one 
of the most well-characterized TAAs. MUC1 promotes tumorigenesis by activating 
PI3K-AKT, MEK-ERK, and other molecular pathways (18). Overexpression, 
hypoglycosylation, and aberrant glycosylation of MUC1 occur during prostate 
cancer initiation and progression. These changes are also associated with relapse 
and CRPC development. Thus, changes in MUC1 can be used as a prognostic 
biomarker. As a TAA, MUC1 has been explored as a target candidate for prostate 
cancer vaccine. This chapter provides an overview of the role of MUC1 in prostate 
cancer. The biology of MUC1, its alterations during prostate cancer development 
and progression, and its potential as a therapeutic target along with its limitations 
and future research are discussed.

THE BIOLOGY OF MUC1

The MUC1 gene at 1q22 encodes mucin 1, a protein belonging to the 21-member 
mucin family in humans. Mucins are large proteins with extensive O-glycosylation 
and constitute the mucus barrier on epithelium to protect epithelial cells from 
external environment (19). MUC1 was first detected in human milk fat globule 
and a set of breast cancer cell lines using anti-human milk fat globule serum (anti-
HMFG) (20); its membrane expression was subsequently observed at the apical 
surface of many glandular epithelial cells including those of the mammary gland, 
salivary gland, pancreas, prostate, uterus, as well as gastrointestinal and 
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respiratory tracts (21, 22). MUC1 plays a critical role in forming the protective 
mucus barrier on epithelial surfaces, evident by the significant reduction of mucus 
obstruction in cystic fibrosis mice with MUC1 deficiency (23).

Cell surface MUC1 is a heterodimer consisting of a large N-terminal extracel-
lular subunit (MUC1-N or α-subunit) and a small C-terminal subunit (MUC1-C 
or β-subunit) containing a small extracellular domain, a transmembrane motif, 
and a C-terminal intracellular region; dimers are formed via non-covalent associa-
tion in extracellular regions adjacent to cell membrane (Figure 1) (24). The two 
subunits are produced from a single polypeptide chain by autocleavage following 
the GSVVV sequence, which is located within the SEA (Sea urchin sperm protein 
enterokinase and agrin) domain, during translation (25). The N-terminal frag-
ment contains variable number of tandem repeats (VNTR, n = 40–80) of 20 amino 
acid residues (26, 27); MUC-N is enriched with proline, threonine, and serine 
(PTS) motifs and is extensively O-glycosylated such that the peptide core is mostly 
covered (Figure 1) (28). The heavy glycosylation contributes to MUC1’s physio-
logical functions in normal cells (28).

In cancer cells, MUC1 is not only significantly upregulated but also undergoes 
aberrant glycosylation and hypoglycosylation in most cancers (29). 
Hypoglycosylation leads to exposure of VNTR peptides, which along with aber-
rant glycosylation change the biochemical properties and cell distributions of 
MUC1 (28). These abnormalities underline MUC1’s properties as a biomarker and 
therapeutic target as well as its functionality in promoting cancer progression.

UPREGULATION OF MUC1 IN PROSTATE CANCER

In a study of 2760 prostate cancer cases and 1722 controls, MUC1 gene variations 
in terms of single nucleotide polymorphisms and haplotype were not associated 

Figure 1.  MUC1 heterodimer structure. MUC1 is cleaved at the indicated site, i.e., after 
GSVVV, during translation to generate the MUC1-N and MUC1-C subunits. Both subunits 
form a heterodimer in the extracellular space adjacent to cell membrane. MUC1-N is 
extensively O-glycosylated as indicated. SEA (Sea urchin sperm protein enterokinase and 
agrin) and TM (transmembrane) domains are indicated. VNTR, variable number of tandem 
repeats.
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with prostate cancer risk and disease progression (30). In an investigation of pri-
mary prostate cancers (n = 333), metastatic prostate cancers (n = 150), and CRPCs 
(n = 77), an increase in MUC1 gene copy number was observed in 35% of CRPCs 
compared to 6% and 1.8% in mPCs and primary PCs, respectively (31), indicat-
ing that MUC1 gene amplification contributes to MUC1 upregulation in CRPCs.

In a NanoString-based gene expression analysis using 7 pairs of primary pros-
tate cancers and matched non-tumor tissues, MUC1 mRNA was increased in four 
prostate cancer samples compared to their matched non-tumor controls; 5 of the 
PC tissues showed elevations of ERG expression (demonstrative of TMPRSS2-
ERG fusion) and downregulation of PTEN, both common molecular alterations in 
prostate cancer oncogenesis (31). However, in an analysis of multiple cohorts 
consisting of 221 prostate cancers and 92 normal prostate tissues, MUC1 mRNA 
expression was shown to be reduced (31). Nonetheless, high level of MUC1 
mRNA expression likely correlates with TMPRSS2-ERG fusion based on data from 
the Sueltman dataset (Figure 2A) (32). TMPRSS2-ERG fusion occurs commonly 
in prostate cancer and plays important roles in its initiation and progression 
(33, 34). Additionally, microarray-based gene expression profiling of 62 primary 
prostate cancers and 41 normal prostate tissues revealed increases in MUC1 
mRNA expression in high-grade and advanced prostate cancers (35). Collectively, 
while current evidence does not conclusively support upregulation of MUC1 gene 
expression during prostate cancer initiation, elevations in MUC1 mRNA largely 
correlate with prostate cancer progression.

The above concept is supported by increases in MUC1 mRNA expression in 
metastatic prostate cancers. In two independent cohorts containing 54 metastatic 
prostate cancers compared to 82 normal prostate tissues, higher levels of MUC1 
mRNA were observed in metastatic cases (31). Elevation of MUC1 mRNA in met-
astatic prostate cancer could also be demonstrated using the well-established 
Sawyers dataset (36) organized by the R2: Genomics Analysis and Visualization 
Platform (http://r2.amc.nl http://r2platform.com) (Figure 2B).

Figure 2.  MUC1 expression is associated with adverse features of PC. A. Analyses were 
performed using the Sueltman dataset (45) in R2: Genomics Analysis and Visualization 
Platform. B. Analyses were performed using the Sawyers dataset (49) in R2: Genomics. 
Statistical analyses were performed by the R2 Platform using one-way ANOVA.

http://r2.amc.nl
http://r2platform.com


Mucin 1 in Prostate Cancer 129

MUC1 expression was observed in prostate epithelial cells and prostate adeno-
carcinoma more than two decades ago using two anti-MUC1 monoclonal anti-
bodies (mAb) DF3 and 139H2 (22). Immunohistochemistry staining with B27.29, 
which recognizes the peptide core (37), showed enhanced MUC1 protein 
expression in prostate cancer compared to normal prostate glandular epithelial 
cells (38). Hypoglycosylation of prostate cancer-associated MUC1 was demon-
strated by its preferential recognition of prostate cancer cells compared to non-
tumor prostate epithelial cells using antibodies BrE-3, BC2, and EMA; these mAbs 
bind to the peptide core. The upregulation of hypoglycosylated MUC1 positively 
correlates with Gleason scores (39) and cancer progression (40, 41) (Table 1).

Reduction in O-glycosylation in tumor-associated MUC1 is also caused by 
premature termination of chain elongation, which is in part attributed to the addi-
tion of sialic acid, leading to MUC1 being highly sialylated in tumors (28). In line 
with this concept, mAb MY.1E12 which reacts with sialylated MUC1 (42, 43), 
detects MUC1 upregulation and is correlated with prostate cancer grade (44). 
Elevation of 2 O-linked glycan syalyl Lewis X (sLex) MUC1 occurs in prostate 
cancer (Table 1), which might be in part attributable to the upregulation of 
GCNT1 glycosyltransferase in prostate cancer (45).

While evidence collectively supports overexpression of aberrantly glycosylated 
MUC1 in prostate cancer, it remains unclear whether the “upregulation” detected 
by antibodies recognizing the altered forms truly reflects MUC1 upregulation, as 
aberrantly modified MUC1 is present in prostate epithelial cells. This limitation is 
reflected in immunohistochemistry analysis using mAb MBC-2, which revealed 
MUC1 positivity in 28% of primary prostate cancers (9/32), and 22% of non-
tumor prostate tissues (15/68) (46). Similarly, MUC1 protein was detected in 17% 

TABLE 1	 MUC1 upregulation in prostate cancera

Population (n)b MAb
% of 

positive Associationc Reference

10 DF3
139H2

100%
100%

NA (22)

5 B27.29 NA NA (38)

24 BrE-3, BC2, EMA NA Upregulation in PC and higher 
Gleason grade PC

(39)

120 primary PC
10 LN mPC

C595 58%
90%

Upregulation in PC and higher 
Gleason grade PC

(40)

9 mPC HMFG-2 55.5%d Upregulation in mPC (41)

57 MY.1E12 NA Upregulation in PC and higher 
Gleason grade PC

(44)

10 CHO131 NA NA (45)
aIn comparison to normal prostate and/or BPH (benign prostate hyperplasia) tissues; bPrimary PCs unless otherwise 

indicated; cAssociation with PC severity; d Positivity was defined by MUC1-positive cells > 50% of total tumor cells. LN 
mPC, lymph node metastasis; mPC, distant metastasis; NA, not available.
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(30/175) of prostate cancer and 41% (42/103) of non-tumor tissues using the 
VNTR-specific, but glycosylation-insensitive, anti-MUC1 antibody 214D4 (47). It 
is thus important to further examine MUC1 upregulation using gene expression 
and genetic approaches.

While the mechanisms responsible for MUC1 upregulation in prostate can-
cer at either the protein or mRNA level are still largely unknown, prostate cancer 
stem cells (PCSC) may play a role in this process. Sphere cells derived from 
DU145 cells possess PCSC properties (48) and display significant upregulation 
of MUC1 at both the protein and mRNA level compared to their non-stem can-
cer counterparts (31). Higher levels of MUC1 were also detected in xenografts 
generated from DU145 PCSC-like sphere cells compared to tumors produced by 
non-stem cancer DU145 cells (31). Evidence indicates that mechanisms regulat-
ing PCSCs might be important in MUC1 upregulation in prostate cancer. This 
notion is in accordance with the expression of MUC1*, a MUC-1C fragment 
missing the N-terminal 13 residues from its 58 residues of the extracellular 
domain in human embryonic stem cells (hESCs) (49). PCSCs are a major driver 
of prostate cancer progression and development of therapy resistance, including 
CRPC (50). 

MUC1 AND PROSTATE CANCER PROGRESSION

Resistance to ADT or the generation of CRPC remains the inevitable, lethal pro-
gression of prostate cancer, to which PCSC is a major contributor (50). Of note, 
upregulation of MUC1 has been demonstrated in human CRPCs, LNCaP cell-
derived CRPC xenografts, and CRPC produced in castrated prostate-specific 
PTEN-/- mice (31, 51). MUC1 promotes CRPC in part via enhancement of PCSC. 
MUC1-C induces the expression of the pluripotent genes OCT4, SOX2, LKF4, 
and MYC in prostate cancer cells, facilitates PCSCs, and promotes CRPC develop-
ment (52). Intriguingly, MUC1* maintains the self-renewal of hESCs via binding 
to NM23-H1, a metastasis-associated protein (49). MUC1-C enhances prostate 
cancer plasticity partly through suppression of AR signaling (52). MUC1-C 
reduces AR signaling via association with ARs and activating miR-135 that down-
regulates ARs (53). ARs downregulate MUC1 expression in LNCaP cells via bind-
ing to the MUC1 promoter, and also through induction of miR-125b that inhibits 
MUC1 expression (54). The AR-derived suppression of MUC1 expression might 
be a contributor for LNCaP cells being MUC1-negative (55). While these observa-
tions support mutual inhibition between ARs and MUC1 expression in prostate 
cancer, their relationship is complex; ectopic expression of ARs in AR-negative 
PC3 cells upregulated MUC1 following stimulation with 5α-dihydrotestosterone 
(DHT) (56). Similar observations were also obtained in AR-negative DU145 cells 
with ectopic AR expression (57). 

Induction of MUC1 by androgens in DU145-AR and PC3-AR cells decreased 
cell adhesion (56, 57). Upregulation of MUC1 in PC3 cells by arctiin also reduced 
cell adhesion (58), supporting the idea that MUC1 plays an important role in 
decreasing cell adhesion, which may facilitate metastasis. This possibility is 
reinforced by the production of sialyl Lewis a (sLea) modification on MUC1 upon 
its ectopic expression in low MUC1 expression LNCaP and PC3 cells (59). 
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MUC1 with the sLea and sLex antigen are selectin ligands (60–62); the interaction 
between cancer cells and selectin plays a critical role in the extravasation of cancer 
cells from blood vessel to tissues during metastasis (63). MUC1 may enhance 
metastasis via multiple mechanisms. For example, MUC1-C can induce the epi-
thelial-mesenchymal transition (EMT) (53), an essential process of metastasis. 
MUC1 also enhances prostate cancer progression through other mechanisms. The 
inhibition of AMPKα activity by MUC1 in vivo promotes CRPC development; 
conversely, AMPKα suppresses CRPC in part by inhibition of MUC1 expres-
sion (64). While the detailed mechanisms are still unclear, MUC1 expression in 
prostate cancer is associated with angiogenesis (65) and evasion of natural killer 
cell-derived immunity (66). Downregulation of MUC1 expression by miR-326 
inhibited cell proliferation in vitro and xenograft formation in vivo; the inhibitions 
were neutralized upon MUC1 re-expression (67). Collectively, a large body of 
evidence reveals that MUC1 plays a role in promoting prostate cancer progression 
through modulating multiple oncogenic processes, including angiogenesis, metas-
tasis, and CRPC development. These properties might be attributed to MUC1-C’s 
action in promoting growth factor receptor signaling, PI3K-AKT-mTOR, MEK-
ERK, and cancer metabolism (18).

MUC1-MEDIATED PREDICTION OF PROSTATE CANCER 
PROGNOSIS

The upregulation of aberrant glycosylation along with its functional contributions 
to prostate cancer underlines MUC1’s potential as a prognostic biomarker. MUC1 
expression can be used for risk stratification (44), predicting tumor volume, 
stage, metastasis (68), recurrence-free survival (35, 69) and mortality risk (70). 
MUC1-mediated prediction of prostate cancer recurrence and fatality can be 
improved with multiple gene panels consisting of MUC1+AZGP1 (35) and 
MUC1+AZGP1+p53 (70), respectively. Furthermore, MUC1-associated genes or 
its network predicted prostate cancer relapse with high level of certainty (51, 71). 
Collectively, accumulative evidence supports an association of high MUC1 expres-
sion with poor prognosis of PC (Table 2).

Nonetheless, the prognostic role of MUC1 in prostate cancer might be much 
more complex. In a tissue microarray analysis of early-stage prostate cancer 
(T1a-b, Nx, M0; n = 195) under watchful waiting for 20 years, tumors with 
either high- or low-MUC1 expression were associated with a higher risk of fatal-
ity compared to those with moderate MUC1 expression comparable to normal 
prostate epithelium (72). MUC1’s prognostic potential was independent of 
Gleason score and tumor stage (72). The observed higher risk of death for early-
stage prostate cancers with reduced MUC1 expression needs further investiga-
tion. Nonetheless, this study indicates a complex relationship between MUC1 
expression and prostate cancer progression, a concept that is in line with the 
observations that overexpression of MUC1 in LNCaP C4–2B4 cells was neither 
stimulative nor inhibitive of xenograft formation (73). Collectively, more work 
is needed to translate the knowledge generated in laboratory into clinical 
applications.
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MUC1 AS A THERAPEUTIC TARGET FOR PROSTATE CANCER

As a TAA, MUC1 has been examined as a target for immunotherapy for prostate 
cancer. In an in vitro model, chimeric antigen receptor (CAR)-MUC1 T cells 
were produced and shown to be effective in killing PC3 and DU145 cells; they 
also increased the cytotoxicity of AR-positive LNCaP cells together with flu-
tamide, an anti-androgen (74). Tecemotide or L-BLP25 is a cancer vaccine tar-
geting the tandem repeats of MUC1 and has been under clinical trials for a 
variety of cancers, including a phase III trial for non-small cell lung carcinoma 
(NSCLC) (75, 76). A phase II clinical trial has been conducted on 16 patients 
who had biochemical recurrence following radical prostatectomy. Of these, six 
patients showed prolonged PSA doubling time (PSADT) (77). In a phase I/II 
clinical trial (NCT00852007) on 17 patients with non-metastatic CRPC, autolo-
gous dendritic cells were stimulated with a Tn-MUC1 peptide in vitro, and upon 
reintroduction to patients, it significantly improved PSADT in 11 patients and 
induced Tn-MUC1 specific CD4+ and CD8+ T cell response in five of the seven 
patients analyzed (78). In a randomized phase IIa clinical trial on 21 chemo-
naïve CRPC patients with dendritic cells loaded with NY-ESO-1, MAGE-C2, and 
MUC1 peptides, specific T cell responses were detected and in patients with 
IFN-γ+ T cells, extension of median radiological progression-free survival was 
observed (79).

MUC1 has also been targeted using a virus-based vaccine. TG4010 is a 
recombinant vaccinia virus Ankara expressing MUC1 and IL2. In a phase II 
clinical trial on 40 prostate cancer patients with PSA progression treated with 
TG4010, 13 patients had at least a 2-fold improvement in PSADT, and 10 
patients had stabilized PSA for more than 8 months (80). Although the primary 
objective of a 50% PSA reduction from base line was not achieved, inclusion of 

TABLE 2	 MUC1-associated prognostic biomarker value

Population (n) Progression HR (95% CI)a p value Reference

57 PFS 5.23 (1.83-14.97 0.002** (44)

225 RFS 2.35 (1.30-4.24) 0.0005*** (35)

119b DSS 3.2 (1.5-7.0)c 0.0382* (68)

1326 RFS 1.24 (1.02-1.49) 0.02* (69)

315d OS 2.51 (1.14-5.54) 0.02* (70)

485e DFS 2.38 (1.55-3.58) 3.45E-05*** (51)
aUnivariate Cox analysis unless otherwise specified; bPatients with LN metastasis; cMultivariate Cox analysis 

including Gleason scores; dMortality cases n = 83; e A nine-gene panel derived from MUC1-associated genes. DFS, 
disease free survival; DSS, disease-specific survival; OS, overall survival; PFS, progression free survival; RFS, recurrence 
free survival; *p<0.05, **p<0.01, and ***: p < 0.001.
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MUC1 in the vaccine provided some therapeutic benefits. Collectively, the 
above observations support MUC1 being a useful TAA for developing prostate 
cancer vaccine.

CONCLUSION

Since its discovery as a component of human milk fat globule in 1977 (20), MUC1 
has been extensively studied in cancer, particularly in epithelium-originated 
malignancy; it is commonly overexpressed with aberrant glycosylation in numer-
ous cancer types (19), including prostate cancer. Despite some inconsistencies 
(46), cumulative evidence clearly reveals MUC1 upregulation in prostate cancer, 
and its possible role in initiation, progression, and metastasis of prostate cancer. 
While MUC1 expression does show prognostic value, this prediction is not robust 
and should be strengthened by multigene panels for potential clinical application. 
In this regard, the multigene panels derived from MUC1’s network (51, 71) should 
be explored for clinical applications. While MUC1 as a TAA has clinical benefits 
as a vaccine, its therapeutic potential seems limited based on several clinical trials 
in which MUC1 tandem repeat peptide core and aberrant glycosylation have been 
used. Approaches to inhibition of MUC1-C warrant more attention. Of note, 
GO-201, a synthetic peptide that inhibits MUC1-C oligomerization displays anti-
prostate cancer activity in preclinical studies (81). Additionally, upon linkage to 
ZZ-PE38, the Fc-binding ZZ domain of protein A fused to Pseudomonas 
exotoxin (82), a humanized mAb DMB5F3 potently killed MUC1+ cancer 
cells  (83). DMB5F3 recognizes the SEA domain shared between MUC1-N and 
MUC1-C (83). The therapeutic utility of GO-201 and DMB5F3-ZZ-PE38 in treat-
ing prostate cancer should be investigated either alone or together with the cur-
rent MUC1 vaccines. Further, the role of MUC1 on MUC1-/- mice and MUC1 
transgenic animals should be investigated. Both mouse lines are available (84, 85). 
Transgenic expression of human MUC1 in mice did not cause tumor formation (85). 
MUC1-/- mice were normal (84) but showed delay in mammary tumor formation 
induced by polyoma middle T antigen (84). It will be interesting to see the impact 
of these mice on research into prostate cancer formation and progression induced 
by prostate-specific PTEN deficiency.
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Abstract: Prostate cancer is a multifactorial disease and the second most common 
cancer diagnosed in men worldwide. The six transmembrane epithelial antigen of 
prostate (STEAP) proteins seem to be involved in prostate tumorigenesis. The 
STEAP proteins are differentially expressed in prostate cancer cells, and survival 
analysis reveal that prostate cancer patients with high levels of STEAP1 have poor 
survival outcomes. In contrast, high expression of STEAP4 offers a better progno-
sis. This chapter provides an overview of the role of STEAP proteins in prostate 
cancer. The structure, biological functions, and the potential prognostic signifi-
cance of each of the four members of the STEAP family in prostate cancer are 
discussed. 
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INTRODUCTION

Prostate cancer is the second most diagnosed cancer and the sixth leading cause 
of cancer‑related death in men in the Western world. Each year, 1.6 million men 
are diagnosed with this neoplasia, and 366,000 men die of prostate cancer (1). In 
2040, 2.3 million new cases and 740, 000 prostate cancer-related deaths are esti-
mated to occur worldwide due to the growth and aging of population (1). 
Endogenous (age, family history, ethnicity, hormones, and oxidative stress) and 
exogenous (dietary factors, physical inactivity, obesity, environmental factors, 
occupation, smoking) risk factors contribute to the risk of developing prostate 
cancer. However, older age, black race, and a family history of the disease are the 
best-established risk factors for prostate cancer (2). 

The main biomarker used in clinical practice for prostate cancer screening is 
the serum level of prostate-specific antigen (PSA). However, several factors may 
affect PSA levels resulting in a considerable number of false-positives (3). The low 
specificity of PSA in the diagnosis of prostate cancer is a clinical problem. There is 
an urgent need to identify new biomarkers for early detection of the disease, and 
to improve patients’ stratification and better define targeted therapies and clinical 
management of prostate cancer.

The human six-transmembrane epithelial antigen of prostate (STEAP) family of 
proteins comprises four members, namely STEAP1 to STEAP4, which are involved 
in numerous biological processes including the control of cell proliferation and 
apoptosis (4), oxidative stress (5) and molecular trafficking in exocytic and endo-
cytic pathways (6). Cumulative evidence has pointed out STEAP family members 
as putative biomarkers, as well as therapeutic targets, in several types of human 
cancers, particularly in prostate cancer (7–11). However, the clinical significance of 
the expression of STEAP proteins for prostate cancer development is still scarce, 
and further analysis is required to ascertain their usefulness as prognostic biomark-
ers. This chapter first provides an overview of the structure and biological functions 
of STEAP proteins, followed by a discussion on their role in prostate cancer. Their 
putative role in tumorigenesis and prognosis of prostate cancer, based on datasets 
retrieved from the cBioPortal (12) and CANCERTOOL (13) public databases are 
presented. 

STRUCTURE AND ROLE OF STEAP PROTEINS

All STEAPs have a characteristic six-transmembrane helix with intracellular N- 
and C-terminal domains, with a homologous architecture to ion-channels and/or 
transporter proteins (6, 8, 14, 15). The C-terminal domain is similar to the trans-
membrane domain (TMD) of the yeast ferric reductase (FRE) family of b-type 
cytochrome metalloreductases, whereas the N-terminal is comparable to the 
archaeal and bacterial F420:NADPH-oxidoreductase (FNO)-binding proteins and 
to human NADPH-oxidoreductase domains (OxRD) (6, 8, 14, 15). The FNO-like 
domain reinforces the importance of STEAPs in the uptake and reduction of 
molecular oxygen and chelation of metal ions Fe3+ and Cu2+, and the involvement 
of these proteins in transmembrane-electron transport through the intracellular 
binding of NAD and FMN nucleotides to a conserved single heme-binding 
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histidine residue and a flavin-binding site (6, 14, 15). Also, STEAPs share a YXXØ 
consensus sequence responsible for targeting transmembrane proteins to lyso-
somes and endosomes, and the Rossmannfold (GxGxxG/A motif) that binds 
NAD and FMN coenzymes (6). Besides maintaining cellular metal homeostasis, 
STEAPs are implicated in several biological processes, such as oxidative stress 
response, inflammation, metabolism, invasion, proliferation, growth, and apoptosis 
(Figure 1) (8). 

STEAP1

The STEAP1 gene is located on chromosome 7q21.13 close to STEAP1B, STEAP2, 
and STEAP4, in a region that contains a cluster of genes predicted to encode trans-
membrane proteins. It encodes an mRNA of 1.3 kb that is translated into a mature 
protein of 339 amino acids (UniProt ID: Q9UHE8, 39.851 kDa). The STEAP1 
protein is composed of six-transmembrane domains with cytosolic C- and 
N-terminals connected by three extra- and two intracellular loops preferentially 

Figure 1.  Schematic structure of STEAP family members. Representation of STEAP1, STEAP2, 
STEAP3 and STEAP4 proteins and their main cellular and biological functions.
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located at tight and gap junctions (16). Unlike other STEAPs, STEAP1 lacks the 
N-terminal NADPH-oxidoreductase, the FNO-like domain, and the Rossmann 
fold (8, 14). Nevertheless, STEAP1 partially co-localizes with transferrin (Tf), 
transferrin receptor (TfR), and lysosomes or endosomes, suggesting an involve-
ment in metal homeostasis (6, 17). A recent study indicated that dithionite-
reduced purified STEAP1 is capable of reducing metal-ion complexes and 
molecular oxygen through a conserved heme-binding site (18). Furthermore, the 
amino acid sequence, the transmembrane topology, and cellular membrane local-
ization of STEAP1 indicate that it may act as an ion channel or transporter, modu-
lating the concentration of small molecules, ions and nutrients, and also releasing 
soluble cytokines and chemokines (19). These features pointed out the role of 
STEAP1 in cellular communication and in cell adhesion processes (19, 20). 
However, the recent cryogenic electron microscopy (cryo-EM) structure of 
STEAP1 transmembrane domain bound to an antigen-binding fragment of an 
antibody (mAb 120.545) revealed a trimeric arrangement quite distinct from typi-
cal ion channels or transporters (21). The proposed unit indicated that STEAP1 is 
a functional reductase in heterodimers complexes with other STEAP paralogs with 
a domain-swapped architecture with the intracellular OxRD positioned beneath 
the TMD of the adjacent promoter (21, 22). This arrangement supports a model 
in which the heme-binding site recruit and orient intracellular electron-donating 
substrates bound to an adjacent STEAP2–4 subunit, enabling transmembrane 
electron transport and the reduction of extracellular metal-ion complexes (18, 21). 
These structural features highlight the usefulness of STEAP1 as a promising thera-
peutic target and biomarker for cancer and encouraged the development of strate-
gies targeting STEAP1. In vitro and in vivo studies revealed mobilized dendritic 
cells and immunogenic STEAP1-derived peptides suitable for recognition by cyto-
toxic T lymphocytes for further development of anti-cancer vaccines (23). 
Humanized variant of anti-STEAP1 monoclonal antibody (mAb 120.545) is cur-
rently used in prostate cancer clinical trials as an antibody-drug conjugate 
(DSTP3086S) (24), and as a radiolabeled antibody (89Zr-DFO-MSTP2109A) for 
PET imaging (24, 25). In addition, several studies exploring the role of STEAP1 in 
cancer cells showed that its overexpression inhibits apoptosis, enhances cell pro-
liferation and invasion, and induces epithelial to mesenchymal transition, ulti-
mately contributing to tumor progression and aggressiveness (4, 5, 26–30). 

STEAP2

The STEAP2 gene is located on chromosome 7q21.13, close to STEAP1 and 
STEAP4, and encodes an mRNA of 2.2 kb, which generates a protein with 490 
amino acids (UniProt ID: Q8NFT2, 52.052 kDa). The protein shuttles between 
the plasma membrane and Golgi complex in prostate epithelial cells (31). Its asso-
ciation with the trans-Golgi network and early endosomes suggests the involve-
ment of STEAP2 in endo- and exocytic pathways, acting as a regulator of 
processing, secreting and sorting mechanisms of prostate-specific proteins, or as a 
receptor for endo- or exogenous ligands (31, 32). Moreover, as STEAP2 co-
localizes with Tf and TfR, the protein contributes to iron and copper reduction, 
and plays a role in the endosomal Tf cycle of erythroid cells, then controlling the 
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molecular trafficking and availability of metals (6, 17). STEAP2 regulates several 
genes involved in cell cycle progression. Downregulation of STEAP2 results in a 
partial cell cycle arrest in the G0/G1 phase, suppression of prostate cancer cell 
proliferation, invasiveness, and metastatic potential (33). In contrast, STEAP2 
overexpression increases the migration and invasion abilities of prostate cancer 
cells, and is associated with advanced cancer stage and histologic grading (34, 35). 
Although STEAP2 presents proliferative features and acts as a pro-survival factor, 
more studies exploring the molecular and signaling pathways underlying prostate 
cancer are required.

STEAP3

The STEAP3 gene is located on chromosome 2q14.2 and encodes an mRNA of 
4.3 kb, generating a protein with 488 amino acids (UniProt ID: Q658P3, 54.601 
kDa). The predicted structure of STEAP3 indicates six-transmembrane domains 
at C-terminal region, a cytosolic OxRD at the N-terminal counterpart and two 
conserved histidine residues (36). The crystal structure of cytoplasmic OxRD 
showed similarity with integral membrane cytochromes (37). The STEAP3 has 
unique structural and biochemical properties, revealing an FNO-like domain 
with a dimer interface and substrate binding sites, to direct electron transfer 
from the cytosol to a single b-type heme moiety predicted to be fixed within the 
TMD (14, 37). Furthermore, the N-terminal OxRD was found to dimerize, sug-
gesting that STEAP3 is active as a homo- and/or heterodimer, and is found in 
cellular membranes to permit intercellular electron flow (14, 37). STEAP3 is 
mainly located in the plasma and endosomal membranes, and as a component 
of trans-Golgi network and endosomal-vesicular compartments (38). Also, 
STEAP3 is essential for the assembly of exosomes and vesicular proteins traffick-
ing (39), and extracellular matrix organization (40). Moreover, the partial co-
localization with Tf, TfR and divalent metal transporter 1 (DMT1), along with 
STEAP3 structural arrangement, suggest an important biological role of this pro-
tein in ferric compounds metabolism and erythroid transferrin cycle (14,41). 
These functions were confirmed through the analysis of STEAP3 crystal struc-
ture, which postulated that the protein might function within a large complex 
with DMT1 and Tf:TfR, ensuring the reduction and uptake of iron and copper 
at the cell surface (37). Several studies pointed out that STEAP3 is the major 
ferric reductase and deeply involved in regulating metal homeostasis in develop-
ing erythrocytes, macrophages, hepatocytes and endosomes (41). Therefore, 
tight regulation of intracellular iron is crucial to control cancer cell proliferation 
and apoptosis, and inhibiting the metastatic process (42). Furthermore, STEAP3 
may be considered a tumor suppressor gene, acting as an intrinsic apoptosis fac-
tor. Studies showed that this protein suppresses the growth of human prostate 
cancer cells and could directly induce apoptosis through a caspase-3 dependent 
pathway (43, 44). On the other hand, the increased expression of STEAP3 is 
related to the progression of prostate cancer in late stages of disease, ultimately 
contributing to metastization (45). Altogether, available data highlight the 
importance of STEAP3 as a potential tumor suppressor protein, a feature that 
contrasts with other STEAPs.
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STEAP4

The STEAP4 gene is located on chromosome 7q21.12 and encodes an mRNA of 
4.5 kb, and a protein composed of 459 amino acids (UniProt ID: Q687X5, 51.981 
kDa). STEAP4 is located at the plasma membrane, near the nuclear region, where 
it co-localizes with the Golgi complex, the trans-Golgi network and early endo-
somes (46). As with STEAP2 and STEAP3, the STEAP4 protein is involved in 
molecular trafficking either in endo- or exocytic pathways, and might be critical 
to cellular and systemic metal homeostasis (6, 17). The STEAP4 protein is also 
found dispersed in the cytoplasm within vesicular-tubular structures or reticular 
shapes associated with the estrogen receptor (ER), wherein it acquires its active 
conformation (46). Initially, it was predicted that STEAP4 was an integral six-
transmembrane metalloreductase composed of cytoplasmic N-terminal OxRD 
and a C-terminal TMD with six-membrane spanning α-helices enveloping a single 
heme-binding site (14). However, the recently solved cryo-EM structure of human 
STEAP4 demonstrated an aligned inter-subunit trimeric NADPH-FAD-heme 
domain-swapped assembly containing both OxRD and six-helical TMD (15, 22). 
This arrangement facilitates the transport of intracellular electrons from NADPH 
through membrane-embedded FAD that flips to anchor itself in the inner-mem-
brane region of the adjacent STEAP subunit, and heme co-factors to chelated 
metal-ion complexes at the extracellular membrane side (14, 15, 22). Altogether, 
these biochemical and structural studies suggest that STEAP4 is a functional pro-
tein by establishing homo- or heterodimers with other STEAPs paralogs, which 
indicate that increased expression of STEAP4 could modulate the activity of 
STEAP3, and STEAP3-interacting proteins, such as NIX, MYT1, NIP3L, FAK-1, 
S100B, RHBDL4/RHBDD1 (14, 37, 47). Moreover, these interactions suggest a link 
to metal homeostasis, apoptosis, differentiation, and cell cycle progression (47). 
The STEAP4 protein is involved in cellular responses to nutritional and inflamma-
tory signals, particularly as glucose homeostasis regulator in adipocytes, besides 
being widely associated with cardiac malfunctions, hepatic and mitochondrial 
metabolic dysfunctions, skeletal system-related disorders, and also as a suppres-
sor of pro-inflammatory cytokines (47). In addition to its role in cellular or 
systemic homeostasis, STEAP4 is associated with tumorigenesis. Considering its 
metal reductase activity, an overexpression of STEAP4 increases oxidative stress, 
contributing to increased mutational rates, proliferation and progression of pros-
tate cancer cells (48). The effects of STEAP4 on prostate cancer growth and 
survival are due to the modulation and regulation of the expression and activity of 
focal adhesion kinase (FAK) and activating transcription factor (ATF4) through 
increased intracellular reactive oxygen species, which depend on the OxRD of 
STEAP4 (48, 49). It was recently demonstrated that ATF4-target genes promote 
prostate cancer cell survival and are upregulated in late stages of the disease (50). 
These considerations indicate a protective role of STEAP4 in inflammatory stress 
in chronic metabolic and inflammatory diseases. Besides, they pointed out an 
active role of STEAP4 in cancer cell proliferation and tumor progression, high-
lighting the importance of understanding its putative function in disease-related 
environment.
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STEAP IN PROSTATE CANCER

STEAP family members have been implicated in several human cancers, 
including prostate cancer. In non-neoplastic prostate, the expression of 
STEAP1 mRNA and protein are higher when compared to the other three 
family members (8). With the development of prostate cancer, the overall 
expression of STEAPs is dysregulated or reversed. STEAP1 expression is 
highly increased in prostate cancer in comparison with non-malignant tissues 
(Table 1) (16, 27, 28). Also, STEAP1 staining intensity correlated with tumor 
grading, suggesting that it is associated with malignant transformation and 
tumor aggressiveness (27, 28). The aggressiveness and prognosis of prostate 
cancer is traditionally determined by Gleason score, and a recent study by 
Burnell et al. showed that STEAP1 staining intensity in non-malignant tissue 
was weak, increasing slightly in Gleason 6 prostate cancer samples, and 
strongly from Gleason 7 onwards (7). Nowadays, public databases are widely 
used to corroborate basic research. The Prostate Adenocarcinoma dataset (51) 
from cBio Cancer Genomics Portal (https://cbioportal.org [accessed on 
December 2020]), was analyzed for STEAPs mRNA expression with a z-score 
threshold of ± 1.8. Of the 150 patients queried, STEAP1 was overexpressed 
in 17%, and underexpressed in 0.8% of patients. Bioinformatics analysis 
using the CANCERTOOL software (http://genomics.cicbiogune.es/ [accessed 
on December 2020]), which uses transcriptomics databases for the most 
prevalent types of cancers, demonstrated that increased expression of STEAP1 
correlates with the onset of prostate cancer and development of metastatic 
disease (Figure 2). 

TABLE 1	 Relative expression levels of STEAP family 
members in human prostate cancer compared 
with non-malignant tissue

Expression pattern Reference

STEAP1 mRNA Increased (16,27,28)

Protein

STEAP2 mRNA Increased (31,32)

Protein

STEAP3 mRNA Decreased (45)

Protein

STEAP4 mRNA Increased (46)

Protein

https://cbioportal.org
http://genomics.cicbiogune.es/
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Regarding STEAP2, its expression levels were significantly higher in prostate 
carcinoma (Table 1). Several other studies have demonstrated the overexpression 
of STEAP2 in prostate cancer (31, 34, 35). Burnell et al. showed that STEAP2 
overexpression is positively correlated with the Gleason score (7). From the cBio-
Portal, the Prostate Adenocarcinoma dataset (51) showed that STEAP2 overex-
pression occurred in 16% of cases, while underexpressed in 1.6% of the cases. 
CANCERTOOL analysis also indicated a significantly higher expression of STEAP2 
considering the Taylor dataset (Figure 2). 

In contrast to other STEAPs, Porkka et al. described that STEAP3 expres-
sion decreases with the onset of prostate malignancy, suggesting that this gene 
may acts as a prostate tumor suppressor (Table 1) (46). Public datasets are in 
agreement with this study. Analysis of the Prostate Adenocarcinoma dataset 
(51) showed a downregulation of STEAP3 in 18% of samples, whereas only 
4% showed an overexpression. Also, CANCERTOOL software revealed a sig-
nificantly diminished expression of STEAP3 in primary tumors and metastatic 
prostate cancer (Figure 2). However, Burnell et al. showed that there was no 
correlation between STEAP3 staining intensity and Gleason score (7). On the 
other hand, CANCERTOOL analysis indicated downregulation of STEAP3, 
and the low levels of STEAP3 are statistically correlated with high Gleason 
score. 

STEAP4 subcellular localization is similar to that of STEAP2, and its expres-
sion also increases during prostate cancer development compared with non-
malignant prostate tissue (Table 1) (46). Analysis of the Prostate Adenocarcinoma 
dataset (51) retrieved from cBioPortal showed an increased expression of STEAP4 
in 37.3% of samples, and a decreased expression in 4.7% the of the samples. 
Using the CANCERTOOL software, it was demonstrated that the increased 
STEAP4 expression correlated with prostate malignancy and the development of 
metastatic prostate cancer (Figure 2). Similar to STEAP3, no correlation between 
STEAP4 overexpression and Gleason score was observed (7), however, 
CANCERTOOL analysis showed that overexpression of STEAP4 is positively asso-
ciated with Gleason grade.

Figure 2.  STEAPs expression with the progression of human prostate cancer using CANCERTOOL 
software. Violin plots show the expression of STEAPs in non-tumoral tissue (N), primary 
tumours (PT) and metastatic prostate cancer (M) specimens for Taylor dataset (51). This 
dataset has a cohort of 179 patients and is the only one with statistical significance for all 
STEAPs. However, the same results are verified in other dataset: for STEAP1, Grasso dataset 
(52); for STEAP2, Grasso (52), Tomlins (53) and Varambally (54) datasets; for STEAP4, Grasso 
(52) and Lapointe (55) dataset. Mean gene expression between the three groups was 
compared with an ANOVA test.



STEAP Proteins in Prostate Cancer 147

PROGNOSTIC VALUE OF STEAP PROTEINS IN PROSTATE 
CARCINOMA 

STEAP family members are relatively new proteins and their potential as prog-
nostic biomarkers have been demonstrated in breast cancer (56), glioblastoma 
(57, 58), Ewing tumors (30), skin disorders (59) and prostate cancer (7). 
A recent study that explored the use of STEAP proteins as possible prognostic 
indicators in prostate cancer showed that only STEAP4 was overexpressed, and 
significantly associated with relapse (7). To date, there are no studies evaluating 
the combined expression of different STEAP proteins. Thus, our intention in 
this chapter is to explore the association of STEAPs with prognosis of prostate 
cancer. A possible linear association between two variables, in this case, two 
genes, is analyzed by correlation coefficient (60), where -1 and 1 indicate a 
negative and positive perfect linear relationship, respectively. Using primary 
prostate tumor tissue dataset from online MERAV database (Metabolic gEne 
Rapid Visualizer, http://merav.wi.mit.edu/ [accessed on December 2020]) a 
strong positive correlation was found between STEAP1 and STEAP2 expression 
(Table 2). This observation is in accordance with data of Grunewald et al., who 
noted that STEAP1 and STEAP2 seem to be significantly co‑overexpressed 
across 59 cancer cell line entities (9), which suggests that STEAP2 is a likely 
candidate for heterodimerization with STEAP1. However, it is unknown if the 
combined expression of these two genes correlates with the overall survival of 
prostate cancer patients. 

Using the same dataset retrieved from the cBioPortal (51), it was found that 
only STEAP1 overexpression is associated with the overall survival of prostate 
cancer patients (Figure 3A and Table 3). High expression of STEAP1 is associated 
with a shorter survival time, indicating a poor outcome. Concerning STEAP2, 
STEAP3 and STEAP4, no significant relationship was found between higher or 
low expression levels and the survival of prostate cancer patients (Table 3). These 
findings contradict the study of Burnell et al. (7) that reported a statistically sig-
nificant difference between STEAP4 overexpression and overall survival, indicat-
ing that patients with higher STEAP4 levels were more likely to relapse earlier 
than those with medium or low expression levels (7). The source of the data, the 
number of patients per group, and the stratification of STEAPs expression may 
have caused the differences observed. 

TABLE 2	 Gene correlation between of the STEAP family 
members

STEAP1 STEAP2 STEAP3 STEAP4

STEAP1 1 0.9 −0.09 0.43

STEAP2 0.9 1 −0.13 0.43

STEAP3 −0.09 −0.13 1 −0.03

STEAP4 0.43 0.43 −0.03 1

http://merav.wi.mit.edu/
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As shown in Table 3 and considering all the possible associations between dif-
ferent STEAP proteins, patients with STEAP1 overexpression displayed signifi-
cantly lower overall survival compared with patients with overexpression of 
STEAP4 (Figure 3B). Furthermore, patients with STEAP3 overexpression pre-
sented poor survival outcome when compared with patients overexpressing 
STEAP4 (Figure 3C). These two associations with statistical significance suggest 
that the overexpression of STEAP4 can be a predictor for patients with prostate 
cancer since they presented a better survival rate when compared with those over-
expressing STEAP1 and/or STEAP3. Additionally, a strong trend for better sur-
vival was observed in prostate cancer patients that presented both high expression 
of STEAP1 and STEAP4 compared with the ones that only overexpress STEAP1 
(Figure 3E). The overexpression of both STEAP1 and STEAP2 could mean a 
potential good prediction for prostate cancer patients (Figure 3D), since the com-
bined expression of high levels of STEAP1 and high levels of STEAP2 presented a 
better survival rate when compared with samples overexpressing STEAP1 only 
(Figure 3A). Despite the study limitations, such as the low number of patients in 
some experimental groups, these findings provide a comprehensive analysis of the 
STEAP expression in prostate cancer and their application for predicting progno-
sis of prostate cancer. 

Figure 3.  Expression of STEAP proteins and overall survival in prostate cancer patients. The 
Prostate Adenocarcinoma dataset (51), retrieved from cBioPoral, was stratified into groups 
with unaltered or overexpression of STEAPs, and different combinations were analyzed for 
overall survival. A. STEAP1 overexpression (n = 20) versus unaltered expression (n = 58) 
(p < 0.024). B. STEAP1 overexpression (n =20) versus STEAP4 overexpression (n = 52) (p < 0.017). 
C. STEAP3 overexpression (n = 5) versus STEAP4 overexpression (n = 52) (p < 0.042). D. STEAP1 
overexpression plus STEAP2 overexpression (n = 8) versus unaltered expression (n = 58) 
(p < 0.907). E. STEAP1 overexpression plus STEAP4 overexpression (n = 11) versus STEAP1 
overexpression (n = 20) (p < 0.063). Survival curves plotting fractional survival as a function of 
time was obtained using GraphPad Prisma 8.0.1.
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TABLE 3	 Expression of STEAP family members correlated 
with overall survival of prostate cancer patients

STEAP1 overexpression (n = 20) versus

Unaltered expression (n = 58) p < 0.024

STEAP2 overexpression (n = 21) p < 0.108

STEAP3 underexpression (n = 24) p < 0.228

STEAP4 overexpression (n = 52) p < 0.017

STEAP1 overexpression +
STEAP2 overexpression (n = 8) versus

Unaltered expression (n = 58) p < 0.907

STEAP1 overexpression (n = 20) p < 0.262

STEAP2 overexpression (n = 21) p < 0.938

STEAP1 overexpression +
STEAP3 underexpression (n = 6) versus

Unaltered expression (n = 58) p < 0.789

STEAP1 overexpression (n = 20) p < 0.252

STEAP3 underexpression (n = 24) p < 0.687

STEAP1 overexpression +
STEAP4 overexpression (n = 11) versus

Unaltered expression (n = 58) p < 0.640

STEAP1 overexpression (n = 20) p < 0.063

STEAP4 overexpression (n = 52) p < 0.639

STEAP2 overexpression (n = 21) versus

Unaltered expression (n = 58) p < 0.962

STEAP3 underexpression (n = 24) p < 0.549

STEAP4 overexpression (n = 52) p < 0.784

STEAP2 overexpression +
STEAP3 underexpression (n = 7) versus

Unaltered expression (n = 58) p < 0.215

STEAP2 overexpression (n = 21) p < 0.307

STEAP3 underexpression (n = 24) p < 0.166

STEAP2 overexpression + 
STEAP4 overexpression (n = 13) versus

Unaltered expression (n = 58) p < 0.826

STEAP2 overexpression (n = 21) p < 0.784

STEAP4 overexpression (n = 52) p < 0.638

STEAP3

underexpression (n = 24) versus
Unaltered expression (n = 58) p < 0.696

STEAP4 overexpression (n = 52) p < 0.451

overexpression (n = 5) versus

Unaltered expression (n = 58) p < 0.118

STEAP1 overexpression (n = 20) p < 0.795

STEAP2 overexpression (n = 21) p < 0.090

STEAP4 overexpression (n = 52) p < 0.042

STEAP3 underexpression +
STEAP4 overexpression (n = 14) versus

Unaltered expression (n = 58) p < 0.566

STEAP3 underexpression (n = 24) p < 0.811

STEAP4 overexpression (n = 52) p< 0.399

STEAP4

overexpression (n = 52) versus Unaltered expression (n = 58) p < 0.753

underexpression (n = 5) versus

Unaltered expression (n = 58) p < 0.278

STEAP1 overexpression (n = 20) p < 0.829

STEAP2 overexpression (n = 21) p < 0.330

STEAP3 overexpression (n = 5) p < 0.821

STEAP3 underexpression (n = 24) p < 0.399

Data was extracted from Prostate Adenocarcinoma (MSKCC, 2010) (51) of cBioPortal and statistically analyzed using 
the GraphPad Prisma 8.0.1 software. Statistically significant differences considered for p-values < 0.05 are highlighted in 
bold.
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CONCLUSION

Analyzing available scientific literature and multiple public databases show that 
STEAP1, STEAP2, and STEAP4 are overexpressed in prostate tumors. In contrast, 
STEAP3 is underexpressed. The differential expressions of these proteins appear 
to be of prognostic value. Overexpression of STEAP1 overexpression is associated 
with poor clinical outcomes, whereas STEAP4 offers better overall survival and 
progression-free survival. However, further investigations in large scale clinical 
cohorts are needed to definitively confirm the prognostic value of the STEAPs 
proteins, and the therapeutic potential of targeting STEAPs for prostate cancer.
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